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Foreword

The first edition of this handbook, published in 1972 as Electrometer Measurements,
set out to explain both the theory and practice behind some of the most challenging
low-level DC measurements. At the time, a silicon processor contained about 2,500
transistors. Pong had just appeared in arcades. Email and word processing were
still emerging technologies available only to a handful of organizations.

Much has changed in the decades since. Today, advanced semiconductor
devices contain hundreds of billions of transistors. We carry extraordinary com-
puting power in our pockets and rely on technologies that would have seemed
unimaginable in1972. The world’s most advanced innovations depend on measuring
electrical signals that are smaller, faster, and more complex than ever before.

Keithley has evolved alongside those technologies. What began as Electrometer
Measurements—the “pink book” familiar to generations of engineers—became
the Low Level Measurements Handbook, recognized by its signature red color. Our
instruments have become faster, more accurate, and more versatile. Along the way,
we introduced innovations of our own, from the first standalone source measure
unit (SMU) to Test Script Processor, helping engineers automate and accelerate
discovery. As part of Tektronix, we continue to provide the precision DC and AC
measurements needed to advance science and technology.

One thing has remained constant: our commitment to good measurements.

This handbook captures decades of Keithley expertise in instrument design
and sensitive measurement techniques, built from close collaboration with engi-
neers and scientists around the world. Every breakthrough begins with a measure-
ment someone trusts. Pushing the boundaries of what we can measure today is how
we discover what is possible tomorrow.

Here's to the next evolution.
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FIGURE 1-1: Standard Symbols Used in this Text

Symbol

T 35 T =~ O N

(none)

< NmMmmDT+H4®X

Symbol

Mo OO0 ><

=

Prefix

yocto-
zepto-
atto-
femto-
pico-
nano-
micro-
milli-
(none)
kilo-
mega-
giga-
tera-
peta-
exa-
zetta-
yotta-

Unit
volts
amperes
ohms
coulombs
seconds
watts
farads
cycles/s
Kelvin

Exponent

1012
1015
1018

10 21
1024

Quantity

EMF
current
resistance
charge
time
power
capacitance
frequency
temperature

SECTION1



11

1.2

Introduction

DC voltage, DC current, and resistance are measured most often with
digital multimeters (DMMs). Generally, these instruments are adequate for
measurements at signal levels greater than TpV or 1A, or less than 1GQ.
(See Figure 1-1for standard symbols used in this text.) However, they don't
approach the theoretical limits of sensitivity. For low level signals, more
sensitive instruments such as electrometers, picoammeters, and nano-
voltmeters must be used.

Section 1 offers an overview of the theoretical limits of DC measure-
ments and the instruments used to make them. It includes instrument
descriptions and basic instrument circuit designs. For easier reference,
this information is organized into a number of subsections:

1.2 Theoretical Measurement Limits: A discussion of both the theoreti-
cal measurement limitations and instrument limitations for low level
measurements.

1.3 Instrument Definitions: Descriptions of electrometers, DMMs, nano-
voltmeters, picoammeters, source measure units (SMUs), low current
preamps, and micro-ohmmeters.

1.4 Understanding Instrument Specifications: A review of the terminol-
ogy used in instrument specifications, such as accuracy (resolution,
sensitivity, transfer stability), deratings (temperature coefficient, time
drift), noise (NMRR and CMRR), and speed.

1.6 Circuit Design Basics: Describes basic circuit design for voltmeter
circuits, ammeter circuits, coulombmeter circuit, high resistance
ohmmeter circuits, low resistance ohmmeter circuits, and complete
instrument block diagrams.

Theoretical Measurement Limits

The theoretical limit of sensitivity in any measurement is determined by
the noise generated by the resistances presentin the circuit. As discussed
in Sections 2.6.5 and 3.2.6, voltage noise is proportional to the square
root of the resistance, bandwidth, and absolute temperature. Figure
1-2 shows theoretical voltage measurement limits at room temperature
(300 K) with a response time of 0.1 second to ten seconds. Note that high
source resistance limits the theoretical sensitivity of the voltage measure-
ment. Although it’s certainly possible to measure a1pV signal thathasa10Q
source resistance, it’s not possible to measure that same 1pV signal level
froma1TQ source. Even with a much lower 1 MQ source resistance, a1V
measurement is near theoretical limits, so it would be very difficult to make
using an ordinary DMM.

In addition to having insufficient voltage or current sensitivity (most
DMMs are no more sensitive than 1uV or 1nA per digit), DMMs have high input

LOW LEVEL DC MEASURING INSTRUMENTS



FIGURE 1-2: Theoretical Limits of Voltage Measurements
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bias current'when measuring voltage and lower input resistance compared
to more sensitive instruments intended for low level DC measurements.
These characteristics cause errors in the measurement; refer to Sections
2 and 3 for further discussion of them.

Given these DMM characteristics, it's not possible to use a DMM to
measure signals at levels close to theoretical measurement limits, as
shown in Figure 1-3. However, if the source resistance is 1MQ or less, or if
the desired resolution is no better than 0.1 uV (with low source resistance),
the signal level isn't “near theoretical limits,” a DMM is adequate. If better
voltage sensitivity is desired, and the source resistance is low (as it must
be because of theoretical limitations), ananovoltmeter provides a means of
measuring at levels much closer to the theoretical limits of measurement.
With very high source resistance values (for example, 1 TQ), a DMM isn't
a suitable voltmeter. DMM input resistance ranges from 10 MQ to 10 GQ—
several orders of magnitude less than a 1 TQ source resistance, resulting
in severe input loading errors. Also, input currents are typically many
picoamps, creating large voltage offsets. However, because of its much
higher input resistance, an electrometer or high impedance SMU can make
voltage measurements at levels that approach theoretical limits. A similar
situation exists for low level current measurements; DMMs generally have

TInput current flows in the input lead of an active device or instrument. With voltage measure-
ments, the input currentisideally zero; thus, any input current represents an error. With current
measurements, the signal current becomes the input current of the measuring instrument.
However, some background current is always present when no signal current is applied to the
instrument input. This unwanted current is the input bias current (often called just the offset
current) of the instrument.

Thesourceandtestconnectionscanalsogenerateunwanted offset currentsand offset voltages.

Aleakage currentis another unwanted error current resulting from voltage across an undesired
resistance path (called leakage resistance). This current, combined with the offset current, is
the total error current.

SECTION1
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1.3.1

FIGURE 1-3: Typical Digital Multimeter (DMM), Nanovoltmeter, and Electrometer Limits
of Measurement at Various Source Resistances
1V - 100

Noise
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a high input voltage drop (input burden), which affects low level current
measurements, and DMM resolution is generally no better than 1nA. Thus,
an electrometer or picoammeter with its much lower input burden and
better sensitivity will operate at levels much closer to the theoretical (and
practical) limits of low current measurements.

Instrument Definitions

A number of different types of instruments are available to make DC
measurements, including electrometers, DMMs, nanovoltmeters, picoam-
meters, source measure units (SMUs), low current preamps, micro-ohm-
meters, and low current sources. The following paragraphs discuss and
compare the important characteristics of these instruments.

The Electrometer

An electrometer is a highly refined DC multimeter. As such, it can be used
for many measurements performed by a conventional DC multimeter.
Additionally, an electrometer’s special input characteristics and high sen-
sitivity allow it to make voltage, current, resistance, and charge measure-
ments far beyond the capabilities of a conventional DMM.

An electrometer must be used when any of the following condi-
tions exist:

1. The task requires an extended measurement range unavailable with
conventional instruments, such as for detecting or measuring:

« Currentslessthan10nA(10-8 A).

- Resistances greater than 160 (10° Q).

LOW LEVEL DC MEASURING INSTRUMENTS



2. Circuitloading must be minimized, such as when:
« Measuring voltage from a source resistance of 100 MQ or higher.

« Measuring current when input voltage drop (burden) of less than a
few hundred millivolts is required (when measuring currents from
sources of a few volts or less).

Charge measurement is required.

Measuring signals at or near Johnson noise limitations (as indicated
in Figure 1-2).

Electrometers have four functions: voltmeter, ammeter, ohmmeter,
and coulombmeter.

Voltmeter Function

The input resistance of an electrometer voltmeter is extremely high, typ-
ically greater than 100 TQ (10%™ Q). Furthermore, the input bias current is
less than 3 fA (3x10- A). These characteristics describe a device that can
measure voltage with a very small amount of circuit loading.

Because of the high input resistance and low input bias current, the
electrometer voltmeter has minimal effect on the circuit being meas-
ured. As a result, the electrometer can be used to measure voltage in
situations where an ordinary multimeter would be unusable. For example,
the electrometer can measure the voltage on a 500 pF capacitor without
significantly discharging the device; it can also measure the potential of
piezoelectric crystals and high impedance pH electrodes. Electrometer
voltmetersare also used to measure the resistivity of high resistance semi-
conductor materials.

Ammeter Function

As an ammeter, the electrometer is capable of measuring extremely low
currents, limited only by theoretical limits or by the instrument’s input bias
current. It also has a much lower voltage burden than conventional DMMs.

With its extremely low input bias current and minimal input voltage
burden, it can detect currents as low as 1A (10- A). Because of this high
sensitivity, it's suitable for measuring ion beam current, dark current of
photodiodes, gate leakage current, and current output of mass spectrom-
eters and other devices.

Ohmmeter Function

An electrometer may measure resistance by using either a constant-cur-
rent or a constant-voltage method. If using the constant-current method,
the electrometer’s high input resistance and low offset current enables
measurements up to 200 GQ. When using the constant-voltage method, the
electrometer applies a constant voltage to the unknown resistance, meas-
ures the current, and then calculates the resistance. This is the preferred
method because it allows the unknown resistor to be tested at a known
voltage. An electrometer can measure resistances up to 10 PQ(10% Q) using
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1.3.3

this method. The constant-voltage method is used to measure the resis-
tivity of insulators and the insulation resistance of devices such as cables,
connectors, and printed circuit boards.

Coulombmeter Function

Current integration and measurement of charge are electrometer cou-
lombmeter capabilities not found in multimeters. The electrometer cou-
lombmeter can detect charge as low as 10 fC (10-%C). It's equivalent to an
active integrator and, therefore, has low voltage burden, typically less
than 100 pV.

The coulombmeter function can measure lower currents than the
ammeter function can because no noise is contributed by internal resis-
tors. Currents as low as 1fA (10-% A) may be detected using this function.
See Section 2.3.8 for further details. The coulombmeter function can be
used with a Faraday cage to measure charge on objects or can be used to
measure capacitance using a DC voltage.

The DMM

Digital multimeters vary widely in performance, from low cost handheld
3'2-digit units to 8"2-digit high precision system DMMs. Although there
are many models available from a wide variety of manufacturers, none
approaches the theoretical limits of measurement discussed previously.
These limitations don't imply that DMMs are inadequate instruments; they
simply point out the fact that the vast majority of measurements are made
at levels far from theoretical limits, and DMMs are designed to meet these
more conventional measurement needs.

Although low level measurements are by definition those that are close
to theoretical limits, and are thus outside the range of DMMs, advances in
technology are narrowing the gap between DMMs and dedicated low level
instruments. For example, the most sensitive DMMs can detect DC voltages
aslowas10nV, resolve DC currents down to 10 pA, and measure resistances
aslowas 100 yQ and as high as 1GQ. Although these characteristics still fall
far short of the corresponding capabilities of more sensitive instruments
like the electrometer described previously, all the measurement theory and
accuracy considerations in this book apply to DMM measurements, as well
as to nanovoltmeter, picoammeter, electrometer, or SMU measurements.
The difference is only a matter of degree; when making measurements
close to theoretical limits, all measurement considerations are vitally
important. When measuring at levels far from theoretical limits, only a few
basic considerations(accuracy, loading, etc.)are generally of concern.

The Nanovoltmeter

A nanovoltmeter is a very sensitive voltage meter. As shown in Figure 1-3,
this type of instrument is optimized to provide voltage measurements
near the theoretical limits from low source resistances, in contrast to the
electrometer, which is optimized for use with high source resistances.

LOW LEVEL DC MEASURING INSTRUMENTS
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1.3.5

Compared to an electrometer, the voltage noise and drift are much lower,
and the current noise and drift are much higher. Input resistance is usually
similar to that of a DMM and is much lower than that of an electrometer.

As is the case with electrometers, nanovoltmeters are just as easy
to operate as DMMs. Their distinguishing characteristic is their voltage
sensitivity, which can be as good as 1nV down to a few picovolts. Most
nanovoltmeters aren’t multifunction instruments and are correspondingly
less complex than electrometers.

The Picoammeter

A picoammeter is an ammeter built along the lines of the ammeter function
of an electrometer. When compared with an electrometer, a picoammeter
has a similar low voltage burden, similar or faster speed, less sensitivity,
and a lower price. It may also have special characteristics, such as high
speed logarithmic response or a built-in voltage source.

The Source Measure Unit

The source measure unit (SMU) combines measuring and sourcing capa-
bilities and can provide four basic functions: measure voltage, measure
current, source voltage, and source current. These functions can be used
separately or together in the following combinations: simultaneously
source voltage and measure current or simultaneously source current and
measure voltage. The addition of four-quadrant sourcing functions makes
these instruments more convenient and versatile than using separate
instruments for applications such as generating I-V curves of semiconduc-
tors and other types of devices.

Some SMUs may have a number of electrometer-like characteristics
that make them suitable forlow level measurements. For example, they may
provide very high input resistance (typically 100 TQ or more), minimizing
circuit loading when making voltage measurements from high impedance
sources. Their current measurement sensitivity is also similar to that of the
electrometer picoammeter—typically aslowas 10 fA. Instruments with triax
connectors also allow making extremely low noise measurements; banana
jacks are usually available for more general-purpose or high throughput
production test measurements.

Sweep capabilities are another important advantage that many of
these instruments offer. Either voltage or current can be swept across the
desired range at specified increments, and the resulting current or voltage
can be measured at each step. Built-in source-delay-measure cycles allow
optimizing measurement speed while ensuring sufficient circuit settling
time to maintain measurement integrity.

SMUs can display resistance measurements directly, as well as voltage
and current. Unlike a digital multimeter (DMM), which can make a measure-
ment at only one point, an SMU can generate a family of I-V curves, because
it has a built-in source. This is especially useful when studying semicon-
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1.3.7

1.3.8

ductor devices and making materials measurements. When used as a
current source, an SMU can be used in conjunction with a nanovoltmeter to
measure very low resistances by automatically reversing the polarity of the
source to correct for offsets.

The Low Current Preamp

Some SMUs may have a remote low current preamp. With this design, the
sensitive amplifier circuitry is separate from the SMU. This makes it pos-
sible to place the most sensitive part of the instrument very close to the
device being tested, thereby eliminating a major source of error, the noise
and leakage from the cables themselves.

The Micro-ohmmeter

A micro-ohmmeter is a special type of ohmmeter designed especially for
making low level resistance measurements. The typical micro-ohmmeter
can resolve resistances as low as 10 pQ. Micro-ohmmeters are optimized
for measuring low resistance, but many of the features used in micro-ohm-
meters, such as using the four-wire technique, offset compensation, and
dry circuit testing, can be found in some DMMs.

Measurements made using the micro-ohmmeter are always performed
using the four-wire technique in order to minimize errors caused by test
leads and connections. The typical micro-ohmmeter also has additional
features such as offset compensation and dry circuit testing to optimize
low resistance measurements. Offset compensation is performed by puls-
ing the test current to cancel offsets from thermoelectric EMFs. The dry
circuit test mode limits the voltage across the unknown resistance toavery
small value (typically <20 mV)to avoid puncturing oxides when testing such
devices as relay contacts, connectors, and switches.

The Low Current Source

Low current sourcingisimportant in a wide range of applications from R&D
to production, including semiconductor, electrochemistry, nanotechnolo-
gy, and superconductor tests. Low current sources are designed to output
aspecified current through the DUT and apply whatever voltage is required
to force that current.

Key considerations for using a low current source include the maxi-
mum current, minimum current and step resolution, output settling time
required, and the level of voltage compliance needed. It must also have a
level of noise acceptable for the application and sufficiently high output
impedance. If the source’s output impedance is only 100x higher than the
resistance of the DUT, then the actual current through the DUT will be
off by 1%.

Although it's possible to create a current source from a voltage source
and series resistor, such "homemade” solutions have several drawbacks,
including no voltage compliance and unpredictable output.
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Understanding Instrument Specifications

Knowing how to interpret instrument specifications properly is an import-
ant aspect of making good low level measurements. Although instrument
accuracy is probably the most important of these specifications, there are
several other factors to consider when reviewing specifications, including
noise, deratings, and speed.

Definition of Accuracy Terms

This section defines a number of terms related to instrument accuracy.
Some of these terms are further discussed in subsequent paragraphs.
Table 1-1 summarizes conversion factors for various unit specifications
associated with instruments.

TABLE 1-1: Specification Conversion Factors

Number of time

Portion | constants to settle

Percent PPM Digits | Bits dB of 10V to rated accuracy
10% 100000 1 3.3 -20 v 2.3
1% 10000 2 6.6 -40 | 100mV 4.6
0.1% 1000 3 10 -60 10mV 6.9
0.01% 100 4 13.3 -80 Tmv 9.2
0.001% 10 5 16.6 | -100 | 100pVv 1.5
0.0001% 1 6 19.9 | -120 10 pv 13.8
0.00001% 0.1 7 23.3 | -140 Tpv 16.1
0.000001% 0.01 8 26.6 | -160 | 100nV 18.4
0.000001% | 0.001 9 29.9 | -180 10nVv 20.7

SENSITIVITY - the smallest change in the signal that can be detected.
RESOLUTION - the smallest portion of the signal that can be observed.

REPEATABILITY - the closeness of agreement between successive meas-
urements carried out under the same conditions.

REPRODUCIBILITY - the closeness of agreement between measurements
of the same quantity carried out with a stated change in conditions.

ABSOLUTE ACCURACY - the closeness of agreement between the result
of ameasurement and its true value or accepted standard value, taking
into account the uncertainty of the standard value.

RELATIVE ACCURACY -the closeness of agreement between theresult of a
measurementanditstrue value oraccepted standard value but without
taking the uncertainty of the standard value into account.

ERROR - the deviation (difference or ratio) of a measurement from its true
value. Note that true values are by their nature indeterminate.
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RANDOM ERROR -the mean of alarge number of measurementsinfluenced
by random error matches the true value.

SYSTEMATIC ERROR - the mean of a large number of measurements influ-
enced by systematic error deviates from the true value.

UNCERTAINTY -an estimate of the bounded interval around the measured
value, which is likely to contain the true value.

“Precision”is a more qualitative term than many of those defined here.
It is often applied in the context of repeatability or reproducibility, but it
shouldn't be used in place of “accuracy.”

Accuracy

One of the most important considerations in any measurement situation is
reading accuracy. For any given test setup, a number of factors can affect
accuracy. The most important factor is the accuracy of the instrument
itself, which may be specified in several ways, including a percentage of
full scale, a percentage of reading, or a combination of both. Instrument
accuracy aspects are covered in the following paragraphs.

Other factors such as input loading, leakage resistance, electrostatic
interference, and thermoelectric EMFs may also have a serious impact on
overall accuracy. These and many other important measurement consider-
ations are discussed in detail in Sections 2 and 3.

Measurement Instrument Specifications

A typical expression of accuracy is +(gain error + offset error). However,
manufacturers can use different formats to express accuracy, so it can
be difficult to compare instruments. Gain and offset errors are sometimes
combined into a specification that expresses accuracy in terms of a per-
centage and counts or parts per million.

The graph in Figure 1-4 shows the relationship of the offset and gain
errors over a measurement range. Note that the offset error is constant
over a particular range. When the reading is at a lower percentage of full
scale of range, the offset error is the dominant term. When a reading is
taken near the full-scale value of a selected range, the gain error becomes
significant.

Instrument accuracy is often specified as a percentage of reading,
plus a percentage of range (or a number of counts of the least significant
digit). For example, a typical DMM accuracy specification may be stated
as: +(0.005% of reading + 0.002% of range). The percentage of reading
term represents the gain error and the percentage of range term is the
offset term.

Accuracy may also be specified in ppm (parts per million). Typically,
this accuracy specification is given as *(ppm of reading + ppm of range).
For example, the DC voltage accuracy of a higher resolution DMM might be
specified as (25 ppm of reading + 5 ppm of range).

LOW LEVEL DC MEASURING INSTRUMENTS
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FIGURE 1-4: Relationship Between Offset and Gain Errors

Error vs. Percentage of Measurement Range
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Gain Error
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Error
} Max.
Gain Error
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Reading as a % of Full Scale
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The resolution of a digital instrument is determined by the number of
counts that can be displayed, which depends on the number of digits.
A typical digital electrometer might have 572 digits, meaning five whole
digits (each with possible values between 0 and 9) plus a leading half digit
that can take on the values 0 or 1. Thus, a b'2-digit display can show 0 to
199,999, a total of 200,000 counts. The resolution of the display is the ratio
of the smallest count to the maximum count (1/200,000 or 0.0005% for a
5',-digit display).

For example, the specification of #(0.05% + 1 count) on a 4V2-digit
meter reading 10.000 volts corresponds to a total error of (5 mV +1mV) or
+6mV out of 10V, or £(0.05% of reading + 0.01% of range), totaling +0.06%.
Generally, the higher the resolution, the better the accuracy.

Sensitivity

The sensitivity of a measurement is the smallest change of the measured
signal that can be detected. For example, voltage sensitivity may be 1pV,
which simply means that any change in input signal less than 1 pV won't

show up in the reading. Similarly, a current sensitivity of 10 fA implies that
only changes in current greater than that value will be detected.

The ultimate sensitivity of ameasuring instrument depends on both its
resolution and the lowest measurement range. For example, the sensitivity
of a 52-digit DMM with a 200 mV measurement range is 1pV.

Absolute and Relative Accuracy

The absolute accuracy is the measure of instrument accuracy that is
directly traceable to the International System of Units (SI) through the
primary standards at the National Institute of Standards and Technology
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(NIST) or other National Metrology Institute (NMI). Absolute accuracy may
be specified as (% of reading + counts), or it can be stated as +(ppm of
reading + ppm of range), where ppm signifies parts per million of error.

Relative accuracy specifies instrument accuracy without taking the
uncertainty of the standard into account. As with absolute accuracy, rel-
ative accuracy can be specified as (% of reading + counts) or it may be
stated as +(ppm of reading + ppm of range).

Transfer Stability

A special case of relative accuracy is the transfer stability, which defines
relative instrument accuracy over a very short time span and narrow ambi-
ent temperature range (typically within five minutes and +1°C). The transfer
stability specification is useful in situations where an instrument is used in
conjunction with a more accurate standard to transfer a quantity value to
a third device.

Calculating Uncertainties from Instrument Accuracy Specifications

Instrument accuracy specifications can be expressed in a variety of ways.
To illustrate how to calculate measurement uncertainty from instrument
specifications, here are three examples of calculations - one measuring
voltage and two measuring resistance.

Example #1: DC Voltmeter Accuracy Calculation
Input Signal=15V
Voltage Range=2V
Accuracy Specification = (25 ppm of reading + 5 ppm of range)
Thepotentialerrorcontributionbased onthe specificationsiscalculatedas:
Error=+[1.5V(25x10-)+2 V(5= 1075)]
=+[(37.5V x10-¢)+(10 V x 10-9)]
=+475Vx10-8
=+475pV
Thus, the reading in this example could fall anywhere within the range

of .5V £ 475V, an uncertainty of +0.003%.

Example #2: Calculate the Accuracy of a Resistance Measurement Made
Using a DC Voltmeter and a Current Source

This example shows how to calculate the accuracy of aresistance
measurement that is made using two separate instruments, a voltmeter
and a current source. First, the accuracy of each instrument is found
separately. Then, the expected resistance accuracy is calculated using
the root-sum-square (RSS) method.

Device to be measured =20 Q resistor using 100 mA test current
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Current Source Accuracy:

Current OQutput =100 mA on 100 mA range
Accuracy Specification = +(0.066% of output + 20 pA)
Error (Al)=£[(100 mA x 0.00066) + 20 pA]
=+(66 A + 20 pA)
=+86 pA
Voltage Measure Accuracy:
Input Signal =(20 0 x 100 mA)=2V
Accuracy Specification of 2V Range = +(0.012% of reading + 300 pV)
Error (AV) =+[(2 Vx0.00012) + 300 pV]
=+(240 pV + 300 pVv)
=+540 pVv
Because R=V/I, the error of the resistance can be calculated using
the following root-sum-square equation:

AR| _ [|ALR, |AVE
‘ R‘_ ‘ | M v‘
Substituting the calculated Al and AV values into the equation:

Total resistance uncertainty = /‘ 86 pA ‘ ‘ 40g ‘2 =9.01x10-4
or +0.0901% 100 mA

Example #3: Calculate the Accuracy of a Resistance Measurement
Made Using an SMU

For calculating the resistance accuracy for an SMU, use the summation
method. With this method, the accuracy of the source and measure-
ments are found separately and then added together. For higher accuracy
measurements, use the Source Readback function of the SMU to measure
the source output instead of using the programmed source value. In this
case, both the current and voltage measurement accuracy specifications
are used in the uncertainty calculation of a 20 Q resistor with 100 mA
test current:
Current Measure Accuracy (Source Readback enabled):

Input Signal =100 mA on 100 mA range (this is the current output)

Accuracy Specification = £(0.055% of reading + 6 pA)

Error% =+0.061%

Voltage Measure Accuracy:
Input Signal= (200 x 100 mA)=2V
Accuracy Specification of 2V Range = £(0.012% of reading + 300 pV)
Error% =+0.027%
Total resistance uncertainty using Source Readback = +(0.061% +
0.027%)= +0.088%
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The preceding examples are simplified to demonstrate calculating
uncertainties from product specifications and combining them when using
multiple instruments. In formal practice, the calculation involves reducing
the system uncertainties to a single standard deviation, combining these
uncertainties, then expanding the final system uncertainty to describe the
relationship of the reported value to the true value based on a probability
distribution. For details, please refer to the ISO Guide to the Expression of
Uncertainty in Measurement.

Deratings

Accuracy specifications are subject to deratings for temperature and time
drift, as discussed in the following paragraphs.

Temperature Coefficient

The temperature of the operating environment can affect accuracy. For
thisreason, instrument specifications are usually given over a defined tem-
perature range. Keithley accuracy specifications on newer electrometers,
nanovoltmeters, DMMs, and SMUs are usually given over the range of 18°C
to 28°C. For temperatures outside of this range, a temperature coefficient
such as +(0.005 % + 0.1 count)/°C or (5ppm of reading + 1 ppm of range)/°C
is specified. As with the accuracy specification, this value is given as a per-
centage of reading plus a number of counts of the least significant digit (or
as appm of reading plus ppm of range) for digital instruments. If the instru-
ment is operated outside the 18°C to 28°C temperature range, this figure
must be taken into account, and errors can be calculated in the manner
described previously for every degree less than 18°C or greater than 28°C.

Time Drift

Most electronic instruments, including electrometers, picoammeters,
nanovoltmeters, DMMs, and SMUs, are subject to changes in accuracy and
other parameters over along period of time, whether or not the equipment
is operating. Because of these changes, instrument specifications usually
include a time period beyond which the instrument'’s accuracy cannot be
guaranteed. The time period is stated in the specifications, and is typically
over specific increments such as 90 days or one year. As noted previously,
transfer stability specifications are defined for a much shorter period of
time—typically five or 10 minutes.

Noise and Noise Rejection

Noise is often a consideration when making virtually any type of electronic
measurement, but noise problems can be particularly severe when making
low level measurements. Thus, it's important that noise specifications
and terms are well understood when evaluating the performance of an
instrument.
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Normal Mode Rejection Ratio

Normal mode rejection ratio (NMRR) defines how well the instrument
rejects or attenuates noise that appears between the HI and LO input
terminals. Noise rejection is accomplished by using the integrating A/D
converter in the measuring instrument to attenuate noise at specific fre-
quencies (usually 50 and 60 Hz) while passing low frequency or DC normal
mode signals.

As shown in Figure 1-5, normal mode noise (Vyy) is an error signal that
adds to the desired input signal (V). Vyy is an AC signal expressed in V.
The DC voltmeter (Vy) measures both the Vyyv and Vg voltages. Normal
mode noise is detected by the voltmeter as a peak noise or deviationina DC
signal(Vg). NMRR is calculated as:

ViMo-
NMRR =20 log NHtp-p

M(max) ~ VM(min)

The denominator of the NMRR equation is the difference between
the maximum and minimum voltage measurements (Vy) taken by the DC
voltmeter. Some instruments provide statistical data, including the peak-
to-peak value, in their reading buffer.

FIGURE 1.5: Normal Mode Noise

Vnm
Voltmeter
(~0)
HI \_/
— v
Lo

Normal mode noise can seriously affect measurements unless steps
are taken to minimize the amount added to the desired signal. Careful
shielding will usually attenuate normal mode noise, and many instruments
have internal filtering to reduce the effects of such noise even further.

If Vym noise is 50 or 60 Hz, then using 1 PLC (power line cycle) measure-
ment integration will provide another 60 dB of rejection. In this case, Vy will
be very close to Vg. Further information about line cycle integration can be
found in Section 3.2.8.

Common Mode Rejection Ratio

Common mode rejection ratio (CMRR) specifies how well an instrument
rejects noise signals (Vgy) that appear between both the Hl and LO input
terminals and chassis ground, as shown in Figure 1-6. V¢ is an AC signal
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expressed in V5. Both the Vg and Vg voltages are measured by the DC
voltmeter (Vy). CMRR is usually measured with a 1kQ resistor imbalance in
one of the instrument test leads. CMRR is calculated as:

Voo
CMRR = 20 log cp-p

M(max) ~ VM(min)

FIGURE 1-6: Common Mode Noise

Voltmeter

Vem

Like the denominator of the NMRR equation, Vumax) = Vmmin) is the dif-
ference between the maximum and minimum voltage measurements (Vy)
taken by the DC voltmeter. Vg, can be an AC sinusoidal, DC step voltage,
or peak-to-peak of DC levels.

Although the effects of common mode noise are usually less severe
than normal mode noise, this type of noise can still be a factor in sensi-
tive measurement situations. To minimize common mode noise, connect
shields only to a single point in the test system.

Noise Specifications

Both NMRR and CMRR are generally specified in dB at 50 and 60 Hz, which
are the interference frequencies of greatest interest. (CMRR is often
specified at DC as well.) Typical values for NMRR and CMRR are >80 dB and
>120 dB respectively.

Each 20 dB increase in noise rejection ratio reduces noise voltage or
current by a factor of 10. For example, a rejection ratio of 80 dB indicates
noise reduction by a factor of 104, but a ratio of 120 dB shows that the com-
mon mode noise would be reduced by a factor of 108. Thus, a1V noise signal
would be reduced to 100 pV with an 80 dB rejection ratio and down to 1 pV
with a 120 dB rejection ratio.
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Speed

Instrument measurement speed is often important in many test situa-
tions. When specified, measurement speed is usually stated as a specific
number of readings per second for given instrument operating conditions.
Certain factors such as integration period and the amount of filtering may
affect overall instrument measurement speed. However, changing these
operating modes may also alter resolution and accuracy, so there is oftena
tradeoff between measurement speed and accuracy.

Instrument speed is most often a consideration when making low
impedance measurements. At higher impedance levels, circuit settling
times become more important and are usually the overriding factor in
determining overall measurement speed. Section 2.6.4 discusses circuit
settling time considerations in more detail.

Circuit Design Basics

Circuits used in the design of many low level measuring instruments,
whether a voltmeter, ammeter, ohmmeter, or coulombmeter, generally use
circuits that can be understood as operational amplifiers. Figure 1-7 shows
abasic operational amplifier. The output voltage is given by:

Vo=A(V;-V,)
The gain (A) of the amplifier is very large, a minimum of 10“ to 105, and

often 108. The amplifier has a power supply (not shown) referenced to the
common lead.

Current into the op amp inputs is ideally zero. The effect of feedback
properly applied is to reduce the input voltage difference (V; - V) to zero.

FIGURE 1-7: Basic Operational Amplifier

| _ COMMON ‘

O O
% Vo =A(V;-V,)

Voltmeter Circuits

Electrometer Voltmeter

The operational amplifier becomes a voltage amplifier when connected as
shown in Figure 1-8. The input bias current is low, so the current flowing
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through R, and Rg is the same. Assuming the gain (A)is very high, the volt-
age gain of the circuit is defined as:

VOZVZ(] + RA/RB)

Thus, the output voltage (V) is determined both by the input voltage
(V,), and amplifier gain set by resistors R, and Rg. Given that V, is applied
to the amplifier input lead, the high input resistance of the operation-
al amplifier is the only load on V,, and the only current drawn from the
source is the very low input bias current of the operational amplifier. In
many electrometer voltmeters, R, is shorted and Rg is open, resulting in
unity gain.

FIGURE 1-8: Voltage Amplifier

O * . O
% Vo=V, (1+Ra/Rg)

Nanovoltmeter Preamplifier

The same basic circuit configuration shown in Figure 1-8 can be used as
an input preamplifier for a nanovoltmeter. Much higher voltage gain is
required, so the values of R, and Rg are set accordingly; a typical voltage
gain for a nanovoltmeter preamplifier is 103.

Electrometer and nanovoltmeter characteristics differ, so the opera-
tional amplifier requirements for these two types of instruments are also
somewhat different. Although the most important characteristics of the
electrometer voltmeter operational amplifier are low input bias current and
high input impedance, the most important requirement for the nanovolt-
meter input preamplifier is low input noise voltage.

Ammeter Circuits

There are two basic circuits used for making current measurements: these
are the shuntammeter and the feedback ammeter circuits. DMMs and older
electrometers use the shunt method, but picoammeters, SMUs, and the
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ammeter function of electrometers use the feedback ammeter configu-
ration only.

Shunt Ammeter

Shunting the input of a voltmeter with aresistor forms a shunt ammeter, as
shown in Figure 1-9. The input current (I,y) flows through the shunt resistor
(Rg). The output voltage is defined as:

VO: ||N Rs(] + RA/RB)

For several reasons, it's generally advantageous to use the smallest
possible value for Rg.

First, low value resistors have better accuracy, time and temperature
stability, and voltage coefficient than high value resistors. Second, lower
resistor values reduce the input time constant and result in faster instru-
ment response time. To minimize circuit loading, the input resistance (Rg)
of an ammeter should be small, thus reducing the voltage burden (V,).
However, note that reducing the shunt resistance will degrade the signal-
to-noise ratio.

FIGURE 1-9: Shunt Ammeter

Vi Rg

o O
Vg = iy Rs(1+ Rp/Rp)

Feedback Ammeter

In this configuration, shown in Figure 1-10, the input current (I,y) flows
through the feedback resistor (Rg). The low input bias current of the ampli-
fier(A)changes the current(ly) by a negligible amount. The amplifier output
voltage is calculated as:

Vo=-InRe
Thus, the output voltage is proportional to the input current, and over-
all sensitivity is determined by the feedback resistor (Rg). The low voltage

burden (V;) and corresponding fast rise time are achieved by the high gain
op amp, which forces V; to be nearly zero.
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Picoammeter amplifier gain can be changed as in the voltmeter circuit
by using the combination shown in Figure 1-11. Here, the addition of R, and
Rg forms a “multiplier,” and the output voltage is defined as:

VO = _||NRF(] + RA/RB)

FIGURE 1-10: Feedback Ammeter

Re
T NV
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! 0
Input Vv, 'T
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FIGURE 1-11: Feedback Ammeter with Selectable Voltage Gain
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+
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Vi
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O * * O
% Vg = -IyRe (1+ Ra/Rg)

High Speed Picoammeter

The rise time of a feedback picoammeter is normally limited by the time
constant of the feedback resistor (Rg) and any shunting capacitance (Cg). A
basic approach to high speed measurements is to minimize stray shunting
capacitance through careful mechanical design of the picoammeter.

Remaining shunt capacitance can be effectively neutralized by a slight
modification of the feedback loop, as shown in Figure 1-12. If the time con-
stant Ry cqis made equal to the time constant RgC, the shaded area of the
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circuit behaves exactly as a resistance Rg with zero Cr. The matching of
time constants in this case is fairly straightforward, because the capaci-
tances involved are all constant and aren't affected by input capacitances.

FIGURE 1-12: Neutralizing Shunt Capacitance

Logarithmic Picoammeter

Alogarithmic picoammeter can be formed by replacing the feedback resis-
tor in a picoammeter with a diode or transistor exhibiting a logarithmic
voltage-current relationship, as shown in Figure 1-13. The output voltage
(and the meter display) is then equal to the logarithm of the input current.
As a result, several decades of current can be read on the meter without
changing the feedback element.

FIGURE 1-13: Logarithmic Picoammeter

P
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The main advantage of alogarithmic picoammeterisits ability to follow
current changes over several decades without range changing.

The big disadvantage is the loss of accuracy and resolution, but some
digital picoammeters combine accuracy and dynamic range by combining
autoranging and digital log conversion.

If two diodes are connected in parallel, back-to-back, this circuit will
function with input signals of either polarity.

Using a small-signal transistor in place of a diode produces somewhat
better performance. Figure 1-14 shows an NPN transistor and a PNP tran-
sistor in the feedback path to provide dual polarity operation.

FIGURE 1-14: Dual Polarity Log Current to Voltage Converter

1000 pF
| |
| |
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q
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A —— O
Input ; Output
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Remote Preamp Circuit(Source V, Measure | Mode)

Figure 1-15 illustrates a typical preamp circuit. In the Source V, Measure |
mode, the SMU applies a programmed voltage and measures the current

FIGURE 1-15: Remote Preamp in Source V, Measure | Mode

Al | In
O A A e Eﬁ)rce
To | Xf
measurement Guard
mainframe of O +—O o DUT
SMU
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O . O
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flowing from the voltage source. The sensitive input is surrounded by a
guard, which can be carried right up to the DUT for fully guarded meas-
urements. The remote preamp amplifies the low current signal passing
through the DUT; therefore, the cable connecting the remote preamp to
the measurement mainframe carries only high level signals, minimizing the
impact of cable noise.

Coulombmeter Circuit

The coulombmeter measures electrical charge that has been stored in a
capacitor or that might be produced by some charge generating process.

For a charged capacitor, Q = CV, where Q is the charge in coulombs on
the capacitor, C is the capacitance in farads, and V is the potential across
the capacitor in volts. Using this relationship, the basic charge measuring
scheme is to transfer the charge to be measured to a capacitor of known
value and then measure the voltage across the known capacitor; thus,
0=CVv.

The electrometer is ideal for charge measurements because the low
input bias current won't alter the transferred charge during short time
intervalsandthe highinput resistance won'tallow the charge to bleed away.

Electrometers use a feedback circuit to measure charge, as shown in
Figure 1-16. The input capacitance of this configuration is ACg. Thus, large
effective values of input capacitance are obtained using reasonably sized
capacitors for C.

FIGURE 1-16: Feedback Coulombmeter

~—T7

High Resistance Ohmmeter Circuits

Electrometer Picoammeter and Voltage Source

In this configuration (Figure 1-17), a voltage source (Vg) is placed in series
with an unknown resistor (Ry) and an electrometer picoammeter. The
voltage drop across the picoammeter is small, so essentially all the voltage
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appears across Ry, and the unknown resistance can be computed fromthe
sourced voltage and the measured current(l).

FIGURE 1-17: High Resistance Measurement Using External Voltage Source

I HI
I LO

Electrometer
Picoammeter

The advantages of this method are that it's fast and, depending on
the power supply voltage and insulating materials, it allows measuring
extremely high resistance. Also, with an adjustable voltage source, the
voltage dependence of the resistance under test can be obtained directly.

Usually, this method requires two instruments: a voltage source and
a picoammeter or electrometer. Some electrometers and picoammeters,
however, have a built-in voltage source and are capable of measuring the
resistance directly. SMUs that measure very small currents(less than nano-
amps) can also be used.

Electrometer Ohmmeter Using Built-In Current Source

Figure 1-18 shows the basic configuration of an alternative form of elec-
trometer ohmmeter. A built-in constant-current source, formed by Vg and
R, forces a known current (I) through the unknown resistance (Ry). The
resulting voltage drop is proportional to the unknown resistance and is
indicated by the meter as resistance, rather than voltage.

The disadvantage of thismethodis that the voltage across the unknown
is a function of its resistance, so it cannot be easily controlled. Very high
resistances tend to have large voltage coefficients; therefore, measure-
ments made with a constant voltage are more meaningful. In addition, the
response speed for resistances greater than 10 GQ will be rather slow. This
limitation can be partially overcome by guarding.

Electrometer Ohmmeter with Guarded Ohms Mode

Figure 1-19 shows a modification of the circuit in Figure 1-18 in which the HlI
input node is surrounded with a guard voltage from the operational amplifi-
er output. The amplifier has unity gain, so this guard voltage is virtually the
same potential as V; and the capacitance (Cg) of the input cable is largely
neutralized, resulting in much faster measurements of resistances greater
than 10 GQ. The guarded mode also significantly reduces the effect of input
cable leakage resistance, as discussed in Section 2.4.2.
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FIGURE 1-18: Electrometer Ohmmeter with Built-In Current Source
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FIGURE 1-19: Electrometer Ohmmeter with Guarded Ohms
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Electrometer Voltmeter and External Current Source

In this method, shown in Figure 1-20, a current source generates current
(1) which flows through the unknown resistor (Ry). The resulting voltage
drop(V;)is measured with an electrometer voltmeter, and the value of Ry is
calculated from the voltage and current.
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FIGURE 1-20: High Resistance Measurement Using External Current Source with
Electrometer Voltmeter
T HI

External
Current T I Rx Vi o
Source

Electrometer
Voltmeter

FIGURE 1-21: High Resistance Measurement Using a True Current Source with a DMM
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with Buffered 1x Output

If the current source has a buffered x1 output, a low impedance volt-
meter, such as a DMM, may be used to read the voltage across Ry. This
arrangement is shown in Figure 1-21.

DMM Ohmmeter

For highresistance measurements, a DMM may use the ratiometric method
shown in Figure 1-22. This technique is only used on the higher resistance
ranges (10 MQ and 100 MQ) to allow the lowest noise performance. Test
current for this method is generated by a built-in voltage source (Vggyreg)
through a reference resistance (Rggp) as shown.

Because the DMM voltmeter has very high input impedance (>10 GQ),
current through the voltmeter branch is insignificant and can be discount-
ed. Therefore, Iggr €quals the current of the unknown resistance (ly). The
voltage drop across the unknown resistance (Ry) is measured by the DMM
voltmeter(Vy)and the resistance (Ry)is calculated.

LOW LEVEL DC MEASURING INSTRUMENTS



15.5

FIGURE 1-22: Two-Wire Ratiometric Method of DMM to Measure High Resistance
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Low Resistance Ohmmeter Circuits

Nanovoltmeter and External Current Source

If the electrometer in Figure 1-20 is replaced with a nanovoltmeter, the
circuit can be used to measure very low resistances (less than micro-
ohms). Using a four-wire method eliminates any lead resistance from the
measurement. A current source that can automatically change polarity
can be used to correct for offsets. First, a voltage measurement is taken
with positive test current, then another voltage measurement is taken with
negative test current. Averaging the difference between the two readings
cancels the offsets.

DMM Ohmmeter

For making low resistance measurements, the typical DMM will use a four-
wire constant-current source method as shown in Figure 1-23. Using this
method, the DMM sources a constant current (I) to the device under test

FIGURE 1-23: Four-Wire Constant-Current Source Method
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)
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(Ry)and measures the voltage (Vy). Resistance is then calculated using the
known current and measured voltage. In the four-wire mode, the voltage is
measured at the DUT so that the voltage drops due to the lead resistances
will not affect the measurementaccuracy. ADMM capable of measuring low
resistance usually has a way of compensating for voltage offsets.

The test current sourced to the DUT depends on the selected meas-
urement range. For example, a DMM with a 100 Q range may have a test
current of TmA.

Some DMM ohmmeters may have a dry circuit mode. Dry circuit ohms
uses a constant current source with voltage monitoring that is used to
clamp the current source voltage. The current source will remain constant
as long as the monitoring voltage is <20 mV. When voltage exceeds 20 mV,
the current source shunts current internal to the DMM until 20 mV is main-
tained at the DUT.

1.5.6 Complete Instruments

Digital Electrometers

Figure 1-24 is a block diagram of a typical digital electrometer. The analog
section is similar to the circuitry discussed previously. An electrometer
preamplifier is used at the input to increase sensitivity and raise input
resistance. The output of the main amplifier is applied to both the analog
output and the A/D converter. Range switching and function switching,
instead of being performed directly, are controlled by the microprocessor.

The microprocessor also controls the A/D converter and supervises
all other operating aspects of the instrument. The input signal to the A/D
converteris generally 0-2 V DC. After conversion, the digital data is sent to
the display and to the communications interface (IEEE-488, RS-232, USB,
or Ethernet).

Digital Multimeters (DMMs)

Most DMMs include five measurement functions: DC volts, AC volts, ohms,
DC amps, and AC amps. As shown in Figure 1-25, various signal processing
circuits are used to convert the input signal into a DC voltage that can be
converted to digital information by the A/D converter.

The DC and AC attenuator circuits provide ranging for the AC and DC
functions. The AC converter changes AC signals to DC; the ohms converter
providesaDC analog signal for resistance measurements. Precision shunts
are used to convert currents to voltages for the amps functions.

Once the input signal is appropriately processed, it's converted to digi-
tal information by the A/D converter. Digital data is then sent to the display
and to the communicationsinterface (IEEE-488, RS-232, USB, or Ethernet).
Nanovoltmeters

A nanovoltmeter is a sensitive voltmeter optimized to measure very low
voltages. As shown in Figure 1-26, the nanovoltmeter incorporates a low
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FIGURE 1-24: Typical Digital Electrometer
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FIGURE 1-25: DMM Block Diagram
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noise preamplifier, which amplifies the signal to alevel suitable for A/D con-
version (typically 2-3 V full scale). Specially designed preamplifier circuits
ensure that unwanted noise, thermoelectric EMFs, and offsets are kept to
an absolute minimum.

In order to cancel internal offsets, an offset or drift compensation
circuit allows the preamplifier offset voltage to be measured during spe-
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cific phases of the measurement cycle. The resulting offset voltage is
subsequently subtracted from the measured signal to maximize measure-
ment accuracy.

Once the preamplifier amplifies the signal, it's converted to digital
information by the A/D converter. Digital datais then sent to the display and
the communications interface.

FIGURE 1-26: Typical Nanovoltmeter
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Source Measure Unit (SMU)

Source measure units (SMUs) provide four functions in one instrument:
source current, source voltage, measure current, and measure voltage.
These instruments have four-quadrant source functionality, which pro-
vides for a sink capability, so they can be used as electronic loads. Some
also have resistance measurement and pulsing capabilities. Figure 1-27
illustrates the Source | and Measure V mode of an SMU with a driven guard.
Inthis configuration, the instrument functions as a highimpedance current
source with voltage and current measurements and voltage limit capability.
The driven guard (x1 Buffer) ensures that the Guard and Force HI terminals
are always at the same potential. Proper use of guarding virtually elimi-
nates leakage pathsin the cable, test fixture, and connectors.

Selecting either local or remote sense determines where the volt-
age measurements will be made. In local sense, the voltage is measured
between the Force Hl and Force LO terminals. In remote sense (Kelvin or
4-wire mode), the voltage is measured at the device under test, between
the Sense Hl and Sense LO terminals, eliminating any voltage drops due to
lead resistance.

When configured to Source V and Measure | (as shown in Figure 1-28),
the instrument functions as a low impedance voltage source with current
and voltage measurements and current limit capability. Sense circuitry

LOW LEVEL DC MEASURING INSTRUMENTS
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monitors the output voltage continuously and adjusts the voltage source
as needed.

FIGURE 1-27: Source | and Measure V Mode of Source Measure Unit (SMU)
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FIGURE 1-28: Source V and Measure | Mode of Source Measure Unit (SMU)
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Introduction

As described in Section 1 of this handbook, measurements made from
high resistance sources include DC voltage, low DC current, high resist-
ance, and charge measurements. The instruments used to make these
high impedance measurements include electrometers, picoammeters,
and source measure units (SMUs). Section 1 described the basic circuits
of these instruments and their measurement functions. Section 2 offers
more detailed information about these functions, various interferences
and error sources, and ways to maximize the accuracy of measurements
made from high resistance sources. For easier reference, the information
in Section 2 is organized into these subsections:

2.2 High Impedance Voltage Measurements: A discussion of loading
errors and the use of guarding to minimize these errors, as well as
information on insulating materials used for making high impedance
measurements.

2.3 Low Current Measurements: Information about making successful low
current measurements is described with such topics as leakage cur-
rent and guarding, noise and source impedance, zero drift, generated
currents, voltage burden, overload protection, and using a coulomb-
meter to measure low current.

2.4 High Resistance Measurements: Describes the constant-voltage and
constant-current methods for measuring high resistance.

2.5 Charge Measurements: A discussion of the error sources and ways
to minimize them, zero check, and extending the range of the charge
function of an electrometer.

2.6 General High Impedance Measurement Considerations: A discussion
of techniques and error sources that affect high impedance measure-
ments in general. Some of the topics include measurement connec-
tions, electrostatic interference and shielding, environmental factors,
speed considerations, etc.

2.7 High Impedance Measurement Optimization Summary

Voltage Measurements from High Resistance Sources

Measurements from voltage sources with high internal resistance are
subject to a number of errors, such as loading errors from the voltmeter’s
input resistance and input bias current, as well as from external shunt
resistance and capacitance. The following paragraphs discuss these error
sources and ways to minimize their effects. For a discussion of errors due
to improper connections and electrostatic interference, see Section 2.6.

Loading Errors and Guarding
Input Resistance Loading

Voltage measurements from high resistance sources are subject toloading
errors from the meterinput resistance, as well as the leakage resistance of
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the connecting cable. A practical voltmeter may be represented by an ideal
infinite input-resistance voltmeter (Vy) in parallel with a resistor equal to
the specified input resistance (Ryy), as shown in Figure 2-1. When a source
whose Thevenin equivalent is Vg in series with Rg is connected to the input,
the voltage (Vy) appearing across the meter input terminals is reduced by
the voltage divider action of Rgand Ry as follows:

_ Rin )
VM_VS( Rs+ RIN

For example, assume Rg =100 kQ and R,y =10 MQ. If Vg =5V, the actual
voltage measured by the meteris:

107
V”‘5(w5+m7)

Vy =4.95V

Thus, input resistance loading would result in an error of 1% in
this example.

The meter input resistance should be much higher than the source
resistance. For example, if the desired accuracy is 1%, then the meter
resistance must be more than 100 times the source resistance. For higher
accuracy, this ratio must be correspondingly higher.

The connecting cable ordinarily isn't a factor, but with very high source
resistances (>10 GQ) or under extreme environmental conditions, it can
cause significant loading errors. It may be possible to guard the cable and

FIGURE 2-1: Effects of Input Resistance Loading on Voltage Measurement Accuracy
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thus reduce its loading on the measurement. This is discussed in the para-
graphs on Shunt Resistance Loading and Guarding.

Input Bias Current Loading

Another consideration when measuring voltages from high resistance
sources is the input bias current of the voltmeter. The input bias current
flows at the instrument input due to internal instrument circuitry and the
internal bias voltage. As shown in Figure 2-2, the input bias current (Igag)
developsan error voltage across the source resistance(Rg). Thus, the actu-
al measured voltage (Vy) differs from the source voltage (Vg) as follows:

Vi =Vs*lgasRs
For example, assume the following parameters:
lgias=1PA  Rg=10G0Q Vg=10V
The actual voltage measured by the meteris:
V=10 £(10-12-101)
Vv =10+0.01

VM =9.99V or10.01V(depending on the input bias current polarity)

Thus, the error caused by input bias current would be about 0.1% in
this example.

FIGURE 2-2: Effects of Input Bias Current on Voltage Measurement Accuracy
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DMMs and nanovoltmeters have bias currents from 1 pA to 1 nA, al-
though DMM bias currents are not always specified. Electrometers are
known for their low input bias current, which is usually a few femtoamps.
The input bias current specification of an electrometer is often listed in
the ammeter section of the specifications even though it affects all of
the instrument’s functions. SMUs also have very low input bias currents,
although usually not as low as an electrometer’s. For determining the input
bias current of an SMU voltmeter, use the accuracy of the current source at
0 A onthe specific range.

Although input bias current is a common source of this type of error,
currents generated by external circuits can also result in errors due to
voltage drops across the source resistance. Typical sources of such offset
currents are insulators and cables.

Shunt Resistance Loading and Guarding
External shunt resistances, such as leaky cables and dirty insulators, may
also cause loading errors.

Any external shunt resistance across the voltage source will attenu-
ate the measured voltage, as shown in Figure 2-3. As in the case of input
resistance voltage loading, the shunt resistance (Rgyynt) @nd the source
resistance (Rg) form a voltage divider that reduces the measured voltage
(Vi) as follows:

Rshunt )
Vy=Vq | ——————
moS ( Rshunt * Rs

Forexample, assume Rg=10 GQ and Rgyynt =100 GQ. If Vg has a value of
10V, the measured voltage (Vy)is:

]011
Vn=10 (10"+1010)

Vu=9.09V
In this instance, the error due to shunt loading is approximately 9%.

Cable leakage resistance isacommon source of shunt resistance load-
ing, as shown in Figure 2-4. In this case, the measured voltage (Vy)is atten-
uated by the voltage divider formed by Rg and the cable resistance (R ):

_ R
VM_VS (RS+RL)

Toreduce errors due to shunt resistance, use cables, connectors, and
test fixturing with the highest possible insulation resistance. In addition,
the use of guarding will eliminate any residual errors.

The error due to cable leakage can be greatly reduced by the use of
guarding, as shown in Figure 2-5. In the guarded configuration, the cable
shield is now connected to the output of the guard buffer instead of the
voltmeter LO terminal. Rg represents the resistance from the cable shield

MEASUREMENTS FROM HIGH RESISTANCE SOURCES

2-5



2-6

FIGURE 2-3: Effects of Shunt Resistance on Voltage Measurement Accuracy

P HI )
S
Rs
Shunt R
Resistance SUUND Vi
— v
I Lo
hd S
5 Voltmeter Measuring Vg

Indicating Vy
Rshunt
Y _VS<RS + Rshunt

FIGURE 2-4: Effect of Cable Leakage Resistance on Voltage Measurement Accuracy
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to voltmeter LO, and |g is the current through Rg as a result of driving the
shield to the same potential as the input Hl terminal. This currentis supplied
by the guard buffer, not the voltage source. The voltage across R, is now
many decades lower, so the leakage current will be negligible in most cases.

By definition, a guard is a low impedance point in the circuit that's at
nearly the same potential as the high impedance input terminal.

SECTION 2



FIGURE 2-5: Guarded Configuration
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In electrometers, the preamplifier output terminal is such a point, and
can be used to reduce the effect of cable leakage, as shown in Figure 2-5.
Anadditional benefitisthat the effective cable capacitanceisalsoreduced,
making the response speed of the circuit much faster. This is discussed in
detail in the paragraphs on Shunt Capacitance Loading and Guarding.

The source measure unit (SMU) can also be used to measure volt-
ages from a high resistance source and the Guard terminal will make a
similar improvement. Check your SMU’s documentation for how to con-
nect to quard.

The circuit of the electrometer when used as a voltmeter is actually
as shown in Figure 2-6. The guard amplifier is a unity-gain amplifier with
very high input impedance. The open-loop gain, Agyarp: ranges from 10“ to
108. The leakage resistance (R, ) is multiplied by this gain and the measured
voltage becomes:

v =V( AguaroRL )
"™ S 1Rg + AguaroRL

Example: Assume Rghasavalue of 10GQand R is 100 GQ. If we assume
a mid-range value of 105 for Agyarp and a value of 10 V for Vg, the voltage
measured by the meteris:

0|0
M~ 11.000001x10%

Vy =9.99999 V

Thus, we see the loading error with guarding is less than 0.001%. In
contrast, the unguarded error voltage with this combination of source and
shunt resistances would be about 9%.
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FIGURE 2-6: Guarding Leakage Resistance

HI
° O ° +
AsUARD
Rs R Vy
]

GUARD
— Vs U
L 0
5 1

Voltage Source Voltmeter with Guard Buffer

Aguarp = 104 to 108

. Asuaro RL
"™ S\ Rs + Aguaro RL

Shunt Capacitance Loading and Guarding

The settling time of a voltage measurement depends both on the equiv-
alent source resistance and the effective capacitance at the input of the
voltmeter; this input capacitance consists of the meter input capacitance
in parallel with the input cable capacitance. Even a small amount of shunt
capacitance can result in long settling times if the source resistance is
high. For example, a shunt capacitance of 100 pF (including the input cable)
and a source resistance of 20 GQ will result in an RC time constant of two
seconds. Ten seconds must be allowed for the measurement to settle to
within 1% of the final value.

Figure 2-7 demonstrates the effects of shunt capacitance loading on
the input of a typical high impedance voltmeter. The signal source is rep-
resented by Vg and Rg, the shunt capacitance is Cgyynt: @nd the measured
voltage is V. Initially, the switch is open, and Cgyynt holds zero charge.

When the switch is closed, the source voltage (Vg) is applied to the
input, but the measured voltage across Cgyyntdoesn't rise instantaneously
toits final value. Instead, the voltage rises exponentially as follows:

VM = VS (1 - @-t/RsCsHunT)

Also, the charge (Qj\) transferred to the capacitor is:

Oin=VsCshunt
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FIGURE 2-7: Shunt Capacitance Loading
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FIGURE 2-8: Exponential Response of Voltage Across Shunt Capacitance
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The charging of Cgyynt Yields the familiar exponential curve shown in
Figure 2-8. After one time constant (t = RC), the measured voltage rises
to within 63% of its final value; final values for various time constants are
summarized in Table 2-1.

TABLE 2-1: Settling Times to Percent of Final Value

Time Constant (t*) Percent of Final Value
1 63 %
2 86 %
3 95 %
4 98 %
5 99.3%

*t=RC, where R=resistance (ohms), C = capacitance (farads)
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Example: Assume Rg =10 GQ and Cgyyyt = 100 pF. This combination
results in an RC time constant of one second. Thus, it would take five sec-
onds for the circuit to settle to within less than 1% of final value. Witha 10 V
change in Vg, a total of InC of charge would be transferred to Cgyynt USING
the equation Q= VsCgpynr-

Although the primary advantage of guarding is a reduction in the
effects of shunt resistance, another important aspect is the reduction in
the effects of shunt capacitance. As shown in Figure 2-9, the guard buffer
significantly reduces the charging time of Cgyynt because of the open-loop
gain(Agyarp) Which is typically 104 to 108.

FIGURE 2-9: Guarding Shunt Capacitance
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With guarding, therise time of the measured voltage(Vy)nowbecomes:
VM = VS (] - e—tAGUARD/RSCSHUNT)
and the charge transferred to Cgyynt iS:
O = (VSCSHUNT)
Asuarp

Example: Assume Rg =10 GQ and Cgyyyt = 100 pF, as in the unguard-
ed example given previously. With a nominal value of 10% for Agyarp: We
can see the guarded RC settling time to 99.3% of final value is reduced to
approximately 5 s/10% =50 ps, an insignificant period of time compared to
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the time it typically takes an instrument to process a single reading. Note
that with a 10 V change in Vg, the charge transferred (Q,y) is only 10 fC, a
reduction of 105:1.

Example: To illustrate the effects of guarding, a 1.3 V voltage source
(Vg) with an internal resistance of 100 GQ (Rg) was connected to an elec-
trometer voltmeter using a 2 m triax cable (Cgyynt)- Voltage measurements
of this high impedance voltage source were taken by an electrometer
with and without the use of guarding. The graph in Figure 2-10 indicates
the measured voltage as a function of time showing both cases. Without
guarding, the voltage measurements took about nine seconds to settle.
With guarding, the voltage measurements settled within about two sec-
onds. Thus, guarding drastically reduced the effects of the shunt capaci-
tance on timing.

FIGURE 2-10: High Impedance Electrometer Voltage Measurements Taken With and
Without Guarding
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Insulation Resistance of the Test Circuit

Electrometers and some SMUs as voltmeters are characterized by high
input resistance. High resistance insulation in the test circuits is one of
the first requirements of making successful electrometer measurements.
Thus, a knowledge of the various types of insulating materials and how to
apply them properly is important. To measure voltages from high resist-
ance sources accurately, the insulation leakage resistance of the test
fixtures, test leads, and measuring voltmeter must be several orders of
magnitude higher than the Thevenin equivalent resistance of the circuit
under test, depending on the number of decades of precision, resolution,
or accuracy required. If the insulation resistances aren’t decades higher,
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TABLE 2-2: Properties of Various Insulating Materials

Volume  Resistance Minimal Minimal Minimal

Resistivity = to Water  Piezoelectric Triboelectric Dielectric

Material (Ohm-cm) Absorption Effects’ Effects Absorption
Teflon® >1078 + - - +

PTFE

Sapphire >10%8 + + 0 +
Polyethylene 10 0 + 0 +
Polystyrene >10® 0 0 - +
Kel-F* >1078 + 0 - 0
Ceramic 10™-10% - 0 + +
Nylon 10™3-10™ - 0 - -
Glass Epoxy 10" - 0 - -
PVC 5x10% + 0 0 -

KEY: + Materialvery goodinregard to the property.
0 Material moderately good in regard to the property.
- Material weak inregard to the property.

'Stored charge effects in non-piezoelectric insulators.

FIGURE 2-11: Approximate Resistivity of Various Insulating Materials

1018
1017
101
101
101
101
1012 —

|
|

l

Sapphire

Teflon

l

Ceramics
Nylon

l

Polyethylene

l

Polystyrene

l

>0
]011 — X =
g PVC
1010 [— wm
109
108

Volume Resistivity (Q-cm)
-n
0
IS

Paper

Insulating Material

the shunting effects of the insulation will reduce the source voltage being
measured, as discussed previously.

Detecting inferior insulation in test setups is difficult because the
erroneous reading can appear well-behaved and steady. Therefore, it's
prudentto measure the insulationresistance of the test fixtures and cables
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periodically with an electrometer ohmmeter to ensure their integrity. If
deficiencies are discovered, either cleaning or replacement of the defec-
tive insulatorisin order.

Choosing the Best Insulator
In evaluating an insulating material, consider these material properties:
« Volume resistivity: leakage of current directly through the material.

« Surfaceresistivity: leakage across the surface, a function primarily
of surface contaminants.

« Water absorption: leakage dependent on the amount of water that
has been absorbed by the insulator.

- Piezoelectric or stored charge effects: the creation of charge
unbalances (and thus current flow or voltage shift) due to mechani-
cal stress.

« Triboelectric effects: the creation of charge unbalance due to fric-
tional effects when materials rub against each other.

» Dielectric absorption: the tendency of an insulator to store/release
charge over long periods.

Table 2-2 summarizes important characteristics of insulators. Figure
2-11 shows their resistivity ranges. Insulator characteristics are described
further in the following paragraphs.

Teflon®

Teflon is the most satisfactory and commonly used insulator for the impe-
dance levels encountered in measurements of currents greater than 10-4A.
It has high volume resistivity and water vapor films don't form readily on
its surface. Its insulating properties, therefore, aren't severely impaired
by humid air. Teflon is chemically inert, is easily machined, and can be
readily cleaned. Teflon PTFE is the type of Teflon most commonly used in
electronics.

Teflon’s principal shortcoming is that charges appear internally when
it's deformed, causing spurious voltages and currents. With ordinary
care, however, these characteristics aren’t serious for currents greater
than 10-BA.

Polystyrene

Polystyrene is much less expensive than Teflon, and was the general pur-
pose standard before Teflon was available. It machines easily, but internal
crazing often develops. This characteristic doesn’t impair its insulating
properties unless the cracks reach the surface. The volume resistivity of
polystyrene is similar to that of Teflon, but water vapor films form on its
surface when humidity becomes high, significantly reducing its surface
resistance.

MEASUREMENTS FROM HIGH RESISTANCE SOURCES
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Kel-F°

Kel-F has volume and surface characteristics nearly as good as Teflon, it
machines easily, and it doesn’t craze.

Polyethylene

Polyethylene has excellent volume resistivity and surface characteristics
similar to polystyrene. Because it’s flexible, it's used extensively for insu-
lating coaxial and triaxial cable. These cables are excellent for general-pur-
pose electrometer work because the surface leakage in this application
is relatively unimportant. However, polyethylene melts at a relatively low
temperature, so leads into ovens should use Teflon insulation rather than
polyethylene.

Glass and Ceramics

Glass and ceramics also have high volume resistivity, but poor surface
properties at high humidity and often-poor piezoelectric properties. Glass
or ceramic cleaned with methanol and dipped in boiling paraffin hasagood,
but not durable, insulating surface. Various silicone varnishes can also
be baked or air-dried onto glass or ceramic surfaces, but even after this
treatment, handling can easily spoil the insulators. Glass and ceramics are
difficult to machine, although they can be molded. They are used principally
when their mechanical properties are mandatory.

Sapphire

Sapphire is one of the best insulators. Very little charge is generated in it
whenit’s stressed mechanically. It's used most often in measuring currents
inthe 10-® Ato 10- Arange. The use of sapphire isrestricted by its cost and
because the material is difficult to machine and form.

Quartz

Quartz has properties similar to sapphire, but considerably higher piezo-
electric output, soit's rarely used in electrometer circuits.

Other Insulating Materials

Practically all other insulating materials have unacceptably low volume
resistivity or unsatisfactory surface characteristics for high impedance
measurements. Vinyl, nylon, and Lucite® are markedly inferior to Teflon,
polystyrene, polyethylene, sapphire, or quartz.

Keeping Insulators Clean

Aswithany highresistance device, mishandling can destroy the integrity of
insulators. Oils and salts from the skin can degrade insulator performance,
and contaminants in the air can be deposited on the insulator surface,
reducingits resistance. Therefore, insulator handling should be minimized;
under no circumstances should the insulator be touched with the hand or
with any material that might contaminate the surface.
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If the insulator becomes contaminated, either through careless hand-
ling or from deposits, it can be cleaned with a degreaser to remove oils, and
de-ionized water to remove ionic contamination. After cleaning, the insula-
tor should be allowed to dry for several hours at low humidity.

Low Current Measurements

A number of error sources can have serious impacts on low current meas-
urement accuracy. For example, the ammeter may cause measurement
errors if not connected properly. (Refer to Sections 2.6.1 and 2.6.2 for
more information on how to make properly shielded connections.) The
ammeter’s voltage burden and input bias current may also affect measure-
ment accuracy. The source resistance of the device under test will affect
the noise performance of a feedback ammeter. External sources of error
can include leakage current from cables and fixtures, as well as currents
generated by triboelectric or piezoelectric effects. Section 2.3 addresses
low current measurement considerations in detail and outlines methods
for minimizing the effects of error sources. It also includes information
on using the electrometer’s coulomb function to make very low current
measurements.

Leakage Currents and Guarding

Leakage currents are generated by stray resistance paths between the
measurement circuit and nearby voltage sources. Leakage current is an
error current that flows (leaks) through insulation resistance when a volt-
age is applied. It generally becomes an issue when the impedance of the
device under test is comparable to that of the insulators in the test circuit.
This current can degrade the accuracy of low current measurements con-
siderably. To reduce leakage currents, use good quality insulators, reduce
the level of humidity in the test environment, and use guarding. Guarding
willalsoreduce the effect of shunt capacitance in the measurement circuit.

Using good quality insulators when building the test circuit is one way
to reduce leakage currents. Teflon, polyethylene, and sapphire are exam-
ples of good quality insulators, but avoid materials like phenolics and nylon.
Humidity will affect insulator performance and degrade low current meas-
urements. Different types of insulators will absorb varying amounts of
water from the air, so it's best to choose an insulator on which water vapor
doesn't readily form a continuous film. Refer to Section 2.2.2 for further
discussion on choosing the best insulating materials.

Humidity also affects the sample being measured. If the material to
be measured absorbs water easily, it's best to make the measurements in
an environmentally controlled room. In some cases, either the insulator or
the sample may have ionic contaminants, which can generate a spurious
current, especially in high humidity.

Guardingisavery effective way toreduce leakage currents. Aguardisa
low impedance pointin the circuit that’s at nearly the same potential as the

MEASUREMENTS FROM HIGH RESISTANCE SOURCES
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FIGURE 2-12: Guarding as Applied to an lonization Chamber

a) Unguarded lonization Chamber Equivalent Circuit

b) Guarded lonization Chamber Equivalent Circuit

Guard
Connection

high impedance lead being guarded. The guard on the electrometeramme-
ter and picoammeter differs from the guard on the SMU ammeter. The use
of guarding can best be explained through examples.

The Use of Guarding Using an Electrometer Ammeter
or Picoammeter

The guard terminal of the electrometer ammeter or picoammeter is the LO
input terminal. The guard can be used to isolate the high impedance input
lead of the ammeter from leakage current due to voltage sources. Figures
2-12 and 2-13 illustrate examples of guarding.

Figure 2-12illustrates guarding as applied to measuring the ion current
(Ig) from an ionization chamber. An unguarded ionization chamber and the
corresponding equivalent circuit are shown in Figure 2-12a. The equivalent
circuit shows that the full bias voltage appears across the insulator leakage
resistance (R ), therefore, a leakage current (I, ) will be added to the meas-
ured ion current(ly = Ig +1_). The leakage resistance is due to the insulator
of the ionization chamber and the coax cable.
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In Figure 2-12b, a metal guard ring is added to the ionization chamber.
This guard circuit splits the leakage resistance into two parts. The voltage
across Ry; is the picoammeter voltage burden, normally less than one
millivolt, so the resulting current will be quite small. The full bias voltage
appears across R ,. A leakage current will flow around this loop, but won't

affect the measurement, because it doesn't flow through the ammeter.

Guarding may also be necessary to prevent leakage current due to test
fixturing. Figure 2-13 shows a high mega-ohm resistor (Rpyt) supported on

two insulators mounted in a metal test fixture.

FIGURE 2-13: Guarding to Reduce Leakage Currents

a)Unguarded Circuit

Metal Shielded Test Fixture
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vV —
= O
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Figure 2-13a is the unguarded circuit. The leakage current (I ) through
the stand-off insulators will be added to the measured current (Iy).

As illustrated in Figure 2-13b, this circuit is guarded by connecting
the LO of the picoammeter (ly) to the metal mounting plate. This will put
the bottom of the right insulator at almost the same potential as the top.
The voltage difference is equal to the voltage burden of the picoammeter.
The voltage burden is small, less than 200 pV. The top and bottom of the
insulator are at nearly the same potential, so no significant current will flow

FIGURE 2-14: Guarding the Leakage Resistance of a Cable withan SMU

a) Unguarded Circuit

_ Force/Output HI

% b u;rd
?

Force/OutputLO
\J

Rpur

SMU R_ = Coax Cable Leakage Resistance
I = Leakage Current
Rpyt = Resistance of Device Under Test

Iy =lpur+ 1L

b) Guarded Circuit

Ipur
Force/Output HI

Rpur

NV

Force/OutputLO

\J

SMU R_; = Triax Cable Inside Shield Leakage Resistance
R_, = Leakage Resistance Between Shields
RpyT = Resistance of Device Under Test

In = lpur
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through it, and nearly all the current from the device under test will flow
through the ammeter as desired.

The Use of Guarding with an SMU Ammeter

The guard terminal of an SMU is usually the inside shield of the triax con-
nector. This guard is driven by a unity-gain, low impedance amplifier. By
definition, the guard terminal is nearly at the same potential as the high
impedance terminal, so the guard terminal will be at the same potential as
the magnitude of the voltage source.

Figure 2-14 illustrates how a driven guard prevents the leakage resist-
ance of a cable from degrading the low current measurements. In the
unguarded circuit of Figure 2-14a, the leakage resistance of the coax cable
is in parallel with the DUT (Rpyt), creating an unwanted leakage current (I ).
This leakage current will degrade very low current measurements.

In the guarded circuit shown in Figure 2-14b, the inside shield of the
triax cable is connected to the guard terminal of the SMU. Now this shield is
driven by a unity-gain, low impedance amplifier (Guard). The difference in
potential between the Force/Output HI terminal and the Guard terminal is
nearly 0V, so the leakage current(l )is eliminated.

The dramatic difference between using coax (unguarded) vs. triax
(guarded) cabling for low current SMU measurements is shown in Figure
2-15. Both of these curves are the result of sourcing 10 V to a 100 GQ

FIGURE 2-15: Effects of Guarded and Unguarded Circuit When Using an SMU to Measure
a 100 G Resistor by Sourcing 10 V and Reading Current as a Function of Time
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resistor and measuring the current as a function of time. The current
measurements generated using the coax cable show picoamps of leakage
current added to the measurement. In addition, the unguarded circuit
measurements do not appear to be settled, even after 70 seconds. Using
the triax cable (guarding) reduces the effective cable capacitance and thus
decreases the RC time constant, or settling time, of the measurement.

Figure 2-16 shows how the guard can eliminate the leakage current
that may flow through the stand-off insulators in a test fixture. In Figure
2-16a, leakage current (I, ) flows through the stand-off insulators (R, ). This
leakage current is added to the current from the DUT (Ipy7) and is meas-
ured by the SMU ammeter (Iy), adversely affecting the accuracy of the low
current measurement.

FIGURE 2-16: Test Fixture Guarding with an SMU
a) Unguarded Circuit
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In Figure 2-16b, the metal mounting plate is connected to the guard
terminal of the SMU. The voltages at the top and the bottom of the stand-off
insulator are nearly at the same potential (0 V drop), so no leakage current
will flow through the standoffs and affect the measurement accuracy.
For safety purposes, the metal shield must be connected to earth ground
because the metal mounting plate will be at the guard potential.

Noise and Source Impedance

Noise can seriously affect sensitive current measurements. This section
discusses how source resistance and source capacitance affect noise
performance.

Source Resistance

The source resistance of the DUT will affect the noise performance of a
feedback ammeter. As the source resistance is reduced, the noise gain of
the ammeter will increase.

Figure 2-17 shows a simplified model of a feedback ammeter. Rgand Cg
represent the source resistance and source capacitance, Vg is the source
voltage, and Vyqse is the noise voltage of the ammeter. Finally, Rg and Cg
are the feedback resistance and capacitance respectively.

The noise gain of the circuit can be given by the following equation:

OUtpUt VNOlSE = |nput VNO|SE (1 + RF/RS)

FIGURE 2-17: Simplified Model of a Feedback Ammeter
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Note that as Rg decreases in value, the output noise increases. For
example, when Rg = Rg, the input noise is multiplied by a factor of two. Too
low a source resistance can have a detrimental effect on noise perfor-
mance, so there are usually minimum recommended source resistance
values based on the measurement range. Table 2-3 summarizes minimum
recommended source resistance values for various measurement ranges
foratypical feedbackammeter. Note that the recommended source resist-
ance varies by measurement range because the Rg value also depends on
the measurement range. Refer to the instruction manual for the instrument
tobe usedforthe appropriate minimum recommended source resistances.

TABLE 2-3: Minimum Recommended Source Resistance Values for a Typical

Feedback Ammeter
Minimum Recommended
Range Source Resistance
pA 16Q
nA 1MQ
pA 1kQ
mA 10

Source Capacitance

DUT source capacitance will also affect the noise performance of a feed-
back type ammeter. In general, as source capacitance increases, so does
the noise gain.

To see how changes in source capacitance can affect noise gain, let’s
again refer to the simplified ammeter model in Figure 2-17. The elements
of interest for this discussion are the source capacitance (Cg) and the
feedback capacitance (Cg). Taking into account the capacitive reactance
of these two elements, our previous noise gain formula must be modified
as follows:

z
OUtpUt VN0|SE = |nput VN0|SE 1+ Z—F)
S

Here, Zgrepresents the feedback impedance made up of Crand Ry, and
Zgis the source impedance formed by Rgand Cg. Furthermore,

Re

Zr= ———t—
F T V(2rfReCh)2+1
and

Rs

Zg= ———
ST V(2nfRsCg)2 +1

Note that as Cg increases in value, Zg decreases in value, thereby
increasing the noise gain. Again, at the point where Zg = Z, the input noise
isamplified by a factor of two.
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2.3.4

Most instruments using feedback ammeters for low current meas-
urements will have a maximum recommended value for Cg. Although it
is usually possible to measure at higher source capacitance values by
inserting a resistor in series with the ammeter input, remember that
any series resistance will increase the voltage burden by a factor of
Iin - Rseries: Any series resistance will also increase the RC time constant
of the measurement. A series diode, or two diodes in parallel back-to-back,
can serve as a useful alternative to a series resistor for this purpose. The
diodes can be small-signal types and should be in a light-tight enclosure.
See Section 4.3.1for a further discussion of the use of a series diode.

Zero Drift

Zero driftis a gradual change of the indicated zero offset with no input sig-
nal. Unlessit's corrected by “zeroing,” the resulting offset producesan error
by addingto theinput signal. Driftisnormally specified asa function of time
and/or temperature. Zero offset over a time period and temperature range
will stay within the specified limits. Offset due to step changes in tempera-
tures may exceed the specification before settling. Typical room tempera-
ture rates of change (1°C/15 minutes) won't usually cause overshoot.

Most electrometers include a means to correct for zero drift. ZERO
CHECK is used to configure most electrometers and picoammeters to
display any internal voltage offsets. This feature allows fast checking and
adjustment of the amplifier zero. Typically, the instrument is zero correct-
ed while zero check is enabled. This procedure may need to be performed
periodically, depending on ambient conditions. Electrometers perform this
function with the touch of a button or upon command from the computer.

Inapicoammeter or electrometerammeter, note that ZERO CHECK and
ZERO CORRECT functions are used to correct for internal voltage offsets.
SUPPRESS or REL controls are used to correct for external current off-
sets. For optimum accuracy, zero the instrument on the range to be used
for measurement. Refer to Section 2.3.4 for a discussion of correcting for
internal bias current.

Generated Currents

Any extraneous generated currents in the test system will add to the
desired current, causing errors. Currents can be internally generated, asin
the case of instrument input bias current, or they can come from external
sources such as insulators and cables. The following paragraphs discuss
the various types of generated currents.

Figure 2-18 summarizes the magnitudes of a number of generated cur-
rents discussed in this section.
Internal Error Sources

The ideal ammeter should read zero when its input terminals are left open.
Practical ammeters, however, do have some small current that flows when
the input is open. This “zero” current measurement error comes from mul-
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FIGURE 2-18: Typical Magnitudes of Generated Currents
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FIGURE 2-19: Effects of Input Bias Current on Current Measurement Accuracy
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tiple sources; however, the main contributor on the lower current ranges
is the input bias current. This current is caused by bias currents of active
devices as well as by leakage currents through insulators within the instru-
ment. Current errors can also be caused by voltage offset drifts due to
time, temperature, etc., as well as other errors that are more obvious on the
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higher current ranges. The error currents generated within picoammeters,
electrometers, and SMUs are included in the instrument’s specifications.

Figure 2-19 shows the input bias current (Igag) adding to the source
current (lg) so the meter measures the sum of the two currents(ly):

Im=ls+lpias
However, depending on a particular instrument, the input bias current
can add or subtract from the measurement.

The input bias current of an instrument can be measured and com-
pared totheinstrument’s specifications. Hereisa procedure for measuring
the input bias current for electrometers, picoammeters, and SMUs.

1. Turnontheinstrument and allow it to warm up for Thour in an environ-
ment with stable temperature within the specified operating limits.

2. Place a metal cap on the input terminal to avoid noise pickup. This
protective shield/cap is usually included with the sensitive instrument.
Both triax and BNC metal caps are shown in Figure 2-20.

FIGURE 2-20: Metal Caps for Measuring Input Bias Current

Use a metal shield/cap to measure the input bias current of an electrometer,
picoammeter, or SMU if the input is terminated with triax or BNC.
Do not use a short; the input should be open.

3-Lug Triax Shield/Cap BNC Shield/Cap

Select the lowest current range.

4. Allow more than five minutes for the reading to settle and then take a
reading by observing the instrument’s display. Figure 2-21 shows the
input bias current measurement of an electrometer with a capped
input. On this particularinstrument, the input bias current reads 8x10-1
or 0.8 fA.

5. Verify the reading is within the instrument’s specification. If not, the
instrument may need to be recalibrated.

6. Theoffsetcanbesubtracted from measurementsby usingthe relative,
or zero, function of the ammeter. With the instrument open-circuited,
allow the reading to settle and then enable the REL or ZERO function.
Once the REL value is established, subsequent readings will be the
difference between the actual input value and the REL value. Most
instruments will enable the user to perform the REL either from the
front panel or remotely.
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FIGURE 2-21: Measuring the Input Bias Current of an Electrometer from the Front Panel

The input bias current of an electrometer is determined by measuring the open
circuit current on the lowest range. The input bias current of this electrometer is
0.8 fA as shown on the display.
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In some cases it may be necessary to determine the input bias current
graphically. If thisis the case, take a few readings as a function of time and
observe the readings on a graph of current vs. time. Figure 2-22 shows the
open circuit current measurements as a function of a time for an SMU.

FIGURE 2-22: Input Bias Current Measurements as a Function of Time for an SMU
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External Offset Current

External offset currents can be generated by ionic contamination in the
insulators connected to the ammeter. Offset currents can also be generat-
ed externally from such sources as triboelectric and piezoelectric effects.
As shown in Figure 2-23, the external offset current (lgrpset) also adds to
the source current(lg), and the meter again measures the sum of the two.

2-26
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FIGURE 2-23: Effects of External Offset Current on Current Measurement Accuracy
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FIGURE 2-24: Using External Current Source to Suppress Offset Current
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When loerser = Isuppress: Is=Im

External offset currents can be suppressed with the current suppres-
sion feature (if available) of the instrument or they can be nulled by using a
suitably stable and quiet external current source (lgyppress) @s shown in
Figure 2-24. With this arrangement, the current measured by the meter is:

Im=ls+ lorrseT ~ IsuPPrESS
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Assuming lgprset @nd lsyppress are equal in magnitude but opposite
in polarity,

IM:|S

The advantage of using an external current source is that lgppgeT Can
be as large or larger than the full-range value, and only lgrrset - IsupPRESS
need be small.

Triboelectric Effects

Triboelectric currents are generated by charges created between a con-
ductor and an insulator due to friction. Here, free electrons rub off the
conductor and create a charge imbalance that causes the current flow. A
typical example would be electrical currents generated by insulators and
conductors rubbing together in a coaxial cable, as shown in Figure 2-25.

FIGURE 2-25: Triboelectric Effect
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“Low noise” cable greatly reduces this effect. It typically uses an inner
insulator of polyethylene coated with graphite underneath the outer shield.
The graphite provides lubrication and a conducting equipotential cylinder
to equalize charges and minimize charge generated by frictional effects of
cable movement. However, even low noise cable creates some noise when
subjected to vibration and expansion or contraction, so all connections
should be kept short, away from temperature changes(which would create
thermal expansion forces), and preferably supported by taping or tying
the cable to a non-vibrating surface such as a wall, bench, or other rigid
structure.

There are a variety of other solutions to movement and vibra-
tion problems:
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« Removalormechanicaldecouplingofthesource of vibration. Motors,
pumps, and other electromechanical devices are the usual sources.

» Stabilization of the test hookup. Securely mount or tie down elec-
tronic components, wires, and cables. Shielding should be sturdy.

Triboelectric effects can also occur in other insulators and conduc-
tors that touch each other. Therefore, it's important to minimize contact
between insulators as well as conductors in constructing test fixtures and
connections for low current and high impedance.

Table 2-2 in Section 2.2.2 summarizes the triboelectric effects of var-
ious insulating materials.

Piezoelectric and Stored Charge Effects

Piezoelectric currents are generated when mechanical stress is applied to
certain crystalline materials when used for insulated terminals and inter-
connecting hardware. In some plastics, pockets of stored charge cause
the material to behave in a manner similar to piezoelectric materials. An
example of aterminal with a piezoelectric insulator is shown in Figure 2-26.

FIGURE 2-26: Piezoelectric Effect
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To minimize the current due to this effect, it's important to remove
mechanical stresses from the insulator and use insulating materials with
minimal piezoelectric and stored charge effects. Section 2.2.2 and Table
2-2 summarize the piezoelectric properties of various insulating materials.

This effect is independent of the capacitance change between the
plate and terminals. Charges are moved around, resulting in current flow.

In practice, it may be quite difficult to distinguish stored charge effects
(in insulators) from piezoelectric effects. Regardless of the phenomenon
involved, it'simportant to choose good insulating materials and make con-
necting structures asrigid as possible.
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FIGURE 2-27: Electrochemical Effects
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Error currents also arise from electrochemical effects when ionic chemi-
cals create weak batteries between two conductors on a circuit board. For
example, commonly used epoxy printed circuit boards, when not thorough-
ly cleaned of etching solution, flux or other contamination, can generate
currents of a few nanoamps between conductors (see Figure 2-27).

Insulation resistance can be dramatically reduced by high humidity or
ionic contamination. High humidity conditions occur with condensation or
water absorption; ionic contamination may be the result of body oils, salts,
or solder flux.

Although the primary result of these contaminants is the reduction of
insulation resistance, the combination of high humidity and ionic contami-
nation can forma conductive path or they may even act as an electrochem-
ical cellwith high seriesresistance. A cell formed in this manner can source
picoamps or nanoamps of current for long periods of time.

To avoid the effects of contamination and humidity, select insula-
tors that resist water absorption, and keep test environment humidity
to moderate levels. Also, be sure all insulators are kept clean and free of
contamination.

If insulators become contaminated, apply a cleaning agent such as
methanol to all interconnecting circuitry. It's important to flush away all
contaminants once they're dissolved in the solvent, so they won't be rede-
posited. Use only very pure solvents for cleaning; lower grades may contain
contaminants that leave an electrochemical film.
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Dielectric Absorption

Dielectric absorption in an insulator can occur when a voltage across that
insulator causes positive and negative charges within the insulator to
polarize because various polar molecules relax at different rates. When the
voltage is removed, the separated charges generate a decaying current
through circuits connected to the insulator as they recombine.

To minimize the effects of dielectric absorption on current measure-
ments, avoid applying voltages greater than a few volts to insulators being
used for sensitive current measurements. In cases where this practice is
unavoidable, it may take minutes or even hours in some cases for the cur-
rent caused by dielectric absorption to dissipate.

Table 2-2 in Section 2.2.2 summarizes the relative dielectric absorp-
tion of various insulating materials.

Voltage Burden

Anammeter may be represented by an ideal ammeter (Iy) with zero internal
resistance, in series with aresistance(Ry), as shownin Figure 2-28. Whena
current source whose Thevenin equivalent circuit is a voltage (Vg) in series
with a source resistance (Rg) is connected to the input of the ammeter, the
current is reduced from what it would be with the ideal ammeter (Ry =0 Q).
This reduction is caused by the internal resistance (Ry), which creates an
additional voltage drop called the voltage burden (Vg).

FIGURE 2-28: Effects of Voltage Burden on Current Measurement Accuracy
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The voltage burden is specified for a full-scale input. Therefore, the
voltage burden at a given current can be calculated by:
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IS)
Ve = Vi [—
B(1) B Ies
where Iggis full-scale current and Ig is the magnitude of the current source.

Taking into account the voltage burden, the measurement error can be
calculated as follows:

Vs Ve [||SS]

The percent error in the measured reading due to voltage burdenis:
|
vl
lrs
V.

Example: In this circuit, Vg = 0.7 V, Ig = 100 pA, and Igg = 200 pA.
Assuming Rg =10 kQ and the voltage burden at full scale is 200 mV:

% error = x100%

0.7V-0. 2v[12%%“’2]
= 10KQ =60wA

compared to the ideal case,

0.7V
= 1okq ~70HA

Thus, the ammeter reading is 60 pA vs. the ideal case of 70 yA—an
error of 14%.

In comparison, if a picoammeter is used and the voltage burden
is200 pV:
100 pA
0.7V- oooozv[zowA]

v = =69.99 uA
M 0 k0 =69.99p

Thus, the picoammeter reading is 69.99pA vs. the ideal measurement
of 70 yA—an error of only 0.01%.

On a particular current range, the input resistance of the ammeter can
be related to the voltage burden specification and the full scale current on
that range. The input resistance of a feedback picoammeter or electrom-
eter ammeter is less than the ratio of the specified voltage burden to the
full-scale current:

Voltage Burden

Input Resistancex —————
P Full-Scale Current
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When determining the voltage burden of an SMU, the offset voltage on
the voltage source range being used must be included. Therefore, it's best
to use the lowest possible voltage source range in order to minimize error.

Overload Protection

Electrometers, picoammeters, and SMUs may be damaged if excessive
voltage is applied to the input. Most instruments have a specification for
the maximum allowable voltage input. In some applications, this maximum
voltage may be unavoidably exceeded. Some of these applications may
include leakage current of capacitors, reverse diode leakage, or insulation
resistance of cables or connectors. If the component or material breaks
down, all the voltage would be applied to the ammeter’s input, possibly
destroying it. In these cases, additional overload protection is required to
avoid damaging the input circuitry of the instrument.

Electrometer or Picoammeter Overload Protection

Figure 2-29 shows a protection circuit for an electrometer ammeter or
picoammeter, consisting of aresistor and two diodes(IN3595). The leakage
of the IN3595 diode is generally less than one 1pA even with TmV of forward
bias, so the circuit won't interfere with measurements of 10 pA or more.
This diode is rated to carry 225 mA (450 mA repeated surge). Because the
voltage burden of the electrometer ammeter or picoammeter is less than
1 mV, the diodes won't conduct. With two diodesin parallel back to back, the
circuit will provide protection regardless of the signal polarity.

FIGURE 2-29: Overload Protection Circuit for Electrometers and Picoammeters

R
M >—AAA—— <

To Feedback
Ammeter

LO * < LO

The resistor (R) must be large enough to limit the current through the
diodes to prevent damage to the diodes. It also must be large enough to
withstand the supply voltage. A good rule of thumb is to use a large enough
resistor to cause a1V drop at the maximum current to be measured.

The protection circuit should be enclosedinalight-tight shield because
the diodes are photosensitive. The shield should be connected to the low of
the ammeter.

SMU Overload Protection (in Force Voltage, Measure Current Mode)

Figure 2-30 illustrates an overload protection circuit for an SMU in the
ammeter mode. This circuit consists of two zener diodes (D3 and D4) con-
nected between the Guard and LO(or Common)terminals, a current limiting
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FIGURE 2-30: Overload Protection Circuit for the SMU in Force Voltage, Measure
Current Mode

R
HI
D1 D2
GUARD To Output
To DUT of SMU
D3
D4
O—-e O Lo*

*For SMUs that have the outside shield
connected to ground, link the LO terminal
to the ground terminal.

resistor(R)in series with the Hl terminal, and two low leakage diodes(D1and
D2)between the Hl and Guard terminals.

The two zener diodes are used to clamp the guard to LO (or the
Common terminal). These should be rated slightly higher than the SMU’s
maximum measurable voltage. The leakage current through the zener
diodes results in a voltage drop across the resistor, so low leakage zener
devices are desirable.

The resistor (R) is used to limit the current through the diodes (D1and
D2). The resistance value should be large enough to limit the current flow-
ing through the diodes to one-tenth of their forward current rating, thereby
preventing diode damage. The resistor must also be rated high enough to
meet the power dissipation requirements while the zeners are conducting.

If an overload occurs, one of the diodes (D1 or D2) will conduct and pre-
vent the input from being damaged. The IN3595 diode is a good choice for
this function because it has low leakage current, typically less than 1 pA,
even with a forward bias of TmV.

High impedance circuit construction, such as Teflon standoffs, must
be used. The protection circuit should be built into a light-tight, metal-
shielded enclosure with the shield connected to the LO terminal of the SMU.

AC Interference and Damping

When measuring low current, electrostatic shielding (as discussed in
Section 2.6.2) is the most common way to reduce noise due to AC inter-
ference. However, in some cases, shielding the device under test or
the connecting cabling isn't practical. For these applications, a variable
damping control may reduce the AC pickup enough to make meaningful
measurements.
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A damping circuitis atype of low pass filter that reduces the electrom-
eter's AC response so the low DC current can be measured accurately. The
damping circuit may already be built into the electrometer or may be an
external circuit. Refer to the instrument’s instruction manual for informa-
tion on a particular electrometer’s internal damping feature. However, it
may be necessary to increase the damping with an external circuit.

Figure 2-31illustrates an example of an external damping circuit. This
circuit consists of a low leakage polystyrene or polyester capacitor (C) and
a potentiometer (R). The potentiometer is connected between the preamp
output and the common (or LO) terminal of the ammeter. The capacitor
is connected between the HI input terminal of the ammeter and the mov-
ing arm of the potentiometer. The value of the capacitor depends on the
current range of the ammeter. Higher ranges require the use of higher
magnitude capacitors. However, typical values of the capacitor are in the
range of hundreds of picofarads. The value of the potentiometer should be
chosen to be high enough (>50 kQ) to avoid loading the preamp output, but
still reduce noise effectively.

FIGURE 2-31: External Damping Circuit

To Ranging
Amplifier
HI and A/D
——O0——"
Preamp Out
\J
O LO + c
Common
Link Common . :
to GND 6ND Shielded Test Fixture

Electrometer

Some experimentation will be needed to choose the best values for the
capacitorand the resistance. Connect an oscilloscope to the analog output
and observe the AC waveform on the scope. Adjust the potentiometer to
make the AC signal as small as possible. If the noise can't be suppressed
enough with the potentiometer, use a bigger capacitor.

The damping circuit should be built into a shielded enclosure.

Using a Coulombmeter to Measure Low Current

In most cases, an ammeter or picoammeter is used to measure current.
However, for femtoamp-level currents, it may be better to use the cou-
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lombs function of an electrometer to measure the change in charge over
time, then use those charge measurements to determine the current. A
further discussion of charge measurements can be found in Section 2.5.
Current Integration

The total charge(q) can be described as the integral of incremental charge
elements(dq):

q2
q=] da
Because current (i) is related to the charge by dq =i dt, the previous
equation becomes:
t2
q= Iﬂ| dt

One method for determining the charge is to measure the voltage drop
across a capacitor of known value. The voltage on the capacitor is related
to the charge in the following equation:

V=0/C

where: 0 =capacitor charge(coulombs)
C =capacitor value (farads)
V =voltage across the capacitor(volts)

Combining this equation with the previous ones yields:
q2 FZ
o:cv:j£q=[hm

Once the rate of change (dt) is known, the current can easily be deter-
mined fromacharge measurement. Theinstantaneous current(i)is simply:

d0
dt
where the long-term average current is defined as:

lave = AQ
AVE T At

Thus, we can see that the current can be determined simply by making
aseries of charge measurements as a function of time.

Using a Feedback Coulombmeter to Measure Current

Charge can be measured directly with a feedback coulombmeter. Figure
2-32 shows a simplified model of a feedback type coulombmeter. The input
current to the circuit is lg, the output voltage is Vgyt, and the feedback
capacitoris Cr.

The current (lg) is applied to the input of the feedback coulombmeter.
The circuit is an integrator, so the charge is determined by integrating
the current:

Oy =] idt
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FIGURE 2-32: Feedback Coulombmeter Equivalent Circuit

O — O
Om=CeVour %

iy = Cr(dVgyp/dt) = dOy/dt

AVoy1Cr _ AQy
At At

Iave

The coulombmeter determines charge from the output voltage and the
value of the feedback capacitor:

Om=CrVour
From the measured charge (Qy), the user can calculate current:
iy = Cp(dVgyt/dt) = dQy/dt
Thelong-term average current(lpyg) can be calculated from the change
in output voltage over a specific time period:

e NourCe _ A0
At At
To make calculations easier, set a one-second measurement interval
time in the one-shot trigger mode. The REL or zero function of the elec-
trometer may be used to reset the readings. Some electrometers may
have an auto-discharge feature to reset the charge reading to zero when it
reaches a specified level.

Fixed Integration Time Period Method

The fixed integration time method shown in Figure 2-33 can be used
to determine current and is a variation of the feedback coulombmeter
technique. In this instance, the increasing charge value is measured at
specific time intervals of equal length. The average current (Iyg) during
agiven period can be determined from the slope of the line and is calcu-
lated as follows:

AQ

Iawp = —
AVe =
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FIGURE 2-33: Fixed Integration Time Method of Determining Current from Charge

AQ
f lave = At
—> At <

t
Fixed time intervals

Thismethod gives the average current during the timeinterval and pro-
duces readings at a steady rate determined by the integration period. This
method can be accomplished automatically in software by determining the
difference between successive readings.

Fixed Threshold Method

The fixed threshold method, which is shown in Figure 2-34, is somewhat
similar to the fixed integration time method just described. In this case,
however, the charge measurement begins at time t; and continues until the
charge value reaches some predetermined threshold value at time t,. The
current is then calculated as follows:

AQ
| = —— whereAt=t,-t
AVG At 2 4

FIGURE 2-34: Fixed Threshold Method of Determining Current from Charge

Fixed threshold

AQ
0 lave = At

<« At —— 3
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Note that the voltage coefficient of the coulombmeter capacitor has
little effect on overall current measurement accuracy. As long as the
threshold point and time periods are accurately known, current meas-
urement accuracy will be quite good. However, readings won't be evenly
spaced when current levels vary, and the interval between readings can be
quite long when the average current for a given time period is small.

Advantages of Using a Coulombmeter to Measure Current

There are several advantages to using a coulombmeter instead of an
ammeter for measuring current in certain situations:

« Lower Current Noise: The ammeter uses a feedback resistor, which
will have significant Johnson noise. For charge measurement,
this resistor is replaced by a capacitor, which theoretically has no
Johnson noise. Consequently, the charge method of current meas-
urementresultsinlower noise than measuring currents directly with
a feedback ammeter. Thus, the charge method is preferable when
current noise performance less than 1fA p-p is required. (Refer to
Figure 2-58 in Section 2.6.5 and note that feedback resistances
higher than 102 ) aren’t very practical.)

« Faster Settling Times: The speed of a feedback ammeter is limited
by the time constant of its feedback circuit (RgCg). For example, for
feedback resistances greater than 10 GQ, stray capacitance limits
response times to tens of milliseconds. In contrast, a feedback inte-
grator will respond immediately and is limited only by the speed of
the operational amplifier.

« Random Pulses Can Be Integrated: The average charge transferred
per unit time of random pulse trains can be evaluated by integrating
the current pulse train for a given period of time. The average cur-
rent amplitudes can then be expressed as the total charge divided
by the time period involved in the measurement. This technique is
especially useful when averaging very small, unsteady currents. If
the duty cycle is known, the pulse height can also be determined.

« The Noise Effects of Input Shunt Capacitance are Minimized: Noise
gain is mainly determined by C,\/Cr, and Cr is much larger in a cou-
lombmeter than in an ammeter, so much larger input capacitance
values can be tolerated. This characteristic is beneficial when
measuring from high capacitance sources or when long connecting
cables are used.

High Resistance Measurements

When resistances greater than 1 GQ must be measured, an electrometer,
SMU, or picoammeter/voltage source are usually required. An electrometer
may measure high resistance by either the constant-voltage or the con-
stant-current method. Some electrometers allow the user to choose either
method. The constant-voltage method uses an ammeter and a voltage
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2-40

source; the constant-current method uses an electrometer voltmeter and
acurrent source. A description of these techniques follows.

Constant-Voltage Method

To make high resistance measurements using the constant-voltage meth-
od, an instrument that can measure low current and a constant DC voltage
source are required. Some electrometers and picoammeters have voltage
sources built into the instrument and automatically can calculate the
unknown resistance.

The basic configuration of the constant-voltage method using an
electrometer or picoammeter is shown in Figure 2-35a. As shown in Figure
2-35b, an SMU can also be used for making high resistance measurements
using the constant voltage method.

In this method, a constant voltage source (V) is placed in series with
the unknown resistor (R) and an ammeter (Iy). The voltage drop across the

FIGURE 2-35: Constant-Voltage Method for Measuring High Resistance

a) Using an Electrometer or Picoammeter
and a Voltage Source

Electrometer or
Picoammeter

b) Using an SMU

Force/Output HI
O

?

Force/Output LO
O
U

SMU

SECTION 2



242

ammeter is negligible, so essentially all the test voltage appears across R.
The resulting current is measured by the ammeter and the resistance is
calculated using Ohm’s Law (R=V/1).

High resistance is often a function of the applied voltage, which makes
the constant-voltage method preferable to the constant-current method.
By testing at selected voltages, aresistance vs. voltage curve can be devel-
oped and a “voltage coefficient of resistance” can be determined.

Some of the applications that use this method include testing two-
terminal high resistance devices, measuring insulation resistance, and
determining the volume and surface resistivity of insulating materials. See
Section 4 for descriptions of these applications.

The constant-voltage method requires measuring low current, so all
the techniques and error sources described in Section 2.3 (Low Current
Measurements)apply to this method. The two most common error sources
whenmeasuring highresistance are electrostaticinterference and leakage
current. As described in Section 2.8.2, electrostatic interference can be
minimized by shielding the high impedance circuitry. Interferences due to
leakage current can be controlled by guarding as described in Section 2.3.1.

Constant-Current Method

High resistance measurements using the constant-current method may
be made using either an electrometer voltmeter and current source
or just an electrometer chmmeter. An SMU that has a voltmeter with
high input impedance and low current source ranges may also be used.
Using the electrometer voltmeter with a separate current source or an
SMU allows the user to make a four-wire measurement and to control
the amount of current through the sample. The electrometer ohmmeter
makes a two-wire resistance measurement at a specific test current,
depending on the measurement range.

Using The Electrometer Voltmeter and an External Current Source

The basic configurationfor the constant-current methodis shownin Figure
2-36. Current from the source (I) flows through the unknown resistance (R)
and the voltage drop is measured by the electrometer voltmeter (Vy). Using
this method, resistances up to about 102() can be measured. Even though
the basic procedure seems simple enough, some precautionary measures
must be taken. The input impedance of the voltmeter must be high enough
compared with a source resistance to keep the loading error within accept-
able limits. Typically, the input impedance of an electrometer voltmeter
is about 10™(0). Also, the output resistance of the current source must be
much greater than the unknown resistance for the measurement to be
linear. The voltage across the sample depends upon the sample resistance,
which makes it difficult to account for voltage coefficient when using the
constant-current method. If voltage coefficient is a concern, it's best to
use the constant-voltage method. When using the electrometer voltmeter
to make highresistance measurements, all the techniques and error sourc-
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FIGURE 2-36: Constant-Current Method Using a Separate Current Source and
Electrometer Voltmeter

HI | HI
Current T R v, Electrometer
Source M J Voltmeter

LO LO

es described in Section 2.2 (Voltage Measurements from High Resistance
Sources) apply to these measurements. The electrometer voltmeter and
a separate current source are used when determining high resistivity
of semiconductor materials using the four-point probe or van der Pauw
technique. These methods of determining the resistivity of semiconductor
materials are described in more detail in Section 4.4.3.

Using an SMU in the Source |, Measure V Mode

An SMU can measure high resistance in the source current/measure
voltage mode by using either a two-wire (local sense) or four-wire (remote
sense) method. Figure 2-37 illustrates an SMU in four-wire mode.

The four-wire method is used to eliminate contact and lead resistance,
which is especially important when measuring resistivity of semiconductor
materials. These measurements usually involve measuring low voltages.
The resistance of the metal probe to semiconductor contact can be
quite high.

When using remote sense, the voltage difference between high force
and high sense, and between low force and low sense is usually limited to

FIGURE 2-37: Using the SMU in the Four-Wire Mode to Measure High Resistance

Source |, Measure V Mode
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a specified value. Exceeding this voltage difference can result in erratic
measurements. Check the reference manual of the SMU for further infor-
mation on this limitation.

In addition to the voltage drop limitation, some SMUs have automatic
remote sensing resistors located between the HI Force and HI Sense ter-
minals and betweenthe LO Force and LO Sense terminals. This may further
limit the use of a single SMU in remote mode for certain applications, such
as semiconductor resistivity. If this is the case, use the SMU as a current
source in the two-wire mode, and use a separate voltmeter(s) to measure
the voltage difference. See Section 4.4.3 for further information.

Using the Electrometer Ohmmeter

When using the electrometer ohmmeter, measurement accuracy can be
affected by a variety of factors. In the following paragraphs, we will discuss
the most important considerations for making accurate high resistance
measurements.

Basic Configuration

Figure 2-38 shows the electrometer ohmmeter measuring aresistance(R).
The ohmmeter uses aninternal current source and electrometer voltmeter
to make the measurement. It automatically calculates and displays the
measured resistance. Notice that this is a two-wire resistance measure-
ment compared to using the electrometer voltmeter and external current
source, which can make a four-wire measurement. This is because the
current source isinternally connected to the voltmeter and cannot be used
separately.

FIGURE 2-38: Electrometer Ohmmeter for Measuring High Resistance

Electrometer Ohmmeter
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Guarding

As with high impedance voltage measurements and current measure-
ments, guarding high resistance test connections can significantly reduce
the effects of leakage resistance and improve measurement accuracy.
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Consider the unguarded resistance measurement setup shown in
Figure 2-39a. Here, an electrometer ohmmeter is forcing a current (Ig)
through the unknown resistance (Rg) and then measuring the voltage (Vy)
across the DUT. If we assume that the meter has infinite input resistance,
the measured resistance is then computed from Ohm'’s Law:

However, because the cable leakage resistance (R, ) is in parallel with
Rs, the actual measured resistance (Ry)is reduced, as shownin the parallel
equivalent circuit of Figure 2-39b. The measured resistance now becomes:

S
MRS RoAR,

The loading effects of cable resistance (and other leakage resistances)
can be virtually eliminated by driving the cable shield with a unity-gain
amplifier, as shown in Figure 2-39c. The voltage across R is essentially
zero, so all the test current (Ig) now flows through Rg, and the source resist-
ance value can be accurately determined. The leakage current (lg) through
the cable-to-ground leakage path (Rg) may be considerable, but that cur-
rent is supplied by the low impedance output of the xTamplifier rather than
by the current source (Ig).

Settling Time

The settling time of the circuit is particularly important when making
high resistance measurements. The settling time of the measurement is
affected by the shunt capacitance, which is due to the connecting cable,
test fixturing, and the DUT. As shown in Figure 2-40, the shunt capacitance
(Cspunt) Must be charged to the test voltage by the current (Ig). The time
period required for charging the capacitor is determined by the RC time
constant (one time constant, © = RgCgyynt) and the familiar exponential
curve of Figure 2-41results. Thus, it becomes necessary to wait four or five
time constants to achieve an accurate reading. When measuring very high
resistance values, the settling time can range up to minutes, depending on
the amount of shunt capacitance in the test system. For example, if Cgyynt
isonly 10 pF, a test resistance of 1 TQ will result in a time constant of 10 sec-
onds. Thus, a settling time of 50 seconds would be required for the reading
to settle to within 1% of final value.

In order to minimize settling times when measuring high resistance
values, keep shunt capacitance in the system to an absolute minimum by
keeping connecting cablesasshort as possible. Also, guarding may be used
to decrease settling times substantially. Finally, the source voltage, meas-
ure current method of resistance measurementis generally faster because
of reduced settling times.
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FIGURE 2-39a: Effects of Cable Resistance on High Resistance Measurements
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FIGURE 2-39b: Equivalent Circuit of Figure 2-39a Showing Loading Effect of Cable
Leakage ResistanceR,.

FIGURE 2-39c: Guarding Cable Shield to Eliminate Leakage Resistance
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FIGURE 2-40: Settling Time is the Result of RsCgnt Time Constant
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FIGURE 2-41: Exponential Settling Time Caused by Time Constant of Shunt Capacitance
and Source Resistance
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Charge Measurements

Charge is the time integral of current, q =,[idt. Charge is often measured on
a quantity of particles, on a surface, or on a component such as a capac-
itor. Sometimes, the charge is measured on a continuous basis, such as
when using the coulombmeter to measure very low current, as discussed
in Section 2.3.8.

An electrometer makes an ideal coulombmeter because it has very low
input bias current and high input resistance. The coulombmeter function
of the electrometer measures charge by integrating the input current. An
integrating capacitor is used in the feedback loop of the input stage. Refer
to Section 1.5.3 for a more detailed discussion of the coulombmeter circuit
of the electrometer.

Error Sources

Charge measurements made with an electrometer are subject to a number
of error sources, including input bias current, voltage burden, generated
currents, and low source impedance.
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Input Bias Current

With an electrometer, the input bias current is very low. However, at low
charge levels, even this small current may be a significant error factor. Over
long time periods, the instrument will integrate the bias current, which will
be seen as along-term drift in the charge measurement. Typical input bias
current is 4 fA, which will cause a change in the charge measurement of
4 fC per second. If the input bias current is known, it's possible to compen-
sate for this error simply by subtracting the charge drift due to input bias
current from the actual reading. However, determining the offset current
of the entire system may be difficult.

Voltage Burden

The voltage burden of a feedback coulombmeter is generally quite low
(<100 pV), just as it is with a feedback picoammeter. However, if the instan-
taneous peak current is >10 pA, the voltage burden can exceed this level
momentarily. In an overload condition, the voltage burden can reach many
volts, depending on the input value.

If the source voltage is at least 10 mV, the typical electrometer in the
coulombs mode will integrate the current accurately. If the source volt-
age is much lower, the voltage burden may become a problem, and the
input stage noise will be amplified so much that accurate measurements
aren’t possible.

Generated Currents

Generated currents from the input cable or induced currents due to insuf-
ficient shielding can cause errors in charge measurements, especially with
charge levels of 100 pC or less. To minimize generated currents, use low
noise cable and electrostatically shield all connections and the DUT.

Source Impedance

The magnitude of the source impedance can affect the noise performance
of the feedback coulombmeter. Figure 2-42 shows a generalized feedback
circuit connected to a source impedance. Ina coulombmeter, the feedback
impedance is a capacitor. From this diagram, the noise gain of the cou-
lombmeter can be calculated from the following equation:

Output Noise = Input Noise x (1+ Zg/Zg)

where: Zgis the source impedance
Zgis the feedback impedance of the coulombmeter
Input Noise is the noise of the input stage of the electrometer

In general, as Zg becomes larger, the noise gain becomes larger. Refer
tothe electrometer’s manual or specifications for the value of the feedback
impedance for a particular instrument.
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FIGURE 2-42: Generalized Feedback Circuit
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Zero Check

Unlike avoltage measurement, acharge measurement can be adestructive
measurement. In other words, the process of making the measurement
may remove the charge stored in the device under test.

When measuring the charge on a device such as a capacitor, it's
important to disable the zero check of the electrometer first, and then con-
nect the capacitor to the high impedance input terminal. Otherwise, some
of the charge will be lost through the zero check impedance and won't be
measured by the electrometer. That's because when zero check is enabled,
the input resistance of the electrometer is about 10 MQ.

Opening the zero checkinternal switch will produce a sudden changein
chargereadingknownas“zerohop.” Toeliminatetheeffectsofzerohop, take
areadingjust after the zero checkis disabled, then subtract this value from
allsubsequentreadings. An easy way todo thisisto enable the REL function
after zero check is disabled, which nulls out the charge reading caused by
the hop.

Extending the Charge Measurement Range of the
Electrometer

The charge measurement range of most electrometers can be extended
using external feedback. The external feedback mode allows an external
device to be used as the feedback element of the electrometer. Placing
the electrometer in the volts mode and then enabling external feedback
switches the feedback circuit from an internal network to a feedback cir-
cuit connected to the preamp output.

To extend the coulombs ranges, an external capacitor is used as the
feedback element.

As illustrated in Figure 2-43, an external feedback capacitor is placed
between the preamp output terminal and the Hl input terminal of the elec-
trometer. To prevent electrostatic interference, the capacitor is placed in
ashielded test fixture.
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FIGURE 2-43: Connections for Using External Feedback Capacitor
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When in the external feedback mode, the electrometer will display the
voltage across the feedback element. The unknown charge can be calcu-
lated from the following formula:

0=CV

where: Q =charge(coulombs)
C =capacitance of the external feedback capacitor (farads)
V =voltage on display of electrometer (volts)

For example, using an external feedback capacitor of 10 yF and meas-
uring 5V on the display of the electrometer, the calculated charge is 50 pC.

The capacitance of the feedback element should be at least 10 pF to
avoid errors due to stray capacitance and noise gain.

To ensure low leakage current and low dielectric absorption, the feed-
back capacitor should be made of a suitable dielectric material such as
polystyrene, polypropylene, or Teflon.

More information on the measurement procedure can be found in the
instruction manual of the electrometer.
2.6 General High Impedance Measurement Considerations

So far, we have discussed considerations specific to voltage, current,
resistance, and charge measurements. The following paragraphs examine
considerations that apply to all types of electrometer and SMU measure-
ments on high resistance sources.
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2.6.1 Making Connections

To avoid measurement errors, it's critical to make proper connections from
the electrometer, SMU, or picoammeter to the device under test. Always
connect the high resistance terminal of the meter to the highest resist-
ance point of the circuit under test.

Figure 2-44 shows an electrometer connected to a current source that
consists of avoltage source in series with aresistor. An AC powered source
usually hasasignificant level(often several volts)of line frequency common
mode voltage. As shown in Figure 2-45, this will cause a current (i) to flow
through the low to ground capacitance of the electrometer (ly). This circuit

FIGURE 2-44: Connecting the HI Terminal of the Ammeter to High Resistance
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FIGURE 2-45: Proper Connection
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FIGURE 2-46: Improper Connection
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is connected properly, so this current doesn't flow through the electrome-
ter measurement circuitry and, therefore, doesn’t cause any measurement
errors. However, when the HI terminal of the electrometer is connected
to the low impedance power supply, this AC current (i) flows through the

electrometer (ly), as illustrated in Figure 2-46. This current may affect the
measurement accuracy, especially at low signal levels.

See Section 2.6.6 for details on appropriate cabling and connector
types for electrometer measurements.

Electrostatic Interference and Shielding

Electrostatic coupling or interference occurs when an electrically charged
objectapproachestheinputcircuitunder test. Atlow impedance levels, the
effects of theinterference aren’t noticeable because the charge dissipates
rapidly. However, high resistance materials don't allow the charge to decay
quickly, which may result in unstable measurements. Typically, electro-
static interference is an issue when making current measurements <1 nA
or resistance measurements >1 GQ. The erroneous readings may be due
to either DC or AC electrostatic fields, so electrostatic shielding will help
minimize the effects of these fields.

Electrostatic Interference

DC fields can produce noisy readings or undetected errors. These fields
can be detected when movement near an experiment (such as the move-
ment of the person operating the instrument or others in the immediate
vicinity) causes fluctuations on the electrometer’s display. To perform a
quick check for interference, place a piece of charged plastic, such as a
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comb, near the circuit. A large change in the meter reading indicates insuf-
ficient shielding.

AC fields can be equally troublesome. These are caused most often
by power lines and RF fields. If the AC voltage at the input is large, part of
this signal is rectified, producing an error in the DC signal being measured.
This can be checked by observing the analog output of the electrometer or
picoammeter with an oscilloscope. A clipped waveform indicates a need to
improve electrostatic shielding. Figure 2-47 illustrates a clipped waveform
taken from the 2 V analog output of an electrometer. In this example, the
amount of clipping reduced the DC current reading by nearly 50%.

FIGURE 2-47: Clipped Waveform from the Analog Output of an Electrometer Caused
by AC Pickup
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FIGURE 2-48: Electrostatic Coupling
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For an SMU, check for AC pickup by connecting the oscilloscope
between the guard terminal and common terminal.

Figure 2-48 shows an example of AC electrostatic coupling. An elec-
trostatic voltage source in the vicinity of a conductor, such as a cable or
trace ona PC board, generates a current proportional to the rate of change
of the voltage and of the coupling capacitance. This current can be calcu-
lated with the following equation:

i=CdV/dt+VdC/dt

For example, two conductors, each with 1 cm? area and spaced 1 cm
apart by air, will have almost 0.1 pF of capacitance. With a voltage differ-
ence of 100V between the two conductorsand avibration causing a change
of capacitance of 0.01 pF/second (a 10% fluctuation between them), a cur-
rent of 1 pA AC will be generated.

Shielding

To reduce the effects of the fields, a shield can be built to enclose the cir-
cuit being measured. The easiest type of shield to make is a simple metal
box or meshed screen that encloses the test circuit. Shielded boxes are
also available commercially.

Figure 2-49 illustrates an example of shielding when making measure-
ments using an electrometer or picoammeter. Made from a conductive
material, the shield is always connected to the low impedance input of the
electrometer or picoammeter or to the output LO (or common) terminal
of the SMU. If circuit LO is floating above ground, observe special safety
precautions to prevent anyone from touching the shield. These safety pre-
cautions are discussed in Section 2.6.8.

FIGURE 2-49: Shielding a High Impedance Device

Conductive Shield
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The cabling between the HI terminal of the meter and the device under
test also requires shielding. Capacitive coupling between an electrostatic
noise source and the signal conductors or cables can be greatly reduced
by surrounding those conductors with a metal shield connected to LO, as
shown in Figure 2-50. With this shield in place, the noise current generated
by the electrostatic voltage source and the coupling capacitance flows
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FIGURE 2-50: Electrostatic Shielding
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FIGURE 2-51: Shielded vs. Unshielded Current Measurements of 100 GQ Resistor
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through the shield to ground rather than through the HI terminal of the
electrometer.

Figure 2-51 illustrates the dramatic difference between unshield-
ed and shielded current measurements of a 100 G(Q) resistor biased at
1 V. The unshielded measurements are much noisier than the shielded
measurements.

To summarize, follow these guidelines to minimize error currents due
to electrostatic coupling:
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- Keep all charged objects (including people) and conductors away
from sensitive areas of the test circuit.

« Avoid movement and vibration near the test area.

» Shield the device under test by surrounding it with a metal enclo-
sure and connect the enclosure electrically to the test circuit com-
mon terminal.

Shielding vs. Guarding

Shielding usually implies the use of a metallic enclosure to prevent elec-
trostatic interference from affecting a high impedance circuit. Guarding
implies the use of an added low impedance conductor, maintained at the
same potential as the high impedance circuit, which will intercept any
interfering voltage or current. A guard doesn't necessarily provide shield-
ing. Guarding is described further in Section 2.2.1 for voltmeters, Section
2.3.1forammeters, and Section 2.4.2 for ohmmeters.

Environmental Factors

A stable test environment is essential to making accurate low level meas-
urements. This section addresses important environmental factors that
may affect the accuracy of low level measurements.

Temperature and Temperature Stability

Varying temperatures can affect low level measurements in several ways,
including causing thermal expansion or contraction of insulators and pro-
ducing noise currents. Also, a temperature rise can cause an increase in
the input bias current of the meter. As a general rule, JFET gate leakage
current doubles forevery10°C increase intemperature, but most electrom-
eters are temperature compensated to minimize input current variations
over a wide temperature range.

To minimize errors due to temperature variations, operate the entire
system in a thermally stable environment. Keep sensitive instruments
away from hot locations (such as the top of a rack) and allow the complete
system to achieve thermal stability before making measurements. Use
the instrument'’s zero or suppress feature to null offsets once the system
has achieved thermal stability. Repeat the zeroing process whenever the
ambient temperature changes. To ensure optimum accuracy, zero the
instrument on the same range as that to be used for the measurement.

Humidity

Excess humidity can reduce insulation resistance on PC boards and in test
connection insulators. A reduction in insulation resistance can, of course,
have a serious effect on high impedance measurements. In addition,
humidity or moisture can combine with any contaminants present to create
electrochemical effects that can produce offset currents.

To minimize the effects of moisture, reduce the humidity in the envi-
ronment (ideally <50%). Be sure all components and connectors in the test
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system are clean and free of contamination. When cleaning, use only pure
solvents to dissolve oils and other contaminants, then rinse the cleaned
area with fresh methanol or deionized water. Allow cleaned areas to dry for
several hours before use.

Light

Some components such as diodes and transistors are excellent light
detectors. Consequently, these components must be tested in a light-free
environment. To ensure measurement accuracy, check the test fixture for
light leaks at doors and door hinges, tubing entry points, and connectors or
connector panels.

lonization Interference

Current measurements made at very low levels (<100 fA) may be affected by
ionizationinterference from sources such as alpha particles. Asingle alpha
particle generates a track of from 30,000 to 70,000 positive and negative
ions per cm, which may be polarized and moved about by ambient electric
fields. Also, ions that strike a current-sensing node may generate a“charge
hop” of about 10 fC perion.

There are several ways to minimize noise in the test system due to
ionization interference. First, minimize the volume of air inside the shield
around sensitive input nodes. Also, keep sensitive nodes away from high
intensity electric fields.

RFI(Radio Frequency Interference)

Interference from radio frequency sources can affect any sensitive elec-
trometer measurement. This type of interference may be indicated by a
sudden change in the reading for no apparent reason.

A non-linear device or junction in the input circuit can rectify the RF
energy and cause significant errors. Sources of such RFl are nearby trans-
mitters, contactors, solenoid valves, and even cell phones and portable
two-way radios.

Once the source is identified, the RF energy may be reduced or elim-
inated by shielding and adding snubber networks or filters at appropriate
points. Consult Section 3.2.5 for further discussion of RFI.

Speed Considerations

This sectiondiscusses speed considerations when making highimpedance
measurements. This includes an analysis of time and frequency relation-
ships and the effects of input capacitance on rise time and noise.

Time and Frequency Relationships

Although this handbook stresses DC measurements, an analysis of noise
and instrument response speed requires a brief discussion of time and
frequency relationships in electronic circuits.
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A steady-state DC signal applied to a voltmeter presents no conceptual
difficulty. However, if the signal has a time-varying component such as
an AC signal superimposed on the DC signal, the meter will tend to follow
the varying signal and show the instantaneous magnitude of the input.
As the frequency of the AC component increases, the DC meter response
decreases, until at some frequency only the average input voltage will be
displayed. The frequency at which the voltmeter’s response to an AC signal
drops to 70% is often denoted as the “3dB point”(fz4g). Digital multimeters
have a bandwidth of roughly half the conversion rate (readings per second)
at the display. The analog output has a much wider bandwidth unless it's
reconstructed from digital information.

Bandwidth describestheinstrument’sability torespond to time varying
signals over a range of frequencies. Another measure of the instrument’s
response is its ability to respond to a step function; the typical measure of
response is the rise time of the instrument. Bandwidth or rise time may be
used to describe the instrument’s response to time-varying signals.

Rise time of an analog instrument (or analog output) is generally
defined as the time necessary for the output to rise from 10% to 90%
of the final value when the input signal rises instantaneously from zero
to some fixed value. This relationship is shown in Figure 2-52. In Figure
2-52a, a step function with an assumed rise time of zero is shown; Figure
2-52b shows the instrument’s response and the associated rise time. Rise
time, frequency response, and the RC time constant of a first order system
are related. The 3dB point is given by the relationship:

foo = 1
%48~ 2mRC

Rise time(t,)is related to the RC time constant as follows:

tr =tgo-1typ
where: tgg=2.3RC
t]o = 01RC
Thus, t,=2.2RC.

For example, the rise time of a circuit with a source resistance of 1TQ
and capacitance of 100 pF will be approximately:

t,=(2.2)(10%2)(100 x 10-'2) = 220 seconds
Using this with the above relationship between RC and f345, we see that:
2.2 _0.35

e — r
AL f34B

Thus, the 1 TQ source resistance and 100 pF capacitance limit the band-
width to:

0.35 _0.35
f3qg8= ——— = —— =0.0016 Hz
3BT Ty T 220
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FIGURE 2-52: Instrument Response to Step Input
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Rise time affects the accuracy of the measurement when it’s of the
same order of magnitude as the period of the measurement. If the length
of time allowed before taking the reading is equal to the rise time, an error
of approximately 10% will result, because the signal will have reached only
90% of its final value. To reduce the error, more time must be allowed. To
reduce the error to 1%, about two rise times must be allowed, but reducing
the error to 0.1% would require roughly three rise times (or nearly seven
time constants).

Beyond the 0.1% error level (and occasionally the 1% level), second-
order effects come into play. For example, more than four rise times are
generally required to settle to within 0.01% of final value, due to dielectric
absorptionininsulators and other second-order effects.

In summary, an analog instrument’s response (or the analog output
response of most digital instruments) to a changing input signal is a
function of its bandwidth, because frequency response and rise time are
directly related. To ensure accurate measurements, sufficient settling
time must be allowed for the source, the connection to the instrument, and
the instrument itself to settle after the input signal is applied.
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Effects of Input Capacitance on Rise Time and Noise
Voltage Measurements

In voltage measurements from high impedance sources (Figure 2-53),
capacitance (Cyy) across the voltmeter (Vy) must be charged through Rg.
The equation for the output voltage as a function of time is:

Vi = Vg (1 - et/Rscm)

where: Vy= voltmeterreading att seconds
Vg = step function source
= timeinseconds after step occurs
Rg= equivalent series resistance in ohms
Cyy= equivalent shunt capacitance in farads
(instrument plus cable capacitance)

FIGURE 2-53: Shunt Capacitance Effect of High Impedance Voltage Measurement
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Thus, the familiar exponential curve of Figure 2-54 results, in which it
becomes necessary to wait four or five time constants to achieve an accu-
rate reading. In the case of large resistors and capacitance, the rise time
can range up to minutes. Although increased shunt capacitance causes
rise time to increase, it does filter out noise produced in the source and
interconnecting cable simply by reducing the effective bandwidth of the
voltmeter.

Shunt Current Measurements

The effects of input capacitance on current measurements using a shunt
type ammeter (Figure 2-55) are similar to those for voltage measurements.
A shunt ammeter can be modeled as a voltmeter with a resistor across the
input. The circuit shows that the input capacitance(C,y) must be charged to
IsRg volts, at an exponential rate of the RgCy time constant. Note that Cy is
the sum of the source, connecting cable, and meter capacitance.
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FIGURE 2-54: Exponential Response to Step Input
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FIGURE 2-55: Shunt Type Ammeter
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Feedback Current Measurements

The effect of input capacitance on current meters employing negative
feedback is different than the effect on the shunt ammeter. The circuit for
this mode is shown in Figure 2-56.

If A, the gain of the amplifier, is large, then Vg = -I|yRgg. In such an
arrangement, C,y doesn’t shunt Rgg, and has only a fraction of the effect it
would have with a shunt picoammeter. The resulting speed-up comes from
the reduction of the input impedance of the picoammeter due to negative
feedback. In other words, only Vg = -Vg/A volts is developed across Cjy
instead of the Vg that would occur in a shunt picoammeter. Thus, even
large values of capacitance shunting the input will have negligible effect on
rise time.

Rise time in a feedback picoammeter is a function of the physical or
stray capacitance shunting the feedback resistance (Rgg). Electrometers,
SMUs, and picoammeters can be used with relatively large values of source
capacitance. It's important to realize that increasing values of input shunt
capacitance (the parallel combination of source, cable and input capac-
itances) will degrade the signal-to-noise ratio of a given measurement.
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FIGURE 2-56: Feedback Electrometer Ammeter
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See Sections 2.3.2 and 4.3.1 for more information on noise and source
impedance.

Resistance Measurements (Constant-Current Method)

Input capacitance (C,y) also affects resistance measurements (Figure
2-57) in the same manner. Again, C;y must be charged by the current (Ig),
hence, the same equation applies. (See Section 2.4.2 for more information
on the constant-current method.)

FIGURE 2-57: Constant-Current Resistance Measurement
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Instrument Rise Time Summary

For most measurements of high resistance sources, rise time consid-
erations require minimizing the capacitance shunting the meter input.
Earlier, it was shown that doing so also minimizes noise gain. In broader
terms, the source impedance should be large compared to the feedback
impedance of the meter.

The most effective method of minimizing input capacitance is to con-
nect the electrometer, SMU, or picoammeter to the signal source with a
shielded cable that is as short as possible. When measuring a voltage from
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ahigh source resistance, or when measuring high resistance, guarding can
minimize the effects of input capacitance by driving the inner shield of a
triax cable or an enclosure surrounding the input with a potential to mini-
mize the effective capacitance, as discussed in Section 2.2.1.

Johnson Noise

The fundamental limit to measurement is Johnson noise in the source
resistance. In any resistance, thermal energy produces motion of charged
particles. This charge movement results in noise, which is often called
Johnson or thermal noise. The power (P) available from this motion
is given by:

P=4KTB

where: k =Boltzmann's constant (1.38 x 10-23J/K)
T =absolute temperature in K
B =noise bandwidth in Hz

Metallic conductors approach this theoretical noise limit, while other
materials produce somewhat higher noise. Johnson voltage noise (E)
developed in aresistor(R)is:

E = v4kTRB volts, rms

and Johnson current noise (l) developed by a resistor (R)is:

_ J4KTRB

| = R amperes, rms

Statistical considerations show that peak-to-peak noise will be within
five times the rms noise more than 99% of the time; therefore, the rms
level is commonly multiplied by five to convert to peak-to-peak. At room
temperature (300 K), the previous equations become:

E,p=6.4 x 10-0/RB

B
lpp=6.4 x 10-10 \/%

All real voltage and current sources contain an internal resistance;
therefore, they exhibit Johnson noise. Figure 2-58 shows Johnson noise
voltage versus source resistance for various bandwidths (or rise times) at
room temperature.

For current measurements, Figure 2-59 shows the current noise gen-
erated by various resistances at various bandwidths. Note that current
noise decreases with increasing resistance, but voltage noise increases.

Johnson noise imposes a theoretical limit to achievable voltage or
current resolution. The previous equations suggest several means for
reducing Johnson noise. It might be possible to reduce the bandwidth, the
source temperature, or the source resistance.
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FIGURE 2-58: Noise Voltage vs. Bandwidth at Various Source Resistances
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Johnson noise is uniformly distributed over a wide frequency range, so
reducing the noise bandwidth effectively decreases the noise in the meas-
urement. Note that noise bandwidth isn't necessarily the same as signal
bandwidth. The high frequency noise cutoff point is approximately equal
to the smallest of:

« w/2 times the upper 3dB frequency limit of the analog DC meas-
uring circuitry

« 0.35/t,wheret, is theinstrument’s 10%-90% rise time
» 1Hzif an analog panel meteris used for readout or

+ j/tyyt Where t)y7 is the integration period of the A/D converter in a
digital instrument, and where j is a function of the A/D converter
bandwidth, which is usually in the range of 0.2 to 0.4.

The low frequency noise cut-off point is a function of the signal obser-
vation window, regardless of the aperture time of the A/D.
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FIGURE 2-59: Noise Current vs. Bandwidth at Various Source Resistances
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In high resistance circuits, the noise bandwidth is often limited by the
time constant of the source resistance and input capacitance, and this
value represents the smallest of the above alternative noise bandwidth
calculations. In this case, noise bandwidth is:

T
Broise= T(fws)
-
2 \21RerreemiveCin
1

4REFFECTIVECIN

where Rgpreetive IS the source resistance in parallel with the input resist-
ance of the measuring device, and Cy is the sum of all capacitance shunt-
ing the input to the instrument (input capacitance, cable capacitance,
etc.) Note that this analysis assumes a simple first-order system with one
dominant time constant.
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To reduce noise, the bandwidth (B) may be reduced artificially by aver-
aging a number of digital readings with a computer, or by internal digital
filtering. Using low pass filters before the readout device may also reduce
bandwidth. There is a practical limit to reducing bandwidth because very
long-term measurements become susceptible to othererrors, such as time
and temperature drift. See Section 2.6.9 Ways to Reduce Noise for High
Impedance Measurements.

Temperature

Reducing the temperature of the signal source from room temperature
(300 K) to -270°C (3 K) decreases noise voltage by a factor of about ten.
Similarly, areduction from room temperature to liquid nitrogen levels (77 K)
reduces noise by a factor of two. In some applications, the inconvenience
and expense of cryogenic operation may be justified and feasible. However,
most experiments are designed to operate within a certain temperature
range, which in turn determines the noise to be expected from the source.

Source Resistance

After the bandwidth and temperature, the remaining factor in determining
the system noise is the effective source resistance. The effective source
resistance includes the device under test as well as the measurement
instrument. Changing the source resistance is usually impractical for
noise reduction. However, if a change can be made, the equations show
that R should be lowered to decrease voltage noise or raised to decrease
current noise.

In voltage measurements, the voltage source resistance is in parallel
with the voltmeter input resistance (see Figure 2-1). The input resistance is
normally much larger than the source resistance; hence, the source resist-
ance value usually determines the Johnson noise voltage.

In current measurements, the source resistance and the sensing
resistance both contribute noise. The effective resistance is the parallel
combination of the source resistance and the feedback (or shunt) sensing
resistance. Feedback ammeters with high value sensing resistors in the
feedback loop have lower Johnson current noise and thus greater sensitiv-
ity than shunt ammeters with lower resistance shunts.

Excess Current Noise

The Johnson noise of a resistor is related only to the resistance, the tem-
perature, and the bandwidth. When current passes through a resistor, the
noise will increase above the calculated Johnson noise. This increase in
noise is sometimes referred to as “excess current noise.” A wirewound
resistoris nearly ideal and the noise increase is negligible. Metal film resist-
ors have somewhat greater noise and carbon composition resistors are
significantly noisier still. In all cases, this excess noise is directly propor-
tional to the current through the resistor.
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2.6.6 Device Connections

Although instrument accuracy is of great importance when making low
level measurements, the integrity of device connections is equally import-
ant. The complete signal path from connectors, through the cables, and
into the test fixture must degrade the measured signal as little as possible.
The following paragraphs discuss cable and test fixture requirements and
types of connectors generally used when making low level measurements.

Cable Requirements

Although DMMs often use unshielded test leads, such connection schemes
are generally inadequate for low level measurements made with picoam-
meters, electrometers, and SMUs. These instruments generally use either
coaxial or triaxial cables.

A coaxial cable consists of a single conductor surrounded by a shield
(Figure 2-60a); a triaxial cable adds a second shield around the first(Figure
2-60b). With triax cable, the inner shield can be driven at guard potential
in order to reduce cable leakage and minimize circuit rise times. The outer
shield is usually connected to chassis ground or, in some cases, to the com-
mon terminal. In either case, the outer shield must not be allowed to float
more than 30 Vrms (42.4 V peak) above chassis ground for safety consid-
erations. Always use a cable with a tightly woven shield to protect against
electrostatic interference.

Both coaxial and triaxial cables are available in low noise versions,
which should be used for low level measurements. Low noise cables have
internal graphite coatings to minimize current generated by triboelectric
effects. (See Section 2.3.4.) In some cases, ordinary coaxial cable such as
RG-58 may be adequate, although both leakage and noise currents will be
higher than with low noise cables.

FIGURE 2-60: Coaxial and Triaxial Cables

a. Coaxial Cable Outer Insulation
jacket
Center
i Shield conductor

b. Triaxial Cable Outer Insulation Insulation
jacket
Outer Inner Center
i shield shleld conductor
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When measuring highresistance, the insulationresistance of the cable
is important. Good quality triaxial cables use polyethylene insulators and
have a typical conductor-to-shield insulation resistance of about 1 TQ/ft.
Refer to Section 2.2.2 for more information on insulation characteristics.

Parameters like cable resistance, capacitance, and leakage currents
change as cable length increases. Thus, it's important to keep all connect-
ing cables as short as possible. For example, a ten-foot cable with 1 TQ/ft
resistance and 100 pF/ft capacitance will have an insulation resistance of
100 GQ and a capacitance of 1000 pF.

Connector Types

Two general types of connectors are used for electrometer, picoammeter,
and SMU measurements. The BNC connector shown in Figure 2-61 is a
type of coaxial connector. It includes a center conductor and shell or shield
connection; the triax connector shown in Figure 2-62 includes a center
conductor, aninner shield, and an outer shield.

The center conductor of the BNC connector is connected to input HI;
the outer shellis input LO. Note that the shell may be connected directly to
chassis ground at the instrument.

The center conductor of the triax connector is connected to HI. The
inner shield is either LO or guard; the outer shield is usually connected to
chassis ground. However, with some SMUs, the outside shield is connected
to the LO terminal (common) and is allowed to float off ground. See the
discussion that follows for more information on triaxial cable and guarding.

To maintain high insulation resistance, use proper insulating material
between the various conductors of all connectors. Towards that goal,

most quality BNC and triax connectors use Teflon® insulation between
conductors.

Triaxial Cabling and Guarded Connections

As discussed previously, connecting a guard voltage to the shield of a
coaxial cable can present a safety hazard if the guard voltage is >30 Vrms.
Triaxial cabling avoids this problem by surrounding the guard shield with an
outer shield connected to earth ground or LO.

Forunguarded operation of an electrometer, triaxial cabling is normally
connected as follows:

« Center Conductor: High impedance lead (HI)
« Inner Shield: Low impedance lead(L0)
« Outer Shield: Ground (GND)

This arrangement provides the capability of safely carrying two sig-
nals, neither of which is at ground potential, while maintaining high impe-
dance integrity by shielding both leads and maintaining a high resistance
between each conductor and ground.
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FIGURE 2-61: BNC Connector
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FIGURE 2-62: Three-Slot Triaxial Connector

a. Configuration

Outer
shield Slot(10f 3)

Inner
shield

Center
conductor

b. Connections

Center conductor (HI)

Inner shield (LO or GUARD)

x Outer shield (chassis ground or LO)

When an electrometer is in the guarded mode or if an SMU is used, a
triaxial cable is connected in the following manner:

« Center Conductor: HI

« Inner Shield: GUARD

« Quter Shield: Ground or LO

With an electrometer, the guard connection is useful when measuring
high resistance or when measuring voltage from a high source resistance.
It's not needed when measuring low current, because the guard in a feed-
back ammeter circuit of an electrometer is always LO. Newer electrome-
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ters provide internal switching to change between guarded and unguarded
connections.

When using an SMU to measure low current, the guard terminal is used
to reduce leakage current of the cable and test fixturing.

Test Fixture Requirements

Test fixtures used for low level measurements have several important
requirements:

« Insulation Resistance: The insulation resistance of all connectors,
internal wiring, terminals, and sockets should be as high as possible.
Generally, a good-quality fixture will use Teflon insulation in all con-
nectors and sockets.

« Shielding and Guarding: The fixture should provide adequate
shielding for sensitive circuits. For high impedance measurements,
provisions should be included to carry guard into the fixture as close
to the DUT as possible.

- Light: Alight-tight fixture is a necessity when testing light-sensitive
components.

« Special Fixture Requirements: Special applications, such as high
resistance orverylow current measurements, oftenrequire fixtures
designed with good insulation characteristics, which may only be
possible by using special materials, such as sapphire.

2.6.7 AnalogOutputs

Some electrometers have two analog outputs, a2 V analog output as well as
a preamplifier, or unity gain output. The 2 V analog output is useful for con-
necting to recorders; the preamp output is useful for buffering, guarding,
and external feedback. This section discusses these outputs and possible
loading errors when using these outputs. Refer to Section 2.6.8 for details
on using the analog output with a floating input.

2V Analog Output

The typical analog output is +2 V for a full scale input signal. Depending on
the instrument design and function, the output may be inverting or non-in-
verting. The output resistance may range from 1 Q to 10 kQ. Any device
connected to the output, such as an oscilloscope or digitizer, will have a
finite input resistance and will attenuate the analog output. See the section
below on Loading Errors for more information.

Preamp Output

The preamp output follows the signal amplitude applied to the input ter-
minal of the electrometer. The preamp out is the guard voltage for volts
and ohms (constant-current method only). It's useful for buffering the
input signal. It may be inverting or non-inverting, depending on the func-
tion selected.

MEASUREMENTS FROM HIGH RESISTANCE SOURCES
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Loading Errors

Although the output resistance of atypical analog outputislow, itisn't zero,
so consider the possibility of loading by external instrumentation. In princi-
ple, the concepts of analog output loading are identical to those for source
loading, discussed in Section 2.2.1.

Figure 2-63 demonstrates how loading can affect the accuracy of the
analog output. A voltage to be measured (Vg)is applied to the electrometer
input. The signal is amplified by an amplifier (A) with output resistance (Rg),
thenconnectedtoarecordingdevice. Theinputresistance of therecording
device(R,)and the analog output resistance (Rg) forma voltage divider that
attenuates the output signal. For a typical analog output resistance of 1kQ,
the recording device must have an input resistance of at least 1MQ if error
due to loading is to be kept under 0.1%. This error can be calculated using
the equation shown in Figure 2-63.

FIGURE 2-63: Analog Output Loading
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Floating Input Signals

The majority of electrometer or picoammeter applications involve an input
signal referred to earth ground. However, in some applications, it's neces-
sary that the electrometer or picoammeter be biased off ground. Examples
of such applications include the flame ionization detector of a gas chro-
matograph and the Faraday cup in a mass spectrometer.

Inatypical low level test setup, shielding is required to reduce noise, as
shown in Figure 2-64. In most cases, this “noise” shield is connected to the
LO input terminal of the meter. If the LO terminal must be biased more than
30 V with respect to earth ground, the noise shield will be at a hazardous
voltage and will pose a shock hazard. To avoid shock hazards with floating
circuits, a second grounded safety shield must be added to enclose the
noise shield completely.

Most picoammeters and electrometers use a triaxial input connector
with the outside shield connected to earth ground for safety. By using
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a triaxial connector at the safety shield and a triaxial cable between the
test setup and the instrument, a completely shielded and safe system will
result. Note: Maximum float voltage ratings must be observed to prevent
breakdown between the inner conductors and the outer grounded shield.

For SMUs with the outside shield connected to LO and for picoamme-
ters with a coaxinput, the LO input should not be allowed to float more than
30 Vrms (42 V peak)from ground.

FIGURE 2-64: Safety Shielding with Floating Circuits

Signal

VBias

Safety Shield ° —|_

ST

Ways to Reduce Noise When Making High Impedance
Measurements

When making optimal high impedance measurements, noise can be
reduced by electrostatic shielding the test circuit, avoiding noise sources,
adding a series diode to high capacitive DUT circuits, averaging readings,
and optimizing line cycle integration time.

Shielding the Test Circuit

When making high impedance measurements, it is very important to use
shielding to prevent errors due to electrostatic interference.

To minimize errors due to electrostatic coupling:

« Shield the DUT and connect the enclosure electrically to the test
circuit common. Refer to Section for 2.6.2 for more information.

« Useshielded cables.

« Keep all charged objects (including people) and conductors away
from sensitive areas of the test circuit.

« Avoid movement and vibration near the test area.

Avoiding Noise Sources

Remove offendingnoise sources or keep the measuringinstrument, cabling
and DUT away from these noise sources. Avoid using the test circuitry inan

MEASUREMENTS FROM HIGH RESISTANCE SOURCES
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electrically noisy environment. Power off any unused instrumentsin the lab
or near the sensitive measurement circuitry.

Adding Series Diode to High Capacitive Circuits

In general, as the source capacitance of the DUT and test circuit increases,
so does the noise gain of the measurement circuit. Most sensitive amme-
ters have a maximum recommended source capacitance. A series diode
can prevent noisy readings by reducing the noise gain. Refer to Sections
2.3.2 and 4.3.1for more information.

Averaging Readings

To reduce noise, measurement bandwidth may be reduced artificially by
averaging a number of readings with a computer or by using internal digital
filtering (averaging) of the instrument to further reduce noise. The square
root of the number of readings averaged gives you the amount of noise
reduction per the following equation:

Noise Reduction =/ # Rdgs Averaged

Forexample, if 100 readings are averaged, then the noise is reduced by
afactorof 10.

Optimizing Line Cycle Integration Time
A common form of external noise is 50 Hz or 60 Hz line cycle noise. This

interference is a noise signal that can be coupled to the test signal. Line
cycle noise canresultininaccurate and fluctuating readings.

Line cycle integrationis used to minimize the effects of line cycle noise
by averaging out the noise by integrating the measurement over anintegral
number of power line cycles (PLCs). The value of the PLC offers a trade-off
between the speed and noise rejection of the readings. Refer to Section
3.2.8 for a detailed description of using line cycle integration.

High Impedance Measurement Optimization Summary

Section 2 describes various high impedance measurement techniques,
sources of error, and ways to reduce them. In summary, here are some
steps to ensure making optimal high impedance measurements:

« Choose an instrument sensitive enough to measure low current:
picoammeter, electrometer, or SMU with low current measurement
ranges. Understand the manufacturer’s instrument specifications,
including the accuracy. Allow the instrument to warm up for at least
an hour and make sure the instrument has periodic recalibration to
ensure it is within specification.

- Ensure cables, connectors, and test fixtures are appropriate for
high impedance measurements. If necessary, verify the insulation
resistance specification of these components from the manufac-
turer or directly measure the insulation resistance or leakage cur-
rent of the test circuit with no DUT connected. Use shielded cables.
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« Allow sufficient settling time for the readings. To verify there is
sufficient settling time for the device under test, make agraph of the
measurement as a function of time and observe the time it takes for
the DUT reading to settle. Use this time as the measurement delay
time of the DUT.

« Apply the proper measurement techniques to minimize measure-
ment errors. Some of these techniques include shielding, guarding,
avoiding vibration, measuring the input bias current, etc.

« Verify the capabilities of the test system. Verification procedures
for individual instruments are usually described in the reference
manual of the instrument. One of the first steps in setting up a sys-
tem for making high impedance measurements is to determine the
offset and/or leakage current of the entire measurement system.
This identifies the noise floor limit of the entire system and sets a
starting point for troubleshooting potential problems and making
improvements to the system, if necessary. The remainder of this
section outlines simple verification tests and error symptoms by
measurement type, along with possible causes and ways to mini-
mize these errors.

Low Current Measurements

Tochecktheammeter, verifyitsinputbias currentusingthe following steps:

1.

Turnonthe power and allow the meter to warmup for the time specified
in the user manual.

Place a shield cap over the input connector and link the low impedance
input terminal to ground.

Foranelectrometer or picoammeter, the zero check should be enabled.
Foran SMU, the voltage source should be set to zero volts.

Set the ammeter to the most sensitive current range, zero or REL the
meter, and then disable the zero-check switch (for picoammeter or
electrometer) or turn on the output (for SMU).

After several seconds, the meter reading should settle to within a few
digits. The indicated current is the input bias current. If it exceeds the
instrument specifications, repeat the test after the instrument has
warmed up overnight. If the current is still excessive, the instrument
should be repaired.

Never verify a feedback ammeter by short-circuiting the input (like a

voltmeter is verified). Shorting the input will increase the noise gain (see
Section2.3.2). Theammeter's voltage burden divided by the low impedance
short will generate anon-zero current measured by the feedback ammeter.
The resulting measurements will be meaningless.

MEASUREMENTS FROM HIGH RESISTANCE SOURCES
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Table 2-4 lists potential error symptoms of low current measurements
along with possible causes and ways to minimize these errors.

High Resistance Measurements

Resistance measurements should be verified using a resistor of known
value that is similar in magnitude to the resistance under test. The verifi-
cation measurements should be made using the same voltage as the test
voltage of the DUT. Table 2-5 lists some potential error sources and ways to
minimize them. Also, review error sources in Table 2-4 if using the source
voltage, measure current method.

Voltage Measurements from a High Resistance Source

The simplest way to make a rough check of an electrometer voltmeter is
to connect a single battery across the input. Be sure to try both polarities.
Table 2-6 describes potential error sources and ways to minimize them
when making voltage measurements from high impedance sources.

Charge Measurements

The coulombs function can be checked using a low leakage capacitoranda
voltage source. A capacitor of known value in the range of 100 pF to 1000 pF
can be charged to a known voltage via a battery. The capacitoris then con-
nected to the electrometer input after setting the meter to coulombs and
disabling the zero check function. Conversely, this procedure can be used
to determine the value of the capacitor, if unknown.
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TABLE 2-4: Potential Error Symptoms of Low Current Measurements

sensitive enough

specifications.

Error Refer to
Symptom Possible Causes How to Minimize or Avoid Section
Electrostatic Use shielding and avoid nearby 26.2
coupling movements. Use low noise cabling. o
Source resistance
t00 low Use shunt ammeter. 2.3.2
Source capacitance Add series resistance or series diode. 2.3.2
too high
Noisy Temperature Operate measurement systemin a
readings variations of test thermally stable environment. Allow 2.3.3
circuit. Offset system to warm up to achieve thermal 2.6.3
current drift. stability.
Noisy input signal. Use filtering. Reduce temperature of 265
Johnson noise. DUT, if possible. o
Identify and remove offending source,
50 Hz or 60 Hz . R Lo 2.6.2
interference if possible. Us.e shielding. Increase PLC 398
setting of ammeter.
Use instrument with low input bias
Input bias current of | current such asan electrometer. Zero
meter or REL the offset. Check instrument
calibration.
First measure the input bias current
of the ammeter. Then, verify the
open circuit offset current of the
Cable, connectors, entire system by adding one piece of
Offset or test fixtures cablingand/or connector at a time
current and repeating the open circuit current 2.3.4
measurements. Use cabling appropriate
for highimpedance applications.
Offset current drift
due to temperature | Stabilize the temperature of the entire
changesin the test test circuit including the ammeter.
circuit
. - Keep humidity to moderate levels, <560%
Excessive humidity R.H., the lower the better.
Gae:?liuor Voltage burden too Use feedback ammeter. Use higher 235
voltage high range.
Readings | Insufficient settling | Allow alongertime delay before taking 2.6.4
too high time areading. o
Range selected Select alower current range or use
One ortwo . . . L
digits of _istoohighor autoranging. Use a more sensitive
resolution instrument not ammeter. Check instrument
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TABLE 2-5: Potential Error Symptoms of High Resistance Measurements

Error Refer to
Symptom Possible Causes How to Minimize or Avoid Section
. . Use fixture and cables with higher
lett\ilrii':nD%aTrallel insulation resistance. Guarding will 2.31
effectively increase shunt resistance.
I;ggs\/t(;l;r::(t?gﬁgglrt Use force voltage, measure current 291
Measure V method) method.
. Suppress or REL the current offset
Readllgv?ls too Offset current with test voltage off. Use alternating zzg
voltage method. o
Insufficient settling | Increase measurement time to ensure 2.6.4
time asettled reading. 2.4
Select insulators that resist water
Contaminationand | absorption, keep humidity to moderate | 2.3.4
humidity levels, keep all insulators clean and 2.6.3
free of contamination.
Electrostatic Shield test circuit and avoid movement 26.2
Noi coupling and fluctuating voltages nearby. e
oisy
readings Identify and remove offending source,
BiEtlzifoerrgr?cllz if possible. Shield. Increase PLC setting %gg
of ammeter. -
N Background
egative . .
read?ngs, or diel(:ali:rtrreiggsbizsp}toion, Use offset correction tephnlque such
readings that | triboelectric charge as the alternat_lng polarity method or 44
are much or piezoelectric the alternating voltage method. 2'3~4
higher or effects e
lower than
expected Current measure Use more sensitive current range or
range too high use auto ranging

TABLE 2-6: Potential Error Symptoms of Voltage Measurements from a High Resistance Source

Error Refer to
Symptom Possible Causes How to Minimize or Avoid Section
. Use fixtures and cables with higher
Readings too ShunltoraedsiI:tance insulation resistance. Guarding will 2.21
low (loading 9 effectively increase shunt resistance.
error) K - -
Offset current loading Input blastzjggrslr;tc(;:;:fgteerrls too high. 2.2
. . Use shielding. Avoid movement and
Noisy Electrostatic coupling fluctuating voltages nearby. 2.6.2
readings Noisy input signal, Use filtering. Reduce temperature of | , o o
Johnson noise DUT, if possible. o
2-76 SECTION 2
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Introduction

Low voltage and low resistance measurements are often made on devices
and materials with low source impedance. Section 1described instruments
for measuring low voltage and low resistance. Section 3 describes how
to use these instruments to make accurate measurements, including a
discussion of various error sources and ways to minimize their effect on
measurement integrity:

3.2 Low Voltage Measurements: Discussion of potential error sources
and how to minimize their impact on low voltage measurement accu-
racy. These error sources include offset voltages, noise and com-
mon-mode current, and reversal errors.

3.3 Low Resistance Measurements: Topics include lead resistance,
thermoelectric EMFs, non-ohmic contacts, device heating, dry circuit
testing, and measuring inductive devices.

3.4 Low Impedance Measurement Optimization Summary

Low Voltage Measurements

Significant errors may be introduced into low voltage measurements by
offset voltages (DC) and noise sources (AC) that can normally be ignored
when measuring higher voltage levels. Electrical noise is simply any unde-
sired signal that corrupts a desired signal to produce an erroneous meas-
urement. Noise can cause a steady-state offset that results in inaccurate
readings or it can result in erratic measurements that are difficult to read.
In either case, noise can seriously degrade measurement accuracy and
cause significant errors. The following paragraphs discuss various error
sources and ways to minimize them.

Effects of Error Sources on Voltage Measurements

|deally, when a voltmeter is connected to a relatively low impedance circuit
in which no voltages are present, it should read zero. However, a number of
error sources in the circuit may be seen as a non-zero DC voltage offset.
These sources include thermoelectric EMFs and offsets in the voltmeter
input circuit.

As shown in Figure 3-1, any DC offset voltage (Vgrrser) Will add to or
subtract from the source voltage (V) so that the voltage measured by the
meter (Vy) becomes:

Vm=Vs*Vorrser

The relative polarities of the two voltages will determine whether the
offset voltage adds to or subtracts from the source voltage. For example,
assume Vg=5pV and Voreser =250 nV. If the voltage polarities are in oppo-
sition, the voltmeter reading will be:

Vy=(5x10-8)-(250 x 10-9)
Vy=4.76x10-
Vy=4.75 pV(an error of -5%)
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FIGURE 3-1: Effects of Offset Voltages on Voltage Measurement Accuracy

Vorrser
| | al )
1 | | d
Rs
QD
— Vg
T o
Py O
£ 1
Voltage Source Voltmeter

Vm = Vg * Voprser

Steady offsets can generally be nulled out by shorting the ends of the
test leads together, then enabling the instrument’s zero (REL) feature.
Note, however, that cancellation of offset drift may require frequent re--
zeroing, particularly in the case of thermoelectric EMFs.

Error sources can also be AC voltage that can cause erratic voltmeter
readings. Some of these error sources include Johnson noise, 1/f noise,
and line cycle interference.

Thermoelectric EMFs

Thermoelectric voltages (thermoelectric EMFs) are the most common
source of errorsinlow voltage measurements. These voltages are generat-
ed when different parts of a circuit are at different temperatures and when
conductors made of dissimilar materials are joined together, as shown in
Figure 3-2. A few microvolts of thermal voltages can be generated by tem-
perature gradientsin the test circuit caused by fluctuating temperaturesin
thelab oradraft near the sensitive circuitry. The Seebeck coefficients(Qpg)
of various materials with respect to copper are summarized in Table 3-1.

Constructing circuits using the same material for all conductors min-
imizes thermoelectric EMF generation. For example, connections made
by crimping copper sleeves or lugs on copper wires results in copper-to-
copperjunctions, which generate minimal thermoelectric EMFs. Also, con-
nections must be kept clean and free of oxides. Crimped copper-to-copper
connections, called “cold welded,” do not allow oxygen penetration and may
have a Seebeck coefficient of <0.2 uV/°C. Cu-Cu0 connections may have a
coefficient as high as 1TmV/°C.

MEASUREMENTS FROM LOW RESISTANCE SOURCES
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FIGURE 3-2: Thermoelectric EMFs
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The thermoelectric voltage developed by dissimilar
metals A and B in a series circuit is:

Eag=0a(Ti - T2)
u Temperature of the Ato B
junctionin °C

Temperature of the Bto A
junctionin °C

Seebeck coefficient of
material A with respect

to B, inpVv/°C
TABLE 3-1: Seebeck Coefficients
Paired Materials* Seebeck Coefficient, Qpp
Cu-Cu <0.2 pv/°C
Cu-Ag 0.3pv/°C
Cu-Au 0.3uv/°C
Cu-Pb/Sn 1-3uVv/°C
Cu-Si 400pv/°C
Cu - Kovar ~40-75 pVv/°C
Cu-Cu0 ~1000 pv/°C

* Ag =silver Au=gold Cu=copper CuO=copper oxide
Pb=lead Si=silicon Sn=tin

Minimizing temperature gradients within the circuit also reduces
thermoelectric EMFs. A technique for minimizing such gradients is to place
corresponding pairs of junctions in close proximity to one another and to
provide good thermal coupling to a common, massive heat sink. Electrical
insulators having high thermal conductivity must be used, but given that
most electrical insulators don’t conduct heat well, special insulators such
as hard anodized aluminum, beryllium oxide, specially filled epoxy resins,
sapphire, or diamond must be used to couple junctions to the heat sink.
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Allowing test equipment to warm up and reach thermal equilibrium
in a constant ambient temperature also minimizes thermoelectric EMF
effects. The instrument zero feature can compensate for any remaining
thermoelectric EMF, provided it is relatively constant. To keep ambient
temperatures constant, equipment should be kept away from direct sun-
light, exhaust fans, and similar sources of heat flow or moving air. Wrapping
connections ininsulating foam (e.g., polyurethane)also minimizes ambient
temperature fluctuations caused by air movement.

Connections to Avoid Thermoelectric EMFs

Connections in a simple low voltage circuit, as shown in Figure 3-3, will
usually include dissimilar materials at different temperatures. This results
inanumber of thermoelectric EMF sources, all connected in series with the
voltage source and the meter. The meter reading will be the algebraic sum
of allthese sources. Therefore, itisimportant that the connection between
the signal source and the measuring instrument doesn’t interfere with the
reading. The following paragraphs provide tips on making good connec-
tions to minimize thermoelectric voltages.

FIGURE 3-3: Connections from Voltage Source to Voltmeter

d A

|| || A4
VEMF1 VEmF2
Rg
()
— v
—|_ VEMF4 VEMF3
ly LA
|| || A4
Voltage Source Voltmeter

VEMF1—VEMFs represent thermoelectric EMF
sources at various points in the circuit.

If all the connections can be made of one metal, the amount of ther-
moelectric EMF added to the measurement will be negligible. However, this
may not always be possible. Test fixtures often use spring contacts, which
may be made of phosphor-bronze, beryllium-copper, or other materials
with high Seebeck coefficients. In these cases, a small temperature dif-
ference may generate a large enough thermoelectric voltage to affect the
accuracy of the measurement.

If dissimilar metals cannot be avoided, an effort should be made to
reduce the temperature gradients throughout the test circuit by use of a
heat sink or by shielding the circuit from the source of heat.

MEASUREMENTS FROM LOW RESISTANCE SOURCES
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Measurements of sources at cryogenic temperatures pose special
problems because the connections between the sample in the cryostat
and the voltmeter are often made of metals with lower thermal conduc-
tivity than copper, such as iron, which introduces dissimilar metals into
the circuit. In addition, because the source may be near zero Kelvin while
the meteris at 300 K, there is a very large temperature gradient. Matching
the composition of the wires between the cryostat and the voltmeter and
keeping all dissimilar metal junction pairs at the same temperature allows
making very low voltage measurements with good accuracy.

Reversing Sources to Cancel Thermoelectric EMFs

When measuring a small voltage, such as the difference between two
standard cells or the difference between two thermocouples connected
back-to-back, the error caused by stray thermoelectric EMFs can be can-
celed by taking one measurement, then carefully reversing the two sources
and taking a second measurement. The average of the difference between
these two readings is the desired voltage difference.

In Figure 3-4, the voltage sources, V, and V,, represent two standard
cells(or two thermocouples). The voltage measured in Figure 3-4a is:

Vi=Vemt +Va-Vp

The two cells are reversed in Figure 3-4b and the measured voltage is:
Vo =Veme+Vp -V,

The average of the difference between these two measurementsis:

V1_V2 — Vemf+Va_Vb_Vemf_Vb+Va
2 2

orV,-Vp

FIGURE 3-4: Reversing Sources to Cancel Thermoelectric EMFs

a. Measure V, b. Measure V,

Vemf Vemf
/| N
| |
— v, HI — vy HI
() ()
V% LO —— Va LO

Notice that this measurement technique effectively cancels out the
thermoelectric EMF term (Vm¢): Which represents the algebraic sum of
all thermoelectric EMFs in the circuit except those in the connections
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betweenV,andV,. If the measured voltage is the result of a current flowing
throughan unknownresistance, then either the current-reversal method or
the offset-compensated ohms method may be used to cancel the thermo-
electric EMFs. These methods are described in Section 3.3.2.

Internal Offsets

Nanovoltmeters will rarely indicate zero when no voltage is applied to the
input, because there are unavoidable voltage offsets presentin the input of
theinstrument. Ashort circuit can be connected across the input terminals
and the output can then be set to zero, either by front panel zero controls or
by computer control. If the short circuit has a very low thermoelectric EMF,
this can be used to verify input noise and zero drift with time. Clean, pure
copper wire will usually be suitable. However, the zero established in this
manner is useful only for verification purposes and is of no value in the end
application of the instrument.

If the instrument is being used to measure a small voltage drop result-
ing from the flow of current through a resistor, the following procedure will
result in a proper zero. First, the instrument should be allowed to warm
up for the specified time, usually one to two hours. During this time, the
connections should be made between the device under test and the instru-
ment. No current should be supplied to the device under test to allow the
temperature gradients to settle to a minimum, stable level. Next, the zero
adjustment should be made. In some instruments, this is done by press-
ing REL (for Relative) or ZERO button. The instrument will now read zero.
When the test current is applied, the instrument will indicate the resulting
voltage drop.

In some applications, the voltage to be measured is always present
and the preceding procedure cannot be used. For example, the voltage
difference between two standard cells is best observed by reversing the
instrument connections to the cells and averaging the two readings. This
same technique is used to cancel offsets when measuring the output of
differential thermocouples. This is the same method used to cancel ther-
moelectric EMFs and is described in more detail in the paragraph entitled,
“Reversing Sources to Cancel Thermoelectric EMFs.” See Figure 3-4.

Zero Drift

Zero drift is a change in the meter reading with no input signal (measured
with the input shorted) over a period of time. The zero drift of aninstrument
is almost entirely determined by the input stage. Most nanovoltmeters
use some form of chopping or modulation of the input signal to minimize
the drift.

The zero reading may also vary as the ambient temperature changes.
This effect is usually referred to as the temperature coefficient of the
voltage offset.

MEASUREMENTS FROM LOW RESISTANCE SOURCES
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FIGURE 3-5: Voltage Noise Frequency Spectrum
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In addition, an instrument may display a transient temperature effect.
After a step change in the ambient temperature, the voltage offset may
change by a relatively large amount, possibly exceeding the published
specifications. The offset will then gradually decrease and eventually
settle to a value close to the original value. This is the result of dissimilar
metal junctions in the instrument with different thermal time constants.
Although one junction will adjust to the new ambient temperature quickly,
another changes slowly, resulting in a temporary change in voltage offset.

To minimize voltage offsets due to ambient temperature changes in
junctions, make measurements in a temperature controlled environment
and/or slow down temperature changes by thermally shielding the circuit.

RFI/EMI

RFI(Radio Frequency Interference)and EMI(Electromagnetic Interference)
are general terms used to describe electromagnetic interference over a
wide range of frequencies across the spectrum. Figure 3-5 shows the gen-
eral frequency spectrum of these interference sources in comparison with
other noise signals such as 1/f and thermal noise.

RFlor EMl can be caused by sources suchas TV or radio broadcast sig-
nals or it can be caused by impulse sources, as in the case of high voltage
arcing(see Figure 3-5). In either case, the effects on the measurement can
be considerable if enough of the unwanted signal is present.

RFI/EMl interference may manifest itself as a steady reading offset or
it may result in noisy or erratic readings. A reading offset may be caused by
input amplifier overload or DC rectification at the input.

FIGURE 3-6: Shielding to Attenuate RFI/EMI Interference

' i Shielded
Vetal P cable
Noise Shield | | HI P
P A /"”
Metal —i DuT
Safety Shield i
Measuring

: Instrument

Connecting
noise shield to LO

Connecting
safety shield to
earth ground

WARNING

Safety shield is required when
the noise shield is more than
30V DC or rms off earth ground.
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FIGURE 3-7: Shielded Connections to Reduce RFI/EMI
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RFI and EMI can be minimized by taking several precautions when
making sensitive measurements. The most obvious precaution is to keep
all instruments, cables, and DUTs as far from the interference source as
possible. Shielding the test leads and the DUT (Figure 3-6) will often reduce
interference effects to an acceptable level. Noise shields should be con-
nected to input LO. In extreme cases, a specially constructed screen room
may be necessary to attenuate the troublesome signal sufficiently.

If all else fails to prevent RF interference from being introduced into
the input, external filtering of the device input paths may be required, as
shown in Figure 3-7. In many cases, a simple one-pole filter may be suf-
ficient; in more difficult cases, multiple-pole notch or band-stop filters
may be required. In particular, multiple capacitors of different values may
be connected in parallel to provide low impedance over a wide frequency
range. Keep in mind, however, that such filtering may have other detrimen-
tal effects, such as increased response time on the measurement.

Johnson Noise

The ultimate limit of resolution in an electrical measurement is defined
by Johnson or thermal noise. This noise is the voltage associated with the
motion of electrons due to their thermal energy at temperatures above
absolute zero. All voltage sources have internal resistance, so all voltage
sources develop Johnson noise.

A plot of thermal noise voltage as a function of resistance and band-
width at a temperature of 290 K is shown in Figure 3-8. This voltage is
related to the temperature, noise bandwidth, and the source resistance.
The noise voltage developed by a metallic resistance can be calculated
from the following equation:

V= V4KTBR

where: V=rms noise voltage developed in source resistance
k =Boltzmann's constant, 1.38 x 10-23 joule/K
T =absolute temperature of the source in kelvin
B =noise bandwidth in hertz
R =resistance of the source in ohms
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For example, at room temperature (290 K), a source resistance of 10 kQ
with a measurement bandwidth of 5 kHz will have almost 1pV rms of noise.

Johnson noise may be reduced by lowering the temperature of the
source resistance and by decreasing the bandwidth of the measurement.
Cooling the sample from room temperature (290 K) to liquid nitrogen
temperature (77 K) decreases the voltage noise by approximately a fac-
tor of two.

If the voltmeter has adjustable filtering and integration, the bandwidth
can be reduced by increasing the amount of filtering and/or by integrating
over multiple power line cycles. Decreasing the bandwidth of the measure-
ment is equivalent to increasing the response time of the instrument, and
asaresult, the measurement time is much longer. However, if the measure-
ment response time is long, the thermoelectric EMFs associated with the
temperature gradients in the circuit become more important. Sensitive
measurements may not be achieved if the thermal time constants of the
measurement circuit are of the same order as the response time. If this
occurs, distinguishing between a change in signal voltage and a change in
thermoelectric EMFs becomes impossible.

Johnson noise is discussed in more detail in Section 2.6.5.

FIGURE 3-8: Thermal Noise Voltage as a Function of Resistance and Bandwidth
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Reproduced from: Henry W. Ott, Noise Reduction Technigues in
Electronic Systems, 2nd Edition, New York: Wiley-Interscience, 1988
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1/f Noise

In contrast with Johnson noise or white noise, the spectral density of 1/f
noise, also known as flicker or pink noise, varies inversely with frequency.
Although 1/f noise is present in all electronic devices, it is most often asso-
ciated with carbon-composition resistors and semiconductor devices.
Because 1/f noise is at a maximum at low frequencies, this type of noise
may seriously affect low voltage measurements.

To reduce the effects of 1/f noise in a measurement circuit that uses
a current source to stimulate the device, use the current-reversal method
(Refer to Section 3.3.2 for information on the current-reversal method.)
Make sure the reversals are faster than the drift of the system. Typically,
the corner frequency, f;, of the 1/f noise graph is between 10 Hz-25 Hz. The
frequency, f;, is where the 1/f noise and thermal noise graphs intersect.
When using the current-reversal method to minimize or reduce 1/f noise,
the time to measure both the positive and negative currents reversals must
be <40 ms. Measurement integration at 1PLC(16.67 ms at 60 Hz or 20 ms at
50 Hz) should be sufficient, but experimentation may be necessary.

Line Cycle Interference and Line Cycle Integration

The most common form of external noise is 50 Hz or 60 Hz line cycle “pick-
up” noise. This interference is a noise signal that may be coupled to the
test signal from other instruments in the measurement system or other
electrical equipment. This noise, superimposed on the sensitive DC signal
being measured, may result in highly inaccurate and fluctuating meas-
urements. Millivolts of noise can be a common occurrence near fluores-
cent lights.

Figure 3-9illustrates the effects of pickup noise on voltmeter readings.
In this example, line cycle interference may cause a voltmeter with a 1 ms
integration time to read 100.7 mV or 99.1 mV instead of the actual signal of
100 mV DC.

To minimize the effects of 50 Hz or 60 Hz line pickup, use line cycle
integration. Line cycle noise will “average out” when the measuring instru-

FIGURE 3-9: Line Cycle Noise Superimposed on 100 mV DC Signal
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ment’s integration time is equal to an integral number of power line cycles.
By integrating over one power line cycle, as depicted in Figure 3-10, the
positive and negative noise contributions cancel out each other, and the AC
component of the signal averages to zero leaving only the DC component
to be measured. By default, most instruments will use integration of one
line cycle (1 PLC), however this parameter is often user defined to improve
measurement accuracy, if needed.

In general, the longer the measurement time, the lower the noise.

FIGURE 3-10: Line Cycle Integration Averages Out 60 Hz Noise
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Some experimentation may be needed to choose an optimal PLC since
there is a trade-off between noise and speed. This trade-off is illustrated
inthe voltage vs time graph of Figure 3-11. The graphillustrates 40 readings
taken at 0.1, 1, and 10 PLC. The readings were taken from a voltmeter with
ashorted input.

Figure 3-11: Voltage vs Time Graph of 40 Readings Taken at 0.1PLC, 1PLC, and 10 PLC.
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Table 3-2 summarizes the total test time and standard deviation of
the 40 voltage readings taken at the different PLC values. The standard
deviation of the 1and 10 PLC readings was of similar magnitude, but the
total test time of 10 PLC was 10 times longer than 1PLC. The total test time
between0.1and 1PLC were similar but the noise of the 0.1PLC readings was
about 100 times greater. In this case, 1 PLC provided the optimal speed vs
time trade-off.

Table 3-2. Total Test Time and Standard Deviation of 40 Readings Taken at 0.1, 1,
and 10 PLC.

PLC Total Test Time(s) | Standard Deviation
0.1 2.3 1.6E-6

1 3.1 1.9E-8

10 30 1.3E-8

Too long a measurement time can also be detrimental to the measure-
ment because of system and internal instrument drift. Figure 3-12 shows
a parabola-like shaped curve of the voltage noise vs measurement time
of a nanovoltmeter. In this graph the optimized measurement window is
between 1 PLC and 5 PLC. The voltage noise begins to increase when the
measurement time exceeds 83.33 ms(5 PLC).

Figure 3-12. Voltage Noise vs Measurement Time

1PLC

5PLC

i i
I I
I I
Voltage i i
Noise : :
I I
I I
l |
I I

! ! >

I I T >

16.67ms  83.33ms 1s
Aperture Time
Magnetic Fields

Magnetic fields generate error voltages in two circumstances: 1)if the field
is changing with time, and 2) if there is relative motion between the circuit
and the field. Voltages in conductors can be generated from the motion of
a conductor in a magnetic field, from local AC currents caused by compo-
nents in the test system, or from the deliberate ramping of the magnetic
field, such as for magneto-resistance measurements. Even the earth’s
relatively weak magnetic field can generate nanovolts in dangling leads, so
leads must be kept short and rigidly tied down.
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FIGURE 3-13: Low Voltages Generated by Magnetic Fields
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The voltage developed due to a field passing
through a circuit enclosing a prescribed area is:

Wl

vy=db _dBA} g dA , dB
B 4t dt dt  dt

Basic physics shows that the amount of voltage a magnetic field
induces in a circuit is proportional to the area the circuit leads enclose and
the rate of change in magnetic flux density, as shown in Figure 3-13. The
induced voltage (Vg)is calculated as follows:

- do _dBA) _gdA, ,dB
dt  dt dt - dt

Vg
where: Vg=induced voltage
A =loop area

B= magnetic flux density
[0} =BA= magnetic flux

_ The induced voltage is proportional both to the magnitude of A and
B, as well as to the rate of change in A and B, so there are two ways to mini-
mize the induced voltage:

« KeepbothAand B to a minimum by reducing loop area and avoiding
magnetic fields, if possible; and

» Keepboth Aand B constant by minimizing vibration and movement,
and by keeping circuits away from AC and RF fields.

To minimize induced magnetic voltages, leads must be run close
together and magnetically shielded and they should be tied down to min-
imize movement. Mu-metal, a special alloy with high permeability at low
magnetic flux densities and at low frequencies, is a commonly used mag-
netic shielding material.

Figure 3-14 shows two ways of locating the leads from the source to
the voltmeter. In Figure 3-14a, alarge areais enclosed; thus, alarge voltage
is developed. In Figure 3-14b, a much smaller area is enclosed because
the leads are twisted together, and the voltage induced is considerably
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FIGURE 3-14: Minimizing Interference from Magnetic Fields
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reduced. Twisted pair also cancels magnetically induced voltages because
each adjacent twist couples a small but alternating polarity (equal) voltage.

Conductors that carry large currents should also be shielded or run as
twisted pairs to avoid generating magnetic fields that can affect nearby
circuits. In addition to these techniques, AC signals from magnetic fields
can be filtered at the input of the instrument. If possible, the signal source
and the instrument should be physically relocated further away from the
interfering magnetic field.

3.2.10 Ground Loops

Noise and error voltages also arise from ground loops. When there are two
connections to earth, such as when the source and measuring instruments
are both connected to a common ground bus, a loop is formed as shown in
Figure 3-15a. A voltage (Vg) between the source and instrument grounds
will cause a current (I) to flow around the loop. This current will create an
unwanted voltage in series with the source voltage. From Ohm'’s Law:

Vg=IR

where Vg = ground loop interfering voltage, R = the resistance in the signal
path through which the ground loop current flows, and | = the ground loop
current. A typical example of a ground loop can be seen when a number of
instruments are plugged into power strips on different instrument racks.
Frequently, there is a small difference in potential between the ground
points. This potential difference can cause large currents to circulate and
create unexpected voltage drops.

The cure for such ground loops is to ground all equipment at a single
point. The easiest way of accomplishing this is to use isolated power
sources and instruments, then find a single, good earth-ground point for
the entire system. Avoid connecting sensitive instruments to the same
ground system used by other instruments, machinery, or other high power
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FIGURE 3-15a: Multiple Grounds (Ground Loops)
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Input voltage to the nanovoltmeter is:
Vin=Vs+Vg

where Vg = IR

R = Resistance of input LO connection (typically
around 100 mQ)

| = Current passing through input LO connection
due to ground voltages (Vg)in the ground bus
(magnitude may be amperes)

Vg = Source voltage (desired signal)
Vg may exceed Vg by orders of magnitude.

FIGURE 3-15b: Reduced Ground Loops
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V|n = Vg since Vg is now insignificant compared to Vg.

Zcm = Common mode impedance of nanovoltmeter
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equipment. As shown in Figure 3-15b, ground loops can also be reduced by
using a voltmeter with high common mode impedance (Z¢y), also known as
common mode isolation.

Ways to Reduce Noise for Low Impedance Measurements

The best ways to reduce the impact of external noise sources are to isolate
the measurement setup from the noise sources whenever possible, use
proper shielding, and use filtering.

Eliminating Noise Sources

If possible, avoid operating the voltmeter and test circuitry in electrically
noisy environments. Keep the measuring instrument, connecting cables
and the device under test as far away as possible from noise sources such
as power cables and power transformers.

Shielding

Proper shielding of all signal paths and sources being measured is import-
ant to minimize noise pickup in a low-level measurement application. In
order to minimize noise, a closed metal shield, surrounding the DUT, may be
necessary (see Figure 3-6). The shield should be connected to input LO in
most cases, although better noise performance may result with the shield
connected to chassis ground in some situations. Use only shielded cables
for the test connections.

Using Filtering to Reduce Noise

Even with careful shielding and test methods, external noise may still be
a problem. Also, noise generated by the DUT itself such as thermal and 1/f
noise may be afactor. In such cases, it may be necessary to use the voltme-
ter's analog or digital filters to reduce noise to an acceptable level.

Although filtering reduces reading noise, there are certain disad-
vantages to using it: reading rates may be reduced, and instrument step
response times (response to sudden changes in the input signal) are
increased. In general, increasing the amount of filtering slows down the
overallmeasurement speed because of lower reading rates and longer step
response times.

Often, some compromise between acceptable noise levels and read-
ing rates and settling times is required. Some experimentation may be
required to determine the optimum amount of filtering.

Common-Mode Current and Reversal Errors

Excessive common-mode current can significantly affect low-level volt-
age measurements. Although common-mode currents are most often
associated with noise problems, they canresultinlarge DC offsetsin some
cases. In the following paragraphs, we will briefly discuss the basic princi-
ples behind errors generated by common-mode currents and ways to avoid
lead reversal errors.
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FIGURE 3-16: Common Mode Current Generation by Power Line Coupling
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Common-Mode Current

Common-mode current is the current that flows between the instrument'’s
LO terminal and chassis or earth ground. As shown in Figure 3-16, com-
mon-mode current (loy) is caused by capacitive coupling (Coguping) from
the power line through the power transformer. The amplitude of the com-
mon-mode current is defined as:

lom =21 C coupLing (V2 V1)
where fis the power line frequency.

Note that the common-mode current flows through the impedance
(Zgm) which is present between input LO and chassis ground. As a result,

the amplitude of voltage (V¢yv) depends on the magnitude of Zgy as well as
the value of Igy.

Common-Mode Reversal Errors

Reversing leads can result in errors caused by common-mode currents.
As shown in Figure 3-17, many low voltage sources have internal resistive
dividers, which attenuate an internal voltage source to the desired level.
For example, the output voltage from the source is defined as:

_ Ry
Ri+ Ry

Voutput = Vs

With the correct connection scheme shown in Figure 3-17a, the low or
chassis side of the voltage source is connected to input LO of the meas-
uring instrument. Any common-mode current (Igy) that may be present
flows from the voltmeter input LO to instrument chassis common, through
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FIGURE 3-17: Effects of Reversing Leads on Common Mode Errors

a. With proper connections, Igy generates no noise or offset.
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b. With reversed connections, Iy generates noise and possible offset.
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earth ground to voltage source ground. Note that no common-mode cur-
rent flows through either of the two divider resistors of the voltage source
when this connection scheme is used.

If the input leads of the voltmeter are reversed, we have the situation
shown in Figure 3-17b. Now, the common-mode current (Igy) flows through
R,, developing a voltage drop, which is added to the voltage to be meas-
ured. This added voltage is mainly power line frequency and its effect on
the voltmeter reading will depend upon the normal-mode rejection capa-
bility of the meter. The reading may become noisy or it may have a constant
offset.Insome cases, the sensitivity of the meter may be reduced, because
the input stages are overloaded.

To minimize common-mode reversal errors, choose aninstrument with
the lowest possible common-mode current. If possible, the voltage source
being measured should be isolated from ground.

Low Resistance Measurements

In addition to all the low voltage measurement considerations described
in Section 3.2, low resistance measurements are subject to other error
sources, including lead resistance, non-ohmic contacts, and device heat-
ing. This section describes these error sources and methods to eliminate
or minimize them. Other measurement considerations, including dry circuit
testing and testing inductive devices, are also described.

Lead Resistance and Four-Wire Method

Resistance measurements are often made using the two-wire method
shown in Figure 3-18. The test current is forced through the test leads and
the resistance (R) being measured. The meter then measures the voltage
across the resistance through the same set of test leads and computes the
resistance value accordingly.

The main problem with the two-wire method as applied to low resist-
ance measurements is that the total lead resistance (R gpp) is added to the
measurement. Given that the test current () causes a small but significant
voltage drop across the lead resistances, the voltage (Vy) measured by the
meter won't be exactly the same as the voltage (Vg) directly across the test
resistance (R), and considerable error can result. Typical lead resistances
lieintherange of ImQto 10 mQ, soit’s very difficult to obtain accurate two-
wire resistance measurements when the resistance under test is lower
than 10 Q to 100 Q(depending on lead resistance).

Due to the limitations of the two-wire method, the four-wire (Kelvin)
connection method shown in Figure 3-19 is generally preferred for low
resistance measurements. These measurements can be made using a
DMM, micro-ohmmeter, a separate current source and voltmeter, or an
SMU. With this configuration, the test current (1) is forced through the test
resistance (R) through one set of test leads, while the voltage (Vy) across
the DUT is measured through a second set of leads called sense leads.
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FIGURE 3-18: Two-Wire Resistance Measurement
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FIGURE 3-19: Four-Wire Resistance Measurement
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Vy = Voltage measured by meter
Vg = Voltage across resistor (R)
Because sense current is negligible, Vyy = Vg
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Although some small current may flow through the sense leads, it is usually
negligible and can generally be ignored for all practical purposes. The volt-
age drop across the sense leads is negligible, so the voltage measured by
the meter (Vy) is essentially the same as the voltage (Vg) across the resist-
ance(R). Consequently, the resistance value can be determined much more
accurately than with the two-wire method. Note that the voltage-sensing
leads should be connected as close to the resistor under test as possible to
avoid including the resistance of the test leads in the measurement.

Thermoelectric EMFs and Offset Compensation Methods

Thermoelectric voltages, as described in Section 3.2.2, can seriously
affect low resistance measurement accuracy. The current-reversal meth-
od, the delta method, and the offset-compensated ohms method are three
common ways to overcome these unwanted offsets.

Current-Reversal Method

Thermoelectric EMFs can be canceled by making two measurements with
currents of opposite polarity, as shown in Figure 3-20. In this diagram, a
voltmeter with a separate bipolar current source is used. With the positive
current applied as in Figure 3-20a, the measured voltage is:

Vme=Veme +IR

Reversing the current polarity as shown in Figure 3-20b yields the fol-
lowing voltage measurement:

Vm-=Vemr - IR

The two measurements can be combined to cancel thermo-
electric EMFs:

FIGURE 3-20: Canceling Thermoelectric EMFs with Current Reversal

a. Measurement with b. Measurement with
Positive Polarity Negative Polarity
= Y — Vewr
@ GO} ()
R R
Ve = Vewr + IR V- = Vewr - IR
Vn, -V,
Vy= M R
" 2
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Vme=Vu- _ (Vemp+ IR)-(Veme-IR) _

Vy = IR
M 2 2
The measured resistance is computed in the usual manner:
v
R= M

Note that the thermoelectric voltage (Vgmg) is completely canceled out
by this method of resistance calculation.

For the current-reversal method to be effective, it'simportant touse a
low noise voltmeter with a response speed that is fast compared with the
thermal time constant of the circuit under test. If the response speed is too
slow, any changesin the circuit temperature during the measurement cycle
will cause changes in the thermoelectric EMFs that won't be completely
canceled, and some error will result.

Delta Method

When the thermoelectric voltages are constant with respect to the meas-
urement cycle, the current-reversal method will successfully compensate
for these offsets. However, if changing thermoelectric voltages are caus-
ing inaccurate results, then the delta method should be used. The delta
method is similar to the current-reversal method in terms of alternating
the current source polarity, but it differsin that it uses three voltage meas-
urements to make each resistance calculation. This method can best be
explained through anillustration and mathematical computations.

Figure 3-21 shows the voltage drop of a DUT as a function of time
with an alternating polarity current applied. A voltage measurement

FIGURE 3-21: Canceling Thermoelectric EMFs with Delta Method
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(VM1 Vm2: V3. etc.) is taken each time the polarity is changed. Each
voltage measurement includes a constant thermal voltage offset (Vgyg)
and a linearly changing voltage offset (8V). The thermal voltage drift
may be approximated as a linear function over short periods, so the rate
of change of voltage as a function of time (8V) can also be treated as
a constant. The first three voltage measurements include the follow-
ing voltages:

Vi =Va+ Vewr
VMg =Va + Vgyp + 8V
Viz = V3 + Veyp + 28V
where: Vy;, Vv, and Vyz are voltage measurements

Vi is presumed to be taken at time =0

V1. Vo, and V3 are the voltage drop of the DUT due to the
applied current

Vewmr is the constant thermoelectric voltage offset at the time the
Vm; measurement is taken

8V is the thermoelectric voltage change

Cancellation of both the thermoelectric voltage offset (Vgwe) term and
the thermoelectric voltage change(3V)termis possible through mathemat-
ical computation using three voltage measurements. First, take one-half
the difference of the first two voltage measurements and call this term Vj:

Vin-Vmz _ (Vi#Vewp) - (VotVeuetdV)  _ (Vi-Vp) 8V

Va= 2 2 T T2 2

Then, take one-half the difference of the second (Vy,) and third (Vy3) volt-
age measurements and call this term Vj:
_ VmzVmp _ (VarVeupt20V) - (Vo#VewetdV) _ (V3-Vy) 8V
Ve = 2 2 T T2 T2

Both V, and Vg are affected by the drift in the thermoelectric EMF, but the
effect on V, and Vg is equal and opposite. The final voltage reading is the
average of V, and Vg and is calculated as:

Vo 2 VatVe | (Vi#V5-2V)
Final — 2 - 4

Notice that both the Vgygand 8V terms are canceled out of the final voltage
calculation.

In the delta method, each data point is the moving average of three
voltage readings. This additional averaging of the voltage measurements
means that the data resulting from the delta method has lower noise than
the data derived when the current-reversal method is used to calculate it,
even when both sets of data are taken over the same time period.
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The success of the delta method depends on the linear approxi-
mation of the thermal drift, which must be viewed over a short period.
Compensating successfully for changing thermoelectric voltages dictates
that the measurement cycle time must be faster than the thermal time
constant of the DUT. Therefore, an appropriately fast current source and
voltmeter must be used for the delta method to be successful. Refer to
Section 4.7.2 for information on specific test equipment.

Offset-Compensated Ohms Method

Another offset-canceling method used by micro-ohmmeters and many
DMMs is the offset-compensated ohms method. This method is similar to
the current-reversal method except that the measurements are alternated
between a fixed source current and zero current.

As shown in Figure 3-22a, the source current is applied to the resist-
ance being measured during only part of the cycle. When the source

FIGURE 3-22: Offset-Compensated Ohms Measurement
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current is on, the total voltage measured by the instrument (Figure 3-22b)
includes the voltage drop across the resistor as well as any thermoelectric
EMFs, and itis defined as:

Vi =Veme + IR
During the second half of the measurement cycle, the source current is

set tozeroamps and the only voltage measured by the meter (Figure 3-22c)
is any thermoelectric EMF present in the circuit:

Va2 =Vemr

Given that Vgyr is accurately measured during the second half of the
cycle, it can be subtracted from the voltage measurement made during
the first half of the cycle, so the offset-compensated voltage measure-
ment becomes:

Vm=Vm-Vm2
Vi =(Vemr +IR) - Veur
Vy=IR

and,

Again, note that the measurement process cancels the thermoelectric
EMF term (VEMF)'

Non-Ohmic Contacts

Non-ohmic contacts are evident when the potential difference across
the contact isn't linearly proportional to the current flowing through it.
Non-ohmic contacts may occur in a low voltage circuit as a result of oxide
films or other non-linear connections. A non-ohmic connection is likely to
rectify any radio frequency energy (RFI) present, causing an offset voltage
to appearinthe circuit. (A further discussion on RFl can be found in Section
3.2.5.) There are several ways to check for non-ohmic contacts and meth-
ods toreduce them.

If using a micro-ohmmeter or DMM to make low resistance measure-
ments, change the range to check for non-ohmic contacts. Changing the
measurement range usually changes the test current as well. Anormal con-
dition would indicate the same reading but with higher or lower resolution,
dependingonwhether the instrument was up or down ranged. If the reading
is significantly different, this may indicate a non-ohmic condition.

If using a separate current source and voltmeter to make low resist-
ance measurements, each instrument must be checked for non-ohmic
contacts. If the current source contacts are non-ohmic, there may be a
significant difference in the compliance voltage when the source polari-
ty isreversed. If the voltmeter contacts are non-ohmic, they may rectify
any AC pickup present and cause a DC offset error. If thisis the case, the
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offset compensated ohms method is preferred to the current-reversal
method for canceling offsets.

To prevent non-ohmic contacts, choose an appropriate contact mate-
rial, such as indium or gold. Make sure the compliance voltage is high
enough to avoid problems due to source contact non-linearity. To reduce
error due to voltmeter non-ohmic contacts, use shielding and appropriate
grounding to reduce AC pickup.

Device Heating

Device heating can be a consideration when making resistance measure-
ments on temperature-sensitive devices such as thermistors or nanoscale
devices. Thetest currents used for low resistance measurements are often
much higher than the currents used for high resistance measurements, so
power dissipationin the device can be a consideration if it is high enough to
cause the device’s resistance value to change.

Recall that the power dissipation in a resistor is given by this formula:

P=I2R

From this relationship, we see that the power dissipated in the device
increases by a factor of four each time the current doubles. Thus, one
way to minimize the effects of device heating is to use the lowest current
possible while still maintaining the desired voltage across the device being
tested. If the current cannot be reduced, use a narrow current pulse and a
fast responding voltmeter.

Most micro-ohmmeters and DMMs don't have provisions for setting
the test current. It is generally determined by the range. In those cases,
alternate means must be found to minimize device heating. One simple
but effective way to do so is to use the instrument’s one-shot trigger mode
during measurements. When in this mode, the instrument will apply only
a single, brief current pulse to the DUT during the measurement cycle,
thereby minimizing errors caused by device heating. Some instruments,
like SMUs, may have a pulsed mode for source current to minimize heat-
ing effects.

Dry Circuit Testing

Many low resistance measurements are made on devices such as switches,
connectors, and relay contacts. If these devices are to be used under “dry
circuit” conditions, that is, with an open-circuit voltage less than 20 mV
and a short-circuit current less than 100 mA, the devices should be tested
in a manner that won't puncture any oxide film that may have built up on
the contacts. If the film is punctured, the measured contact resistance will
be lower than if the film remains intact, compromising the validity of the
testresults.

To avoid oxidation puncture, such measurements are usually made
using dry circuit testing, which typically limits the voltage across the DUT
to 20 mV or less. Some micro-ohmmeters and DMMs have this capability
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builtin, as shown in Figure 3-23. In this micro-ohmmeter, a precision shunt
resistor (Rgy) is connected across the source terminals to clamp or limit
the voltage across the DUT to <20 mV. The remaining aspects of the circuit
are very similar to the conventional four-wire measurement method: V
and Rggr make up the current source, which forces current through the
unknown resistance (R). This current should be no more than 100 mA. The
value of the unknown resistance is computed from the sense voltage (Vy),
the voltage across clamping resistor (Vgy), the known value of Rgy, and the
source current.

If dry circuit testing is to be done with a separate current source and
voltmeter or an SMU, the compliance voltage, or source limit, on the cur-
rent source must be limited to 20 mV or less. If it isn't possible to limit the
compliance voltage to this level, a compliance limiting resistor must be
used, as shown in Figure 3-24. In this circuit, Rg is the resistor used to limit
the voltage to 20 mV and R is the unknown resistance.

FIGURE 3-23: Dry Circuit Testing

Micro-ohmmeter

Source
R Test Current
REF —> Input HI
O
Sense HI
b O
Sense LO
b O
Input LO
O
U

FIGURE 3-24: Dry Circuit Testing Using Current Source and Voltmeter

OO

R¢ =Compliance limiting resistor
R =Unknown resistance to be measured
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The value of Rg must be chosen to limit the voltage at a given test
current. For example, if the voltage limit is 20 mV and the test current is
200 pA, R¢ can be calculated as:

Rc=20mV/200 pA=1000Q

If the unknown resistance (R) is 250 mQ, then R¢ will cause a 0.25%
error in the measured resistance.

The exact value of the unknown resistance (R) can then be calculated
by the following equation:

R= (Rmeasuren * Re)
(R¢ - Rmeasuren)

where Ryeasurep IS the calculated resistance measurement from the
measured voltage (Vy)and the source current (l).

Testing Inductive Devices

Inductive devices usually have a small resistance in addition to the
inductance. This small resistance is normally measured with a DMM or a
micro-ohmmeter. However, the measurements are often difficult because
of the interaction between the inductance and the measuring instrument.
Thisis particularly true with high L/R ratios.

Some of the problems that may result include oscillations, negative
readings and generally unstable readings. An oscilloscope picture of an
unstable measurement of a 200 H inductor is shown in Figure 3-25.

When problems occur, try to take measurements on more than one
range and check if the values correspond.

FIGURE 3-25: Unstable Measurement of 200 H Inductor
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If possible, do not use offset compensation (pulsed current) because
inductive reaction to the current pulse may cause unstable measure-
ments or make autoranging difficult. Try using a higher resistance range
when possible.

Check for oscillations by connecting an oscilloscope in parallel with the
device and the meter. Sometimes, a diode across the inductor may settle
down the oscillations by reducing the inductive kick.

Measurement Optimization Summary
for Low Impedance Measurements

Section 3 describes various low impedance measurement techniques,
sources of errorand ways to reduce them. In summary, here are some steps
to ensure making optimal low impedance measurements:

« Choose aninstrument sensitive enough to measure low voltage or
low resistance: sensitive DMM, micro-ohmmeter, nanovoltmeter,
or a combination of a sensitive voltmeter with a current source.
Understand the manufacturer’s instrument specifications including
the accuracy. Allow the instrument to warm-up for at least an hour
and make sure the instrument has periodic recalibration to ensure it
is within specification.

« Ensure cables, connectors, and test fixtures are appropriate for
low impedance measurements. Use shielded cables and follow
suggestions for minimizing thermoelectric EMFs in the test circuit.

« Apply the proper measurement techniques to minimize measure-
ment errors. Some of these techniques include avoiding thermo-
electric EMFs, eliminating noise sources, using offset compensa-
tion, increase filtering and line cycle integration, etc.

« Verify the capabilities of the test system. Verification procedures
for individual instruments are usually described in the reference
manual of the instrument. One of the first steps in setting up a sys-
tem for making low voltage and/or low resistance measurements is
to determine the offsets of the measurement system. This identi-
fiesthe noise floorlimit of the entire system and sets a starting point
for troubleshooting potential problems and making improvements
to the system, if necessary. The remainder of this section outlines
simple verification tests and error symptoms for both low voltage
and low resistance measurements along with possible causes and
ways to minimize these errors.

Low Voltage Measurements

To verify the performance of a nanovoltmeter, it is best to follow the
instructions described in the instrument’s manual. However, here are steps
for a simple way to check the performance of a sensitive voltmeter:
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1. Turn on the power and allow the instrument to warm up for the time
specified in the service manual.

2. Place an appropriate short on the input of the voltmeter as suggested
in the manual of the instrument.

3. Set the voltmeter to the most sensitive voltage range and zero or REL
the meter.

4. Verify the voltage is within specification.

Table 3-3 lists potential error symptoms of low voltage measurements
along with possible causes and ways to minimize these errors.

Low Resistance Measurements

Low resistance measurements should be verified with a low resistance
of known value that is similar in magnitude to the resistance under test, if
possible. Table 3-4 lists potential error symptoms of low resistance meas-
urements along with possible causes and ways to minimize these errors. In
addition, error sources for low voltage measurements should be reviewed.
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TABLE 3-3: Potential Error Symptoms of Low Voltage Measurements

Error Refer to
Symptom Possible Causes How to Minimize or Avoid Section
Construct circuits using same type
Thermoelectric of conductive materials. Minimize 329
EMFs temperature gradients. Allow test -
equipment to warm up.
Identify and remove offending source,
Line Cycle if possible. Use noise shields. Use 398
Interference integer value of line cycle integration -
) (e.g., 1,2, etc.).
Noisy — —
readings RFI/EMI Keep sensitive test circuitry away from 395
interference source. Use noise shields. o
Lower temperature of source resistance.
Johnson Noise Increase instrument filtering. Increase 3.2.6
integration time.
Magnetic Fields Reducelqop area of test Igadg. Minimize 329
vibration of test circuit.
Ground Loops Ground all equipment at a single point. 3.2.10
Internal voltmeter | Use proper zeroing techniques. Make sure
2 ; A 3.2.3
offsets voltmeterisin calibration.
Construct circuits using same type
DC voltage Thermoelectric of conductive materials. Minimize 329
offsets EMFs temperature gradients. Allow test -
equipment to warm up.
RFI/EMI }(eep sensitive test mrcmtry_away.from 395
interference source. Use noise shields.
One or two Range selected Select alower voltage range, or use
digits of istoo high or autoranging. Use a more sensitive
gis ¢ instrument not voltmeter. Check instrument
resolution L (P
sensitive enough specifications.
TABLE 3-4: Potential Error Symptoms of Low Resistance Measurements
Error Refer to
Symptom Possible Causes How to Minimize or Avoid Section
Lead Resistance Use four-wire method. 3.3.1
. Use appropriate contact material.
Readings Ohmic Contacts Use four-wire method. 3.3
too high ;
Therrgai_lsctrlc Use an offset compensation method. 3.3.2
Self Heating Effects | Reduce test current. Use pulsed current. 3.3.4
Readings Therg&tlerl:ctrlc Use an offset compensation method. 3.3.2
too high or
too low Non-Ohmic Use appropriate contact material. 331
Contacts Use four-wire method. -
One ortwo R?Snt%%sheilehc(t)erd Select alower voltage range, or use
digits of instrume%t not autoranging. Use a more sensitive
resolution L ohmmeter. Increase test current.
sensitive enough
MEASUREMENTS FROM LOW RESISTANCE SOURCES



SECTION 3



SECTION 4

Applications

APPLICATIONS

4-1



41

4.2

4-2

Introduction

The applications for today’s low-level measurement instruments are no
longer limited to the calibration department or R&D lab. Low-level instru-
ments have proven invaluable in many other areas, including product
design, device characterization, quality assurance, and production test.
This section offers insights into this growing range of applications and the
most appropriate instruments and test techniques to solve specific test
and measurement challenges.

Section 4 covers a variety of low-level measurement applications:

4.2 Applications for Measuring Voltage from High Resistance Sources:
Capacitor dielectric absorption, electrochemical measurements and
open circuit voltage of TENG devices.

4.3 Low Current Measurement Applications: Capacitor leakage measure-
ments, low current semiconductor (diodes and MOSFETs) measure-
ments, light measurementsq with photomultiplier tubes, ion beam
measurements, and |-V characteristics of CNT FETs.

4.4 High Resistance Measurement Applications: Surface insulation resis-
tance testing of printed circuit boards, resistivity measurements of
insulating materials, resistivity measurements of semiconductors,
voltage coefficient testing of high ohmic value resistors, and resis-
tance of cable insulation.

4.5 Charge Measurement Applications: Capacitance measurements and
static charge measurements using a Faraday cup.

4.6 Low Voltage Measurement Applications: Standard cell compari-
sons, high resolution temperature measurements, and Hall voltage
measurements.

4.7 Low Resistance Measurement Applications: Contact resistance,
superconductor resistance measurements, and resistivity measure-
ments of conductive materials.

Applications for Measuring Voltage from
High Resistance Sources

Electrometer voltmeters and voltage measurements on high resistance
sources were described in Sections 1 and 2 respectively. In particular,
Section 2.2 discussed error sources and ways to minimize their effects.
Voltage measurements on high impedance sources include applications
such as capacitor dielectric absorption, some electrochemical experi-
ments, including pH measurements and measurements with ion-selective
electrodes, and open circuit voltage of triboelectric nanogenerators.
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Capacitor Dielectric Absorption
Overview

Dielectric absorption occurs whenrandomly oriented permanent dipoles of
molecules within a dielectric are aligned by an applied electric field. After
a capacitor is disconnected from a discharge circuit, a residual charge
remains on the capacitor, so a voltage is re-established across the capac-
itor terminals.

For timing and integrating applications, dielectric absorption (or a
residual capacitor voltage) can seriously degrade the accuracy of the
circuit. Thus, a capacitor’s dielectric absorption must be known and com-
pensated forin circuits where capacitance tolerance is a significant factor
in circuit accuracy.

Dielectric absorption is measured using a voltage source and a volt-
meter with high input impedance. Figure 4-1illustrates the basic timing for
the test. First, the capacitor is charged to the rated voltage for a specified
time period (t;). Next, the capacitor is discharged for a second time interval
(ty). Then, the capacitor is open-circuited; after a third time interval (tz), the
residual or recovery voltage across the capacitor is measured. The dielec-
tric absorption can then be determined from the recovery voltage:

Residual Voltage

Dielectric Absorption= —— — x100%
P Soak Voltage °
FIGURE 4-1: Voltage vs. Time in Dielectric Absorption Test
Discharge
Soak |<—> Recovery

<—> <« >

e e
t ty t

Time —>

The following paragraphs describe how to make these measurements
using both SMUs and electrometers.
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Using an SMU to Determine Dielectric Absorption

Residual capacitor voltage can be measured with an SMU, which must
source voltage and then measure voltage with a high input impedance.
Because an SMU must output 0O A while monitoring voltage, it is important
touseaninstrument that has the lowest possible input bias current to avoid
charging the capacitor while monitoring the recovery voltage. The 4200A-
SCS Parameter Analyzer equipped with an SMU and a preamp and the 6430
Sub-Femtoamp Remote SourceMeter SMU both have very high input impe-
dance, as well as low input bias current.

Figure 4-2 shows how the SMU is configured for the three steps of the
test. First, in Step 1, the soak voltage is applied across the capacitor for the
required soak time (t;). In Step 2, the SMU is programmed to output 0 V with
asource limit, or compliance, of 100 mA for the specified discharge interval
(ty). In Step 3, the SMU is programmed to measure the recovery voltage
with an output current of O A on the lowest current range possible. The
input bias current of the SMU must be significantly lower than the current
due to dielectric absorption. The recovery voltage is measured after the
prescribed time period (tz). Finally, the dielectric absorption is calculated
from the soak voltage and the recovery voltage.

FIGURE 4-2: Using an SMU to Measure Dielectric Absorption

Step 1. Charge Cy. Step 2. Discharge Cy. SMU Step 3. Measure recovery
SMU forces voltage, forces 0V for time, t,. voltage. SMU configured to force
V, for time, t;. 0 A and measure V for time, t3.
Force HI Force HI
SMU SMU SMU Force HI
Cx Cx Cx
— _ 0A
Vv v
Force LO
Force LO Force LO
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Figure 4-3 shows the results of measuring the recovery voltage of a
1 nF ceramic capacitor as a function of time. These measurements were
taken with the 4200A-SCS Parameter Analyzer usingan SMU and a preamp,
which has an input bias current in the femtoamp range. In this example, a
voltage was applied for 60 minutes, the capacitor was discharged for 10
seconds, and the recovery voltage was measured as a function of time for
15 minutes.
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FIGURE 4-3: Results of Dielectric Absorption Test of InF Ceramic Capacitor Measured
by the 4200A-SCS Parameter Analyzer
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Using an Electrometer to Determine Dielectric Absorption

An electrometer voltmeter is particularly useful for measuring dielectric
absorption because, like an SMU, it draws virtually no charge from the
capacitor during the measurement, nor does it put charge on the capacitor
being measured.

FIGURE 4-4: Using an Electrometer to Measure Dielectric Absorption

| %
Voltage
S1 Electrometer Source
Input Output
: 00000OGOCO
S, LO
6517B Electrometer/
Voltage Source
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Figure 4-4 illustrates the basic circuit that uses an electrometer
to determine dielectric absorption. This application employs a 6517B
Electrometer, which can supply the test voltage and measure the residu-
alvoltage.

Initially, the capacitor (Cy) is charged through R, for the required soak
time. Next, the voltage source is turned off; S;is opened and S, is closed,
discharging the capacitor through R, for the required discharge time. Next,
S, is opened and the capacitor must remain undisturbed for the specified
recovery time, at the end of which the electrometer voltmeter is used to
measure the residual voltage. The dielectric absorption is then calculated
using the equation given previously.

Electrochemical Measurements
Overview

To ensure the accuracy of measurements when determining the potentials
of electrochemical electrodes or cells, these measurements must be made
without drawing appreciable current from the cells. Otherwise, the current
drawn from the cell electrodes will cause a voltage drop across the internal
resistance of the electrode and may polarize the cell. Therefore, a voltme-
ter with high input resistance, such as an electrometer, is required.

Electrometers are commonly used for pH measurements and other
ion-selective electrodes to determine a specific ionic concentration. They
are also often used for measuring liquid conductivity. This section discuss-
es a number of measurement fundamentals related to these applications.
Keep in mind that these measurements typically require close temperature
regulation.

Measurements with lon-Selective Electrodes

These measurements are particularly useful where continuous measure-
ments of ionic activity are needed. Such monitoringisimportant to prevent
loss of valuable material or to detect possible pollutants in the effluents
from industrial processes.

The cell potential of an ion-selective electrode varies directly with
the logarithm of ionic activity. At room temperature, the potential of most
ion-selective electrodes will change about 57 mV when the activity of an
equivalentionis changed by a factor of ten. This log response enables con-
stant precision over dynamic ranges of ionic activity of up to eight orders
of magnitude. Figure 4-5 shows a typical circuit. Note that the ion-selec-
tive electrode usually has higher impedance than the reference electrode
and should be connected to the HI terminal of the electrometer input with
shielded cable. The shield can be driven by the Guard (Preamp) Output to
improve the response speed. With the 6517B or 6514 electrometers, this
can be done by either an external connection to the preamp output (as
shown) or using the volts guard function on the front panel.
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FIGURE 4-5: lon-Selective Electrode Measurements
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Electrometer

pH Measurements

Any pH electrode system (Figure 4-6) can be seen as a large resistor (from
10 MQ to 1GA)in series with a voltage source. This resistance is the sum of
the ion-selective electrode wall (typically glass) and the electrolyte, which
has low mobility. The potential in this system cannot be measured with an
ordinary DMM.

If current flows, the electrodes will become polarized. Therefore, the
electrode potential should be measured with an electrometer, which draws
negligible current from the electrodes. The electrometer should not be
zero-checked while connected to the glass electrode; the instrument'’s
normally near-infinite input resistance drops to 10 MQ in zero check and the
resulting current flow may polarize the electrodes.

FIGURE 4-6: pH Electrode System

Glass electrode  HI

Reference electrode LO| :®2eeeeee

6514 Electrometer

Electrol

If the approximate pH to be measured is known, the electrodes should
be standardized, using two values of buffer solutions to calibrate the sys-
tem at each end of the desired pH scale. This step is necessary to obtain
the best accuracy. For example, to measure from 6.5 pH (29.6 mV at 25°C)
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to 1pH (355 mV at 25°C), it is advisable to use one buffer solution with a pH
of sixand another with a pH of one.

When placed in the buffer solution, the voltage reading from the elec-
trodes may differ from the theoretical value by several hundred microvolts.
The voltage is also highly temperature dependent. For a given cell and tem-
perature, the pH-to-voltage relationship is linear. For example, the theoret-
ical voltage with a pH of 4.0 is 177.5 mV at 25°C, assuming the calomel cell
isused as thereference electrode. Other reference electrodes, such as the
silver/silver chloride cell, will give a slightly different voltage. The reference
electrode doesn't change with pH, so its contribution to the measurement
can be corrected for by measuring known buffer solutions. The electrode
voltages measured by the electrometer may be converted to pH values by
using appropriate conversion data. Figure 4-7 is a typical plot of millivolt
difference versus pH value.

FIGURE 4-7: Electrode Output Voltage at Various pH Values
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Conductivity Cells

Measuring the electrical conductivity of many chemical solutions is diffi-
cultif theionic concentrationis verylow. In these instances, an electrome-
tervoltmeterwithacurrent source can be used to make this measurement;
Figure 4-8 shows a typical configuration.

The conductivity of asolutionis sensitive to the presence of impurities,
so its value is meant to be more an index of impurity than a characteristic
constant. Therefore, high accuracy is unnecessary and the test equipment
need not be elaborate.
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FIGURE 4-8: Conductivity Cell Measurements
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As with pH measurements, the current should be kept as low as possi-
ble. Its polarity can be alternated to avoid electrode polarization.

The electrodes of the cell must be rigidly mounted to prevent vibration
and motion from creating noise and pickup. Additionally, shielding the leads
to the electrodes helps reduce interference.

Each cell arrangement has a particular constant, which is a function of
the volume of the conducting solution between the electrodes. Electrom-
eters can be very useful where electrode areas are very small and solution
conductivities are very low. Temperature control is essential to making
reliable measurements.

Conductivity is computed from the known value of current (l), the volt-
age reading(V), and the area and spacing between the electrodes:

| L

o= VT

where: o =conductivity(Siemens/cm)
A=surface area of the electrodes(cm?)
L =distance between the electrodes(cm)

Open Circuit Voltage (Voc), Short-Circuit Current (Isc), and
Transferred Charge (Q) Measurements of Triboelectric Nano-
generators (TENGs)

Overview

The triboelectric effect is a phenomenon whereby the generation and
transfer of charges are created by contact and friction between two mate-
rials. Triboelectric nanogenerators (TENG) are energy-harvesting devices
that convert mechanical motion from these materials to electricity using
the triboelectric effect. Depending on the application for the TENG device,
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the mechanical energy to power the device can come from movements
such as walking, pressing, sliding, or tapping. Applications for these
devices include self-powered wearables, implantable medical sensors, loT
devices, and environmental monitors.

Figure 4-9 shows the circuit diagrams of the four modes of opera-
tion of TENG devices connected to a load. The modes include Vertical
Contact-Separation, Lateral-Sliding, Single-Electrode, and Freestanding
Triboelectric-Layer Modes. Each mode has its own advantages for energy
harvesting. These modes are further defined in the following paragraphs.

Figure 4-9: Four Modes of Operation of TENG Devices

Vertical Contact-Separation Mode Lateral-Sliding Mode
Electrode Electrode
- [
Material 1 | Material 1
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" Material2 | Electrode
Electrode
Single-Electrode Mode Freestanding Tribielectric Mode
Material Material
I [ ] [ ]
(e LOAD Electrode Electrode
Electrode
— LOAD

1. Vertical Contact-Separation Mode (press and release): Two dissimilar
dielectric materials with back electrodes come into contact and gen-
erate opposite charges (press). A potential difference is generated
between the two electrodes when they are separated (release).

2. Lateral-Sliding Mode: Two dissimilar dielectric materials with back
electrodes slide against each other horizontally. The frictional sliding
induces a potential difference between the two electrodes.

3. Single-Electrode Mode: This mode involves the motion of only one
material with one electrode. This moving material, or object such as a
human finger, acts as the triboelectric layer. The one fixed electrode is
connected to ground. A potential difference occurs with the contact
and separation of the mobile material with the electrode.

4. Freestanding Triboelectric-Layer Mode: This mode involves the motion
of one material with two electrodes. A charged, triboelectric material
moves back and forth between the two electrodes causing a change in
electrostatic balance.
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Electrically characterizing the TENG outputs includes measuring the
open-circuit voltage, current density, and the transferred charge. An elec-
trometer can measure voltage using a high input impedance, low current,
and charge making them the ideal instrument for measuring the multiple
parameters of the TENG outputs.

Measuring Open-Circuit Voltage (Voc)

TENG devices have very high internal impedance, typically ranging from
107 O to greater than 10° Q. Using a typical DMM, which often has an input
impedanceinthe MQ range, may cause loading effects when measuring the
open-circuit voltage (Voc) of the device. Measuring the open circuit voltage
(Voc)of TENG devices requires avery highinputimpedance voltmeter, such
as an electrometer, to prevent loading errors and charge leakage of the
device. Both the 6517B and 6514 Electrometers have high input impedance
(>2x10™ Q) making these instruments ideal choices for these measure-
ments because they can be used for measuring voltage under open circuit
conditions.

As shown in Figure 4-10, the HI and LO input terminals of the 6517B
Electrometerare connecteddirectly tothe electrodesof a Vertical Contact-
Separation TENG device. The voltage is measured while subjecting the
device to motion(press and release).

Figure 4-10: Using an Electrometer to Measure the Output Voltage of a Vertical
Contact-Separation TENG Device
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Measuring the Short-Circuit Current (Isc)

The magnitude of the current output, often referred to as the short-circuit
current, of the TENG device varies by the type of design, operating mode,
type of movement and the amount of force applied to the device. Typical
magnitudes are in the nanoamp to microamp ranges. Since the electrom-
eter is a multi-function instrument, it can also be used to measure the
current and charge density of the device.

Figure 4-11shows an electrometer, in the current measurement mode,
connected to the output of the Lateral Sliding TENG device. In this case the
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friction due to sliding of the two dielectric materials causes a current to
flow and is measured by the electrometer.

Figure 4-11: Using an Electrometer to Measure the Short-Circuit Current of a Lateral
Sliding TENG Device
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Measuring the Transferred Charge (Q)

The transferred charge (0) of a TENG device is the amount of charge that
flows through the external circuit during the mechanical motion. The
two terminals of the TENG device are connected directly to the Hl and LO
terminals of the electrometer. The electrometer measures the charge as
the device operates under a controlled mechanical excitation. Depending
on the method used, the electrometer can be used in the coulombmeter,
ammeter, or voltmeter modes to measure the transferred charge. These
methods are described in the following paragraphs.

1. Electrometer/Coulombmeter Method: The electrometer is used in the
charge(Q)measurement mode(coulombmeter)to directly integrate the
short-circuit current between the two electrodes. This directly mea-
sures the charge transferred during the mechanical operation.

2. Current Integration Method: Connect the electrometer in the ammeter
(I) mode to measure the short-circuit current. The total charge (Q) can
be derived by integrating the current as a function of time:

0=]idt
3. Capacitor Voltage Method: Connect a large capacitor (C), in the 100 nF
to 10 yF range, in parallel with the TENG device. The electrometer, in the

voltage (V) mode, measures the voltage drop across the capacitor. The
transferred charge (Q) is derived from the equation:

0=CxV

Low Current Measurement Applications

Electrometerammeters, picoammeters, SMUs, and methods of making low
current measurements were described in Sections 1and 2 respectively.
In particular, Section 2.3 discussed a number of error sources that can
seriously affect measurement accuracy. The following sections discuss
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several low current measurement applications in more detail: capacitor
leakage measurements, low current semiconductor device (diodes and
MOSFETs) measurements, light measurements with photomultiplier tubes,
ion beam measurements, and |-V characteristics of CNT FETs. To ensure
greater accuracy in these measurements, be sure to use the low current
optimization techniques discussed in previous sections.

Capacitor Leakage Measurements
Overview

Capacitors are essential components of virtually every type of electronic
equipment. They are widely used for bypassing, coupling, filtering, and tun-
ing electronic circuits. However, to be useful, they must be characterized
for capacitance value, voltage rating, temperature coefficient, and leakage
current or resistance. The capacitor manufacturer performs these tests;
end users may also perform them. Depending on the device under test, the
leakage current is typically very small, usually <10 nA.

This application focuses on the measurement of leakage resist-
ance using either a 6487 Picoammeter/Source, a 6517B Electrometer/
SourceMeter, or a 2450 Graphical SourceMeter SMU. This leakage resist-
ance may be referred to as “IR" (Insulation Resistance) and is expressed in
megohm-microfarads (the resistance may be computed by dividing the “IR"
value by the capacitance). In other cases, leakage may be expressed as a
leakage current at a given voltage, usually the operating voltage.

Description of Test Method Using a Picoammeter or Electrometer

Capacitor leakage is measured by applying a fixed voltage to the capacitor
under test and measuring the resulting current. The leakage current will
decay exponentially with time, so it’s usually necessary to apply the voltage
for a known period (the “soak” time) before measuring the current.

FIGURE 4-12: Simple Capacitor Leakage Test Circuit
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Figure 4-12 depictsageneral circuit for testing capacitor leakage using
apicoammeter and a voltage source. Here, the voltage is placed across the
capacitor (Cy) for the soak period, then the ammeter measures the current
after this period has elapsed. The resistor (R), which is in series with the
capacitor, is an important component in this test system. The resistor has
two functions:

1. Theresistorlimits the currentin case the capacitor becomes shorted.

2. Asdiscussed in Section 2.3.2, the decreasing reactance of the capac-
itor with increasing frequency will increase the gain of the feedback
ammeter. Theresistor limits thisincrease in gain to afinite value. Area-
sonable valueisone thatresultsinanRC product from 0.5to 2 seconds.

Even better performance will result if a forward-biased diode (D) is
included in the circuit, as shown in Figure 4-13. The diode acts like a vari-
able resistance, low when the charging current to the capacitor is high,
then increasing in value as the current decreases with time. The series
resistor can be much smaller because it is only needed to prevent overload
of the voltage source and damage to the diode if the capacitor becomes
short-circuited. The diode should be a small signal diode, such as IN914 or
IN3595, and must be in a light-tight enclosure. For dual-polarity tests, use
two diodes back-to-back in parallel.

FIGURE 4-13: Capacitor Leakage Test Circuit with Diode
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Using an SMU to Measure Capacitor Leakage

The same technique used to perform capacitor leakage testing with a
picoammeter or electrometer can be used when testing with an SMU.
However, in the case of the SMU, the ammeter is internally connected to
the voltage source, as shown in Figure 4-14. The current limiting resistor is
no longer necessary because a source limit, or compliance, value is set to
limit the current.

If the current readings are noisy, then a forward-biased diode should
be added in series with the capacitor under test to reduce the noise gain.
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FIGURE 4-14: SMU Connections for Capacitor Leakage
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Some SMUs, like the 2450 Graphical SourceMeter SMU, have a high capaci-
tance mode that can be enabled to make stable leakage current measure-
ments. In this case, the series diode may not be necessary.

Figure 4-15 illustrates the results of measuring the leakage current of
a 10 yF ceramic capacitor as a function of time. These current measure-
ments were taken with the 2450 SourceMeter SMU using a IN3595 diode in
series with the capacitor to reduce the noise gain.

FIGURE 4-15: Leakage Current Measurements of a 10 yF Capacitor Taken with a 2450
Graphical SourceMeter SMU
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Test Circuit for Testing Multiple Capacitors

For statistical purposes, a quantity of capacitors is often tested to produce
useful data. Obviously, it is impractical to perform these tests manually,
so some sort of automated test system is required. Figure 4-16 illustrates
such a system, which employs a 6487 Picoammeter/Voltage Source, 3761
10 Channel Low Current Multiplexer Card, and 3740 32 Channel Isolated
switch card, which has 28 form C relays. These cards are installed in the
3706A System Switch, which controls the relays. These instruments can be
controlled remotely for automated testing.

Inthistestsystem, asingleinstrument, the 6487 Picoammeter/ Source,
provides both the voltage sourcing and low current measurement func-
tions. This instrument is particularly useful for this application because it
candisplay either resistance or leakage current and will source DC voltage.
The 6517B can also be used in this system for lower current measurements.

Depending on the polarity of the voltage source, one of the two diodes
(D)in parallel is used to reduce noise while the other provides a discharge
path. The normally closed contact of the 3740 serves to discharge the
capacitor after it has been measured.

FIGURE 4-16: Capacitor Leakage Test System
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One set of switches is used to apply the test voltage to each capacitor
in turn; a second set of switches connects each capacitor to the picoam-
meter after a suitable soak period.

Low Current Diode Measurements
Overview

The current-voltage (I-V) characterization of diodes often involves meas-
uring very small currents while sourcing voltage. Because of their wide
range of current measuring capability, SMUs are often used to make these
measurements. This section describes how to measure diode current with
forward bias as well as the reverse leakage at high voltage.

Forward Bias |-V Characterization of a Diode

The forward bias current of a diode spans many decades. The measuring
instrument must be configured using a Kelvin (four-wire) technique to avoid
unwanted voltage drops in the test leads while measuring the diode cur-
rent, which can be in the milliamp range when forward biased. The use of
low current measurement techniques is also critical. Figure 4-17 shows the
test configuration for measuring the forward bias current of a diode using
a 2450 Graphical SourceMeter SMU. The 2450 can measure currents from
picoamps to 1A, as well as sweep the bias voltage.

FIGURE 4-17: Connections For Performing Forward Bias |-V Characterization of a Diode
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Sense HI
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! Diode
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?

Force LO
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Figure 4-18 shows the results of measuring the forward I-V character-
istics of the IN3595 diode. This diode curve was generated using the 2450,
which has a touchscreen display and built-in graph. Note that because the
current spans 11 decades, the log of the current is plotted as a function of
the applied voltage.
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FIGURE 4-18: 2450 Graphical SourceMeter SMU Front Panel Touchscreen Display
Showing Forward Bias Diode Curve on Built-in Graph
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Reverse Leakage Current of a High Voltage Diode

Ideally, the reverse current of a diode should be O A; however, a small
reverse current does flow when a reverse voltage is applied. The reverse
leakage is often measured as the voltage is swept from 0 V to a specified
reverse voltage. A large current will flow when the voltage is at the reverse
breakdown level. An SMU is an ideal instrument for measuring the reverse
leakage characteristics of a diode because it can measure low current and
sweep voltage.

Figure 4-19 shows how the 2657A High Power System SourceMeter
SMU can be used to test the leakage current of a high voltage diode. The
2657A can measure the current with 1fA resolution as well as source volt-
age up to 3kV. Alternatively, a 2470 High Voltage Graphical SMU can be used

FIGURE 4-19: Connecting the 2657A High Power System SourceMeter SMU to a High
Voltage Diode
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to source up to 1 kV. When testing high voltage diodes, it is important to
ensure the diode is placed ina properly grounded safety enclosure and that
high voltage cabling is used.

Figure 4-20 shows the results of performing a reverse voltage sweep
from O V to 600 V in 2 V steps on a SiC high voltage diode that is rated to
600 V. This curve was generated using the 2657A; the high voltage SiC diode
was placed in the 8010 High Power Test Fixture, which enhances operator
safety and provides electrostatic shielding.

FIGURE 4-20: Reverse Breakdown Voltage Characteristics of High Voltage Diode
Generated by 2657A System SourceMeter SMU
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4.3.3 Low Current Measurements of MOSFETs

Overview

Various MOSFET tests require making low current measurements. Some
of these tests include gate leakage current, drain-source leakage current,
gate induced drain leakage (GIDL) current, and sub-threshold current.
These measurements are performed at the wafer level and on packaged
devices. The following sections describe how to measure gate leakage
current and sub-threshold current.

Gate Leakage Current

Gate leakage current is usually determined by sourcing a DC voltage ramp
and measuring the resulting current. The leakage current can be due to
the quality of the oxide or it can be due to the physics of the materials. The
leakage current could be ohmic or due to tunneling.
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The gate leakage current is measured between the gate terminal and
the other terminals of the device. Figure 4-21shows a typical test config-
uration for measuring the gate leakage current of a MOSFET. In this setup,
SMUT is connected to the Gate terminal and sweeps the gate voltage and
measures the resulting leakage current. SMU2, connected to the Drain ter-
minal, and SMU3, connected to the Source terminal, are both set to bias 0 V.

FIGURE 4-21: Gate Leakage Test Configuration Using Multiple SMUs
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FIGURE 4-22: Gate Leakage Current vs. Gate Voltage of a Packaged n-MOSFET
Measured by the 4200A-SCS Parameter Analyzer
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Figure 4-22 shows a gate leakage measurement curve for a packaged
n-MOSFET. Note that the magnitude of this curve is less than 1 pA so it
requires a very sensitive ammeter. This curve was generated with the
4200A-SCS Parameter Analyzer equipped with three SMUs and preamps,
which provide 100 aA resolution.

Sub-Threshold Current of MOSFETs

The sub-threshold current test of a MOSFET, which is often done at the
wafer level, is a measure of how quickly the device will turn on and off.
Figure 4-23 shows a typical test set-up for measuring the sub-threshold
current. In this setup, a 4200A-SCS Parameter Analyzer equipped with two
SMUs and preamps uses one SMU to supply a constant drain-to-source
voltage (Vpg)and measures the resulting drain current (Ig). Another SMU is
used to sweep the gate-to-source voltage (Vgg). For this SMU, the current
compliance or measure current value should be set to the highest expected
gate current on a fixed measurement range.

FIGURE 4-23: Sub-Threshold Current Measurement Using Two SMUs
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Figure 4-24 is a plot of Ipg vs. Vgg for an enhancement mode MOSFET,
which was generated by the 4200A-SCS Parameter Analyzer.
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FIGURE 4-24: Ipg vs. Vgg for an Enhancement Mode MOSFET
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4.3.4 Light Measurements with Photomultiplier Tubes
Overview

Applications such as measuring light with a photomultiplier tube generally
require the use of aan electrometer or picoammeter due to the low current
levelsinvolved.

Aphotomultiplier tube (PMT)is a device for convertinglight to electrical
current. The tube consists of alight-sensitive cathode that emits electrons
in proportion to the photons striking it. These electrons are then acceler-
ated to the next stage, where they impinge and cause the emission of three
to six secondary electrons. The process continues through six to fourteen
stages(called “dynodes”), depending on tube type. Overall gains of one mil-
lion or more are commonly attained.

Detailed Operation

Electrons are accelerated by making the voltage of each successive
dynode of the tube more positive than the previous one. The easiest way
to accomplish this is to apply a potential across the entire tube and tap the
dynode voltages off a voltage divider, as shown in Figure 4-25.

The voltages that should be applied to each dynode are a function of
PMT design and are specified for each tube type.

The total resistance of the dynode resistors should be such that the
current flowing through the series resistance is at least 100 times the
expected anode current of the tube:

Voltage, Anode-to-Cathode
100 x Anode Current

RT=
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FIGURE 4-25: Voltage Supply for Photomultiplier Tube

Photomultiplier Tube
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Most photomultiplier tubes require anode-to-cathode potentials from
1000 to 3000 V. The anode is the readout point, so it is usually operated at
near-ground potential and the cathode at a high negative potential. The
2290-5 High Voltage Supply provides up to 5000 V for such applications.

The anode current of most photomultiplier tubesranges fromjust pico-
amps to 100 pA. The picoammeter is commonly used as a readout because
of its high sensitivity. The low input voltage drop (voltage burden) of such
a picoammeter keeps the anode at virtually ground potential. Figure 4-26
illustrates a typical test configuration using a 6485 Picoammeter. If the
PMT requires no more than 1000 V, the 6517B Electrometer/Source would
provide a convenient solution because it can measure the current as well
as supply the voltage.

With this connection method, the picoammeter reads a negative cur-
rent. Occasionally, the current must be measured as a positive value. In

FIGURE 4-26: Basic Photomultiplier Tube Connections
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6485
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such cases, a simple re-arrangement and an additional power supply per-
mit reading positive current. The configuration for measuring positive PMT
current is shown in Figure 4-27. The picoammeter reads the current at the
last dynode, which is equal to the anode current minus the current flowing
to the previous dynode. In effect, a slight amount of PMT gain is sacrificed
to make the measurement.

FIGURE 4-27: Reading Positive PMT Current
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A PMT usually has a small amount of current flowing even when the
cathode is not illuminated. This phenomenon is known as “dark current,”
and is insignificant in most measurements. In other cases, it can either be
subtracted from the reading by using the REL (zero) setting of the picoam-
meter or simply canceled out by using built-in zero suppression if the
instrument has this feature.

lon Beam Measurements
Overview

lon beams are used in a variety of applications, such as with mass spec-
trometers and ion implanters. lon beam current is usually very small (<pA),
so an electrometer or picoammeter is needed to make this measurement.
This section describes how to make these measurements with a 6485
Picoammeter and a 6487 Picoammeter/Voltage Source. An electrometer
can be substituted for greater current sensitivity.

Test Method

If the source of ions is biased off ground, then the ion collector will most
likely be at ground potential. If this is the case, a simple coaxial vacuum
feedthrough can be used to make connections from the collector to the
picoammeter. Figure 4-28 shows a 6485 Picoammeter measuring the cur-
rent from the ion collector, which is operating at ground potential.
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FIGURE 4-28: lon Collector with Grounded BNC Receptacle
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However, if the source of ions is at ground potential, then the ion
collector must be biased off ground. The 6485 Picoammeter can float off
round by only 42 V. Therefore, a picoammeter such as the 6487, which can
float off ground up to 500 V, must be used. Figure 4-29 is an example of
the 6487 biased off ground and measuring an ion beam. The HI terminal
of the picoammeter is connected to the ion collector via a triax vacuum
feedthrough. The LO terminal of the picoammeter is biased off ground
by the voltage source. For safety reasons, a triaxial vacuum feedthrough
should be used if the bias voltage is more than 42 V. The 6487 can supply
up to 500V of bias.

FIGURE 4-29: lon Collector with Triax Receptacle
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6487 Guard
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If a triaxial vacuum feedthrough is unavailable, a metal safety shield
should be built around the isolated BNC connection (Figure 4-30). The
metal safety shield is connected to ground. Floating input signals are dis-
cussed in detail in Section 2.6.8.

Triax Vacuum
Feedthrough
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FIGURE 4-30: lon Collector with BNC Receptacle
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If the bias voltage isless than 42 V off ground, the isolated BNC vacuum
feedthrough will not need a safety shield.

After the connections are made, verify the system is working prop-
erly by turning the bias voltage on and taking a current measurement
with no ion beam current. If there is significant current compared to
the current to be measured, there must be a stray leakage path, which
should be corrected.

Often, the beam current is plotted as a function of time. This can be
done by using either the analog output of the picoammeter or the com-
munications interface to collect readings, then plotting them. The DMM
App for KickStart Software can be used to control the picoammeter and
graphreadings.

Photoconductive Current of PIN Photodiode

Overview

A photodiode is a type of diode or photo detector that converts light into a
current or voltage, depending on whether it is in the photovoltaic (zero-bi-
as) or photoconductive (reverse-bias) mode. When the photodiode is in the
reverse-bias mode, the output current is directly proportional to the light
intensity applied to the photodiode junction. Consequently, photodiodes
can be used to detect even very small quantities of light in a wide range
of applications, including photography, light detectors, medical imaging
instrumentation, and optical communications.

When the photodiode is reverse biased, the resulting current isa com-
bination of the photocurrent (obtained with light) and the dark current (no
light). The photocurrent is typically constant as a function of the applied
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voltage. However, the dark current is a small leakage currentinduced by an
applied voltage. The dark current is a thermally activated leakage of the PN
junction and is often measured as a function of temperature. The photo-
current and dark current measurements can be made with an SMU that can
sweep voltage and measure current over a wide range.

Test Configuration

Figure 4-31shows a 2635B System SourceMeter SMU connected to meas-
ure the photocurrent of a reverse-biased photodiode. This instrument can
sweep the voltage and measure the current with <1fA resolution. It can also
measure the forward bias |-V characteristics of the photodiode. In that
case, make Kelvin connections to the DUT to prevent unwanted voltage
drops from affecting measurement accuracy.

FIGURE 4-31: Low Current SourceMeter SMU Connected to Perform |-V
Characterization of a Photodiode

Force HI
2635B .
System Photodiode
SourceMeter /
/\¥
Force LO

Figure 4-32 illustrates the results of measuring the reverse-bias cur-
rent of a PIN silicon photodiode using the 2635B. In this example, the |-V
curves were generated at different low levels of light intensity (L1-L3).
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FIGURE 4-32: Photoconductive Current vs. Reverse Bias Voltage of PIN Photodiode at
Different Light Intensities (L) Measured by the 2635B
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4.3.7 Avalanche Photodiode Reverse Bias Current Measurements
Overview

An avalanche photodiode (APD)is a high sensitivity, high speed photodiode
that has an internal gain mechanism activated by applying a reverse volt-
age. The gain of the APD can be controlled by the magnitude of the reverse
bias voltage. A larger reverse bias voltage results in a larger gain. APDs are
operated with an electric field strength such that an avalanche multiplica-
tion of photocurrent occurs similar to a chain reaction. APDs are used in a
variety of applications requiring high sensitivity to light such as fiberoptic
communications and scintillation detectors.

Common electrical measurements of APDs typically include the break-
down voltage, responsivity, and reversed bias current measurements. The
maximum current rating for a typical APD is 10-4 to 10-2 A, while the dark
current can be as low as the 102 to 10-® A range. The maximum reverse
bias voltage will vary, depending on the material of the APD, but can be up
to 100V for InGaAs APDs or up to 500 V for Si devices.

Test Description

Measuring the reverse bias current of an APD requires an instrument
that can measure current over a wide range as well as output a voltage
sweep. Because of these requirements, instruments such as the 6487
Picoammeter/Voltage Source or the 6430 Sub-Femtoamp SourceMeter
SMU are ideal for these measurements.
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Figure 4-33 shows a 6430 connected to a photodiode. The photodiode
is placedinan electrically shielded dark box. To shield the sensitive current
measurements from electrostatic interference, connect the box to the LO
terminal of the 6430.

FIGURE 4-33: APD Connected to a 6430 Sub-Femtoamp Remote SourceMeter SMU

Shielded
6430 Box
Sub-femtoamp |' """"
SourceMeter

Figure 4-34 shows a current vs. reverse voltage sweep of an InGaAs
APD, generated by the 6430 SourceMeter SMU. Note the wide range of
current measurements. The avalanche region becomes more pronounced
with increasing light. The breakdown voltage will cause the current to flow
freely since electron-hole pairs will form without the need for light striking
the diode to generate current.

FIGURE 4-34: Current vs. Reverse Voltage Sweep of anInGaAs APD Measured
by the 6430
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4.3.8 Current-Voltage Characterization of Carbon Nanotube
(CNT)FETs

Overview

Carbon nanotube transistors (CNTs) have been the subject of much sci-
entific research in recent years, due not only to their small size but their
remarkable electronic and mechanical properties and wide range of poten-
tial applications. In particular, researchers are studying CNT-based devic-
es, such as CNT FETs, for use in applications such as sensors, transistors,
memory devices, etc. Characterizing the electrical properties of delicate
nanoelectronic devices requires instruments and measurement tech-
niques optimized for low power levels and high measurement sensitivity.

Test Configuration

CNT FETs are three-terminal devices and require two or three SMUs for -V
characterization. Figure 4-35 shows a typical test configuration for gen-
erating an Ip-Vg curve. In this setup, two SMUs in a 4200A-SCS Parameter
Analyzer are connected to the Gate and Drain terminals of a CNT FET. The
Source terminal is either connected to a third SMU or to the Ground Unit.
For the drain current vs. gate voltage test, SMU1 sweeps the gate voltage
(Vg) and SMU2 outputs a constant DC drain voltage (Vp) and measures
the resulting drain current (Ip). This configuration allows obtaining a DC
|-V drain family of curves easily by changing the function of SMU1 to step
the gate voltage and SMU2 to sweep the drain voltage and measure the
drain current.

Figure 4-36 is an Ip-Vg plot of a CNT FET. In this curve, the drain
voltage was set to a constant 2 V. The SMUs with preamps in this system
allow measuring current over a wide range from 100 mA down to 100 aA
resolution.

To prevent damage to the device while performing |-V characteriza-
tion, it's important to limit the amount of current that can flow through
the device, which can be done by adjusting the source limit (compliance)
on the SMU.

When measuring low current on CNT FETs, a variety of sources can
generate noise, including particle collisions, defects, AC pickup, and elec-
trostatic interference. Always use shielding techniques and the appropri-
ate line cycle integration time to minimize noise.

Make sure the probes are in the up position (not in contact with the
device) when connecting and disconnecting instruments from the termi-
nals of the device. The process of moving cables has the potential to inject
charge into the device and cause damage.
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FIGURE 4-35: Circuit for Measuring the DC I-V Characteristics of aCNT FET
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FIGURE 4-36: Drain Current vs. Gate Voltage of CNT FET Measured with a 4200A-SCS
Parameter Analyzer
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Note: The CNT FET sample was supplied by Sandia National Labs, Livermore, California.
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High Resistance Measurement Applications

Electrometers can measure high resistance either by sourcing current and
measuring voltage or by sourcing voltage and measuring current. These
methods were discussed in Section 2.4. Picoammeters with voltage sourc-
es and some SMUs can also measure high resistances. High resistance
measurement applications include surface insulation resistance testing,
resistivity measurements of insulators and semiconductors, and voltage
coefficient testing of high ohmic value resistors.

Surface Insulation Resistance Testing of
Printed Circuit Boards

Overview

Low surface insulation resistance (SIR) of a printed circuit board (PCB) can
degrade the performance of the circuits onthe board considerably. Factors
that affect a board'’s surface insulation resistance include the board mate-
rial used, the presence of coatings such as solder masking or conformal
coatings, board cleanliness, and relative humidity.

The measuredinsulationresistance typicallyrangesfrom107Qto 106 Q,
so an electrometer or picoammeter must be used to make this measure-
ment. This section describes surface insulation resistance measurements
using the 6517B Electrometer/Voltage Source. For some applications, the
6487 Picoammeter/Voltage Source may be substituted for the 6517B.

Basic Test Procedure

The procedure for insulation resistance testing consists of preparing, con-
ditioning, and measuring the sample. Details may vary, based on specific
test methods.

In preparation, the sample is inspected visually for defects. Then
Teflon®-insulated leads are attached to the sample. One alternative meth-
od is to use test boards with card edge connectors for easy connection to
the test system. Finally, the samples are cleaned and dried according to
the requirements of the test method used. After preparation, insulation
resistance measurements are typically made before, during, and after the
samples are placed in an environment with controlled temperature and
humidity.

To make the measurement, a constant voltage is applied for a pre-
defined period, usually 60 seconds, and the resulting current is measured
with a picoammeter or electrometer.

Test Configuration

Figure 4-37 depicts a system to test the insulation resistance of ten test
sites. Each test site can be thought of as an isolated resistor. The 6517B
Electrometer applies the bias voltage (V1gg7). measures the leakage cur-
rent, then calculates the resistance of each resistor. The 3706A System
Switch/Multimeter switches the electrometer and voltage source to each
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FIGURE 4-37: SIR Test System to Measure Ten Test Sites
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test pattern, X1 through X10. The voltage channels are switched with the
3740 Isolated Switch Card, while the current channels are switched with
the 3761Low Current Multiplexer Card. Note that the maximum source volt-
age is limited to 300 V when using the 3740 Card.

To measure X1, Channel 1 on the 3740 Card and Channel 1 on the 3761
Card are closed. This will bias the X1 resistor and, after a specified “soak”
time, the resulting current is measured. To measure the X2 resistor,
ChannelTonboth the 3740 and 3761 cards is opened, and Channel 2 on each
card is closed. Again, the current is measured after the desired soak time.

The resistors (Ry) are current limiting resistors used to protect the
switches and electrometer from high current. These resistor values should
be such that the voltage drop at the maximum measured current will not
affect measurement accuracy.

Note that when a channel is opened, the corresponding resistor termi-
nalis connected to circuit LO. This allows any charge across the resistance

to be discharged to circuit LO when the resistance is not being measured.

The 3706A Mainframe has six slots, so for this application, two 3740
cards and four 3761 cards will enable switching up to 40 devices.
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4.4.2 Resistivity Measurements of Insulating Materials

Overview

The ideal way to measure the resistance of an insulating material is to apply
aknown potential to the sample and measure the resulting low current with
an electrometer or picoammeter. The resistivity is derived by measuring
the resistance and then converting the resistance to surface or volume
resistivity by taking geometric considerations into account. Insulators are
poor conductors of electrical currentand typically have a volume resistivity
in the range of 10° to 1020 ohm-cm. To account for the sample’s geometry,
electrodes with convenient dimensions should be used, such as Keithley’s
8009 Resistivity Test Fixture.

Two common standard resistivity test methods for insulating materials
include ASTM D257“DC Resistance or Conductance of Insulating Materials”
and the |EC 62631-1"Dielectric and Resistive Properties of Solid Insulating
Materials”. These standards provide detailed information on calculations,
sample preparation, correction factors and other measurement consider-
ations. The test configurations will vary depending on whether measuring
the surface or volume resistivity of the sample.

This section describes how to make volume and surface resistivi-
ty measurements using an electrometer or picoammeter and the 8009
Resistivity Test Fixture, describes measurement dependencies, and dis-
cusses offset compensation techniques including the Alternating Polarity
Method and the Alternating Voltage Method.

Volume Resistivity Measurements

Volume resistivity is a measure of the leakage current directly through a
material. Itisdefined as the electrical resistance through a one-centimeter
(1em=Tcm x1cm)cube of insulating material and is expressed in ohm-cen-
timeters. When measuring the volume resistivity, the test sample is placed
between two electrodes and a potential difference is applied between
them. The resulting current is distributed through the volume of the test
sample and is measured using a picoammeter or electrometer. The resis-
tivity is calculated from the geometry of the electrodes and the thickness
of the sample:
Kv

= — X

v
t I
where:
p =volume resistivity (Q-cm)
Ky=effective areaof measuring electrode based on cellgeometry(cm?)
V =applied voltage (volts)
| =measured current (amperes)

t =sample thickness(cm)
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Figure 4-38 depicts a measurement configuration that complies with
ASTM D257 for volume resistivity measurements. In this circuit, the HI of
the ammeter is placed on the bottom electrode and the Hl of the voltage
source to the top electrode. The LO of the ammeter and the LO of the
source are connected. The bottom ring electrode is connected to guard
(LO of the ammeter) to prevent surface leakage currents from being added
into the measurement.

FIGURE 4-38: Volume Resistivity

Top Electrode
8009 Resistivity
Fixture Test Sample
(cross-sectional
view)
Bottom Electrode Ring
HI HI
6517B Electrometer or I Guard ~—  \Voltage
6487 Picoammeter M JEL ——— Source
LO LO

Surface Resistivity Measurements

Surfaceresistivity is defined as the electrical resistance of the surface of a
material and is expressed in ohms or ohms per square. The units for sheet
resistivity are expressed as ohms per square ((/sq) in order to distinguish
this number from the measured resistance (V/I) which is units of just ohms.
Itis measured by placing two electrodes on the surface of the test sample,
applying a potential difference between them, and measuring the resulting
current. The surface resistivity is calculated as follows:

o= Ksxr

where:
o =surface resistivity (Q or 0/sq)

Kg = effective perimeter (P) of the measured space divided by the gap
(g)between the two electrodes based on cell geometry

V =applied voltage (volts)
| =measured current (amperes)

Figure 4-39 is a configuration for measuring surface resistivity. This
configuration is similar to the circuit for performing volume resistivity
measurements, except that the resistance is measured between the bot-
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tom two electrodes. Note the top electrode is guarded, so that only current
flowing across the insulator is measured by the picoammeter.

FIGURE 4-39: Surface Resistivity
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Using the 8009 Resistivity Test Fixture

No sample preparation is necessary when using the 8009 Resistivity Test
Fixture. This fixture ensures a standardized electrode configuration,
eliminating the need to paint electrodes on the sample. The recommended
sample size for using this test fixture is 2.5 - 4 inches in diameter and up to
0.125 inch thick.

Some extremely rigid samples, such as glass epoxy and ceramics,
require an interface between stainless steel electrodes and the sample
surface. The 8009 includes conductive rubber for the top and bottom elec-
trodes to enhance surface contact between the sample and the fixture.
Care must be taken because the electrode area becomes the area of the
contact medium. If it is not the same configuration and size as the elec-
trodes, the conversion constants furnished with the system may be invalid.

The 8009 employs a safety interlock to prevent the high voltage from
being applied to the electrode until the test fixture lid is closed. This fixture
also shields the sample from electrostatic interference.

Resistivity Measurements

Keithley electrometers and picoammeters can be controlled by acomputer
to automate the measurements and return the current, resistance, and
time. The voltage is applied for a known period (usually 80 seconds) while
the resulting current is measured. At the end of the electrification time, a
current measurement is taken, and the resistivity is calculated based on
the applied voltage and electrode geometry.

The graphs of the current and resistance as a function of time to an
applied voltage on a PVC compound material are shown in Figure 4-40. The
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exponential current response is shown in the top graph, and the calculated
resistance is shown in the bottom graph. These graphs were generated
using the High Resistivity App for Kickstart Software which programs the
6517B to automatically measure the current and resistance as a function of
time to an applied voltage.

Figure 4-40: Current and Resistance vs Time Response to an Applied Voltage

Factors Affecting High Resistivity Measurements

Several factors can affect volume and surface resistivity measurements of
insulators including the electrification time, the magnitude of the applied
voltage, and humidity.

First, these measurements are functions of the applied voltage.
Sometimes, the voltage is varied intentionally to determine an insulator’s
voltage dependency. To illustrate the voltage dependency of resistivi-
ty measurements, the 6517B Electrometer/Voltage Source was used to
measure the resistivity of a Bakelite® plastic sample at four test voltages:
25V,50V,100V,and 200 V. Figure 4-41shows the results of these resistivity
measurements as a function of time. Notice how, in this example, the resis-
tivity decreases as the voltage increases.

The resistivity of insulators also varies as a function of the electrifica-
tiontime. The longer the voltage is applied, the lower the measured current
(and the higher the resistivity) becomes because the material continues to
charge exponentially. This time dependency is illustrated in Figure 4-42.
In this example, a constant DC bias was applied to a Bakelite plastic sam-
ple and the resistivity as a function of time was measured with the 6517B
Electrometer/Voltage Source. At time t=10 s, the volume resistivity (p) was
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FIGURE 4-41: Voltage Dependency of Volume Resistivity Measurements of Bakelite
Sample Measured with 6517B
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FIGURE 4-42: Resistivity vs. Time of Bakelite Plastic Sample at Constant DC Bias
Measured with the 6517B
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3.23E12 Q-cm. However, at t=60 s, the resistivity was 3.54E12 Q-cm. This is
adifference of about 10%. When comparing samples, it is always important
to use the same time of electrification.

Humidity greatly affects the results of surface resistivity measure-
ments and, to a lesser degree, volume resistivity measurements, as well.
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Moisture will cause the surface resistivity measurements to be lower
than normal.

To make accurate comparisons between specific tests, the applied
voltage, electrification time, and environmental conditions should be kept
constant from one test to the next.

Correcting for Offset Current

When measuring materials with very high resistivity, background currents
may cause measurement errors. Background currents may be due to
charge stored in the material (dielectric absorption), static or triboelec-
tric charge, or piezoelectric effects. Background currents can be equal
to or greater than the current stimulated by the applied voltage. If the
background current is the same polarity as the measured current, the
resultant measured current value will be much higher than the true value. If
the background current is the opposite polarity, these unwanted currents
could cause areverse polarity current reading. That is, the current polarity
is opposite the polarity of the applied voltage, so the calculated resistance
will be negative. To counter these problems, the Alternating Polarity and
Alternating Voltage Methods can virtually eliminate the effects of back-
ground currents in the sample.

Alternating Polarity Method

The Alternating Polarity Method applies a bias voltage of positive polarity,
then the current is measured after a specified delay. Next, the polarity
is reversed and the current is measured again, using the same delay. By
alternating the polarity of the applied voltage using this iterative process,
it is possible to cancel out the effects of these background currents. The
polarity reversal process can be repeated any number of times. The resist-
ance is calculated based on a weighted average of the most recent current
measurements.

The 6517B Electrometer has the Alternating Polarity Method built into
atest sequence. With this method, the user enters the test voltage, meas-
urement time, and the number of iterations. The final resistance value is
calculated and stored in memory.

The Alternating Polarity Method can be automated by controlling 6517B
using the High Resistivity App for Kickstart Software. Kickstart Software
enables the user to view the actual current vs time waveform that results
from the alternating polarity voltage. A typical screen capture showing the
current vs time results taken by the software is shown in Figure 4-43. Note
the exponential decay in the current using both positive and negative test
voltage. The top graph shows the current vs time and the bottom graph
shows the calculated surface resistivity. Notice the surface resistivity
doesn'’t appear on the graph until after the second iteration. The software
provides a final calculated resistivity value when the test is finished.
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4-40

Figure 4-43. Current Waveform Resulting from Applied Alternating Polarity Voltage

Alternating Voltage Method

In addition to measuring resistance by forcing a voltage and measuring
current, the 6487 Picoammeter/Voltage Source offersabuilt-in Alternating
Voltage Ohms mode, which consists of taking two current measurements—
one at a user-specified test voltage and one at 0 V. By determining the
currentdifference that results from the step voltage, this mode cancels out
the effects of background current.

Resistivity of High Resistance Semiconductor Materials
Overview

Semiconductor materials may have high resistivities depending on the
level of doping. Several factors can complicate measuring the resistivity
of these materials, including problems in making good contact with the
material. Special probes have been designed for making resistivity meas-
urements on semiconductor wafers and bars. These probes typically use
a hard metal such as tungsten, which is ground to a sharp point. Contact
resistance is very high in these cases, so either a four-point collinear
probe or four isolated probes should be used. While two contacts supply a
constant current, the other two contacts measure the voltage drop across
a portion of the sample. The resistivity can be calculated by applying geo-
metrical factors to the measured resistance.

These measurements may seem straightforward, but certain precau-
tions should be observed. Good shielding of the contacts and electrical
leads is important for three reasons:

1. Thecircuitinvolves highimpedance, so it's susceptible to electrostatic
interference.

2. The contact points on the semiconductor material can cause a diode
action and, thus, rectify any pickup and display it as a DC offset.
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3. The material is usually sensitive to light.

The following paragraphs discuss measuring semiconductor resistiv-
ity using both the four-point collinear probe and van der Pauw techniques.

Four-Point Probe Technique

The four-point collinear probe resistivity measurement technique involves
bringingfourequally spaced probesincontact with the material of unknown
resistance. The probe array is placed in the center of the material. Figure
4-44 s a diagram of this technique.

FIGURE 4-44: Four-Point Collinear Probe Method of Measuring Resistivity
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A known current is passed through the two outside probes and the
voltage is sensed at the two inside probes. The resistivity is calculated
as follows:

T

v
= Itk
P 2 * T

where: V =the measured voltage (volts)
| =thesource current(amps)
t =the waferthickness(cm)

k =acorrectionfactor based on the ratio of the probe to wafer
diameter and on the ratio of wafer thickness to probe
separation

As shown in Figure 4-45, a more realistic circuit would include a con-
tact or spreading resistance at each probe (rq through r,), the finite resist-
ance from LO to earth ground of both the current source (R¢) and the volt-
meter (Ry), and the input resistance of the voltmeter (R,y). Depending upon
the material, the contact resistance (r) may be as much as 300 times or
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FIGURE 4-45: Realistic Circuit of the Four-Point Collinear Probe Method
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more than the measured resistance (R,). This requires the current source
to have considerably higher compliance voltage than might be expected
and the voltmeter must have a much higher input resistance.

The current source is not completely isolated from earth ground, so
as the sample resistance increases, it becomes increasingly necessary
to use a differential electrometer. The problem exists because the sample
may have a very high resistance (108 Q or higher), which is of the same order
of magnitude as the isolation (Input LO to chassis, Ry) of the electrometer
voltmeter. As shown in Figure 4-45, an AC current will flow from the LO
terminal of the current source through the sample and to the voltmeter's
LO terminal, then back to ground. The resulting voltage drop across rz will
cause erroneous results when the voltmeter measures the voltage drop
between probes 2 and 3.

Using two electrometers eliminates this problem, as shown in Figure
4-46. The voltmeter will read the difference between the two electrom-
eters’ buffer outputs, which is equal to the voltage across R,. The values
(rq, 9. r3, and r,) represent the resistance due to the probe in contact with
the material. The unity-gain buffers have very high input impedance, so
little common-mode current will flow through rz and the value of R, can be
calculated easily. The buffers can be a pair of JFET op amps or two elec-
trometers with unity-gain outputs.
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FIGURE 4-46: Making Differential Four-Point Probe Measurements
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FIGURE 4-47: High Resistance Four-Point Probe Measurement System
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Figure 4-47 is a schematic of a high resistance measurement system,
which includes two electrometers (6514), a DMM (DMM6500), and a cur-
rent source (6220 or 6221). In this circuit, the electrometers are used as
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unity-gain buffers. The DMM measures the difference between the outputs
of the two electrometers. The settling time of the measurement will be
much faster if the electrometers are used in the guarded mode. Guarding
reduces the effects of the shunt capacitance in the circuit so the charging
time can be much faster. If feasible, triax cables should be used to ensure
that guard is connected as close to the material as possible.

Both the 6220 and 6221 have very high output impedance and a built-in
guard. Just as with electrometers, using guarding will reduce the measure-
ment time because the cable capacitance will no longer affect the time
constant of the measurement.

To avoid leakage currents, use either isolated or guarded probes to
make contact with the sample. The current source should be in the guarded
mode. See Section 2.2.1for a more detailed discussion of guarding.

van der Pauw Technique

The van der Pauw technique for measuring resistivity also employs a con-
stant-current method. This method is particularly useful for measuring
very small samples because the dimensions of the sample and the spacing
of the contacts are unimportant. This technique uses four isolated con-
tacts on the boundary of a flat, arbitrarily shaped sample. Eight measure-
ments are made around the sample, as illustrated in Figure 4-48.

Two values of resistivity, py and pg, are then computed as follows:
. T (Vo + V4 -Vy-V3)
PAT lnz A% 41

T (V6+V8—V5—V7)
Pe= o fets——
where: p, and pg are resistivities in ohm-cm;
tgis the sample thicknessincm;
V,-Vgrepresent the voltages measured by the voltmeter;
l'is the current through the sample inamperes;

fpand fgare geometrical factors based on sample symmetry,
and arerelated to the two voltage ratios Q, and Qg as shownin
the following equations(f, = fg = 1for perfect symmetry).

0p and Qg can be calculated using the measured voltages as follows:

Vy-V
Oa= VZ—V]
4~ V3
Vg-V
0= VS—VS
8~ V7

Applications SECTION 4

bty



FIGURE 4-48: van der Pauw Resistivity Measurement Conventions
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Also, Qand f are related as follows:

O_‘] 80.693/f)
0+1 ~ 0.693

arc cosh(

A plot of this function is shown in Figure 4-49. The value of f can be
found from this plot once Q has been determined.

FIGURE 4-49: Plot of f vs. 0
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Note that if p, and pg are not within 10% of one another, the sample is
not sufficiently uniform to determine resistivity accurately, and should be
discarded.

Once pa and pg are known, the average resistivity (payg) can be deter-
mined as follows:

_ PatpPs
Pave 9

As with the four-point collinear probe method, a differential measure-
ment may be required if the sample resistance is of the same magnitude as
the isolation (meter common to ground) of the voltmeter. As Figure 4-50a
shows, common-mode current may flow between terminals 4 and 3 of the
sample. Figure 4-50b illustrates how this problem can be resolved by using
unity-gain buffers and a differential measurement. Now, very little com-
mon-mode current flows between terminals 4 and 3.

The system shown in Figure 4-51employs the Keithley 3765 Hall Effect
Card to make van der Pauw measurements. The system includes the fol-
lowing instruments: 3765 Hall Card, DMM6500, 6220 Current Source, 6485
Picoammeter, and 3706A System Switch. The current source and voltmeter
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FIGURE 4-50a: Erroneous Measurements Caused by Common-Mode Problems
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FIGURE 4-50b: Eliminating Common-Mode Errors with a Differential Measurement
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are automatically switched to all sides of the sample using the Hall Effect
Card. This eliminates the need to connect and disconnect the leads four
times. Also, the card has built-in unity-gain buffers, so differential meas-
urements can be made easily on high resistivity samples. With the addition
of a controlled magnetic field, this system can also be used to determine
the Hall coefficient of the sample.

The 4200A-SCS Parameter Analyzer can measure resistivity using
either the four-point collinear probe or van der Pauw methods. Testing high
resistance samples requires the use of voltmeters with very high input
impedance(>10™ Q)and a current source that can output very small current
(<1nA)and which has high output impedance. The 4200A-SCS is suitable for
this application because it can be configured with multiple SMUs that have
high input impedance (>10"® Q) and accurate low current sourcing.
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FIGURE 4-51: van der Pauw Measurement System
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A 4200A-SCS configured with four SMUs and four preamps can be used
to make van der Pauw resistivity measurements. One SMU is connected to
each terminal of the sample and a series of eight measurements are made
around the sample, as shown in Figure 4-52. From these eight measure-
ments, the resistivity is calculated.

The 4200A-SCS includes built-in interactive software, called Clarius,
which has a test library that includes vdp tests that use four SMUs. The
Clarius software automatically changes the function of each SMU to either
a current source, voltmeter, or common in order to source current and
measure voltage around all sides of the sample. Figure 4-53 is a screen
capture of the Configure view of the Clarius software of the vdp test for
determining volume resistivity.

The Clarius library also has a test for determining the Hall coefficient.
An electromagnet must be used for this application.
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FIGURE 4-52: SMU Configurations for the eight van der Pauw Measurements in Clarius Software
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FIGURE 4-53: Screen Capture of van der Pauw resistivity test on the 4200A-SCS
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Voltage Coefficient Testing of High Ohmic Value Resistors
Overview

Very high ohmic value resistors may exhibit a significant change in resist-
ance with a change in applied voltage. This effect is known as the voltage
coefficient. The voltage coefficientis the percent change inresistance per
unit change in applied voltage and is defined as follows:

(Ry-Ry) . 1
R-I (VZ_V1)

Voltage Coefficient (%/V)= x100%

Alternately, the voltage coefficient may be expressedin ppmasfollows:

(Rg-Ry) 1

x 108
R] (Vz‘V])

Voltage Coefficient (ppm/V)=

where: R; = resistance calculated with first applied voltage (V;).
R, = resistance calculated with second applied voltage (V,).
Vy, >V,
Atypicalvoltage coefficientforal0GQresistorcanbeabout-0.008 %/V
or -80 ppm/V. Thus, if a high resistance is required in a measurement
circuit, the error analysis must account for the error due to the voltage

coefficient of the resistor, in addition to all other time and temperature
error factors.

Using the 6517B to Determine Voltage Coefficient

Measuring the voltage coefficient of a high resistance requires sourc-
ing a voltage and measuring a low current. An electrometer, such as the
6517B, is required to make this measurement. The 6517B has a built-in test
sequence for determining voltage coefficient. This test makes resistance
measurements at two different voltage levels, then calculates the voltage
coefficient. The voltage coefficient is displayed as a percent change in
resistance per volt.
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Figure 4-54 is a typical test configuration for voltage coefficient
measurements with the 8517B. To minimize noise and leakage resistance,
the resistor should be placed in a shielded, guarded test fixture. Connect
the shield of the test fixture to the LO of the electrometer and connect the
LO of the electrometer to the LO of the source. Connect the HI terminal of
the electrometer to one end of the resistor and the HI of the voltage source
to the other end.

FIGURE 4-54: Connecting the 6517B Electrometer for Voltage Coefficient Testing
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The resistor is first measured with test voltage V;, giving R;. Next, it is
measured with test voltage V, (where V, is greater than V;), giving R,. The
voltage coefficient for the resistor is then calculated using the equation
givenin the overview.

Insulation Resistance (IR) Measurements of Cables

Overview

A cable’s insulation resistance (Rjg)is the ratio of the voltage applied to the
conductors of the cable to the total current between them. This current
is known as the leakage current. For a coaxial cable, the Rjg would be the
resistance between the shield and center conductor. Insulation resistance
measurements are also performed on cables with multiple conductors. In
these instances, the insulation resistance is measured from one conductor
to all other conductors and the shield.

Insufficient insulation resistance may indicate a cable failure, such as
a soft short, a mechanical failure, insulator defects, or moisture penetra-
tion and contamination. High insulation resistance is especially important
in applications where the source resistance is very high. If the insulation
resistance is of the same magnitude as the source resistance, system
errors are inevitable.

The insulation resistance between the conductors within a cable
should be very high, usually >10 GQ. Because the leakage currents being
measured are usually in the nanoamp to picoamp ranges, an electrome-
ter, picoammeter, or SMU are required due to their excellent low current
sensitivity.

APPLICATIONS



45

Using an SMU to Measure the IR of a Coax Cable

Figure 4-55 illustrates a test configuration for measuring the insulation
resistance between the two conductors of a coaxial cable using an SMU.
The two conductors in a coaxial cable are the center conductor and
the shield, or outer conductor. In this circuit, the HI terminal of the MP5000
Series SMU Module is connected to the center conductor, and the LO termi-
nal of the SMU is connected to the outside shield of the coax cable.

Figure 4-55: SMU Connections for Insulation Resistance Test of Coax Cable

Coax Cable

HI |

N Shield

MP5000
Series
SMU Module —_—

After the connections are made, a test voltage (V) is applied to charge
the dielectric. The voltage and soak times should be specified in the test
criteria, and the same values should be used consistently. After the speci-
fied time, the resulting current (l) is measured. The insulation resistance is
then calculated, using the equation:

R|R =V/I.

IR measurements are often performed at a specified cable length. For
example, the Rjg per 1000 feet of cable can be written as Rjgyggg- In some
cases, othergeometrical considerations, such as the diameter of the cable,
may be taken into account in the IR calculation.

To avoid errors due to leakage current, the resistance of the cables
and fixtures used to make the measurement should be as high as possible.
Electrostatic shielding should be used to avoid noisy readings.

Charge Measurement Applications

The coulombmeter and the techniques used to make charge measure-
ments were described in Sections 1and 2 respectively. Charge measure-
ments include applications such as measuring capacitance and static
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charge on objects. As discussed in Section 2.3.8, charge measurement
techniques can also be used to measure very low currents (<10 fA).

Capacitance Measurements
Overview

The coulombs function of an electrometer can be used with a step volt-
age source to measure capacitance. This technique is especially useful
for testing cables and connectors because it can measure capacitances
ranging from <10 pF to hundreds of nanofarads. The unknown capacitance
is connected in series with the electrometer input and the step voltage
source. The calculation of the capacitance is based on this equation:

0
C=v
Test Method

The basic configuration for measuring capacitance with a 6517B
Electrometeris shownin Figure 4-56. The instrument is used in the charge
(or coulombs) mode and its internal voltage source provides the step volt-
age. Just before the voltage source is turned on, disable the meter’s zero
check and suppress the charge reading by using the REL function to zero
the display. Then, turn on the voltage source and note the charge reading
immediately. The capacitance is calculated from:
0;-0,

c= 2~ 1
Va-Vy

where: Q, =final charge
0, =initial charge assumed to be zero
V, =step voltage
V, =initial voltage assumed to be zero
After the reading has beenrecorded, reset the voltage source to 0V to

dissipate the charge from the device. Before handling the device, verify the
capacitance has been discharged to a safe level.

FIGURE 4-56: Capacitance Measurement Using 6517B Electrometer
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The unknown capacitance should be in a shielded test fixture. The
shield is connected to the LO input terminal of the electrometer. The HI
input terminal should be connected to the highest impedance terminal of
the unknown capacitance. For example, when measuring the capacitance
of alength of coaxial cable, connect the Hl terminal of the electrometer to
the center conductor of the cable, allowing the cable shield to minimize
electrostatic interference to the measurement.

If the rate of charge is too great, the resulting measurement will be
in error because the input stage becomes temporarily saturated. To limit
the rate of charge transfer at the input of the electrometer, add a resistor
in series between the voltage source and the capacitance. This is espe-
cially true for capacitance values >1 nF. A typical series resistor would be
10kQ to 1MQ.

Using a Faraday Cup to Measure Static Charge on Objects
Overview

Insulators permit only a slight motion of electrons; therefore, electro-
static charges can build up on a material and create hazards. The problem
generally is not the static charge itself on the object, but rather the spark
generated when the object discharges. Therefore, in order to understand
and control these problems, it's necessary to measure the static electricity
on an object. This can be done by placing the object in a Faraday cup and
measuring the charge with an electrometer. The Faraday cup method can
be used to measure the charge on a wide range of substances and objects,
such as plastics, films, liquids, gases, and electronic components.

A Faraday cup (sometimes called a Faraday cage)is an enclosure made
of sheet metal or conductive mesh. The electric field withina closed, empty
conductor is zero, so the cup shields the object placed inside it from any
atmospheric or stray electric fields. This allows measuring the charge on
the object accurately.

Description of a Faraday Cup

Figure 4-57 illustrates a Faraday cup. It consists of two electrodes, one
inside the other, separated by an insulator. The inside electrode is con-
nected to the electrometer Hl and the outside electrode is connected to
the electrometer LO. When a charged object is placed within the inside
electrode, aninduced charge will flow into the electrometer.

A Faraday cup can have virtually any dimensions, depending on the
size and shape of the object to be tested. Cylindrical and spherical shapes
are typically the most convenient choices—simple metal containers like
paint cans are often used. The electrodes can be made of any conductive
material. The supportinsulators should be made of materials with very high
resistance, such as Teflon® or ceramic.

For convenience in making connections, mount a BNC connector on
the outside electrode. Connect the outer or shield connection of the BNC
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FIGURE 4-57: Faraday Cup
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connector to the outside electrode, then connect the inner conductor of
the BNC connector to the inside electrode. Use an adapter to connect the
BNC connector to the triax input of the electrometer.

Test Procedure

To perform the test, connect an electrometer to the Faraday cup using a
shielded cable. Turn on the electrometer, select the coulombs function,
then disable “Zero Check.” Press “Rel” to zero the display. Drop the charged
object to be tested into the Faraday cup. Note the charge reading on the
electrometer immediately; don't wait for the reading to settle because the
input bias current of the electrometer will continue charging the input of
the meter. This is particularly important when the unknown charge is at
the pico-coulomb level. If the object is conductive, it will be discharged as
soon as it touches the electrode. Enable “Zero Check” to re-zero the meter
in preparation for the next measurement.

Low Voltage Measurement Applications

Nanovoltmeters and techniques for measuring low voltage were described
in Sections 1and 3 respectively. In particular, Section 3.2 discussed a num-
ber of error sources that can seriously affect precision measurements.
Low voltage measurement applicationsinclude standard cell comparisons,
highresolution temperature measurements and microcalorimetry, and Hall
voltage measurements.

Standard Cell Comparisons
Overview

Standard cells are electrochemical cells used as voltage references in
many electrical standards laboratories. If cared for properly, standard cells
are very stable. The voltage of the individual cell is determined by calculat-
ing the present value, based on a series of measured cell differences, from
an accepted reference.
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Because individual cells may differ by only a few microvolts, making
accurate measurements requires using a nanovoltmeter and low voltage
measurement techniques. This application describes comparing two stan-
dard cellsand comparing a standard cell with a precision voltage reference.

Comparing Two Standard Cells

Standard cell intercomparisons require measuring the potential difference
between areference and an unknown standard cell. All cell differences are
determined in a series opposition configuration. As shown in Figure 4-58,
the negative terminals of the standard cells, V; and V,, are connected.
Copper conductors connect the cells to the voltmeter to minimize errors
due to thermoelectric EMFs(Vgyp)-

FIGURE 4-58: Connections for Standard Cell Comparison, Reading #1

HI +| -

[
LO | °
Veme | * Unknown

2182A v —
Nanovoltmeter _

Standard Cells
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Reading #1 = V; - V, + Ve

Once the measurement connections are made, take care to avoid
errors due to thermally generated potentials. To minimize the effects
of thermoelectric EMFs, a second measurement is taken with the cells
reversed, as shown in Figure 4-59. The small voltage difference is calcu-
lated by averaging the absolute values of the two readings, as discussed in
Section 3.2.2.

Throughout the entire intercomparison process, it's desirable to
establish the stability of a measured cell difference by calculating a stan-
dard deviation across several redundant readings.

Once stability is achieved, the voltage for each cell is calculated
based on the group mean. Several readings are usually averaged for each
comparison. This process of intercomparing cells is repeated at intervals
established by the standards laboratory. The results can be plotted and
compared over time. This process is useful for maintaining fewer than six
cells. If more cells must be maintained, an automated scanner with com-
puter control can be used to manage them more effectively.
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FIGURE 4-59: Connections for Standard Cell Comparison, Reading #2
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Comparing a Precision Voltage Source with a Standard Cell

Astandard cell can be used to determine the value of a precision DC voltage
source, as shown in Figure 4-60. A precision divider box divides the voltage
source down to roughly the standard cell voltage. A nanovoltmeter is used
as a null detector to determine the difference between the divider output
and the standard cell. Once the divider ratio and the standard cell voltage
are known, the precision DC source voltage can be determined. Take care
to avoid drawing any current from the standard cell, which would cause the
cell voltage to drift.

The output impedance of the divider is likely to be much higher than
the standard cell impedance, so the nanovoltmeter HI terminal must be
connected to the divider output, as shown in Figure 4-60, to prevent
common-mode current from creating additional voltage drop to the resis-
tive divider.

FIGURE 4-60: Connections for Comparing Precision DC Source to Standard Cell
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4.6.2 High Resolution Temperature Measurements
and Microcalorimetry

Overview

Microcalorimetry measurements are used to determine various energy
relationships. Microcalorimetry techniques are often required when per-
forming calorimetric experiments with small sample sizes or slow heating
rates. The design of a microcalorimeter can vary greatly, depending on the
specific application, and many are custom made. When running tests, dif-
ferential thermometry techniques allow users to measure small changesin
temperature. Microcalorimetry experiments may require measuring tem-
perature changes as small as 100 p°C. This section describes two types of
temperature sensors and a microcalorimetry measurement system using
thermocouples and a 2182A Nanovoltmeter.

Temperature Sensors

Thermistors and thermocouples are common types of transducers used in
differential thermometry. The choice of transducer depends on the specif-
ic microcalorimetry application.

Thermistors are temperature-sensitive resistors with good linearity
and accuracy characteristics. These devices require a test current, so
they will dissipate power in the form of heat, which may lead to a measure-
ment error.

Thermocouples are the most widely used type of temperature sensor.
These rugged and inexpensive devices are formed by the junction of two
dissimilar metals. Several different types, covering a wide temperature
range, are available. Thermocouple linearity varies, depending on thermo-
couple type and temperature range.

Description

Microcalorimeter design can vary greatly, depending on the experiment
being performed. The application described here uses a simple calorimeter
to perform microcalorimetry measurements. Temperature is measured
with a differential thermocouple thermometer. In the differential config-
uration, one thermocouple is placed inside the calorimeter and the other
is placed outside the device. The difference voltage is proportional to
the temperature differential. Measurement sensitivity is approximately
25 m°C/pV (depending on the thermocouple type). Figure 4-61 shows a
typicalmicrocalorimeter setup, which usesa2182A Nanovoltmeter to make
the necessary voltage measurements.

The temperature inside the calorimeter need only be known with
moderate accuracy; however, to measure the small changes that occur
during the experiment, the greatest precision and resolution are essen-
tial. Measuring the differential thermocouple’s signal to sub-millidegree
resolution demands a very sensitive voltmeter. The 2182A can detect tem-
perature changes of about 100 u°C, depending on the type of thermocouple
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FIGURE 4-61: Microcalorimeter with Differential Temperature Measurement
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1. Constantan wires are connected together.
2. Copper (Cu) wires are directly connected to the 2182A.

Result is there are no unwanted junctions formed.

used. Eachthermocouple type is unique in terms of the amount of potential
for a given change in temperature.

The thermocouples may be calibrated in a separate apparatus or they
may be an integral part of the calorimeter and calibrated in place. Calibra-
tion can be performed using a standardized thermometer at the approxi-
mate temperature range of the test or with a fixed point reference(e.g., the
boiling point of oxygen).

Before a test can be performed, the heat capacity of the calorimeter
must be determined. This can be determined by directly measuring the
temperature increase associated with the introduction of a known quantity
of heat. Heat can be precisely determined by sourcing a current accurately
through a known resistance. Heat can also be introduced by a standard
chemical reaction.

Making low temperature measurements with thermocouples means
that low level voltages are being measured, so take special care to con-
sider the effects of both thermoelectric EMFs and magnetic fields on
measurement accuracy. See Sections 3.2.2 and 3.2.9 for more details on
these aspects.

Running the Test

For best results, set the 2182A for the 10 mV range and for line cycle inte-
gration (INPLC) for maximum line frequency noise rejection. Enabling the
filter can reduce noise further. Take care that the response time of the
filter doesn't cause errorsin the peaks of the heat curve. A slow responding
filter will smooth the peaks of the data, which could allow vital temperature
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information to be lost. The 2182A provides a selection of filter settings to
optimize system noise rejection and ensure proper peak detection.

The temperature inside and outside the calorimeter must be the
same before the experiment begins. A temperature difference of 0° cor-
responds to adifferential thermocouple output voltage of 0 V. Ifachange
in temperature occurs, it's assumed to be caused by the phenomena of
the experiment.

After the test is complete, the data can be applied to the calibration
curve, converted to temperature, and analyzed. Figure 4-62 is a typi-
cal heat curve graph of a chemical reaction. The final result is usually
expressed as heat (calories) or energy (joules).

FIGURE 4-62: Typical Heat Reaction Curve
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4.6.3 Hall Voltage and Resistivity Measurements of a Six-Terminal
Bridge Sample

Overview

Important material parameters include mobility, resistivity, carrier density,
and carrier type. These parameters are often determined using Hall effect
measurement techniques. For resistivity measurements, a known current
isforcedandthe resulting voltage is measured. If amagnetic field isapplied
to the sample perpendicular to the direction of the current flow, an electric
field will develop that is perpendicular to both the current and the magnetic
field. This electric field is known as the Hall voltage. Once the Hall voltage is
known, the Hall coefficient can be defined as follows:

Ru= g
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where: Ry =Hall coefficient(m3/C)
Vy =Hall voltage (V)
t =sample thickness(m)
| =current(A)
B =magnetic field(T)
From the Hall coefficient and the resistivity, the carrier concentration
and mobility can be calculated.

Method

Although there are several types of resistivity/Hall structures, this example
usesasix-terminal bridge sample. Sections 4.4.3and 4.7.3 offerinformation
on Hall voltage and resistivity measurements on four-terminal samples.

Figure 4-63 illustrates an example test configuration for a six-termi-
nal bridge sample. For this example, a 6220 Current Source is connected
between terminals 1 and 4 of the sample. One nanovoltmeter (2182A #1)
measures the voltage drop between terminals 2 and 3. This voltage (Vyy)is
used for determining the resistivity of the sample. A second nanovoltmeter
(2182A #2)is connected between terminals 2 and 6 and is used to measure
the Hall voltage (Vyy). This voltage measurement is made with an applied
magnetic field and is perpendicular to the current flow. Notice the LO ter-
minals of both voltmeters are connected to terminal 2. A nanovoltmeter
is used because the Hall voltage is usually very small, in the millivolt or
microvolt range.

FIGURE 4-63: Example Test Configuration for Finding Hall Voltage with a Six-Terminal
Bridge Sample
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Low Resistance Measurement Applications

Low resistance measurement applications include contact resistance,
superconductor resistance, and resistivity measurements of conductors.
These measurements can be made with either a sensitive ohmmeter or a
nanovoltmeter with a current source. See Section 3.3 for a discussion of
precision low resistance measurement methods.

Contact Resistance
Overview

Contactresistanceistheresistance to current flow through a closed pair
of contacts. These types of measurements are made on components
such as connectors, relays, and switches. This resistance is normally
very small, ranging from micro-ohms to a few ohms. Test procedures
may vary, depending on the type of device and the application. ASTM
Method B539, “Measuring Resistance of Electrical Connections”and EIA-
364 Test Procedure 23, “Low-Level Contact Resistance Test” are two
published test procedures commonly used to measure contact resist-
ance. In general, certain basic principles apply to four-terminal contact
resistance measurements.

Measurement Method

Figure 4-64 illustrates a basic configuration for testing contact resistance
of acontact. A sensitive ohmmeter with four-terminal measurement capa-
bility is used to prevent lead resistance from being added to the measure-
ment. The source terminals are connected on either end of the contact pair.
The sense terminals are connected as closely as possible to the voltage
drop across the contact. This is intended to keep the voltage drop due to
the testleadsandbulkresistance frombeingincluded in the measurement.
The bulk resistance is the resistance the total contact would have if it were
a solid piece of metal having an identical geometry so that the actual con-
tact area had zero resistance.

FIGURE 4-64: Using a DMM to Measure Four-Wire Resistance Across Contact
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It is sometimes difficult to make a four-wire connection to a device
designed for just two wires. The style of device will determine how to make
the connections. In general, devices should be prepared for testing as
much as possible as they would be used in a normal application. Voltage
probes should be placed on the sample in a manner that does not mechan-
ically disturb the contact. For instance, soldering the probes may cause
unexpected changes in the contact resistance. In some cases, however,
soldering may be unavoidable. Each connection point to the test contact
can create thermoelectric EMFs; however, these can be compensated
for by using either the current-reversal or offset-compensation method,
which are described in Section 3.3.2.

Dry Circuit Testing

Often, the purpose of the contact resistance test is to determine whether
contact oxidation or other surface film buildup has increased the resist-
ance of the device under test. If the voltage across the device is too high for
even ashort time, the oxide layer or film will be ruptured, compromising the
validity of the test. The level of voltage required to break down a film usually
ranges from 30 mV to 100 mV.

Excessive current through the contacts during testing can cause
a physical change in the contact area on a microscopic level. Current
can cause heating, which can soften or melt the contact points and the
surrounding area. As a result, the contact area enlarges, resulting in a
reduction in resistance.

To avoid these problems, the dry circuit method is usually employed for
contact resistance tests. A dry circuit is one in which the voltage and cur-
rent are limited to levels that can’t cause changes in the physical and elec-
trical condition of the contact junction. In general, that means the open cir-
cuit voltage is 20 mV or less and the short circuit current is 100 mA or less.

Because of the low test current level used, a very sensitive voltmeter
is required to measure the voltage drop, which is usually in the microvolt
range. Because of the potential for physical or electrical changes to the
contact that other test methods pose, dry circuit measurements should
be done on the device before any other electrical tests are made. Some
sensitive DMMs have built-in dry circuit resistance modes to limit the open
circuit DUT voltage.

Refer to Section 3.3.5 for further information on dry circuit testing.

Using a Sensitive DMM

Figure 4-64 shows a basic configuration for making four-wire contact
resistance measurements with a 3706A System Switch/Multimeter. This
instrument can automatically compensate for thermoelectric offsets in
the sense circuit by using the Offset Compensation mode. They also have
built-in dry circuit measurement capability. For most applications, the
DMMiis sufficient for contact resistance measurements. If the short circuit
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current or measured resistance values are much smaller than the DMM's
specifications, ananovoltmeter and a current source or SMU must be used.

Using a Nanovoltmeter and SMU

Figure 4-65 illustrates a test configuration that employs a 2182A Nano-
voltmeter and a 2450 Graphical SourceMeter SMU for contact resistance
measurements. The SMU forces a current through the contact and the
nanovoltmeter measures the voltage drop developed across the contact.
For dry circuit testing, the open circuit voltage is clamped to 20 mV by
setting the SMU compliance to 20 mV. To ensure the compliance voltage is
measured only across the contact and not across the test leads, the SMU
is configured for the four-wire mode. This is especially important when
higher currents are used because the voltage drop across the test leads
may be large compared to the voltage drop across the contact. To prevent
transients, always turn the source off while switching contactsinand out of
the test fixture. A resistor, such as 100 (), can be placed directly across the
current source output terminals to reduce transients still further.

FIGURE 4-65: Using a 2182A Nanovoltmeter and 2450 SourceMeter SMU to Measure
Contact Resistance
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Graphical Nanovoltmeter
SMU

The current-reversal method can be used to minimize thermoelectric
voltage offsets. The 2182A’s Delta Mode feature and the SMU make it pos-
sible to implement this technique automatically. In this mode, the 2182A
automatically triggers the current source to alternate the polarity, then
triggers a reading at each polarity. Then, the 2182A displays the “compen-
sated” voltage value:

Vy-V
DeltaV = %

The contact resistance may be calculated by:
DeltaV

Reontact = I

where | =absolute value of test current.
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Superconductor Resistance Measurements
Overview

At extremely low temperatures, some metals and alloys lose their resist-
ance to electrical current and become superconductive. A superconduc-
tor’s transition temperature and critical current density are two commonly
measured parameters. The superconducting transition temperature is the
point at which a material’s resistance changes from a finite value to zero.
The critical current density is the maximum current density a material can
carry under specific temperature and magnetic field conditions before it
becomes resistive. The higher these two parameters are, the better the
superconductor is. Determining these two parameters requires measuring
very small resistances, so a nanovoltmeter and a programmable current
source or SMU are essential for precision measurements.

Test Description

Figure 4-66 shows a basic superconductor resistance measurement
test system using the combination of a 2182A Nanovoltmeter and a 6220
Current Source for measuring the resistance. The voltage leads should
be made of a material with a low Seebeck coefficient with respect to the
sample. The sensitivity of the 2182A Nanovoltmeter is crucial to obtaining
precision measurements because the application demands the ability to
measure extremely low voltages.

For transition temperature measurements, the current source must
be kept below the critical current of the sample. If the current becomes too
high, the power dissipated may damage the sample and the cryostat. For
critical current measurements, however, the current source must be able
to exceed the critical current of the sample. If that means that more than
100 mAis needed (the current the 6220 Current Source can provide), a 2460
or 2461 High Current Graphical SourceMeter SMU may be an appropriate
solution. For up to 20 A DC, use the 2651A High Power SourceMeter SMU.
The current source should have programmable polarity, so the test can be
performed using the current-reversal method.

Theresistance is measured using the techniques describedin Sections
3.2and 3.3 for low voltage and low resistance measurements. It is essential
that a four-wire measurement be made. This technique eliminates lead
resistance by forcing a current through the sample with one pair of leads
while measuring the voltage drop with a second pair of leads. In addition,
the Delta method is essential to eliminate the effects of changing thermo-
electric EMFs, which may interfere with measurement accuracy.

The Delta method consists of measuring the voltage drop across the
material with the currentin one direction, then reversing the polarity of the
current source and taking a second voltage measurement. Three voltage
measurements are used to calculate each resistance value. The Delta
method is discussed in greater detail in Section 3.3.2. In cases where hys-
teresis, non-linearity, or asymmetry is apparent, the current can be varied
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FIGURE 4-66: Superconductor Resistance Test System

2182A Low Thermal Connector
Nanovoltmeter

+«—— Solid Copper Twisted Pair

-
o

=

: - P X
6220 Temperature

Current Source Controller

1

Tube (part of

3 sample holder)

Sample Probe

HI LO
= Superconductor
Sample
L Electrically isolated
— from holder
Cryostat

//\/\/A\/

from one value to another of the same polarity. This will provide the average
resistance between these two currents.

The 2182A Nanovoltmeter and 6220 Current Source work together to
implement the Delta method automatically. In this mode, the 6220 auto-
matically alternates the polarity, then triggers the nanovoltmeter to take
a reading at each polarity. Then, the 6220 displays the “compensated”
resistance value.

As shownin Figure 4-67, the resistance can be plotted vs. temperature
as the sample temperature is changing.

For determining the critical current, the 2182A and 6220 Current
Source can be used together to produce a precision |-V curve over arange
of currents.
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FIGURE 4-67: Resistance vs. Temperature of Superconductor
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Resistivity Measurements of Conductive Materials
Overview

The resistivity of a conductor is determined by measuring the resistance
of a sample of known geometry by forcing a current through the sample
with one pair of leads while measuring the voltage drop with a second pair
of leads. While the specific method used for determining the resistivity
depends on the size and shape of the sample, all methods require a sensi-
tive voltmeter with a current source or a sensitive ohmmeter to make the
measurements because the measured resistance is usually very low.

Resistivity of Bulk Materials

Figure 4-68 shows a system for testing the resistivity of a bulk material
such as a metal bar or rod. The current source is connected to both ends
of the sample. The voltmeter leads are placed a known distance apart. The
resistivity is calculated from the cross-sectional area of the sample and the
distance between the voltmeter leads:

sul

where: p =resistivityinohm-cm

he)
|

V =voltage measured by voltmeter

=source current
A =crosssectional area of sample (w xt)in cm?

L =length of distance between voltmeter leadsincm
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FIGURE 4-68: Measuring Resistivity of Metal Bar

To compensate for thermoelectric voltages, one voltage reading is
taken with positive test current and another taken with negative current.
The absolute values of these two readings are then averaged and used in
the equation for V/I. Most materials have a significant temperature coeffi-
cient, so be certain to maintain the sample at a known temperature.

Using a Four-Point Probe

The four-point probe method is used on very thin samples such as epitax-
ial wafers and conductive coatings. Figure 4-69 is a diagram of four-point
collinear probe setup for resistivity measurements. The current is sourced
through the two outer probes and the voltage drop is measured between
the two inner probes. The surface or sheet resistivity is calculated by:

7

where: ¢ =sheetresistivity in ohms/square

T

2

V =voltage measured by voltmeter (V)
| =sourcecurrent(A)

Note that the units for sheet resistivity are expressed as ohms per
square in order to distinguish this number from the measured resistance
(V/1). Correction factors to the resistivity calculation may be required for
extremely thin or thick samples.

If the thickness of the sample is known, the bulk or volume resistivity
can be calculated from
v

T
In2

p=

where: p =volume resistivity inohm-cm
t =thicknessincentimeters

Furtherinformation onfour-point probe measurements canbe foundin
the SEMI° International Standard MF84-0312.
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FIGURE 4-69: Using a Four-Point Collinear Probe on Wafer

N— e’

van der Pauw Method

Although van der Pauw resistivity measurements are used primarily in the
semiconductor industry, they have other applications, such as determining
the resistivity of superconductors or foil. The van der Pauw method is used
onsamplesthatare flat, homogeneousin thickness, and arbitrarily shaped,
and that do not contain any isolated holes. As shown in Figure 4-70, the
contacts should be small and placed on the periphery of the sample.

FIGURE 4-70: van der Pauw Connections

Eight measurements are made around the sample. These readings
are combined mathematically to determine the average resistivity of the
sample and compensate for offsets. The formula for determining the
resistivity is given in Section 4.4.3. Further information on van der Pauw
measurements can be found in the ASTM method F76.

Figure 4-71illustrates a complete system for determining the resis-
tivity of a conductive sample using the van der Pauw method. The system
includes a 6220 Current Source to supply the current through the sample
and a 2182A Nanovoltmeter to measure the resulting voltage drop. A
switching matrix switches the voltmeter and current source among the
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FIGURE 4-71: van der Pauw Connections Using Matrix Switching

3706A System Switch with 3730 6x16 Matrix Card

A /] / A
Srw J ) ) )
HI b - - - -
2182A
Nanovoltmeter
/ /] / A
" O Row 3 ;) ;) ;) ;)
/ /] A A
LO ~ Row 4 _) _) _) _)
6220
Coll Col2 Col3 Col4
Current Source O C O
Sample

four sample terminals. The 3706A System Switch with the 3730 6x16 Matrix
Card switches the voltmeter and current source among the four terminals

of the sample.

To source current between terminals 3 and 4 of the sample, close
cross points Row3/Col3 and Row4/Col4. Measure the resulting voltage drop
between terminals 1and 2 of the sample by closing cross points Row1/Coll

and Row2/Col2.

If a wide range of sample resistivities must be measured, use the 3765
Hall Effect Card in the 3706A System Switch instead of the other switch-

ing options.
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5.2
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Introduction

Choosing a specific low level instrument for a given application depends on
avariety of factors, including:

Functions(voltage, current, resistance, charge)
Ranges and sensitivity
Special features required (sourcing, floating operation, etc.)

Convenience features (programmability, dual-channel, data
storage, etc.)

Price

Compatibility with other equipment in the test setup (analog output,
overload protection, external triggers, etc.)

This section provides an overview of low level instruments available
from Keithley. Consult tek.com for further details on any of the products
covered in this book (and many other products not listed).

Instrument Selector Guides

Figure 5-1is a function/range comparison chart for Keithley's low level
instrumentation. Tables 5-1 through 5-5 summarize the capabilities of
these instruments.
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A-2

Proper cable and connector assembly is an important factor in maintaining
the integrity of low level measurements. Generally, three types of cable
are used with low level instruments: coaxial, triaxial, and shielded twisted
pair. In addition, the cable is often of low noise or low thermoelectric EMF
design. To prepare alow noise coaxial or triaxial cable for either direct con-
nection to a source or for connector assembly, follow the steps illustrated
in Figure A-1:

1. Gently cut through outer insulation without cutting the shield.

2. Usingasharp point, unravel the shield braid.

3. Twistthebraidandthoroughlycleanoffalltracesof graphite withmeth-
anol. For triax cable, repeat the previous steps with the inner shield.

4. Cut center conductor to proper length, strip insulation off center con-
ductor, and “tin” leads.

5. Forinsertioninto connectors, the braid is cut back in accordance with
the assembly instructions for the particular connector type.

Connectors should have high resistance insulation. Teflon" is usually
preferred because of its resistance to surface contaminants. Coaxial or
triaxial connectors are available with Teflon insulation.

Note that the BNC and two-slot triaxial connectors are very similar;
take care to ensure the connector is used only with a properly mating
variety. If BNC and two-slot triax connectors are mated, the result will be
permanent damage to the plug and receptacle. Using three-slot triaxial
connectors where appropriate will eliminate this problem.

Although some low level instruments use coaxial connections, most
use triaxial connectors. Triaxial cable provides the grounded shielding nec-
essary for high common-mode measurements; generally, the outer shield
is connected to power-line ground, while the inner shield is connected to
signal LO. Also, triaxial connections make it easy to use guarding. In this
configuration, the inner shield is connected to guard potential, and the
outer shield is connected to ground. Safety hazards can exist when using
this scheme in situations where exposed metal is at guard potential and the
guard voltage is above 30 Vrms.

As with any insulated device, connector insulation must be kept
clean to avoid reducing its leakage resistance. Avoid touching insulating
material. If the connector becomes contaminated, it can be cleaned with
methanol or distilled water. When cleaning, use only the purest cleaning
agents and thoroughly flush contaminants away from the affected area.
After all contaminants are removed, allow the connector to dry for sev-
eral hours in alow humidity environment before use.
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FIGURE A-1: Cable Preparation
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ABSOLUTE ACCURACY. A measure of the closeness of agreement of an
instrument reading compared to that of a primary standard having abso-
lute traceability to a standard sanctioned by a recognized standards
organization. Accuracy is often separated into gain and offset terms.
See also RELATIVE ACCURACY.

A/D (ANALOG-TO-DIGITAL) CONVERTER. A circuit used to convert an analog
input signal into digital information. All digital meters use an A/D con-
verter to convert the input signal into digital information.

ANALOG OUTPUT. An output that is directly proportional to the input signal.

AUTO-RANGING. The ability of aninstrument to automatically switch among
ranges to determine the range offering the highest resolution. The rang-
es are usually in decade steps.

AUTO-RANGING TIME. Forinstruments with auto-ranging capability, the time
interval between application of a step input signal and its display, includ-
ing the time for determining and changing to the correct range.

BANDWIDTH. The range of frequencies that can be conducted or amplified
within certain limits. Bandwidth is usually specified by the -3dB
(half-power) points.

BlAs VOLTAGE. A voltage applied to a circuit or device to establish a refer-
ence level or operating point of the device during testing.

CAPACITANCE. In a capacitor or system of conductors and dielectrics, that
property which permits the storage of electrically separated charges
when potential differences exist between the conductors. Capacitance
is related to the charge and voltage as follows: C = Q/V, where C is the
capacitance in farads, O is the charge in coulombs, and V is the voltage
involts.

CARBON NANOTUBE. A tube-shaped nanodevice formed from a sheet of sin-
gle-layer carbon atoms that has novel electrical and tensile properties.
These fibers may exhibit electrical conductivity as high as copper, ther-
mal conductivity as high as diamond, strength 100 times greater than
steelat one-sixth of steel'sweight, and high strain to failure. They can be
superconducting, insulating, semiconducting, or conducting (metallic).
Non-carbon nanotubes, often called nanowires, are often created from
boron nitride or silicon.

CHANNEL (SWITCHING). One of several signal paths on a switching card. For
scanner or multiplexer cards, the channel is used as a switched input
in measuring circuits, or as a switched output in sourcing circuits. For
switch cards, each channel’s signals paths are independent of other
channels. For matrix cards, a channel is established by the actuation of
arelay atarow and column crosspoint.

COAXIAL CABLE. A cable formed from two or more coaxial cylindrical con-
ductors insulated from each other. The outermost conductor is often
earth grounded.

COMMON-MoDE REJECTION RATIO (CMRR). The ability of an instrument to
reject interference from a common voltage at its input terminals with
respect to ground. Usually expressed in decibels at a given frequency.

COMMON-MODE CURRENT. The current that flows between the input low ter-
minal and chassis ground of an instrument.
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COMMON-MODE VOLTAGE. A voltage between input low and earth ground of
aninstrument.

CONTACT RESISTANCE. The resistance in ohms between the contacts of a
relay or connector when the contacts are closed or in contact.

CONTAMINATION. Generally used to describe the unwanted material that
adversely affects the physical, chemical, or electrical properties of a
semiconductor or insulator.

D/A (DIGITAL-TO-ANALOG) CONVERTER. A circuit used to convert digital
information into an analog signal. D/A converters are used in many
instruments to provide an isolated analog output.

DIELECTRIC ABSORPTION. The effect of residual charge storage after a pre-
viously charged capacitor has been discharged momentarily.

DIGITAL MULTIMETER (DMM). An electronic instrument that measures volt-
age, current, resistance, or other electrical parameters by convert-
ing the analog signal to digital information and display. The typical
five-function DMM measures DC volts, DC amps, AC volts, AC amps, and
resistance.

DRIFT. A gradual change of areading with no change in input signal or oper-
ating conditions.

DRY CIRCUIT TESTING. The process of measuring a device while keeping the
voltage across the device below a certain level (e.g., <20 mV) in order
to prevent disturbance of oxidation or other degradation of the device
being measured.

ELECTROCHEMICAL EFFECT. A phenomenon whereby currents are generated
by galvanic battery action caused by contamination and humidity.

ELECTROMETER. A highly refined DC multimeter. In comparison with a digital
multimeter, an electrometer is characterized by higher input resistance
and greater current sensitivity. It can also have functions not generally
available on DMMs (e.g., measuring electric charge, sourcing voltage).

EMF. Electromotive force or voltage. EMF is generally used in context of
a voltage difference caused by electromagnetic, electrochemical, or
thermal effects.

ELECTROSTATIC COUPLING. A phenomenon whereby a current is generated
by a varying or moving voltage source near a conductor.

ERROR. The deviation (difference or ratio) of a measurement from its true
value. True values are by their nature indeterminate. See also RANDOM
ERROR and SYSTEMATIC ERROR.

FALL TIME. The time required for a signal to change from a large percentage
(usually 90%) to a small percentage (usually 10%) of its peak-to-peak
value. See also RISE TIME.

FARADAY CUP. A Faraday cup (sometimes called a Faraday cage)is an enclo-
sure made of sheet metal or mesh. It consists of two electrodes, one
inside the other, separated by an insulator. While the inner electrode
is connected to the electrometer, the outer electrode is connected to
ground. When a charged object is placed inside the inner electrode, all
the charge will flow into themeasurement instrument. The electric field
inside a closed, empty conductor is zero, so the cup shields the object

GLOSSARY
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placedinside it from any atmospheric or stray electric fields. This allows
measuring the charge on the object accurately.

FEEDBACK PICOAMMETER. A sensitive ammeter that uses an operational
amplifier feedback configurationto convertaninput currentinto voltage
for measurement.

FLOATING. The condition where acommon-mode voltage exists between an
earth ground and the instrument or circuit of interest. (Circuit low is not
tied to earth potential.)

FOUR-POINT PROBE. The four-point collinear probe resistivity measurement
technique involves bringing four equally spaced probes in contact with
the material of unknown resistance. The array is placed in the center of
the material. A known current is passed through the two outside probes
and the voltage is sensed at the two inside probes. The resistivity is
calculated as follows:

b vV
= — x —xtx
P=jng X7tk
where: V=the measured voltageinvolts, | =the source currentinamps, t
=the wafer thicknessin centimeters, k=acorrectionfactor based on the
ratio of the probe to wafer diameter and on the ratio of wafer thickness
to probe separation.

FOUR-TERMINAL RESISTANCE MEASUREMENT. A measurement where two
leads are used to supply a current to the unknown, and two different
leads are used to sense the voltage drop across the resistance. The
four-terminal configuration provides maximum benefits when meas-
uring low resistances.

FULLERENE. Refers to C60, an approximately spherical, hollow, carbon
molecule containing 60 carbon atoms arranged in interlocking hexagons
and apentagons, reminiscent of the geodesic dome created by architect
R. Buckminster Fuller. Sometimes called “buckminsterfullerene” or
“buckyball.”

GROUND LOOP. A situation resulting when two or more instruments are con-
nected to different points on the ground bus and to earth or power line
ground. Ground loops can develop undesired offset voltages or noise.

GUARDING. Atechnique thatreducesleakage errorsand decreasesresponse
time. Guarding consists of aconductordriven by alowimpedance source
surrounding the lead of a high impedance signal. The guard voltage is
kept at or near the potential of the signal voltage.

HALL EFFECT. The measurement of the transverse voltage acrossaconduc-
torwhen placed inamagnetic field. With this measurement, it is possible
to determine the type, concentration, and mobility of carriers in silicon.

HIGH IMPEDANCE TERMINAL. A terminal where the source resistance times
the expected stray current (for example, 1uA) exceeds the required volt-
age measurement sensitivity.

INPUT BIAS CURRENT. The current that flows at the instrument input due to
internal instrument circuitry and bias voltage.

INPUT IMPEDANCE. The shunt resistance and capacitance (or inductance) as
measured at the input terminals, not including effects of input bias or
offset currents.
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INPUT OFFSET CURRENT. The difference between the two currents that must
be supplied to the input measuring terminals of a differential instrument
to reduce the output indication to zero (with zero input voltage and off-
set voltage). Sometimes informally used to refer to input bias current.

INPUT OFFSET VOLTAGE. The voltage that must be applied directly between
the input measuring terminals, with bias current supplied by a resist-
ance path, to reduce the output indication to zero.

INPUT RESISTANCE. The resistive component of input impedance.

INSULATION RESISTANCE. The ohmic resistance of insulation. Insulation
resistance degrades quickly as humidity increases.

JOHNSON NOISE. The noise in a resistor caused by the thermal motion of
charge carriers. It has a white noise spectrum and is determined by the
temperature, bandwidth, and resistance value.

LEAKAGE CURRENT. Error current that flows(leaks)throughinsulationresist-
ance when a voltage is applied. Even high resistance paths between low
current conductors and nearby voltage sources can generate significant
leakage currents.

LONG-TERM ACCURACY. The limit that errors will not exceed during a 90-day
or longer time period. It is expressed as a percentage of reading (or
sourced value) plus a number of counts over a specified temperature
range.

MAXIMUM ALLOWABLE INPUT. The maximum DC plus peak AC value (voltage
or current)that can be applied between the high and low input measuring
terminals without damaging the instrument.

MICRO-OHMMETER. An ohmmeter that is optimized for low resistance meas-
urements. The typical micro-ohmmeter uses the four-terminal meas-
urement method and has special features for optimum low level meas-
urement accuracy.

MOSFET. A metal oxide field effect transistor. A unipolar device character-
ized by extremely high input resistance.

NANoO-. A prefix meaning one billionth (1/1,000,000,000).

NANOELECTRONICS. Electronics onananometer scale. Includes both molec-
ular electronics and nanoscale devices that resemble current semicon-
ductor devices.

NANOTECHNOLOGY. Fabrication of devices with atomic or molecular scale
precision. Devices with minimum feature sizesless than 100 nanometers
(nm) are considered products of nanotechnology. A nanometer [one-
billionth of a meter(10-° m)]is the unit of length generally most appropri-
ate for describing the size of single molecules.

NANOVOLTMETER. A voltmeter optimized to provide nanovolt sensitivity
(generally uses low thermoelectric EMF connectors, offset compensa-
tion, etc.).

NoISE. Any unwanted signal imposed on a desired signal.

NORMAL-MODE REJECTION RATIO (NMRR). The ability of an instrument to
rejectinterference acrossitsinput terminals. Usually expressed in deci-
bels at a specific frequency such as that of the AC power line.

NORMAL-MODE VOLTAGE. A voltage applied between the high and low input
terminals of an instrument.
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OFFSET CURRENT. A current generated by a circuit even though no signals
are applied. Offset currents are generated by triboelectric, piezoelec-
tric, or electrochemical effects present in the circuit.

OVERLOAD PROTECTION. A circuit that protects the instrument from exces-
sive current or voltage at the input terminals.

PICOAMMETER. An ammeter optimized for the precise measurement of small
currents. Generally, a feedback ammeter.

PIEZOELECTRIC EFFECT. A term used to describe currents generated when
mechanical stressis applied to certain types of insulators.

PRECISION. Refers to the freedom of uncertainty in the measurement. It is
oftenappliedin the context of repeatability or reproducibility and should
not be used in place of accuracy. See also UNCERTAINTY.

RANDOM ERROR. The mean of a large number of measurements influenced
by random error matches the true value. See also SYSTEMATIC ERROR.
RANGE. A continuous band of signal values that can be measured or
sourced. In bipolar instruments, range includes positive and negative

values.

READING. The displayed number that represents the characteristic of the
input signal.

READING RATE. The rate at which the reading number is updated. The read-
ing rate is the reciprocal of the time between readings.

RELATIVE ACCURACY. The accuracy of a measuring instrument in reference
to asecondary standard. See also ABSOLUTE ACCURACY.

REPEATABILITY. The closeness of agreement between successive measure-
ments carried out under the same conditions.

REPRODUCIBILITY. The closeness of agreement between measurements of
the same quantity carried out with a stated change in conditions.

RESOLUTION. The smallest portion of the input (or output) signal that can be
measured (or sourced) and displayed.

RESPONSE TIME. For a measuring instrument, the time between application
of a step input signal and the indication of its magnitude within a rated
accuracy. For a sourcing instrument, the time between a programmed
change and the availability of the value at its output terminals. Also
known as Settling Time.

RISE TIME. The time required for a signal to change from a small percentage
(usually 10%) to a large percentage (usually 90%) of its peak-to-peak
amplitude. See also FALL TIME.

SENSITIVITY. The smallest quantity that can be measured and displayed.

SETTLING TIME. For a measuring instrument, the time between application
of a step input signal and the indication of its magnitude within a rated
accuracy. For a sourcing instrument, the time between a programmed
change and the availability of the value at its output terminals. Also
known as RESPONSE TIME.

SHIELDING. A metal enclosure around the circuit being measured, or a metal
sleeve surrounding the wire conductors (coax or triax cable) to lessen
interference, interaction, or leakage. The shield is usually grounded or
connected to input LO.
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SHORT-TERM ACCURACY. The limit that errors will not exceed during a short,
specified time period (such as 24 hours) of continuous operation. Unless
specified, no zeroing or adjustment of any kind are permitted. It is
expressed as percentage of reading (or sourced value) plus a number of
counts over a specified temperature range.

SHUNT AMMETER. A type of ammeter that measures current by converting
the input current into a voltage by means of shunt resistance. Shunt
ammeters have higher voltage burden and lower sensitivity than do
feedback ammeters.

SHUNT CAPACITANCE LOADING. The effect on a measurement of the capaci-
tance across the input terminals, such as from cables or fixtures. Shunt
capacitance increases both rise time and settling time.

SOURCE IMPEDANCE. The combination of resistance and capacitive orinduc-
tive reactance the source presents to the input terminals of a measuring
instrument.

SOURCE MEASURE UNIT (SMU). An electronic instrument that sources and
measures DC voltage and current. Generally, SMUs have two modes of
operation: source voltage and measure current, or source current and
measure voltage.

SOURCEMETER. A SourceMeter SMU is very similar to the source measure
unit(SMU)in many ways, including its ability to source and measure both
current and voltage and to perform sweeps. In addition, a SourceMeter
SMU can display the measurements directly in resistance, as well as
voltage and current. It is designed for general-purpose, high speed pro-
duction test applications. It can also be used as a source for moderate to
low level measurements and for research applications.

SOURCE RESISTANCE. The resistive component of source impedance. See
also THEVENIN EQUIVALENT CIRCUIT.

STANDARD CELL. An electrochemical cell used as a voltage reference in
laboratories.

SUPERCONDUCTOR. A conductor that has zero resistance. Such materials
usually become superconducting only at very low temperatures.

SWITCH CARD. A type of card with independent and isolated relays for
switching inputs and outputs on each channel.

SWITCHING MAINFRAME. A switching instrument that connects signals
among sourcing and measuring instruments and devices under test. A
mainframe is also referred to as a scanner, multiplexer, matrix, or pro-
grammable switch.

SYSTEMATIC ERROR. The mean of a large number of measurements
influenced by systematic error deviates from the true value. See also
RANDOM ERROR.

TEMPERATURE COEFFICIENT. A measure of the change in reading (or sourced
value) with a change in temperature. It is expressed as a percentage of
reading (or sourced value), plus a number of counts per degree change
in temperature.

TEMPERATURE COEFFICIENT OF RESISTANCE. The change of resistance of a
material or device per degree of temperature change, usually expressed
in ppm/°C.
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THERMOELECTRIC EMFS. Voltages resulting from temperature differences
within a measuring circuit or when conductors of dissimilar materials
arejoined together.

THEVENIN EQUIVALENT CIRCUIT. A circuitused to simplify analysis of complex,
two-terminal linear networks. The Thevenin equivalent voltage is the
open-circuit voltage and the Thevenin equivalent resistance equals the
open-circuit voltage divided by the short-circuit current.

TRANSFER ACCURACY. A comparison of two nearly equal measurements over
alimited temperature range and time period. It is expressed in ppm. See
also RELATIVE ACCURACY, SHORT-TERM ACCURACY.

TRIBOELECTRIC EFFECT. A phenomenon whereby currents are generated by
charges created by friction between a conductor and an insulator.

TRIGGER. An external stimulus that initiates one or more instrument func-
tions. Trigger stimuliinclude: aninput signal, the front panel, an external
trigger pulse, and IEEE-488 bus X, talk, and GET triggers.

TWO-TERMINAL RESISTANCE MEASUREMENT. A measurement where the
source current and sense voltage are applied through the same set of
test leads.

UNCERTAINTY. An estimate of the possible error in a measurement; in other
words, the estimated possible deviation from its actual value.

VAN DER PAUW MEASUREMENT. A measurement technique used to measure
the resistivity of arbitrarily shaped samples.

VOLTAGE BURDEN. The voltage drop across the input terminals of an
ammeter.

VOLTAGE COEFFICIENT. The change in resistance value with applied voltage.
Usually expressed in percent/V orin ppm/V.

WARM-UP TIME. The time required after power is applied to aninstrument to
achieve rated accuracy at reference conditions.

ZERO OFFSET. The reading that occurs when the input terminals of a meas-
uring instrument are shorted (voltmeter) or open-circuited (ammeter).
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Test System Safety

Many electrical test systems or instruments are capable of measuring or
sourcing hazardous voltage and power levels. It is also possible, under
single fault conditions (e.g., a programming error or an instrument failure),
to output hazardous levels even when the system indicates no hazard
is present.

These high voltage and power levels make it essential to protect oper-
ators from any of these hazards at all times.

Protection methods include:

« Design test fixtures to prevent operator contact with any hazard-
ous circuit.

« Make sure the device under testis fully enclosed to protect the oper-
ator from any flying debris.

« Double insulate all electrical connections that an operator could
touch. Double insulation ensures the operatoris still protected, even
if one insulation layer fails.

» Usehigh-reliability, fail-safe interlock switches to disconnect power
sources when a test fixture coveris opened.

« Where possible, use automated handlers so operators do notrequire
accesstotheinside of the test fixture or have aneed to open guards.

« Provide proper training to all users of the system so they under-
stand all potential hazards and know how to protect themselves
frominjury.

WARNING: During power-up, the output states of data acquisition
products are uncontrolled until hardware and software initialization
has been completed. Users must make sure their designs can toler-
ate this or provide suitable interlocks to prevent dangerous voltages
or actions from reaching users.

General Safety Considerations

The following safety precautions should be observed before using any
Keithley product and any associated instrumentation. Although some
instruments and accessories would normally be used with nonhazardous
voltages, there are situations where hazardous conditions may be present.

Keithley products are intended for use by qualified personnel who rec-
ognize shock hazards and are familiar with the safety precautions required
to avoid possible injury. Read and follow all installation, operation, and
maintenance information carefully before using the product. Refer to the
user documentation for complete product specifications.

If the productisusedinamannernot specified, the protection provided
by the product warranty may be impaired.

The types of product users are:
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Responsible body is the individual or group responsible for the use and
maintenance of equipment, for ensuring that the equipment is operated
within its specifications and operating limits, and for ensuring that opera-
tors are adequately trained.

Operators use the product for its intended function. They must be
trained in electrical safety procedures and proper use of the instrument.
They must be protected from electric shock and contact with hazardous
live circuits.

Maintenance personnel perform routine procedures on the product to
keep it operating properly, for example, setting the line voltage or replacing
consumable materials. Maintenance procedures are described in the user
documentation. The procedures explicitly state if the operator may per-
formthem. Otherwise, they should be performed only by service personnel.

Service personnel are trained to work on live circuits, perform safe
installations, and repair products. Only properly trained service personnel
may perform installation and service procedures.

Keithley Instruments products are designed for use with electrical
signals that are measurement, control, and data I/0 connections, with low
transient overvoltages, and must not be directly connected to mains volt-
age or to voltage sources with high transient overvoltages. Measurement
Category Il (as referenced in IEC 60664) connections require protection for
high transient overvoltages often associated with local AC mains connec-
tions. Certain Keithley measuring instruments may be connected to mains.
These instruments will be marked as category Il or higher.

Unless explicitly allowed in the specifications, operating manual, and
instrument labels, do not connect any instrument to mains.

Exercise extreme caution when a shock hazard is present. Lethal volt-
age may be present on cable connectorjacks or test fixtures. The American
National Standards Institute (ANSI) states that a shock hazard exists when
voltage levels greater than 30 V RMS, 42.4 V peak, or 60 VDC are present. A
good safety practice is to expect that hazardous voltage is present in any
unknown circuit before measuring.

Operators of these products must be protected from electric shock at
all times. The responsible body must ensure that operators are prevented
access and/or insulated from every connection point. In some cases, con-
nections must be exposed to potential human contact. Product operators
in these circumstances must be trained to protect themselves from the
risk of electric shock. If the circuit is capable of operating at or above
1000V, no conductive part of the circuit may be exposed.

Do not connect switching cards directly to unlimited power circuits.
They are intended to be used with impedance-limited sources. NEVER
connect switching cards directly to AC mains. When connecting sources to
switching cards, install protective devices to limit fault current and voltage
to the card.

SAFETY CONSIDERATIONS
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Before operating an instrument, ensure that the line cord is con-
nected to a properly grounded power receptacle. Inspect the connect-
ing cables, test leads, and jumpers for possible wear, cracks, or breaks
before each use.

When installing equipment where access to the main power cord is
restricted, such as rack mounting, a separate main input power disconnect
device must be provided in close proximity to the equipment and within
easy reach of the operator.

For maximum safety, do not touch the product, test cables, or any
other instruments while power is applied to the circuit under test. ALWAYS
remove power from the entire test system and discharge any capaci-
tors before: connecting or disconnecting cables or jumpers, installing or
removing switching cards, or making internal changes, such as installing
or removing jumpers.

Do not touch any object that could provide a current path to the com-
mon side of the circuit under test or power line (earth) ground. Always make
measurements with dry hands while standing on a dry, insulated surface
capable of withstanding the voltage being measured.

For safety, instruments and accessories must be used in accordance
with the operating instructions. If the instruments or accessories are used
inamanner not specified in the operating instructions, the protection pro-
vided by the equipment may be impaired.

Do not exceed the maximum signal levels of the instruments and
accessories, as defined in the specifications and operating information,
and as shown on the instrument or test fixture panels, or switching card.

When fuses are used in a product, replace with the same type and rat-
ing for continued protection against fire hazard.

Chassis connections must only be used as shield connections for
measuring circuits, NOT as protective earth(safety ground) connections.

If you are using a test fixture, keep the lid closed while power is applied
to the device under test. Safe operation requires the use of a lid interlock.

Ifa @ screw is present, connect it to protective earth (safety ground)
using the wire recommended in the user documentation.

The A symbol on an instrument means caution, risk of danger. The
user must refer to the operating instructions located in the user documen-
tationin all cases where the symbol is marked on the instrument.

The A symbol on an instrument means caution, risk of electric
shock. Use standard safety precautions to avoid personal contact with
these voltages.

The & symbol on an instrument shows that the surface may be hot.
Avoid personal contact to prevent burns.

The 4 symbolindicatesaconnectionterminal to the equipment frame.
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If this symbol is on a product, it indicates that mercury is present
in the display lamp. Please note that the lamp must be properly disposed of
according to federal, state, and local laws.

The WARNING heading in the user documentation explains dangers
that might result in personal injury or death. Always read the associated
information very carefully before performing the indicated procedure.

The CAUTION headingin the user documentation explains hazards that
could damage the instrument. Such damage may invalidate the warranty.

Instrumentation and accessories shall not be connected to humans.

Before performing any maintenance, disconnect the line cord and all
test cables.

To maintain protection from electric shock and fire, replacement com-
ponents in mains circuits — including the power transformer, test leads,
and input jacks — must be purchased from Keithley Instruments. Standard
fuses with applicable national safety approvals may be used if the rating
and type are the same. Other components that are not safety-related may
be purchased from other suppliers as long as they are equivalent to the
original component (note that selected parts should be purchased only
through Keithley Instruments to maintain accuracy and functionality of the
product). If you are unsure about the applicability of a replacement compo-
nent, call a Keithley Instruments office for information.

To cleananinstrument, use a damp cloth or mild, water-based cleaner.
Clean the exterior of the instrument only. Do not apply cleaner directly to
the instrument or allow liquids to enter or spill on the instrument. Products
that consist of a circuit board with no case or chassis(e.qg., a data acquisi-
tion board for installation into a computer) should never require cleaning
if handled according to instructions. If the board becomes contaminated
and operation is affected, the board should be returned to the factory for
proper cleaning/servicing.

Safety precaution version April 2025.
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