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KEITHLEY

A Tektronix Company Saf ety p reC au t i O n S

The following safety precautions should be observed before using this 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.

This product is intended for use by personnel who recognize 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 product is used in a manner not specified, the protection provided by the product warranty may be impaired.
The types of product users are:

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 operators 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 perform them. 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 products are designed for use with electrical signals that are measurement, control, and data I/O connections, with low
transient overvoltages, and must not be directly connected to mains voltage 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 connections. 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 voltage may be present on cable connector jacks 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 this product 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, connections 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 1000 V, 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.

Before operating an instrument, ensure that the line cord is connected to a properly-grounded power receptacle. Inspect the
connecting 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 capacitors 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 common 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 in a manner not specified in the operating instructions, the protection provided by the equipment may be
impaired.

Do not exceed the maximum signal levels of the instruments and accessories. Maximum signal levels are defined in the
specifications and operating information and shown on the instrument panels, test fixture panels, and switching cards.

When fuses are used in a product, replace with the same type and rating 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.

If a @ 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 hazard. The user must refer to the operating instructions located in the
user documentation in all cases where the symbol is marked on the instrument.

The A symbol on an instrument means warning, 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 I‘l‘l symbol indicates a connection terminal to the equipment frame.

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 hazards that might result in personal injury or death. Always read
the associated information very carefully before performing the indicated procedure.

The CAUTION heading in the user documentation explains hazards that could damage the instrument. Such damage may
invalidate the warranty.

The CAUTION heading with the A symbol in the user documentation explains hazards that could result in moderate or minor
injury or damage the instrument. Always read the associated information very carefully before performing the indicated
procedure. Damage to the instrument 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 components in mains circuits — including the power
transformer, test leads, and input jacks — must be purchased from Keithley. Standard fuses with applicable national safety
approvals may be used if the rating and type are the same. The detachable mains power cord provided with the instrument may
only be replaced with a similarly rated power cord. 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 to maintain accuracy and functionality of the product). If you are unsure about the applicability of a replacement
component, call a Keithley office for information.

Unless otherwise noted in product-specific literature, Keithley instruments are designed to operate indoors only, in the following
environment: Altitude at or below 2,000 m (6,562 ft); temperature 0 °C to 50 °C (32 °F to 122 °F); and pollution degree 1 or 2.

To clean an instrument, use a cloth dampened with deionized water 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.g., a data acquisition 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 revision as of June 2018.
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Section 1

Introduction

In this section:

Models 4220-PGU and 4225-PMU............covvvvvvvvevvevrerererernnnnnns 1-1

Models 4220-PGU and 4225-PMU

The 4220-PGU High Voltage Pulse Generator Unit and 4225-PMU Ultra-Fast Pulse Measure Unit are
high-speed pulse-generator cards for the 4200A-SCS. The 4220-PGU provides pulse output only.
The 4225-PMU provides both pulse output and pulse measurement. The PGU and PMU have similar
pulse output characteristics.

The 4225-PMU can be paired with one or two 4225-RPM Remote Preamplifier/Switch Modules. The
RPM is a remote amplifier and automatic switch. When the RPM is used as a preamplifier for the
PMU, it provides additional low-current measurement ranges. When the RPM is used as a switch, it
switches between the PMU, SMUs, and CVUs.

LPT functions that pertain to the PGU and PMU are documented in “LPT commands for PGUs and
PMUs” in Model 4200A-SCS LPT Library Programming.

To do quick tests with minimal interaction with other 4200A-SCS test resources, you can use the
Keithley Pulse Application (KPulse). KPulse is a nonprogramming alternative that you can use to
configure and control the installed Keithley pulse cards. Refer to KPulse (on page 5-1) for additional
information.

The simplified circuits of the 4220-PGU and 4225-PMU pulse generators are shown in the
following figure.
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Figure 1: Simplified circuits of the PGU and PMU
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Introduction

Proper connection methods are critical to perform stable and accurate measurements using the PMU,
with or without the RPM. The guidelines in this chapter help prevent pulse voltage overshoot and
oscillations.

You can use the Multi-measurement Prober Cable Kits (4210-MMPC) to connect the 4200A-SCS to
perform pulse I-V measurements. These kits help maximize signal fidelity by eliminating the
measurement errors that often result from cabling errors. The prober cable kits include:

e 4210-MMPC-C Multi-Measurement (I-V, C-V, Pulse) Prober Cable Kit for Cascade Microtech
12000 prober series

e 4210-MMPC-S Multi-Measurement (I-V, C-V, Pulse) Prober Cable Kit for SUSS MicroTec
PA200/300 prober series

e 4210-MMPC-L Multi-Measurement (I-V, C-V, Pulse) Prober Cable Kit for Lucas Signatone
probers

e 4210-MMPC-W Multi-Measurement (I-V, C-V, Pulse) Prober Cable Kit for Wentworth
Laboratories probers

Connection guidelines

The following guidelines describe PMU common connections, shield connections, cable length, high
frequency connections, and prober chuck connections for the PMUs and PGUs.
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PMU common connections

Common LO for the PMU is the outer shells of the two SMA connectors. With an SMA cable
connected (see following figure), common LO is the outside shield of the cable.

Figure 2: PMU common low terminals

Common LO
terminal is
outside shield
of SMA cables

Because pulsing requires high frequency signal propagation, reduce cable inductance by minimizing
the loop area of the connection to the device under test (DUT).

Do not use the GNDU as common low for the PMU to avoid creating a large loop area. When using
the GNDU, an inductive loop area is created when the Hl and LO leads are separated. Fast rise times
(dt), high current (di), and large inductances (L) can cause voltage overshoots, oscillations, and
ringing in the high-speed measurement circuit. This is based on Lenz’s law: V = L di/dt.

Shield connections

For multiple PMU channels, you should connect the shields (common LO) from all PMU channels as
close as possible to the DUT. You reduce inductance by minimizing the loop area of the shield
connections. The figure in Using an adapter cable to connect pulse card to DUT (on page 2-16) and
the Local sensing (on page 2-17) figures illustrate proper shield connection schemes using the
supplied cabling.
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Cable length

Use the shortest possible cable length to achieve the highest frequency output, the best pulse shape,
and the best results. Here are reasons to avoid using longer cable lengths:

e Longer cable lengths have longer reflection times, which can slow down transmission times.
e | onger cables may have impedance mismatches, which can cause distortions.

e Higher capacitance in longer cables causes higher capacitive charging effects during the pulse
transitions (see PMU capacitive charging/discharging effects (on page 3-35)).

Only use the white SMA coaxial cables that are supplied with the PMU and RPM. These are 50 Q
cables that match the internal 50 Q resistance of the PMU. The PMU is supplied with 6.5 ft (2 m) SMA
cables and the RPM is supplied with 8 in. (20 cm) SMA cables. Always use the 8 in. (20 cm) SMA
cables with the RPM.

High frequency connections

Use these connection guidelines for high-speed testing (pulse width <1 ps).

e Use cables and connectors optimized for high frequency (at least 150 MHz). The SMA coaxial
cables supplied with the PMU and RPM are rated for high frequency.

e Probe manipulators must be rated at least 150 MHz.

e Properly connect the shields of the coaxial cables and minimize the loop area of the shield
connections (see Shield connections (on page 2-2)).

e Minimize cable length (see Cable length (on page 2-3)).

e Use a signal path that matches the impedance of the instrument (50 Q). The SMA cables
supplied with the PMU and RPM are 50 Q.
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Prober chuck connections

When possible, avoid pulse connections to the prober chuck. If unavoidable, use these guidelines
when connecting to the prober chuck:

When making connections to the back side of the wafer, PMU functionality will be diminished.
Use caution and verify waveforms.

Generally, the chuck adds capacitance and noise. This reduces both low-current and high-speed
sampling performance.

If one of the device terminals is the back side of the wafer, then pulse only on that terminal (on
chuck) and measure at another terminal using the second channel. If possible, do not measure
from the PMU channel connected to the chuck.

For a two-terminal device, refer to Two-terminal device connections (on page 2-10), using figure
"Two-terminal device connections to a PMU using both channels" as a guide.

For a four-terminal device, use the Four-terminal device connections (on page 2-13) to two PMUs
figure, or the Local sensing (on page 2-17) four-terminal figure as a guide (as applicable). This
cabling approach permits the low-side measurement approach described in PMU capacitive
charging/discharging effects (on page 3-35).

PGU and PMU connectors

The connectors for the PGU and PMU pulse cards are shown in the following figure.

Figure 3: 4220-PGU and 4225-PMU connectors

4220-PGU 4225-PMU

TR\GC\:) S(I:/(I)ﬁnfgg:gll'e CH1@ SMA fen;ale

TRIG IN connector
(1 0f 4) (1 of 4)

8 RPM connector
i (10of2)

CHZ@ y

TgOUT @

TRIG OUT

DIO
DIO
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Model 4225-RPM

The 4225-RPM is a remote amplifier/switch that is used as a current preamplifier for the 4225-PMU.
The RPM provides additional high-speed, low-current measurement ranges.

The RPM can also be used as a switch for the 4200-SMU, 4201-SMU, 4210-CVU, and 4215-CVU.
See Using the RPM as a switch (on page 2-9).

RPM input, output, and top panels

The input, output, and top panels for the RPM are shown in the following figure.

Figure 4: 4225-RPM panels

Input panel Output panel Top panel

— INPUT— — OUTPUT —

Triaxial female SMU O
connector —— LED Status
(10f2) Sense @ SMU Mode
Triaxial female @ CVU Mode
SMU connector ——— @ Pulse Mode
Force (10f2)

SMA female Sense
connector ——@ CVU Pot
(1 0of 2)
CVU Cur
A Force
CAT | RPM
Control | ppM connector A
I~ input from CAT |
4200A

The RPM connector on the input panel connects to one of the RPM connectors (channel 1 or channel
2) on the 4225-PMU. The RPM also has input connectors for a 4200-SMU or 4201-SMU
(source-measure unit) and a 4210-CVU or 4215-CVU (capacitance-voltage unit).

The previous figure shows modes for the RPM LED colors. During normal Clarius operation, only the
red, green, or blue lights are shown. However, other colors or color combinations are possible. For
example, during the 4225-PMU self-test, the RPM LED alternates between purple and green for the
majority of the test, but there is a portion of the test where the LED flashes red and green. During
firmware upgrade of the 4225-PMU, the RPM LED is green, but flashes red and green near the end
of the process. During firmware upgrade of the 4225-RPM, the RPM LED is blue at the start, and
changes to green for the remainder of the process.

The output status of the 4200A-SCS is indicated by the Operate light on the front of the
4200A-SCS chassis.
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RPM wiring diagram
The internal wiring diagram of the RPM is shown in the following figure.

Signals from the 4200A-SCS instrument cards are routed through the RPM to the output Force and
Sense connectors. Switching is used to control which card is connected to the output. See Using the
RPM as a switch (on page 2-9) for more information on switching.

The LEDs on the top panel (see the previous figure) indicate which card is connected to the output.
By default, the RPM (pulse mode) is connected to the output unless a SMU or CVU is switched in.

Figure 5: Wiring diagram of the RPM

4225-RPM
E r INPUT = E
: . _ :
' SMU \ v H
1 [ 4 H 1
! Sense @ !
L SMU (7°SY ! i
1 . 1
1 Force Q/ ;
t cvU POT (& |
i cvucur (e 2 ;
E Pulse LO E
' RPM :] E
: control Pulse HI i H

__[>_.>.__

Connecting the RPM to the PMU

Turn off the system and disconnect the power cord before connecting or disconnecting the
RPM to or from the PMU. Failure to do so may result in RPM or PMU damage, possibly
voiding the warranty.
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NOTE

The RPM is matched to a PMU card and channel. Make sure to connect the RPM only to that PMU

card and channel. Labels on top of the RPM indicate the specific connection channel and PMU. For
example, "PMU1-2" indicates PMU1, channel 2.

With system power off, use the supplied RPM cable to connect a 4225-RPM to the matching RPM
channel of the 4225-PMU, as shown in the following figure.

Figure 6: 4225-PMU connection to an RPM

4225-PMU

4225-PMU

CH1®

TRIGIN 4225-RPM
input panel

R l—INPUT —I

M

1 Sense

CH2 @

TRIG OUT

©®©

RPM interconnect
cable (CA-547-2A)

With an RPM installed, never make connections directly to any of the SMA connectors (CH1

and CH2) on the PMU. This may result in damage to the PMU or DUT. It may also produce
corrupt data.

NOTE

After connecting or removing an RPM, always perform the procedure “Update the RPM
configuration” in Model 4200A-SCS Setup and Maintenance to ensure that KCon accurately
represents the present 4200A-SCS hardware configuration.
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Mounting

the RPM

When mounting the 4225-RPM, make sure that there is a minimum of 5 ¢cm (2 in.) of space
between multiple RPM base assemblies. Spacing multiple 4225-RPM or 4200-PA instruments
closer than 5cm (2 in.) from the 4200-MAG-BASE can cause the internal relays

to malfunction.

RPM diagrams for local and remote sensing

The following figure shows the diagram for local sensing. The center conductor of the Force triaxial
connector is connected to the high side of the device under test (DUT) while the outer shield is
connected to DUT LO. The Sense connector is not used.

Figure 7: RPM wiring diagram for local sensing

A225-RPM

E Pulse LO Sense |

' RPM :] E

Econtrol Pulse HI | () Force 1 HI 50T LO
' | \_/ ' |

The following figure shows the diagram for remote sensing. Both Sense and Force are connected to

DUT HI.

4225-RPM

RPM
control

Figure 8: Diagram for remote sensing

Pulse LO

Pulse HI
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Using the RPM as a switch

You can use the RPM to switch a PMU, CVU, or SMU to a DUT terminal. The RPM wiring diagram
(on page 2-6) figure shows the switches. The following figure shows a typical test configuration for
using an RPM as a switch for a PMU, SMU, and CVU. In general, one RPM per device terminal is
recommended. By default, the PMU (with RPM) is connected to the output unless a SMU or CVU is
switched in.

Figure 9: Test configuration for using RPM as a switch

4200A-SCS
4225-RPM1
4200-SMU1
Force Force
Sensel Sense SMU1
. Force
4200-SMU2 :jl! g°t CVU  Sense
Force Heur
Sense 1: RPM Control
4210-CVU
Hi Pot 4225-RPM2
Hi Cur
Lo Pot Force
Lo Cur Sense SMU2
Force
LoP
4225-PMU 0PN CVU  sense
Lo Cur
Ch1
Ch2 RPM Control

Both the red cables (supplied with the CVU) and the blue cables (supplied with the optional
4210-MMPC cable kits) are 100 Q. You can do remote sensing (on page 2-18) using the optional
4210-MMPC cable kits with the RPMs.

Control RPM switching

Before using an RPM, configure the 4200A-SCS by doing the steps in “Update the RPM
configuration” in Model 4200A-SCS Setup and Maintenance. This properly associates the instruments
connected to each RPM.

There are two methods to control RPM switching:

e |TM operation using automatic switching (after doing the steps in “Update the RPM
configuration”)

e UTM testing from within the user module, use the LPT function rpm_config

You must update the RPM configuration in KCon before using the RPM to control switching.
If you do not, corrupt test data may result due to incorrect switch settings in the RPM.
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Two-terminal device connections

The following figure shows connections to a two-terminal device using a single channel. Connect one
end of the device to the center conductor of Ch 1 and connect the other side to pulse card common
(outside shield of the SMA cable).

Figure 10: Two-terminal device connections to a pulse card using one channel

—"\/\\\———————~ Connected to
= common terminal

SMA coaxial

cables Loop area

g

o
(<)
N

e e e e e e e e e — — —
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You can also connect a two-terminal device to the two channels of a PMU, as shown in the following
figure. In this case, channel 1 will source/pulse voltage, and channel 2 will measure the resulting
current. Make sure you connect the shields of the SMA cables close to the device under test. This
method avoids problems of capacitive charging (see PMU capacitive charging/discharging effects (on
page 3-35)).

Figure 11: Two-terminal device connections to a PMU using both channels

Loop area
/..

SMA coaxial
cables

N < A v
Channel 1 Channel 2
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Three-terminal device connections

A three-terminal device can be connected using either two or three PMU channels, depending on if
source and/or measuring must be performed at each device pin. An example of both channels of a
single PMU connected to a three-terminal MOSFET is shown in the following figure. In this example,
connect the gate terminal to channel 1 of the PMU and connect the drain terminal to channel 2.
Connect the source terminal to the outside shield of channel 2.

Figure 12: Three-terminal device connections to a PMU using both channels

Keep loop area of

shields to a minimum Drain

Channel 1 steps
V, (pulsed or dc)

—
I~

B

Gate |
1

Connect shields

Channel 1

Channel 2 sweeps V,
(pulsed or dc) and
measures | and V,

S A .

A N

3

@)
()
o/

A%

Channel 2

If ultra-fast 1-V sourcing and measuring is required at each device terminal, then a second PMU is
required for the source terminal. Up to four PMUs (eight channels) can be installed in one 4200A-SCS

mainframe.

2-12
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Four-terminal device connections

To test a four-terminal device, two PMUs are usually required. The following figure shows the four
PMU channels connected to a four-terminal MOSFET. This configuration enables you to have
complete flexibility to enable pulsing and measuring at any terminal on the device. Notice that the
shields of the SMA cables from all four channels are connected as closely as possible to the device
under test.

Figure 13: Four-terminal device connection to two PMUs

Shields of coaxial

cables need to be I
connected ~ . x

D

Drain

—A _ Gate |
\/) |
Sou%

Keep loop area of /
shields to a minimum

< A
Channel 2

N
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The following illustrates the connection to a 4-terminal device using the cabling and adapters that are
included with either RPM or the 4225-PMU.

Figure 14: RPM output connection to 4-terminal device

Needle holder with dual or
4200-PRB-C single SSMC connectors \
(included with (not included) \
4225-PMU) \

BULK

SOURCE

___—CA-452: 20 cm (8 in)
white SMA cable

CS-1247 BNC male to SMA
female adapter

CS-712 male triaxial to
~ female BNC adapter

Force Sense
Output

4225-RPM

’ii Second RPM and

connections shown for
illustration purposes only

To SMU Force
To SMU Sense

{To PMU CH1 or CH2 ||
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Pulse source-measure connections

NOTE

TRIGGER OUT of a pulse generator card can be connected to TRIGGER IN of other pulse generator
cards to synchronize the start of pulse outputs. For details on using the trigger connectors, refer to

Triggering (on page 4-22).
The cables used for SMU connections are supplied with the SMUs and preamplifiers.

NOTE

To achieve optimum performance, only use the cables, connectors, and adapters that are included
with Keithley Instruments pulse source or measure Kkits.

A WARNING

For the pulse source-measure configurations, ensure the 4200A-SCS high voltage is
disabled. This will prevent a safety hazard that could result in possible injury or death
because of SMU voltages greater than 42 V being applied to the device under test or fixture.

Pulse generator connections

The following figure shows a system that uses basic 2-channel pulse generator connections to DUTS.

NOTE

Use a torque wrench to tighten SMA connections to 8 in. Ib.

Figure 15: Basic pulse generator connections

Equivalent circuit (each channel):

4200A-SCS

: + Pulse
© °© J ! generator
+ card

Model 4200A-SCS  — Pulse generator card
yA

SMA Pulse output
(Channel 1)

Common

©:
Q! a1
[O}E ]

SMA Pulse output
(channel 2) DUt

ENIS Common
/ White SMA cable 82 m)

(male-to-male
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Using an adapter cable to connect pulse card to DUT

The following figure shows an example of how to make pulse card connections to the device under
test (DUT) using the supplied SMA to SSMC adapter cable.

Figure 16: Pulse card connections using the SMA to dual SSMC adapter cable
D

Ch1 PuseHi G jr, B
Pulse Card Pulse Lo
s

422%-PxU Connect to pulse

Needle Hold
CH1 card channel Pulse Hi eedle Holders
TRIGIN Use supplied torque wrench to tighten l Gate Drain
@ SMA connections to eight inch-lbs.

— -

Local ground

o O

Source  Bulk

A White SMA cable (2 m (6.5 ft), included with the PGU and PMU)
SMA to SSMC Adapter Cable (4200-PRB-C, included with the PGU and PMU)

The needle holders shown in the previous figure are supplied by the user.

Connections to prober or test fixture bulkhead connectors

The 4200-PMU-Prober-Kit (available from Keithley Instruments) is a collection of standard and
custom connectors and accessories used to connect the pulse generator to a common variety of
probe stations. This kit can also be used for pulse card connections to a test fixture.

The following figure shows an example of how a PMU or PGU can be connected to a triaxial
connector of a prober or test fixture.

NOTE

If connecting to a prober or test fixture that uses BNC connectors, adapter C is not used.
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Figure 17: Pulse card connections to triaxial prober or test fixture

Connect to triax
connector of prober
or test fixture

Pulse Card

Triax
Connector

3 X Pulse Hi
B C Pulse Lo

Inner shield not used

Connect to pulse

422x-PxU
card channel

TRIG IN

®

NOTE Use supplied torque wrench to tighten
SMA connections to eight inch-Ibs.

Prober_or test
fixture bulkhead

A White SMA cable (2 m (6.5 ft) included with the PGU or PMU)
B SMA socket to BNC plug (included with the 4200-PMU-Prober-Kit)
C BNC socket to three-lug triaxial plug (included with the 4200-PMU-Prober-Kit)

RPM connections to DUT

With an RPM installed, never make connections directly to any of the SMA connectors (CH1
and CH2) on the PMU module. This may result in damage to the PMU or DUT or may produce
corrupt data.

A device under test (DUT) can be tested using local sensing or remote sensing. Local sensing is
performed at the RPM, while remote sensing is performed at the DUT. When using remote sensing,
errors due to voltage drops in the Force path between the RPM and the DUT are eliminated. With
proper cabling, SMU or CVU tests provide remote sensing through the RPM.

Two-terminal test connections

For local sensing, only the Force output terminal of the RPM is connected to the DUT. The Sense
output terminal is not used. The following figure shows local sense connections using the supplied
adapter cable and adapters. For the two-terminal test shown in the following figure, the local ground is
left unconnected. Test circuit low is connected to the shield of the Force connector through

the cables.
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Figure 18: Two-terminal local sense connections using the SMA to SSMC adapter cable

Model 4225-RPM
OUTPUT panel

= OUTPUT ==y

D

Output to DUT f
Force (@) PulseHi G ”:{ B
Pulse Lo s

Sense

Connect to RPM Force

ONml

Force

Needle holders

Pulse Hi

See Note Gate Drain

0o O

Source Bulk

Local ground

NOTE

This connection method eliminates the triaxial guard (inner shield).

Triaxial plug to BNC socket adapter (supplied with the RPM)

BNC plug to SMA socket adapter (supplied with the RPM)

White SMA cable, 20.32 cm (8 in.) (supplied with the RPM)

SMA to SSMC adapter cable (4200-PRB-C, supplied with the PMU)

o O & >

The needle holders shown in the previous two figures are supplied by the user.

NOTE

When using two RPMs for four-terminal testing, two Y-cable assemblies are required. Make sure to
connect the two local grounds of the two cable assemblies together (see the figure in RPM
connections to a prober (on page 2-18)).

Remote sensing using RPM connections to a prober

Optional prober cable kits are available from Keithley Instruments. These kits provide connections to
a DUT:

e Model 4210-MMPC-S: Use this cable kit with the Suss Micro Tec PA200/300 series prober.

e Model 4210-MMPC-C: Use this cable kit with the Cascade Microtech 12000 series prober
(manipulator type DCM-200 series).

e Model 4210-MMPC-L: Use this cable kit with a Lucas Signatone Wavelink series prober.
e Model 4210-MMPC-W: Use this cable kit with the Wentworth prober.
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Figure 19: RPM connections to a prober

Needle holder with dual or
single SSMC connector(s)
(not included)

When using more than one
___ SMA to SSMC adapter cable,
make sure that all local grounds

are connected together B
——A —t—A
I | | | | | | 1
Force Sense Sense Force
Output Output
Model 4225-RPM Model 4225-RPM

To PMU CH1 or CH2
To SMU Force
To SMU Sense
To SMU Sense

To SMU Force

To PMU CH1 or CH2

Triaxial plug-to-BNC socket adapter (supplied with the RPM)
BNC plug-to-SMA socket adapter (supplied with the RPM)
White SMA cable (20.32 cm (8 in.), supplied with the RPM)

o 0O @ »

SMA-to-SSMC Adapter Cable (4200-PRB-C, supplied with the PMU)

NOTE

For details on using these prober cable kits, refer to PA-1000 for the Suss prober, PA-1001 for the
Cascade prober, PA-1080 for the Lucas Signatone prober, and PA-1085 for the Wentworth prober.
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PMU connection compensation

You can correct errors caused by connections and cable length between the 4225-PMU and the
device under test (DUT) by using connection compensation. When connection compensation is
enabled, the default or measured compensation values are factored into each DUT measurement.

Connection compensation includes short and offset current compensation options.

You have the option to use either default connection compensation values (PMU or RPM) or custom
connection compensation values. The default values can be used for typical connection setups that
use the supplied cables. The custom connection compensated values are generated when
connection compensation is done from the Clarius software. The custom values provide optimum
compensation. Custom connection compensation data is generated for offset current and short
conditions. The custom connection compensation values can be enabled or disabled from a test

in Clarius.

If connection compensation is disabled, the compensation values will not be applied to the
measurements.

NOTE

For optimum performance, you should do connection compensation any time the connection setup is
changed or disturbed. Changes in temperature or humidity do not affect connection compensation.

Short compensation

NOTE

For UTMs, the default connection compensation values for short can only be enabled using the LPT
function pullse_conncomp.

You can perform short compensation to remove measurement errors due to stray resistance in your
test configuration. When you run short connection compensation, the following status messages
are generated:

e Starting PMU Cable Compensation...
e R = % Ohms
e PMU Cable Compensation complete.

e % = value (V and I measured, Ohms calculated).
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Offset current compensation

Error currents can be introduced into your pulsed measurements setup by PMUs. PMU offset
compensation reduces error currents by subtracting measurements taken at 0 V from all
subsequent readings.

Perform connection compensation

To compensate for connections:

1. InClarius, select Tools. The Clarius Tools dialog opens.

Figure 20: Clarius Tools dialog

| Teoh

f ShU

| Data Export

SMU Auto Calibration

]

VU

CVU Connection Compentation

CVU Feal- Time Measuremant

CVU Confidence Check

PLIU

PMU Connection Compensation

2. Select PMU Connection Compensation. The Short and Offset Current Connection
Compensation Values and Defaults dialog opens.

3. From the PMU list, select the PMU that you want to perform compensation for.
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Figure 21: PMU Connection Compensation dialog

PMU Short and Offset Current Compensation Values and Defaults
PMUT | v
Channel 1 Channel 2
Short Resistance (Q) 0.7 0.7
Offset Current Correction  (Measured at 0V)
Force Range Measure Range Channel 1 (&) Channel 2 (A)
40V 800mA 0.00 0.00
40V 10mA 0.00 0.00
40v 100uA 0.00 0.00
1ov 200mA 0.00 0.00
10v 10mA 0.00 0.00
10v 1mA 0.00 0.00
10v 100uA 0.00 0.00
1ov 10uA 0.00 0.00
1ov TuA 0.00 0.00
1o0v 100nA 0.00 0.00
Note: N/A indicates that a measurement could not be made at RPM range because RPM is not connected
Default
I

4. To perform short connection compensation, select Measure Short, then follow the on-screen
instructions or replace the DUT in the test fixture with a short.

5. To perform offset current compensation, select Measure Offset, then follow the on-screen
instructions.

Compensation results are displayed when compensation is complete. If an error occurred, it is
displayed in the Clarius Messages area. The compensation data is displayed in the Short and Offset
Current Connection Compensation Values and Defaults dialog.

If your test setup uses both PMU channels, you will have new custom data for both channels.

Enabling connection compensation

NOTE

This procedure is for ITMs. For UTMs, you need to enable connection compensation data using the
LPT command pulse_conncomp or setmode functions.

To apply the connection compensation data to DUT measurements, you must enable connection
compensation for the test.
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To enable connection compensation:

Select the test.

Select Configure.

Select the terminal to be compensated.

In the right pane, select Terminal Settings.

Select Advanced. The PMU Advanced Terminal Settings dialog is displayed.

o g M w D RE

Select either Short Connection or Offset Current Correction. Refer to the following figure.

Figure 22: Enabling connection compensation

m PMU Advanced Terminal Settings — Drain Terminal: PMU1-1 - KIPMU4225 with 4225-RPM - Pulse IV X
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\ Y "y /
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Base ’ 0 v measurements, change the Test Mode (] offset Current Correction
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Voltage

DUT Resistance | 1.0e+006 0

Spo( Mean High S

o Maximum Voltage Estimator
Spot Mean Low

VMax  10.00 v Vi = s X Rour
Current s
Amplitude |0 v I Max  1.0e005 A 50+ Rour
Spot Mean High
VRange 10 v
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Disable Outputs at Completion
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[ Power

Select OK.

8. To disable connection compensation, clear either Short Connection or Offset Current
Correction, then select OK. When disabled, connection compensation values are not applied to
DUT measurements.
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Load-line effect compensation (LLEC) for the PMU

NOTE

Load-line effect compensation (LLEC) is only performed for standard pulse I-V testing using PMU
measure ranges. It is not performed when using 4225-RPM measure ranges (<10 pA). The active
RPM circuitry provides its own analog LLEC (assuming there is a short cable from the RPM to
the DUT).

The basic pulse output system is a series circuit that consists of the pulse generator resistance (fixed
at 50 Q), interconnect (cabling and pin-to-pad) resistance, and the resistance of the DUT. In this
series circuit, the sum of the voltage drops across these components is equal to the output voltage of
the pulse generator. Therefore, if the resistance of the DUT changes, the voltage seen at the DUT
also changes. This effect is called the load-line effect. See DUT resistance determines pulse voltage
across DUT (on page 4-17) for details on how the resistance of the DUT affects the voltage across it.

For example, consider a PMU set to output voltage to a 50 Q load (DUT). For this default setting, the
pulse card outputs twice the programmed pulse voltage. If the interconnect resistance is negligible

(0 Q), half the pulse card voltage appears across the internal pulse card resistance (50 Q) and the
other half (which is the programmed pulse voltage) appears across the 50 Q DUT. For example, if the
pulse card is programmed to output a 5 V pulse, the pulse card sources a 10 V pulse. Five volts will
drop across the internal 50 Q pulse card resistance and 5 V will appear at the 50 Q DUT.

The 4225-RPM also exhibits the load-line effect. The RPM has resistance in series with its output
(typically between 20 Q and 50 Q).

NOTE

Descriptions of the LPT functions discussed in the following topics are provided in Model 4200A-SCS
LPT Library Programming.

2-24
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Methods to compensate for load-line effect

The methods to compensate for load-line effect include:

e Use the built-in load-line effect compensation (LLEC) in the PMU for the standard 2-level pulse
mode. Ideally (when LLEC is enabled), the PMU adjusts its output levels such that the
programmed output voltage appears at the DUT. For ITMs, see Load-line effect compensation
(on page 2-24). For UTMs, use the LPT pulse_meas_sm function to control LLEC.

e Manual adjustment of the PMU output until the target pulse level is measured across the DUT.
For a pulse sweep, this manual process must be repeated for every step in the sweep.

If you are not using LLEC, you can manually set the output impedance to match the impedance of the
DUT. For example, if the impedance of the DUT is 1 kQ, set the output impedance to 1 kQ. Maximum
power transfer is achieved when the DUT impedance matches the output impedance setting. In a real
test environment, you may not know the exact resistance value of the DUT, and you will have the
added affect of cabling and pin-to-pad resistance. The output impedance can be set from an ITM (see
Disable LLEC and set the output impedance (on page 2-30)) or from a UTM (see the LPT
pulse_load function).

How LLEC adjusts pulse output to the target levels

LLEC is an algorithm that adjusts the output of a PMU channel. When enabled, the algorithm
performs a set number of iterations in an attempt to output the target voltage to the DUT.

The algorithm used for LLEC is shown in the following figure. The diagram shows that the PMU
standard pulse source (with measure) uses a burst-measure-analyze-reburst method. This method
allows for range changing, threshold comparison, load-line effect compensation, and pulse timing.
This means there is separation between each set, or burst, of pulses. The number of pulses output
for each attempt is controlled by the Number of Pulses setting for ITMs or the pulse_meas_timing
function for UTMs. Note that LLEC is available only in the standard 2-level pulse mode. LLEC is not
available in the Segment Arb mode.

Note that after the first action, "Output Pulse Burst," all pulse channels in the test stop pulsing and
output 0 V while performing the actions in the remaining boxes in the diagram. The time between
pulses is determined by the time required to process the measurements and perform the calculations
and comparisons shown in the previous figure. Wider pulses, longer pulse periods, and a higher
number of pulses increases the time between pulses where the output is at 0 V. Note that both Pulse
I-V and Waveform Capture Test modes use this algorithm and both will output 0 V between pulses for
each step in a sweep. For strict control over the pulse voltage versus time, see the Segment Arb
feature of the PMU.

The "Get Good Measurement" step shown in the previous figure also must ensure that the current
measure range is correct (if ranging is enabled) and check the measured voltage and current against
the thresholds. See PMU - all terminal parameters (on page 3-6).
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Figure 23: LLEC algorithm for two-level pulsing (PMU)
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There are two parameters that control how the LLEC algorithm functions: Maximum number of
iterations and tolerance window. For ITMs, the maximum number of iterations is fixed at 20 and the
tolerance window is 0.3 percent. For UTMs, use the setmode function. The LLEC algorithm iterates,
trying to reach the target voltage until one of the following occurs:

e The target voltage is reached (within tolerance specified).

e The maximum number of iterations is reached. The maximum number of iterations must be equal

for each channel in the test.
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Coping with the load-line effect

There are several ways of working with this effect. The simplest one is to program the DUT load into
the pulse card channel using the pullse_load function, or setting the Pulse Load value in the KPulse
(on page 5-1) virtual front panel. The pulse card calculates the appropriate Vint to output so that the
Vout pulse waveform, specified by pulse_vlow and pulse_vhigh, has the correct levels. This
works well for high impedance devices or device terminals (Rout = 1 kQ), such as the gate terminal
on a CMOS field effect transistor (FET). Unfortunately, many times Rpur is not known or varies. A key
example of a varying Rour is the drain-source resistance during a Vo-lo sweep, where Rops is changing
from point-to-point and sweep-to-sweep.

There is basically only one way to handle this situation, with two different levels of implementation. In
general, assume the DUT is a FET. If the test consists of a single or limited nhumber of gate and drain
test points, the necessary voltages can be determined by pre-characterizing each unique set of

test conditions.

This pre-characterization requires some way to measure the pulse heights, which is typically done
using an oscilloscope and an iterative trial and error approach. Each test voltage needs to be
measured, with the pulse levels adjusted until the correct voltage is reached. Record each pulse level
required to reach the required Vour levels.

For information on the LPT commands listed above, refer to Model 4200A-SCS LPT
Library Programming.

NOTE

The 4225-PMU has built-in load-line effect compensation. For details, see Load-line effect
compensation (LLEC) for the PMU (on page 2-24).

LLEC maintains even voltage spacing

Another advantage of using LLEC is that it maintains even voltage spacing during the test. For
example, if the pulse sweep uses 250 mV steps, DUT voltage and current measurements will be
performed at every 250 mV step. Data that is generated using even voltage spacing is ready to be fed
into a mathematical model.

When not using LLEC, uneven voltage spacing may result due to load-line effect. The following figure
shows load-line effect on a FET family of curves. The blue curves were generated with LLEC enabled
and the green curves were generated with LLEC disabled. The Vg was increased for the green
curves to provide separation between the curves.

In the following figure, each blue curve (LLEC on) is the result of a sweep from 0 to 6 V using 250 mV
steps. Notice that the 24 pulse-measure points are evenly spaced.
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Figure 24: Load-line effect on FET family of curves
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The same sweep is used to generate the green curves (LLEC off). The best green curve is the one at
the bottom (bias Vg = 2.5 V). However, load-line effect prevents the PMU from sourcing 6 V to the
DUT and the 24 pulse-measure points are not evenly spaced. Modifying the sweep to 0 to 6.5 V will
ensure that at least 6 V is output to the DUT, but voltage spacing will still be uneven. The green

curves for the other two bias voltages (Vg = 3.0 V and 3.5 V) are even more adversely affected by
load-line effect.

Test considerations

The magnitude of the pulse steps affects overall test time. Wider pulses, a higher number of pulses,
and larger voltage steps at each sweep point, all increase the amount of time required for the LLEC
algorithm at each sweep point, which lengthens the overall test time.

There may be some high-gain devices that will not test properly with LLEC enabled. In this case, you
can disable LLEC. To disable LLEC in ITMs, see Disable LLEC and set the output impedance (on
page 2-30). For UTMs, see the pulse_meas_sm and pulse_meas_wfm functions.

2-28 4200A-PMU-900-01 Rev. B March 2023



Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual Section 2: Connections

Figure 25: Curve showing poor LLEC compensation

LPT functions used to configure LLEC

e The LPT functions used to configure LLEC for the PMU are:

e pulse_load: Use this function to set the output impedance for the DUT when LLEC is disabled.
Setting the DUT resistance is useful when the DUT resistance is known and is relatively constant

e setmode: Use this function to set the number of iterations for the LLEC algorithm or the tolerance
window that determines if load-line effect compensation is reached. The tolerance window is
expressed as a percentage of the target voltage. The maximum number of iterations sets the
maximum number of iterations that will be attempted by the LLEC algorithm. If the algorithm does
not reach the target window, the measurements from last attempt are returned.

e pulse meas_smand pulse_meas_wfm: Use these functions to enable or disable LLEC.

Enable LLEC

This option is available for ITMs.

To enable LLEC:

Select the pulse test.

Select Configure.

In the right pane, select Terminal Settings.

Select Advanced.

Select Load Line Effect, as shown in the following figure.
Select OK.

o g~ w NP
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Figure 26: Enabling LLEC
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Disable LLEC and set the output impedance

These options are available for ITMs.

With LLEC disabled, you can input the known resistance of the DUT. The resistance value is then
used in a compensation process to output the voltage.

The Max Voltage Estimator is a tool that you can use to calculate the maximum voltage and current
based on the selected voltage range and the entered DUT resistance value. The estimator does not
affect the pulse output.

For a more accurate maximum voltage estimate, add the interconnect resistance to the DUT
resistance value. The typical resistance of a white SMA cable is 0.75 Q and the typical prober
pin-to-pad resistance is 1 Q to 3 Q. Poorer pin-to-pad contacts could be in the range from

10 Qto 15 Q.

The LLEC setting does not change the maximum output voltage or current of the PMU. The V Max
and | Max values are the maximum output of the PMU and are valid if LLEC is enabled or disabled.
The DUT Resistance setting also does not affect the maximum output voltage. For example, the 10 V
range can output 10 V into a high-impedance DUT (1 MQ) and a lower voltage into lower impedance
DUTSs. Refer to DUT resistance determines pulse voltage across DUT (on page 4-17) for detail on
calculating DUT resistance.

To disable LLEC and set the output impedance:

1. Todisable LLEC, clear Load Line Effect.

2. Inthe DUT Resistance box, enter the resistance value.
3. Review the Max Voltage Estimator values.

4. Select OK.
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Introduction

This section provides basic information on creating a PMU project in Clarius and specific information
on the options available for PMUs and PGUs.

For additional detail on working with Clarius, refer to the Model 4200A-SCS Clarius User's Manual.

Configure the PGU, PMU, and RPM using tests

To configure and control the PGU, a user test module (UTM) is needed. You can also use UTMs to
configure and control the PMU and RPM preamplifier. For UTM programming, see “LPT commands
for PGUs and PMUs"” in Model 4200A-SCS LPT Library Programming.

You can use interactive test modules (ITMs) to configure and control a PMU and RPM preamplifier.
Refer to “Configure a simple test” in Model 4200A-SCS Clarius User's Manual for information on
configuring an ITM for the PMU.

An ITM automatically controls the RPM based on the type of test (pulse, CV, SMU). RPM switching
can only be controlled using the rpm_config LPT function in a UTM. For details, refer to Using the
RPM as a switch (on page 2-9).

NOTE

For automatic switching of the RPM in ITMs, the RPM must already have all instrument cabling
connected and recognized by the system. Information on performing this update is in “Update the
RPM configuration” in Model 4200A-SCS Setup and Maintenance.
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Create a PMU project

To create a new project:

1.

2
3.
4

Select Save to save your existing project.
Choose Select.
Select the Projects tab.

In the Search box, type PMU and select Search. The Library displays projects that are set up
for PMUs.

Select Create for the project you want to open. The project replaces the previous project in the
project tree.

Figure 27: Filter and search for the bjt project
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6. Assign a new title to the project by selecting Rename and then entering and appropriate name.

7. Select Enter.
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Configure the tests

To configure a test:

1. Select Configure.

Figure 28: Configure highlighted
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2. From the Key Parameters pane, adjust the pulse voltage sweep levels of PMU1-2 on the Drain
terminal and the Pulse Step Voltage of PMU1-1 on the Gate terminal, as needed.

Figure 29: Key Parameters pane for the pulse-vds-id test
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3. From the Test Settings pane and Advanced Test Settings dialog, adjust the Pulse Settings and

Timing Parameters as needed.

Figure 30: Test Settings pane and Test Settings Advanced dialog

pulse-vds-id#1

Pulse Settings
Test Mode | Pulse IV ‘ v
Measure Mode | Discrete Pulses ‘ v
Number of Pulses | 1
Timing Parameters
Period | 1E-06 s
Width | 5E-07 s
Rise Time | 1E-07 s
Fall Time | 1E-07 s
Delay | 0 s

>

[

Pulse Settings

s [

Timing Sweep

Timing Parameters
star
Period | 1606
Wi s€0
ise Time | 16-
FalTme | 160
Delay o
Setting Tnes

Pulse Timing Preview

Pt | v

4. From the Terminal Settings pane and Advanced Terminal Settings dialog, you can adjust the
voltage source and current measurement parameters, as needed.

Figure 31: Terminal Settings pane and Terminal Settings Advanced dialog
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PMU operation modes

The operation mode determines what type of test is run on the terminal. Selecting the appropriate
mode simplifies configuration options.

A Pulse Sweep and Pulse Step function are identical. However, in a test where two or more PMUs
are used, the sweep for one PMU is performed on each step of the pulse step of the other PMU. A
pulse step requires that at least one channel be configured for Pulse Sweep.

A Pulse Train outputs one or more pulses of the same magnitude and base level.
The DC Gnd operation mode is used for the PMU GND terminal.

When there are two or more PMUs in the test system, the Sweep Master (on page 3-20) option is
used to select one of them as the master PMU.

Figure 32: Pulse operation modes
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Figure 33: Pulse train
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When DC Bias operation mode is selected, the PMU outputs the dc base voltage. The following figure
shows a representation of a dc voltage waveform.

Figure 34: DC Bias waveform
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The terminal settings available for each operation mode are described in the following topics.

PMU - all terminal parameters

When you select All Parameters, the Configure pane displays all available parameters for the test
that is selected in the project tree.

Parameter descriptions are provided in the following topics.

Start (PMU Amplitude Sweep)

The voltage source level at which the sweep starts.

Stop (PMU Amplitude Sweep)

The voltage source level at which the sweep stops.
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Step (Pulse Amplitude Sweep)

The voltage size of each step of the sweep. The source level changes in equal steps of this size from
the start level to the stop level. A measurement is made at each source step (including the start and
stop levels).

Clarius never steps the force voltage beyond the value specified by the stop parameter, even if you
specify a step value that is larger than the stop value.

Use a step value that does not result in a fractional number of points. If the point is fractional, the step
value is forced to a value that results in a whole number of points. To calculate the points:

points = (stop - start) £
step
The points are rounded to the nearest value.
For example, if Start =0V, Stop =5V, and Step = 0.6 V:
points = M +1
0.6

In this case, the Step value is forced to 0.625 V, which results in a point value of 9.333, which is
rounded to 9. The instrument forces nine voltages at 0 V, 0.625 V, 1.25V, 1.875V, 2.5V, 3.125 V,
3.75V,4.375V,and 5 V.

Points

The number of points that are measured. This value is calculated by Clarius using the information
entered for the Start, Stop, and Step parameters, using the following equation:

(stop - start) e

points =
step

Base

The voltage offset (from 0 V) that is the reference for the pulse amplitude.

Amplitude

The amplitude voltage.
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Dual Sweep (pulse)

When you select Dual Sweep, the instrument sweeps from start to stop, then from stop to start. When
you clear Dual Sweep, the instrument sweeps from start to stop only.

The amplitude, base, and dc sweeps have an option for Dual Sweep. The figure below shows the
difference between a single pulse sweep and a dual pulse sweep. This figure illustrates a linear
voltage sweep; 0 Vto 4 Vin 1V steps.

Figure 35: Single and dual pulse amplitude sweep examples
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Force Range (PMU)

The range that is used when sourcing. Select one of the listed ranges. The source remains on the
range that is set. If you are sweeping and a sweep point exceeds the source range capability, the
source outputs the maximum level for that range. This range must be equal to or greater than the
largest value in the sweep.

Note that the 40 V range has a higher maximum output voltage and current, but does not have the
faster transition times of the 10 V range or the lower current measure ranges of the 4225-RPM.

Disable outputs at completion

Select this option to disable the outputs when the test completes.

Clear this option to leave the outputs enabled when the test completes.
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Current Spot Mean High

Makes current measurements on the amplitude. Available when the Test Mode is set to Pulse I-V.

The following figure shows an example of a spot mean measurement on pulse high (amplitude) and
pulse low (base level). For a more detailed example, refer to Test Mode (PMU) (on page 3-16).

Figure 36: Spot mean measurements
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Current Spot Mean Low

Makes current measurements on the base level. Available when the Test Mode is set to Pulse IV.

The following figure shows an example of a spot mean measurement on pulse high (amplitude) and
pulse low (base level). For a more detailed example, refer to Test Mode (PMU) (on page 3-16).

Figure 37: Spot mean measurements
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Measure Current Range (PMU)

The measure range determines the full-scale measurement span that is applied to the signal.
Therefore, it affects both the accuracy of the measurements and the maximum signal that can be
measured.

The current measure range affects the time required to obtain settled measurements. Lower current
ranges require additional time to reach a settled signal level. If the pulse timing parameters are too
short for one or more current measure ranges, some ranges will be unavailable.

As shown in the following table, available current measurement ranges for the PMU depend on the
selected voltage source range. The 10 mA measure range for the 10 V source range has better
accuracy than the 10 mA range for the 40 V source range.
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Low

Fixed current measurement ranges (PMU only)

10 Vrange 40 V range
10 mA 100 pA
200 mA 10 mA

- 800 mA

If you are using an RPM, additional current measurement ranges become available to the PMU. The
following table lists the current measurement ranges for the PMU when using the RPM. The 10 mA
measure range for the 10 V source range has better accuracy than the 10 mA range for the 40 V
source range.

Current measurement ranges for the PMU with RPM

10 Vrange 40 V range
100 nA 100 pA
1pA 10 mA

10 pA 800 mA
100 pA —

1 mA —

10 mA —

200 mA —

The current range options are:

e Auto: The instrument automatically optimizes the measurement range as the test progresses.
This option provides the best resolution when the measurements span several decades. However,
time delays can occur with range changes that can limit the measurement speed.

e Limited Auto: A compromise between Auto and a fixed range option. It allows you to specify the
minimum range that the PMU uses when it automatically optimizes the current measurements.
This option reduces test time when you do not need maximum resolution at minimum currents.
The available ranges are limited by the chosen pulse timing parameters. For additional
information, see PMU minimum settling times versus current measure range.

e Specific ranges: You can select a fixed measurement range.

The available ranges are limited by the pulse timing parameters. For additional information, see PMU
minimum settling times versus current measure range (on page 3-24).

Range

Available when the Measure Range is set to Limited Auto. This sets the minimum range that the
instrument uses.

Current Sample Waveform

Makes current measurements on the waveform. Available when the Test Mode is set to
Waveform Capture.

3-10
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Voltage Spot Mean High

Makes voltage measurements on the amplitude. Available when the Test Mode is set to Pulse IV.

The following figure shows an example of a spot mean measurement on pulse high (amplitude) and
pulse low (base level). For a more detailed example, refer to Test Mode (PMU) (on page 3-16).

Figure 38: Spot mean measurements
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Voltage Spot Mean Low

Makes voltage measurements on the base level. Available when the Test Mode is set to Pulse V.

The following figure shows an example of a spot mean measurement on pulse high (amplitude) and
pulse low (base level). For a more detailed example, refer to Test Mode (PMU) (on page 3-16).

Figure 39: Spot mean measurements
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Voltage Sample Waveform

Makes voltage measurements on the waveform. Available when the Test Mode is set to
Waveform Capture.

Report Timestamps

Available when the Test Mode is set to Waveform Capture. When Report Timestamps is enabled,
each measurement includes a timestamp and the waveform is graphed (voltage/current versus time)
in the Analyze graph.
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Report Status (PMU)

When this option is selected, Clarius records measurement status information when the test executes.
A column of the Analyze spreadsheet displays this information. Hover over a cell to review the
information. An example of the status information is displayed in the following figure.

Figure 40: Report Status for PMU in the Analyze sheet

AT AWFMV AWFMI PMU1-1_S

780.0000E-9 -11.9080E-3 10.2829e9| 01020031

785.0000E-9 15.4501E-3| -252.4937E9| 01020031

790.0000E-9 -14.7878E-3 -31.1376E-9| 01020031

795.0000E-9 19.7697E-3| -252.5360E9| 01020031

800.0000E-9 -20.54T4E-3 10.3676E-9

805.0000E9|  14.0101E-3| -128.1334E-9| >IUS

EREREEEEE

Ch
Meas V 10V
Meas | 100uA
Runl Waveform
RPM

810.0000E-9 -3.2687E-3 -45.0667E-9

For PMU measurements, this information is also available as a 32-bit word. The status code bit map
is listed in the LPT pulse_fetch command description.

PMU measurement status

ITMs can provide status information for the 4225-PMU measurements in the Analyze sheet Run tab.
The column for the status codes is labeled PMUx_y_S, where x is the PMU instrument number
(PMU1, PMUZ2, and so on), and y is channel number (channel 1 or 2). The PMU status code indicates
pulse measurement status, source and measure ranges, whether an RPM is connected, and load-line
effect compensation (LLEC) status, and flags any faults (errors).

If a pulse measurement fault occurs, the data values in the entire row are displayed in a different color.
A single measurement may have more than one condition. Hover over a cell to review the
status information.

The data values identify the fault type as follows:

e Red = Source in compliance

e Magenta = Measurement overflow

e Orange = LLEC failed

e Blue = Current, voltage, or power threshold reached

An example of the Analyze sheet when a measurement overflow occurred is shown in the following

figure. The figure also shows an example of the message that is displayed when you place the cursor
on a flagged PMU1_1_S cell.
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Figure 41: Status tab showing faults

Drain T DrainWFMY | DrainWFMI PMLN 2.5 Gate_ T GateWFMV GateWFMI PMLIT_1_S

1 . 0.0000E+D -90.0662E-3 213.31156-6| 01020042 0.0000E+D -84 FO04E-3 173.34TRE-6 01020041
2 . 5.0000 E-'EI. 46 l5-"|5'|'E-3- 436 ?DE'SE-E. 01020042 . ] IJDDEIE-‘EI. 34 EMEE-']I 396.1551 E-E\I 01020041
2 10 IZII:II:IIZIE-"JI 50127 E-]-- 642 ED?EE-E. 01020042 . 10.0:000E-9 B04 DSEZ:’--SII 618,2225E-6 0020041
4 15 DI]EII:IE-'Q. 2 11}9TE+0- B24 EE-HE-&I 01020042 . 15.0000E-9 1 365H-E*I:I. 809.998TE-6, 01020041
5 . 20 [JI]IZIUE-'QI. 2 3532E+t}. o ??BQE-E. 01020042 . 20 Cvf)I}[JE-*}. am 3§I-Erl:]. a 'EI-:}IS-?E-E. 020041
42A5E+ 1.12428-3 1020843 b 5 947T3E+ .11
i | 1 | Sea
1 |y

Status codes

Each measurement includes an 8-digit status code. Assign the following letters to the code and use
the following table to determine status:

ABCDEFGH

In the figure shown in PMU measurement status (on page 3-12), the circled status code is 11010021:

A. 1 =LLEC failed, sweep not skipped (yellow indicates that LLEC failed)
B. 1 = RPM being used

C. 0 = Not applicable (always 0)

D. 1 = Spot mean measurement type

E. 0 = Source not in compliance, no threshold reached

F. 0 = No measurement overflows

G. 2 = 10 pA measure range

H. 1 = Channel 1, 10 V measure range

4200A-PMU-900-01 Rev. B March 2023 3-13



Section 3: Setting up PMUs and PGUs in Clarius Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual

PMU measurement status codes

Code | Summary or description Value

letter

A Load-line effect compensation (LLEC) and ' 0 = LLEC disabled, sweep not skipped
sweep 1 = LLEC failed, sweep not skipped

3 = LLEC successful, sweep not skipped
4 = LLEC disabled, sweep skipped
5 = LLEC failed, sweep skipped
7 = LLEC successful, sweep skipped
B RPM mode settings 0 =No RPM
1=RPM
2 = Bypass; PMU
3 = Bypass; SMU
4 = Bypass; CVU

C Reserved for future use Always 0

D Measurement type 1 = Spot mean
2 = Waveform

E Current threshold, voltage threshold, power | 0 = None

threshold, and source compliance 1 = Source compliance

2 = Current threshold reached or surpassed
4 = Voltage threshold reached or surpassed
8 = Power threshold reached or surpassed

F Voltage measure overflow and current 0 = No overflow

measure overflow 1 = Negative voltage overflow
2 = Positive voltage overflow
4 = Negative current overflow
5 = Negative voltage and negative current overflow
6 = Positive voltage and negative current overflow
8 = Positive current overflow
9 = Negative voltage and positive current overflow
A = Positive voltage and positive current overflow

G Current measure range 0 =100 nA (RPM only)

1 =1 yA (RPM only)
2 =10 pA (RPM only)

3 =100 pA
4 =1 mA (RPM only)
5=10mA
6 =200 mA
7 =800 mA

H Channel number and voltage 1=Chi,10V

measure range 2=Ch2,10V

5=Chl,40V
6=Ch2,40V
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Compensation Short Connection

Use to enable or disable short connection compensation. Refer to PMU connection compensation (on
page 2-20) for detail on setting up and using connection compensation.

Load Line Effect Compensation

Use to enable or disable load-line effect compensation (LLEC). Refer to Load-line effect
compensation (LLEC) for the PMU (on page 2-24) for detail on setting up and using load-line
effect compensation.

DUT Resistance (R DUT)

The DUT resistance value. Refer to DUT resistance determines pulse voltage across DUT (on page
4-17) for detail on calculating DUT resistance.

Max Voltage Estimator

The Maximum Voltage Estimator is a tool that enables you to calculate the maximum voltage and
current based on the selected voltage range and the DUT resistance value you type in. The estimator
does not affect the pulse output.

For a more accurate maximum voltage estimate, add the interconnect resistance to the DUT
resistance value. The typical resistance of a white SMA cable is 0.75 Q and the typical prober
pin-to-pad resistance is 1 Q to 3 Q. Poor pin-to-pad contacts could be in the range of 10 Q to 15 Q.

The V Max and | Max values are valid with LLEC enabled or disabled. It is the maximum output of the
PMU. The LLEC does not change the maximum output voltage or current of the PMU.

Threshold Current

The current threshold allows you to set a threshold. If the threshold is reached or exceeded, the
present sweep is stopped. Testing continues with any subsequent sweeps.

This threshold is a comparison of the measurement after the pulse has been applied to the DUT (the
threshold value will be exceeded, at least slightly). The degree to which the signal exceeds the
threshold before the threshold is triggered is a function of the DUT response and test configuration.
Generally, smaller voltage step sizes will reduce the amount that the signal exceeds the threshold.
You can specify more than one threshold for each channel.
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Threshold Voltage

The voltage threshold allows you to set a voltage threshold. If the threshold is reached or exceeded,
the present sweep is stopped. Testing continues with any subsequent sweeps.

This threshold is a comparison of the measurement after the pulse has been applied to the DUT (the
threshold value will be exceeded, at least slightly). The degree to which the signal exceeds the
threshold before the threshold is triggered is a function of the DUT response and test configuration.
Generally, smaller voltage step sizes will reduce the amount that the signal exceeds the threshold.
You can specify more than one threshold for each channel.

Threshold Power

The power threshold allows you to set a power threshold. If the threshold is reached or exceeded, the
present sweep is stopped. Testing continues with any subsequent sweeps.

This threshold is a comparison of the measurement after the pulse has been applied to the DUT (the
threshold value will be exceeded, at least slightly). The degree to which the signal exceeds the
threshold before the threshold is triggered is a function of the DUT response and test configuration.
Generally, smaller voltage step sizes will reduce the amount that the signal exceeds the threshold.
You can specify more than one threshold for each channel.

On the 40 V range, you may see the error message, "Pulse waveform configuration exceeded output
power limits." To solve this issue, try increasing the period or using the 10 V range.

PMU Test Settings

The settings that are available for PMU tests are described in the following topics.

Pulse Settings

Under Pulse Settings, you can select the type of pulse test, how measured pulse values are handled,
and the number of pulses.

Test Mode (PMU)

The Test Mode selects the type of pulse test. You can select:

e Pulse IV: This test mode performs spot mean measurements (V or 1) of the amplitude or base
portions of one or more pulses. Typically, current versus voltage is graphed in the Analyze graph.
The pmu-iv-sweep project provides an example of a pulse drain family of curves using the
pulse test mode.

e Waveform Capture: This test mode samples the entire waveform. The waveform is graphed
(voltage and/or current versus time) in the Analyze graph. The pmu-1ch-wfm project provides an
example of a waveform capture. Note that the Timing Sweep Step option (in the Advanced dialog)
is disabled when Waveform Capture is selected.

3-16
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For pulse I-V, spot mean measurements are made on pulse amplitude and base level. You can
measure voltage and current. The following figure shows the measure windows for spot mean
measurements. The start measure and stop measure points for ITMs are fixed at 75 percent and 90
percent for both amplitude and base level.

Figure 42: Pulse I-V (spot mean measurements)
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The number of measurement samples that are made is relative to the widths of the magnitude and
base level. For example, if the width of the magnitude is 1 s, the measure window is 750 ns to
900 ns. If the width of the base level is 2 ps, the measure window is 1500 ns to 1800 ns.

For waveform capture, measurement samples are acquired on pulse rise, pulse amplitude, pulse fall,
and a small portion before the rise (pre-data) and after the fall (post-data) on the base level, as shown
in the following figure.

Figure 43: Waveform capture
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For detail on spot mean measurements, refer to Spot mean measurements (on page 4-26). For user
test module (UTM) programming, refer to the pulse_meas_sm function.

For detail on waveform measurements, refer to Waveform measurements (on page 4-27). For UTM
programming, the pulse_meas_wfm function is used to configure waveform measurements.
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For UTMs, the pulse_meas_timing function allows you to adjust the measure window for the pulse
I-V test mode or the pre-data and post-data settings for the waveform measurements. For ITMs, the
measure window and pre-data and post-data settings are fixed.

Function descriptions are provided in Model 4200A-SCS LPT Library Programming.

Measure Mode

For Measure Mode, you can select Average Pulses or Discrete Pulses.

When Average Pulses is selected for Pulse IV, the measured values of two or more pulses are
averaged. See the Pulse IV (Average pulses) measurement example (on page 3-18). For Waveform
Capture, select Average Pulses to average each sample in the waveform with the same point in
subsequent waveforms, for each pulse specified by the number of pulses.

When Discrete Pulses is selected for Pulse 1V, the measured value of each pulse is acquired. Refer
to the Pulse IV (Discrete pulses) measurement example (on page 3-18). For Waveform Capture, each
sample for every waveform is recorded in the Analyze sheet. Refer to the Waveform Capture
(Discrete Pulses) measurement example (on page 3-19).

Pulse I-V (Average pulses) measurement example

For the example shown in the following figure, the mean of three pulses is averaged into a single
reading (also called a spot mean). One averaged reading is yielded for each pulse. The result of the
three averaged readings is placed in the Analyze sheet.

Figure 44: Pulse IV - Average pulses

T vyzz e Time
Mean of n Data Points = Average (of n pylses)

Above example: Mean of 3 Data Points =| Average [of 3 pulses)

Pulse |-V (Discrete pulses) measurement example

For the example shown in the following figure, the readings are the result of a pulsed IV sweep from 2
Vto 5V (in 1V steps) with the discrete number of pulses set to three. This test yields the spot mean
of the three pulses for each step of the sweep. The Analyze sheet for the 12 readings are also
included in the following figure.
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Figure 45: Pulse IV - Discrete pulses
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Waveform Capture (Discrete Pulses) measurement example

For the example shown in the following figure, the samples of three pulses are captured. The 51
samples (17 samples x 3 pulses) are placed in the Analyze sheet.

Figure 46: Waveform capture - Discrete pulses
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Number of Pulses

The number of pulses for the PMU channel to output and measure for each step in the sweep (1 to
10,000). If you enabled autorange, load-line effect compensation (LLEC), or thresholds, the number
of pulses is output multiple times for each step in a sweep.

Sweep Master

If there are multiple steps or sweeps in a test, use this to designate which instrument is the master.
Refer to Step or sweep multiple device terminals in the same test (on page 3-39) for detail.

Timing Parameters

The following figure shows parameter stepping and sweeping examples. In these examples, the
Number of Pulses parameter is set to 3, so there are three pulses per period.

Figure 47: Parameter stepping sweeping examples
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e Period: The pulse period steps or sweeps from a short period to a long period (or from a long
period to a short period).

e PW: The pulse width (PW) steps or sweeps from a short pulse width to a long pulse width (or
from a long width to a short width).

e Rise: The pulse rise time steps or sweeps from a long rise time to a short rise time (or from a
long rise time to a short rise time).

e Fall: The pulse fall time steps or sweeps from a long fall time to a short fall time (or from a long
fall time to a short fall time).

In the figure above, the ellipsis (...) between each burst of pulses indicates additional time that the
pulse channel is outputting 0 V dc (the pulse channel is not pulsing). This time allows for
analog-to-digital (A/D) sample processing and, if enabled, measure ranging and LLEC. For more
information on LLEC, see How LLEC adjusts pulse output to the target levels (on page 2-25).

NOTE

For the 40 V range for the 4220-PGU and 4225-PMU in pulse mode, the pulse generator is limited to
slew no more than 160 MV/s when pulsing more than 10 s.
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Period

The pulse period is the time interval between the start of the rising transition edge of consecutive
output pulses, as shown in the following figure. To minimize self-heating effects, set a pulse period
that is 10 to 100 times longer than the pulse width to produce a duty cycle that is 1 percent to

10 percent.

Figure 48: Pulse period
Amplitude

Pulse period

Width

The pulse width is the interval between the rising-edge and falling-edge medians. For a pulse with
fast edges (a short transition time), the pulse width is essentially equal to the interval from the start of
the rising edge to the start of the falling edge.

Rise and fall times are set independently. The pulse width is not affected by a change to the transition
time. However, start points may shift with changes in transition time.

The dashed line pulse in the following figure shows how increased transition time can affect the rising
edge and falling edge of the pulse. The shaded areas of the pulse show the changes in the slopes.
Notice that the pulse width interval is not affected. If the transition time is increased, the pulse would
not reach its programmed amplitude (100%).

Figure 49: Pulse width

Amplitude

)= Start of falling edge
100 %
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L Specified pulse width
Start of rising edge

Rise Time

The rise transition time for the pulse output.

Fall Time

The fall transition time for the pulse output.
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Pulse Delay

The pulse delay is the time interval between the start of the rising pulse edge of the trigger output
pulse and the output pulse. You can set the rising or falling polarity of the trigger output pulse edge to
the output pulse. The pulse delay has a variable delay with respect to the trigger output.

Figure 50: Pulse delay
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output !
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Formulator

Opens the Formulator. The Formulator allows you to make data calculations on test data and on the
results of other Formulator calculations.

Refer to “The Formulator” in the Model 4200A-SCS Clarius User's Manual for detail on using
the Formulator.

Output Values

If you are using subsites, each time a subsite is cycled, the measurements for the selected Output
Values are placed in the Analyze sheet for the subsite. For example, if the subsite is cycled five times,
there will be five measured readings (Output Values) for the test. For details, see “Subsite cycling” in
the Model 4200A-SCS Clarius User's Manual.

PMU Advanced Test Settings

To access these settings, on the Test Settings tab, select Advanced.

The Pulse Settings and Timing Parameters are described in the PMU Test Settings (on page 3-16).

The Timing Sweep determines which timing parameters control the step or sweep. You can only step
the timing parameters if the Operation Mode is set to pulse sweep or pulse train and if the Test Mode
is set to Pulse IV. You can only sweep the timing parameters if the Operation Mode is set to pulse
step or pulse train.

The Timing Sweep Step option is disabled when Waveform Capture is selected.
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Settling Times

The settling time is the time that it takes for pulse levels to stabilize after the voltage or current is
changed, such as during execution of a sweep.

The Typical Minimum Timing Recommendations dialog displays typical minimum timing versus
current measure range recommendations. These are the recommended minimums for each current
measure range. Longer times may be required to accommodate DUT and interconnect settling.

Figure 51: Typical minimum timing recommendations

I8 Typical Minimum Timing Recommendations 4225-PMU and 4225-RPM x

Recommended Minimum Timing versus Current Measure Range

The table below shows the recommended minimum pulse width and rise times that provide a
settled measurement. Using a pulse width that is smaller than what is shown in the table disables
the lower current measure ranges. For additional information, see the Learning Center topic "PMU
minimum settling times versus current measure range”.

Use the values in the table to determine the timing that provides a settled reading. Additional time
is required to accommodate interconnect and test device resister-capacitor (RC) settling.

Current Measurement Recommended Minimum | Recommended Minimum
Range Pulse Width Time Rise and Fall Times

RPM 10V 100 nA 134 ps' Tps'

RPM 10V 1 pA 20.4 ps 360 ns
RPM 10V 10 pA 836 ps 360 ns
RPM 10V 100 pA 1.04 us 40 ns
RPM 10V 1mA 370 ns 30ns
RPM 10V 10 mA 160 ns 20 ns
PMU 10V 10 mA 160 ns* 20 ns*
PMU 10V 200 mA 70 ns 20 ns
PMU 40V 100 pA 6.4 ps® 1ps®
PMU 40V 10 mA 770 ns 100 ns
PMU 40V 800 mA 770 ns 100 ns

1. For full autorange using the 4225-RPM, using the timing values in blue or larger.
2. For full autorange using the PMU 10V range, using the timing values in green or larger.
3. For full autorange using the PMU 40V range, using the timing values in purple or larger.

When using autorange with an RPM connected, use the timing values on the top row (or
longer/slower values). If using limited autorange, start with the timing values for that range.

NOTE

If pulse width or period timing parameters are too narrow for a chosen measure range, a message is
displayed showing the change to the current measure range for each effected channel. To avoid
these changes, follow the guidelines shown in the previous figure. See PMU minimum settling times
versus current measure range (on page 3-24) for more information.

Settling time includes the following T (tau) time constants:
¢ TInstrument: Varies mainly with current range.

e T1System: Due to cables, switches, and probers.

TDUT (Device Under Test): Due to the implicit characteristics of the DUT.

TDielectric Absorption: An issue only on the low current ranges.

4200A-PMU-900-01 Rev. B March 2023 3-23



Section 3: Setting up PMUs and PGUs in Clarius Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual

Settling time is measured from the 90 percent point on the rising edge to the point where the pulse
level remains in the accuracy band, as shown in the following figure.

Figure 52: Settling time
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PMU minimum settling times versus current measure range

The PMU and RPM current measure ranges require time to reach a settled value. The amount of
settling time that is required increases for the lower current measure ranges.

You can set the pulse timing parameters (pulse width, rise, and fall) to any valid values and are
independent from the recommended minimum timing values required to obtain settled readings. If the
chosen pulse width is too narrow, the lower current measure ranges are not available. The timing of
the pulse top and pulse base are used, along with the minimum timing in the chart to determine which
current measure ranges are available.

In ITMs, when you modify the PMU timing settings in the Advanced Test Settings, if you make a pulse
timing change that affects the measure range of a PMU channel, a message noting the unavailable
ranges is displayed. You should check the recommended pulse width and period for the measure
ranges noted in the message. When setting the PMU force measure options, if a timing parameter
prevents use of one or more PMU or RPM measure ranges, the note in the center of the window turns
red and lists the unavailable ranges. Access the PMU force measure options by selecting the FORCE
MEASURE button.

The Typical Minimum Timing Recommendations dialog shows the recommended minimum pulse
widths and transition (rise and fall) times for each current measurement range. These times are the
minimum time necessary for the PMU, or PMU with RPM, to reach a settled value (into an open).
Additional time must be entered to account for DUT settling time, usually due to RC effects.

If you need to use autoranging with the RPM, note that the appropriate minimum timing values are
the first row in the table. Note that the pulse timing values are not altered during the test, unless a
time sweep or time step is configured. This means that the pulse width is not changed as the
measure range changes. When using autoranging or limited autoranging, choose the recommended
minimum timing values for the lowest chosen measure range.
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You can override the settled measurement requirement for the PMU or PMU+RPM measurements. In
the Clarius My Settings, Environment Settings, select PMU: Allow unsettled measurements.

The following figure contains a graph of the current signal settling time of three current measure
ranges of the 4225-RPM. The graph shows the settling time of a 1 V amplitude pulse in to an open
(high impedance) with a 300 ms pulse width and a 1 ms transition time. Note that this figure does not
show the voltage signal.

Figure 53: 4225-RPM current signal settling time
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PMU pulse timing preview

Before executing an ITM test, you can preview a waveform generated using the settings. This can
help you understand the behaviors of the test settings without applying signals to the test device. The
Pulse Timing Preview is in the PMU Advanced Test Settings dialog.

To open the PMU Advanced Test Settings dialog, select Test Settings, then Advanced (see
following figure).
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Figure 54: Timing button (PDU Definition tab)
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An example is shown in the following figure.

Figure 55: Pulse Timing Preview example
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The preview displays representations of the waveforms for the different PMU channels in the test.
The illustrated pulse waveforms are defined by the Pulse Timing settings for the specific PMU. This
preview provides a representation of parameter values (no signals are output to the test device). It is
not intended to be a strict definition of the actual number of pulses or pulse voltages to be applied to
the device under test (DUT). When the actual test is running, the actual number of pulses or pulse
voltages may be different than the preview.

Enabling current measure ranging or load-line effect compensation (LLEC) requires pulses that are in
addition to what is shown in the preview. To learn how the PMU handles device under test (DUT) load
variation and measure ranging during a test, refer to How LLEC adjusts pulse output to the target
levels (on page 2-25).

Review the following examples to understand the Pulse Timing Preview feature.

PMU amplitude sweep example (one-channel)

This figure illustrates the advanced terminal settings for a pulse amplitude sweep using a single
PMU channel.

Figure 56: One-channel PMU amplitude sweep
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The following figure illustrates the Advanced Test Settings for a six-step pulse amplitude sweep. In
this sweep, the PMU Advanced Terminal Settings dialog (see previous figure) defines the test
parameters.

In the Pulse Timing Preview, there are two graphs. The bottom graph, labeled “Entire Test,” shows
the complete test. This graph shows each sweep and step point for the entire test. The graphed
points reflect the PMU Advanced Settings for the PMU channel in the test. The cursor (the pair of
vertical black lines on the Entire Test graph) defines the content of the upper graph labeled
“Expanded View"). The test settings shown in the previous figure define the six sweep points that are
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shown in the bottom graph of the following figure as six pulse periods. In this example, the pulse

periods have voltage amplitude increasing from 0 Vto 5 V.

The graph labeled “Expanded View” provides in-depth information on the section designated by the

cursor lines on the Entire Test graph. The graphed points reflect the timing parameters (Pulse Timing

Preview) and settings from the PMU Advanced Settings dialog for each PMU channel in the test, but

only for the area specified by the cursor.

Figure 57: Six-point pulse amplitude sweep
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Select Preview Test to animate the waveform. The cursor moves from left to right on the bottom
graph while displaying the point waveform of each sweep within the cursor on the top graph.

NOTE

Selecting Preview Test does not output any pulses, but it does illustrate how the test will progress

as a result of the test parameter settings.

PMU amplitude sweep and step example (two-channel)

In this two-channel example, one channel is sweeping while the other channel is stepping. The

sweeping channel is performing pulse amplitude sweeps with nine sweep points. On each inner loop,
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PMU1-2 sweeps 0 V through 4 V in 0.5 V increments. The stepping channel is performing pulse
amplitude steps with four step points. On the outer loop, PMU1-1 pulses the four steps of 1 V through

2.5V in 0.5V increments.

Terminal Settings for the following figure

PMU1-1 (blue waveform)

Operation modes Pulse Amplitude Step

Start Voltage 1
Stop Voltage 2.5
Step Voltage 0.5

Number of steps or | 4 (automatically calculated)

sweep points

PMU1-2 (light blue waveform)
Pulse Amplitude Sweep

0

4

0.5

9 (automatically calculated)

To preview the test, select the Test Settings tab, then select Advanced. Under Pulse Timing Preview,
you can preview a single channel or all channels in the test. The following figure has Show All
selected, which graphs all channels in the test. The Entire Test graph shows four steps of nine points
each. The sweep and step count displays the position of the cursor in the overall test. This example

has the number of pulses set to one.

Figure 58: PMU Timing Preview, two channels
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If you change the number of pulses to three (instead of one) and only display one channel (PMU1-1,
instead of Show All), the preview of the waveform changes as shown in the following figure. Each
point in the step now uses three periods, so there are three pulses shown in the Expanded View. In
the Expanded View, the x-axis shows the time in seconds. This is three times longer than the
Expanded View graph when number of pulses is set to one that was shown in the previous figure.

Figure 59: Two-channel test (stepping and sweeping) with three points (only PMU1-1

displayed)
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If you configure the preview to all channels, both the sweeper and stepper are displayed for the
three-pulse test, as shown in the following figure.

The Number of Pulses parameter determines the number of pulses that are output and measured for
each attempted point in the sweep or step. The PMU amplitude sweep and step example
(two-channel) test figure shows PMU1-1 (the stepper) with the number of pulses changed to three.
Notice that each sweep point of the displayed waveform in the figure has three pulses (number of
pulses set to three). The light blue waveform in the figure has one pulse (number of pulses set to one).
Because the cursor in the lower graph always contains the complete waveform of each point in a test,
the top graph shows the three pulses. The following figure shows both channels for the sweep and
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step test with the number of pulses set to three. Note that the value for the number of pulses does not
affect the number of sweep or step points in the test.

Figure 60: Two-channel test with three points (PMU1-1 and PMU1-2 displayed)
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Higher channel count test example

This example shows how to use the Pulse Timing Preview for higher channel count tests.

Expanded View zoom

On the Expanded View graph, drag the cursor to define the area to magnify (the cursor changes to a
magnifying glass). Note that each channel has a unique color and line width. When the channels
overlap, narrower lines are shown on top of the wider lines. To return to normal magnification,
double-click the graph or select Refresh. Multiple levels of zoom are supported, with a double-click
returning each level. Note that the Refresh option restores the magnification that shows the Entire
Test waveform.
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The following figure uses the key test parameters shown in the following table.

Operation mode and voltages for the four channels

PMU1-1
Pulse amplitude
Operation mode step
Start or base 15
voltage
Stop voltage 3
Step voltage 0.5

Number of points 4

PMU1-2

PMU2-1

Pulse amplitude

sweep
0

4
1
5

Pulse voltage train

15

*
*

*

PMU2-2

Pulse voltage train
0.5

*
*

*

* Not applicable. The pulse voltage trains are fixed pulse voltage levels; they do not vary during the sweep or

step points.

Figure 61: Four-channel sweep and step (2 pulse trains)
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Figure 62: Zooming (Expanded View graph)
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Scrolling the magnified area

To move the viewable area of the graph after you zoom in on a graph, hold down Shift while dragging
the mouse.

Entire Test zoom

You can use zoom on the Entire Test waveform graph. It works like zoom in the Expanded View. After
you zoom in, you can also move the viewable area of the graph using Shift+click. See the following
figure for a view of moving the lower graph using the mouse pointer. Note the gaps between the pulse
waveforms shown in the Expanded View zoom (on page 3-31) figure; gaps also exist in the following
figure. These gaps indicate the time between sweep points where the PMU performs calculations for
the test while the pulse channels output 0 V. To learn more about how these gaps relate to how the
PMU handles DUT load variation and measure ranging during a test, see How LLEC adjusts pulse
output to the target levels (on page 2-25).
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Select Shift+click and move or scroll a magnified graph by moving the mouse.

Figure 63: Scroll (or move) a magnified entire test graph
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Cursor

Errors

If either graph is not updating as expected, select Refresh to zoom out and redraw both graphs. It is
possible to have a test with too many pulses to be suitably graphed. This may be from too many
pulses from a large number of sweep points or step points, or a large number of pulses. The following
figure shows the output “Too many pulses to graph” for the lower graph. This does not mean that the
test will not run. If you select OK on the PMU Advanced Test Settings dialog and it does not generate
any warning or error messages, the test is valid and runs (even though the entire test waveform
cannot be displayed).

Figure 64: Preview error (Too many pulses to graph)
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PMU capacitive charging/discharging effects

During pulse transitions, the measured current charges and discharges the capacitance in the system
(see following figure, red waveform). This system capacitance consists of the cable capacitance,
PMU (with RPM, if connected) capacitance, and device capacitance. The following figure shows the
pulse waveform showing capacitive charging and discharging current waveform in relation to the
applied voltage waveform of the PMU connected to the supplied 2 m (6.5 ft) SMA cable (no DUT
connected).

Figure 65: Capacitive charging and discharging
4225-PMU channel

1
| 1
Q
Naa >0 ; 2 m white SMA cable
| 'N — A
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I /\/\ ] .
: N _le .
! :

Charging current

- Current measure

< Discharge current

Voltage measure

The setup used to generate these waveforms is shown in the previous figure, and also shows the
capacitance and the charging effect (red arrows) seen during pulse transitions. This setup shows a
single channel of a PMU, with the supplied 2 m (6.5 ft) white SMA cable connected to the channel
output. Note that the other end of the SMA cable is open (no connection).

The current shown in the previous figure is measured by the PMU, but is not flowing through a device
under test (DUT). The measured current is the sum of this charging or discharging current, as well as
the current flowing through the DUT. This current is primarily caused by the capacitance in the cable
and is described by the following equation:

| = C*dV/dt

Where:
e | is the measured current
e (s the capacitance

e dV/dtis the pulse voltage amplitude divided by the rise (or fall) time
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The equation shows that this effect is a function of the capacitance, as well as the dV/dt. Therefore,
minimizing the capacitance will reduce this measurement artifact. The cabling is typically the largest
contributor to the system capacitance. Slowing down the pulse transitions will also reduce the height

of the current charging effect.

This capacitive charging current is primarily a measurement artifact, as the current does not flow
through the DUT. Note that if a spot mean is taken during the settled portion of the pulse, then this

charging does affect the spot mean measurement.

The following two figures show the waveforms and setup for a pulse test on a resistor DUT and
illustrates a configuration to eliminate this artifact. The following figure shows that the channel 2
current waveform does not have this current charging artifact. This is because channel 2 is not
pulsing, so dV/dt = 0. Using channel 2 in this configuration is sometimes called "low-side

measurement.” This measurement approach is useful when analysis of the current signal pulse

transitions is required.

Figure 66: Low-side measurement waveforms
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The previous figure shows the current waveforms for both PMU channel 1 (high side) and channel 2
(low side) current measurements. Note that channel 2 does not show the capacitive charging effects.
Also, note that the channel 2 current measurement is negative because the current is flowing into

channel 2.
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Figure 67: Setup for low-side measurement
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In the previous figure, the voltage pulse is applied by channel 1; channel 2 does not pulse. Therefore,
there is no dV/dt, and therefore there are no charging or discharging currents during the pulse
transition. The red arrows show charging and DUT current for channel 1. The green arrow illustrates
the DUT current only for channel 2.

PMU and RPM measure ranges are not source ranges

Unlike a source-measure unit (SMU), the PMU and RPM current measure ranges are measure
ranges only, not source and measure ranges. For example, the SMU 10 mA measure range has a
maximum source and measure value of £10.5 mA, including the five percent overrange. The 10 mA
measure range of the PMU 10 V range has a maximum measurement of about £10 mA, but the full
source capability of the 10 V source, which is £200 mA. An alternate way to present this difference is
that the SMU range has a source compliance equal to the measurement limit, but the PMU and RPM
ranges have a source compliance larger than the measure range. Note that for the maximum PMU
current measure ranges (200 mA for the 10 V range, 800 mA for the 40 V range), the source limit is
the same as the measure limit, so the 200 mA and 800 mA ranges act similar to the SMU

current range.

This measure-only limit is necessary for the best performance of the pulse when using the PMU alone
or with the RPM. Generally, the purpose of a pulse measurement is to minimize the time required to
make a measurement in order to minimize device self-heating or some other time-based

device behavior.

To minimize the measurement time, the signal at the device under test (DUT) must get to the
specified voltage level and settle as quickly as possible. A key aspect of this goal is handling the
capacitive charging effects during the pulse transitions.
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Since the interconnect and the DUT always have some capacitance, it is best to charge up this
capacitance as quickly as possible. This can be done by allowing the maximum amount of current to
flow into the capacitor during charging. This may cause an overflow for the measure range during
transitions, especially on the lower RPM measure ranges. Note that the measurement range cannot
be changed within a pulse, so a single measure range must be used for the entire pulse.

If the PMU or RPM was current limited to the measure range, the charging rate would require a longer
time to reach a settled signal. With the maximum current available at all measure ranges, the signal
will settle as fast as possible, allowing for a good dc-like current measurement using the shortest
possible pulse. This is especially important at the lower current measure ranges, when the settled
part of the pulse may have a signal level in the nA (or single yA) value, but the charging current is
possibly tens of yA (or mA, respectively).

See PMU capacitive charging/discharging effects (on page 3-35) for information on the cause of the
capacitive charging effect and how to work around it.

4220-PGU and 4225-PMU output limitations

In addition to the maximum output of the PMU and PGU instrument cards (see DUT resistance
determines pulse voltage across DUT (on page 4-17)), the pulse instrument cards also have a limit for
the number of large amplitude pulse transitions within a period. The 4200A-SCS system enforces
limits on the quantity and amplitude of waveforms that the 4220-PGU and 4225-PMU may generate.
A test exceeding these internal limits generates error code -830. To fix this problem, increase the
pulse period, decrease the voltage amplitude, or both. For information on the pulse default values,
see the pulse_init LPT command description.

Configure the PGU, PMU, and RPM using tests

To configure and control the PGU, a user test module (UTM) is needed. You can also use UTMs to
configure and control the PMU and RPM preamplifier. For UTM programming, see “LPT commands
for PGUs and PMUs” in Model 4200A-SCS LPT Library Programming.

You can use interactive test modules (ITMs) to configure and control a PMU and RPM preamplifier.
Refer to “Configure a simple test” in Model 4200A-SCS Clarius User's Manual for information on
configuring an ITM for the PMU.

An ITM automatically controls the RPM based on the type of test (pulse, CV, SMU). RPM switching
can only be controlled using the rpm_config LPT function in a UTM. For detalils, refer to Using the
RPM as a switch (on page 2-9).

NOTE

For automatic switching of the RPM in ITMs, the RPM must already have all instrument cabling
connected and recognized by the system. Information on performing this update is in “Update the
RPM configuration” in Model 4200A-SCS Setup and Maintenance.
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Step or sweep multiple device terminals in the same test

Multiple steps or sweeps in an interactive test module (ITM) must track with regard to step number
and duration. For example, you might want to apply multiple steps to multiple device terminals, such
as when stepping the biases on two transistor terminals and sweeping voltage or current on the third
terminal. In this setup, Clarius automatically sets the step operations to occur simultaneously, with
one terminal set up as the master. All other step functions are automatically designated as
subordinates. The following figure illustrates this concept.

Figure 68: Master step versus subordinate step
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In the following figure, the step width and the number of steps of the subordinate track the step width
and number of steps of the master sweep.

Figure 69: Master and subordinate sweeps
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In the following figure, the step width and number of steps of the subordinate list sweep tracks the
step width and the number of steps of the master list sweep.

Figure 70: Master list sweeps versus subordinate list sweeps
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Subordinate list sweep
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Time

Time

If you do not specify an instrument to be the master, the first instrument that was assigned to the step
or sweep operation mode is assigned to be the master. You can change this designation in the Test

Settings pane.
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When a master is set, Clarius sets the points and step size values for the subordinate terminal to be
the same as the settings for the master terminal. You cannot change the subordinate points value for
the subordinate terminal. For list sweeps, the number of points in the list items for the subordinate is
changed to match the number of points in the master. If points are added to the master, the last point
of the subordinate list is repeated. If points are removed from the master, the same number of points
are removed from the end of the subordinate list.

You can have a dual sweep on a subordinate terminal even if the master is not set to dual sweep. In
this case, the dual sweep of the subordinate terminal has a total number of steps equal to the number
of steps in the master terminal. For example, if the master terminal is set to measure ten points, the
subordinate dual sweep will measure five points on the first side of the sweep and five points on the
second side of the dual sweep. If the master is set to an odd number of points, the subordinate
terminal will repeat the measurement of the last sweep point.

The subordinate SMUs are not automatically set for dual sweep when Dual Sweep is enabled for the
master SMU. Dual Sweep must be individually enabled for each SMU.

To specify the master sweep:
1. Select the test.
2. Inthe right pane, select Test Settings.

3. For Sweep Master, select the instrument that you want to designate as the master.

Basic troubleshooting procedure

If the test pulse |-V results do not meet expectations, use the following steps as a guide for
troubleshooting. Because the pulse |-V results extract the spot mean measurements from the top of
the pulse, good pulse I-V results require a reasonable pulse shape.

Step 1. Verify prober connections from the PMU or RPM to
the DUT

1. Use cabling and connections optimized for high frequency (>150 MHz).

2. Connect the low side of the device under test (DUT) to the shield of the coaxial cable (see Shield
connections (on page 2-2)), or connect the low side to another PMU or RPM channel (see
Connections to prober or test fixture bulkhead connectors (on page 2-16) or Pulse I-V (Average
pulses) measurement example (on page 3-18)).

3. Connect the shields (refer to the figure in Local sensing (on page 2-17) that shows four-terminal
local sense connections).

4. If you are not using the supplied cabling, minimize the loop area created by the shield and center
conductor. Do not use the GNDU connection for the return or ground path for any pulse I-V signal.
Refer to Shield connections (on page 2-2).

5. Minimize the cable length. See Cable length (on page 2-3).
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Step 2. Verify the pulse shape

To check that the pulse shape provides a flat, settled portion near the end of the pulse top:
1. Configure the test for Waveform Capture.

2. Ensure that voltage, current, and time waveforms are measured. See Waveform capture
measurement configuration (on page 3-11).

3. Enable the status for each PMU channel in the test. See PMU - all terminal parameters (on page
3-6).

4. Select a voltage level for each channel that puts the device into the area of the curve that is
questionable. If a large portion of the pulse I-V curve is under question, viewing the waveform
shape at two or three different voltage levels may be necessary.

Configure the ranges to match the pulse I-V test.

6. Configure the connection and load-line effect compensation (LLEC). To match the pulse I-V test
conditions, enabling LLEC allows the PMU to compensate for lower voltage levels at the test
device when current is flowing. See Enable LLEC (on page 2-29).

7. Configure the graph with the time value on the x-axis, all voltage measurements on Y1, and
current measurements on Y2. On the graph, select Graph Settings and select Define Graph to
open the Graph Definition dialog. By default, the voltage waveforms are blue and use the left (Y1)
axis; the current waveforms are red and use the right (Y2) axis.

Save the project.

Run the test and view the waveform on the graph. While viewing the graph, check that the
voltage has a fairly flat top, without significant ringing or oscillations.

There may be current peaks during the pulse transitions. The peaks during the transitions are
expected; see PMU capacitive charging/discharging effects (on page 3-35). The current waveform
may show settling, but should not have significant ringing. An example of a good waveform shape is
shown in PMU and RPM measure ranges are not source ranges (on page 3-37).

Due to interconnect and DUT settling time requirements, low current measurements

(< ~10 mA) may require a wider pulse than the recommended minimum timing values. This is
especially important for <1 mA level current measurements using the 4225-RPM. See PMU minimum
settling times versus current measure range (on page 3-24)

A waveform graph may show a Measurement Overflow condition.

This overflow during the pulse transitions does not affect the spot mean measurements, because the
spot mean is taken during the settled portion of the pulse top. Note that this error would not occur
during pulse I-V, because the spot mean measurement window does not include the rising or falling
edges of the pulse. Refer to Test Mode (PMU) (on page 3-16), PMU and RPM measure ranges are
not source ranges (on page 3-37), and Measure Mode (on page 3-18) for more information.

3-42

4200A-PMU-900-01 Rev. B March 2023



Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual Section 3: Setting up PMUs and PGUs in Clarius

Step 3. Is the pulse level correct for each channel?

1. If the pulse level is not correct for each channel, enable load-line effect compensation (LLEC). To
compensate for the IR drop effect, the LLEC algorithm applies multiple pulses at each sweep step;
make sure that the DUT behavior is not adversely affected by the LLEC approach.

2. Run the test again and compare results. If the results match the test settings, the issue was the
lack of LLEC.

The load-line effect can reduce the voltage level at the DUT terminal when current is flowing. See
Load-line effect compensation (LLEC) for the PMU (on page 2-24).

Refer to Step 4. Is the pulse |-V curve suspect? (on page 3-43) for examples with LLEC disabled
and enabled.

Step 4. Is the pulse |-V curve suspect?

If the waveform has a good shape (Step 2. Verify the pulse shape), and the pulse level is correct
(Step 3. Is the pulse level correct for each channel?), but the pulse I-V curve is suspect, perform the
steps below.

In this procedure, you set test parameters to provide boundaries for the test envelope. When load-line
effect compensation (LLEC) is disabled, the source voltage must be bounded.

NOTE

LLEC may not respond properly for a high-gain transistor (for example, a compound
semiconductor-based amplifier or power transistor).

If the pulse I-V curve is suspect:

1. Disable the load line for the gate and drain in the Key Parameters. For an ITM, see Load-line
effect compensation (on page 2-24).

2. Choose the maximum voltage for the selected source range. For example, many high-power
transistors require fairly high voltages and currents, so the PMU 40 V source range is common.

3. Set the thresholds in the All Parameters pane (see following figure and PMU - all terminal
parameters (on page 3-6) for more detail). Enter the maximum voltage for the DUT. For a
transistor, set the ThresholdVoltDrain voltage for the maximum voltage for the drain.
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Figure 71: PMU IV sweep All Parameters thresholds

pmu-iv-sweep#1 Key Parameters
Parameter Name Parameter Value
VRangeGate 40V ‘ v |~
IRangeGate T0mA ‘ v
LtdAutoCurrGate 0
VRangeDrain 40V ‘ v
IRangeDrain 800 mA ‘ v
LtdAutoCurrDrain 0
GateCh 1
DrainCh 2
ThresholdCurrGate 1
ThresholdVoltGate 40
ThresholdPwrGate 8
ThresholdCurrDrain 1
ThresholdVoltDrain 40 ‘
ThresholdPwrDrain 8
PMUMode Simple v
SMuv 0 V'
SMUIrange 0.01
v

4. Enter the maximum power for the test device.

An example of a transistor test with LLEC disabled with a power threshold of 3 W and a voltage
threshold of 12 V is shown in the following figure. Note that each threshold allows the test to be
bounded. Also note that the thresholds do not stop the test at exactly the threshold value, but only
after the threshold has been exceeded. One test point always exceeds the threshold. You can reduce
the amount that the threshold is exceeded by using smaller sweep step sizes.

Figure 72: Vd-Id family of curves with LLEC disabled
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The following figure shows a family of curves from a fairly high-powered device with the
load-line effect.

DrainStIHI

DrainSMVHI

The following figure shows the same device tested with load-line effect compensation enabled. With
LLEC enabled, the curves stop at the programmed V4 = 12 V. Note that the top curve, in the red circle,
did not reach the 12 V setting. This is because the PMU 40 V source range reached source
compliance. In this case, the PMU is at its limit and cannot source any more voltage or current to this
particular resistance. See the 4200A-SCS Parameter Analyzer Datasheet for more information on the

PMU maximum source power versus device resistance. You can access the datasheet from the
Learning Center.
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Figure 73: Vd-Id family of curves with LLEC enabled (every curve finishes at Vd = 12 V)
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For user test modules (UTMs), although the process described above applies, there are a few
differences. Although ITMs and UTMs can perform similar tests, UTMs are based on user modules.
UTMs have a much wider range of test behaviors and possibilities than ITMs. This document provides
a framework for troubleshooting UTMs (individual UTM issues are not covered).

In addition to the above procedure based on unexpected results, UTM troubleshooting also involves
error messages or codes. Typically, the user modules are written for a specific test or requirement
and have minimal error checking. This means that parameter values or combinations of parameter
settings may cause an error, which is the primary feedback about the test status.

This error may be generated from within the user module, or by an LPT command. The following
figure shows the user module description for PMU_1V_sweep_Example. This description is part of
the user module and may contain a description of the test, hardware requirements, individual
parameter descriptions, and error code listings. The error code listings are after the parameter
descriptions, which are typically at the bottom of the description content (you will need to scroll down
the Help pane).
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Figure 74: PMU IV sweep Help pane description

B a0

My Projects My Settings  Learning Center

s @ Test Settings m

MODULE: PMU_IV_sweep_Example

The purpose of this module is a functional programming
to the basic LPT commands
necessary to do a single Vd-Id sweep.

This module performs a voltage amplitude Pulse IV

sweep using 2 channels of a single 4225-PMU card. One | _
channel sweeps (Drain), while the other uses a fixed 1
pulse amplitude (Gate).

This routine allows for independent pulse width, rise, fall
and delay parameters to be set for the 2 channels. Note
that the period is the same for both channels.

‘ v Also note that the recommended minimum pulse width
and rise/fall times vary by current measure range. Lower
measure ranges should have wider pulses, or unexpected
results may occur.

The measurement window is also the same for both
channels and is set by MeasStartPercGate and
MeasStopPercGate (more information in INPUTS below).
By definition, the measure window for the spot mean will

‘ v be within the pulse top of the gate, but this routine also
checks to ensure that the spot mean is also within the

‘ v pulse top of the drain. If the spot mean for the gate pulse
top is not within the drain pulse top, an error results. To

‘ v fix the error, adjust the timing parameters for the drain so

that there is some overlap (in time) between the gate and
‘ v drain pulse tops.

Optional SMU available for voltage biasing of a device
terminal that does not react to the pulse. For example, do
not connect SMU to DUT drain, gate, or source of a
transistor. Note that the SMU cannot be connected to an
RPM, or a-233 error ("forcev(): Cannot force when not
connected.") will occur.

The sample rate is automatically chosen to ensure that
NUM

This user module allows for an optional SMU to dc bias a transistor bulk while performing a pulse I-V
sweep with a 4225-PMU and optional 4225-RPM. However, due to system restrictions, this SMU
must not be connected to the test device through the 4225-RPM (an error results).

This example test is configured to use SMU1. SMU1 is connected through RPM1 of the system.

Set the SMU_ID from NONE to SMUL1.

2. Select Analyze and view the Messages area at the bottom of the screen for error messages. For
example, if you get a message indicating "forcev(): Cannot force when not connected,” you can
check the Return Values in the Help pane for more troubleshooting information (see following
figure). Note that value -233 indicates, "Ensure that the specified SMU is not connected through
or associated with an RPM. If all SMUs are associated with RPM modules, choose NONE to
permit the test to run."
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Figure 75: PMU IV sweep Return Values

®

0
-122

-233

-829

-824

-1700:

Run History ~ Terminal Settings m

OK, no errors.

pulse_ranges(): lllegal value for parameter #7.
Ensure that current measure range is appropriate
for the chosen voltage range.

Cannot force when not connected. Ensure that
specified SMU is not connected through or
associated with an RPM. If all SMUs are associated
with RPM modules, choose NONE to permit the test
torun

pulse_sweep_linear(): The sum of base and
amplitude voltages (XX.XV) exceeds maximum
(YYV) for present range. The Base + Amplitude
voltage is too large for the chosen PMU voltage
range. Check the BaseVCh1, StartVCh1 and
StopVCh1 for voltages that exceed VRangeCh1. If
necessary, increase VRangeCh1 to the maximum
40V range.

pulse_exec(): Invalid pulse timing parameters. One
or more timing parameters (PulseWidthCh1,
RiseTimeCh1, FallTimeCh1, DelayCh1 or Period) are
too small for the chosen VRangeCh1. Increase the
time of the appropriate parameters, using the
ToolTip text for each timing parameter as a guide.

-17001

Wrong card ID. Check PMU and SMU names.
2

Failure to assign card ID handle. Check PMU and/or
SMU names.

-17100

NOTE

It may also be necessary to research further using additional error codes. Three-digit negative error
codes are most likely LPT-command error codes. Refer to “LPT Library Status and Error codes” in
Model 4200A-SCS LPT Library Programming. One-digit, four-digit, or five-digit error numbers are
most likely from the user module, so refer to the user module description for information about these

type of errors.
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Models 4220-PGU and 4225-PMU

The 4220-PGU High Voltage Pulse Generator Unit and 4225-PMU Ultra-Fast Pulse Measure Unit are
high-speed pulse-generator cards for the 4200A-SCS. The 4220-PGU provides pulse output only.
The 4225-PMU provides both pulse output and pulse measurement. The PGU and PMU have similar
pulse output characteristics.

The 4225-PMU can be paired with one or two 4225-RPM Remote Preamplifier/Switch Modules. The
RPM is a remote amplifier and automatic switch. When the RPM is used as a preamplifier for the
PMU, it provides additional low-current measurement ranges. When the RPM is used as a switch, it
switches between the PMU, SMUs, and CVUs.

LPT functions that pertain to the PGU and PMU are documented in “LPT commands for PGUs and
PMUs" in Model 4200A-SCS LPT Library Programming.

To do quick tests with minimal interaction with other 4200A-SCS test resources, you can use the
Keithley Pulse Application (KPulse). KPulse is a nonprogramming alternative that you can use to
configure and control the installed Keithley pulse cards. Refer to KPulse (on page 5-1) for additional
information.
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The simplified circuits of the 4220-PGU and 4225-PMU pulse generators are shown in the
following figure.

Figure 76: Simplified circuits of the PGU and PMU

Model 4220-PGU Model 4225-PMU
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voltage

Pulse
voltage

One of two channels

One of two channels

PMU block diagram

The following figure shows the block diagram of the PMU. Each channel has two dedicated A/D
converters to simultaneously measure current and voltage. The PMU controller controls the two
output channels and any RPMs connected to it. The solid-state relays (SSRs) are high-speed and are
used to test flash memory. The mechanical output relays are low-leakage. The block diagram for the
PGU is similar, except it does not have measure capability and does not have the RPM connectors.

Figure 77: 4225-PMU block diagram
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Pulse modes

The PGU and PMU support the following pulse modes:

e Standard pulse mode: For this two-level pulse mode, the user defines a high and low level for
the pulse output. The test modes for standard pulse are pulse |-V and waveform capture. See
PMU Test Settings (on page 3-16) for the standard (two-level) pulse mode.

e Segment Arb® waveform: For this multi-level pulse mode, the user defines a pulse waveform
that consists of three or more line segments. Segment Arb pulse mode for the PGU and PMU
includes sequencing and sequence looping (see seg_arb_sequence and seg_arb_waveform.
Also see Segment Arb waveform (on page 4-11) for details on parameters.

e Full-arb pulse mode: For this multilevel pulse mode, the waveform consists of a number of
user-defined points (see arb_array and arb_Ffile). Also see Full Arb waveform (on page 4-15)
for details on parameters.

KPulse supports all of these pulse modes.

Descriptions of the LPT functions are provided in Model 4200A-SCS LPT Library Programming.

Pulse measurement types (PMU)

The following table summarizes pulse measurement types that are available through LPT commands
for the 4225-PMU. See Measurement types (on page 4-25) for detailed information.

Pulse measurement types

Measurement type Description

Spot mean discrete Samples a portion of the high and low levels. The samples are averaged to yield a
single current and voltage reading for the high level and low level (see the Spot
mean measurements example figure; Measurement types (on page 4-25)).

Spot mean average A specified number of pulse periods are output for the burst sequence. Spot mean
discrete measurements are performed for each pulse and then averaged to yield a
single voltage and current reading for the high and low levels.

Waveform discrete The entire pulse is sampled. Sampling is performed on the rise time, top width, and
fall time portions of the pulse. A voltage and current reading is yielded for every
sample taken on the pulse (see Measurement types (on page 4-25) Waveform
measurements and Waveform measurements (with pre-data and post-data) figures).

Waveform average A specific number of pulses are output for the burst sequence. Waveform discrete
measurements are performed on each pulse. The corresponding samples for each
pulse are then averaged to yield a group of voltage and current readings for the
burst sequence.
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Measure modes

The measure modes for the PMU are discrete pulses and average pulses.

Discrete pulses

For pulse I-V (spot mean), the averaged voltage or current readings for every sampled pulse period
are acquired.

For waveform capture, enabled voltage and current readings and timestamps for every sample of the
waveform are acquired.

For ITM operation, the readings are placed in the Analyze sheet.

NOTE

See Spot mean discrete readings (on page 4-26) for details on the discrete pulses measure mode for
pulse I-V. For UTM programming, the discrete pulse measure mode is called spot mean discrete.
The pulse_meas_sm function is used to select the discrete acquisition type.

See Waveform discrete readings (on page 4-28) for details on the discrete pulses measure mode for
waveform capture. For UTM programming, the discrete pulse measure mode is called waveform
discrete. The pulse_meas_wfm function is used to select the discrete acquisition type.

Average pulses

For pulse I-V (spot mean), the mean values of two or more pulses are averaged. Think of it as the
"mean of the means."

For waveform capture, each acquired reading is a mean average of the corresponding samples for all
the pulses in the burst.

NOTE

See Spot mean average readings (on page 4-27) for details on the average pulses measure mode
for pulse I-V. For UTM programming, the average pulse measure mode is called spot mean average.
The pulse_meas_sm function is used to select the average acquisition type.

See Waveform average readings (on page 4-29) for details on the average pulses measure mode for
waveform capture. For UTM programming, the average pulses measure mode is called waveform
discrete. The pulse_meas_wfm function is used to select the average acquisition type.
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4200A-SCS power supply limitations

In some system configurations, the 4200A-SCS power supply cannot supply enough current if a test
has too many high-power instruments enabled. Some system configurations may have enough
instruments installed to exceed the power supply limit if the selected test has too many

channels enabled.

Clarius tracks the instruments used in a test and calculates the maximum power required and
compares it to the maximum available power. If the test requires too much power, a message is
displayed and the test will not run.

The following table and the equations below it show how the power is calculated. The maximum
power available for each instrument in the test module is used in the calculation. The 4210-SMU High
Power SMU, 4211-SMU High Power SMU, 4225-PMU Ultra-Fast Pulse Measure Unit, and 4220-PGU
High Voltage Pulse Generator draw the majority of the power in the 4200A-SCS chassis.

There are two parts to the total power supply draw. The first part is the power required for the
instruments while the 4200A-SCS is idle (on, but not testing). The second part is the power required
by the instruments taking part in the test. Note that medium power SMUs (4200-SMUs and
4201-SMUSs), 4200 preamplifiers (4200-PAs), and 4210-CVU and 4215-CVU modules are not
included in the equations, as their power draw is not significant.

4200A-SCS power requirements

Instrument Idle power Test power
High Power SMU (4210-SMU or 4211-SMU) Not significant 45

4225-PGU 29.4 Not available
4225-PMU 50.4 Not available
4225-RPM 4.2 Not available
10 V PGU or PMU channel* Not available 8.4

40 V PGU or PMU channel* Not available 54.6

Medium Power SMU (4200-SMU or 4201-SMU) | Not significant Not significant
4210-CVU or 4215-CVU Not significant Not significant

* There are two channels for each PGU and PMU instrument card.
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Equations to calculate power:

PowerIDLE = [(29.4 * nPGU) + (50.4 * nPMU) + (4.2 * NnRPM)]

PowerTEST = [(45 * nHPSMU) + (8.4 * nC10) + (54.6 * nC40)]

PowerTOTAL = PowerIDLE + PowerTEST

PowerTOTAL = 500 maximum. If PowerTOTAL is less than or equal to 500, the test proceeds.

Where:

nPGU = number of 4220-PGU cards in the 4200A-SCS chassis (idle power draw)
nPMU = number of 4225-PMU cards in the 4200A-SCS chassis (idle power draw)
NRPM = number of 4225-RPM modules connected to PMUs (idle power draw)
nHPSMU = number of High-Power SMUs (4210-SMUs or 4211-SMUSs) in the test
nC10 = number of 10 V PGU or PMU channels in the test

nC40 = number of 40 V PGU or PMU channels in the test

Example 1: 4200A-SCS with two 4210-SMUs or 4211-SMUs, four 4225-PMUs, and eight 4225-RPMs.
The test uses all eight PMU+RPM channels set to the 10 V range (no SMUs in test).

PowerIDLE = [(29.4 * nPGU) + (50.4 * nPMU) + (4.2 * nRPM)] = [(29.4 * 0) + (50.4 * 4) + (4.2 * 8)]
=201.6 + 33.6 = 235.2

PowerTEST = [(45 * nHPSMU) + (8.4 * nC10) + (54.6 * nC40)] = [(45 * 0) + (8.4 * 8) + (54.6 * 0)]
=67.2
PowerTOTAL = PowerlDLE + PowerTEST = 235.2 + 67.2 = 302.4

This test has PowerTOTAL <500, so this test will proceed.

Example 2: 4200A-SCS with two 4210-SMUs or 4211-SMUs, four 4225-PMUs, and eight 4225-RPMs.
The test uses five PMU+RPM channels set to the 40 V range (no SMUs in test).

PowerlDLE = [(29.4 * nPGU) + (50.4 * nPMU) + (4.2 * nRPM)] = [(29.4 * 0) + (50.4 * 4) + (4.2 * 8)]
=201.6 + 33.6 = 235.2

PowerTEST = [(45 * nHPSMU) + (8.4 * nC10) + (54.6 * nC40)] = [(45 * 0) + (8.4 * 0) + (54.6 * 5)]
=273

PowerTOTAL = PowerlDLE + PowerTEST = 235.2 + 273 = 508.2

This test has PowerTOTAL >500, so this test will not proceed. Reduce the number of PMU+RPM
channels that are set to the 40 V range to less than five.

The following table shows the 4200A-SCS power requirements for valid combinations for the
4225-PMU, 4225-RPM, and high-power SMU.

4200A-PMU-900-01 Rev. B March 2023



Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual

Section 4: Pulse card concepts

4200A-SCS power requirements for valid combinations of internal system instruments

Idle power Power used in test

nPMU nRPM nC10 nC40 nHPSMU | PowerIDLE
2 4 0 4 0 117.6
2 4 0 4 1 117.6
2 4 0 4 2 117.6
2 4 4 0 2 117.6
3 6 6 0 0 176.4
3 6 6 0 1 176.4
3 6 6 0 2 176.4
3 6 0 5 0 176.4
3 6 0 5 1 176.4
4 8 8 0 0 235.2
4 8 8 0 1 235.2
4 8 8 0 2 235.2
4 8 0 4 0 235.2
4 8 0 4 1 235.2
5 10 10 0 0 294
5 10 10 0 1 294
5 10 10 0 2 294
5 10 0 3 0 294
5 10 0 2 1 294
5 10 0 2 2 294
6 12 12 0 0 352.8
6 12 12 0 1 352.8
6 12 0 2 0 352.8
6 12 0 1 1 352.8

PowerTEST

218.4
263.4
308.4
123.6
50.4
95.4
140.4
273
318
67.2
112.2
157.2
218.4
263.4
84
129
174
163.8
154.2
199.2
218.4
263.4
308.4
123.6

PowerTOTAL

336
381
426
241.2
226.8
271.8
316.8
449.4
494.4
302.4
347.4
392.4
453.6
498.6
378
423
468
457.8
448.2
493.2
336
381
426
241.2

The power limit check is performed in both ITMs and UTMs. In ITMs, exceeding the power limit will
display a message similar to the one shown in the following figure when configuring PMU.

Figure 78: ITM maximum power exceeded message

8 cariu:

System Power Limit will be exceeded by 146.8 watts.

40V range on PMU Channel {requires 54.6 watts)
10V range on PMU Channel (requires 8.4 watls)

=

Reduce power by removing one or more of the following:

For UTMs, the message appears in the Clarius Messages pane.

4200A-PMU-900-01 Rev. B March 2023
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Pulse source-measure concepts

Ultra-fast I-V sourcing and measurement have become increasingly important capabilities for many
technologies, including compound semiconductors, medium-power devices, nonvolatile memory,
microelectromechanical systems (MEMSs), nanodevices, solar cells, and CMOS devices. Using pulsed
I-V signals to characterize devices rather than DC signals makes it possible to study or reduce the
effects of self-heating (joule heating) or to minimize current drift or degradation in measurements due
to trapped charge. Transient |-V measurements allow scientists and engineers to capture ultra
high-speed current or voltage waveforms in the time domain or to study dynamic test circuits. Pulsed
sourcing can be used to stress test a device using an AC signal during reliability cycling or in a
multi-level waveform mode to program or erase memory devices. The 4225-PMU Ultra-Fast I-V
Module for the 4200A-SCS supports many of these high-speed sourcing and

measurement applications.

Ultra-fast |-V tests

You can use the 4225-PMU to do these types of ultra-fast I-V tests:
e Pulsed I-V
e Transient |-V

e Pulsed sourcing

Pulsed I-V tests

Pulsed I-V tests are tests with a pulsed source and a corresponding high speed, timed-based
measurement that provides dc-like results. The current plus voltage measurement is an average of
readings made in a predefined measurement window on the pulse. This average of readings is called
the spot mean. You can define the parameters of the pulse, including the pulse width, duty cycle, rise
and fall times, and amplitude. You can use the train, sweep, or step mode.

Using pulsed I-V signals to characterize devices instead of dc signals makes it possible to study or
reduce the effects of self-heating (Joule heating) or to minimize current drift or degradation in
measurements due to trapped charge.

4-8
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Figure 79: Pulsed I-V tests

Transient |-V tests
Transient I-V, or waveform capture, is a time-based current or voltage measurement that is typically
the capture of a pulsed waveform. A transient test is typically a single pulse waveform that is used to
study time-varying parameters, such as the drain current degradation versus time due to charge
trapping or self-heating. Transient I-V measurements can be made to test a dynamic test circuit or
can be used as a diagnostic tool for choosing the appropriate pulse settings in the pulsed I-V mode.

Figure 80: Transient |-V tests

Samples
A

\ XXXXXXXXXXX

Voltage

A

Measure window
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Pulsed sourcing tests

Pulsed sourcing can involve any of the following:

e Qutputting user-defined two-level pulses.

e  Outputting multi-level pulses using the built-in Segment Arb® function.

e Qutputting an arbitrarily defined waveform using the arbitrary waveform generator in the KPulse
software. The Segment Arb feature allows you to create waveforms from segments defined with
separate voltages and time durations.

In addition to its pulse generator capabilities, the 4225-PMU can measure ac or dc voltage and
current, thereby reducing the need for additional measurement hardware and more complicated
programming. The 4220-PGU is a two-channel pulse generator with output capabilities identical to the
capabilities of the 4225-PMU, but without its measurement functions.

Sequence A definition

Segment Start V

1 V1

2 V2

3 V2

4 V3

5 V3
Sample rate

Voltage

Figure 81: Pulsed sourcing tests

Sequence A
V2
V3
1 2 3 4 5
V1 V4
Time
Stop V Duration
V2 T1
V2 T2
V3 T3
V3 T4
V4 T5

For the PMU, the maximum measurement sampling rate for each A/D test is 200e6 (200 million)
samples per second. However, there is a limit to the number of samples (one million) that can be
acquired per A/D test. When a test is configured to exceed that limit, the sample rate is automatically
lowered when using ITMs so that fewer than one million samples are acquired.

4-10
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Pulse |-V (spot mean)

The maximum number of samples per A/D per test is <1,000,000 (one million). If an ITM is configured
to yield more than one million samples, Clarius automatically lowers the sampling rate. For pulse I-V
(spot mean), typically the sample rate is reduced only if the measure window is wide (due to a wide
pulse width or period) or if the number of pulses is large.

The total number of samples for a test is calculated as follows:

Number of samples = Measure window x Sample rate x Number of pulses x Sweep points x Step
points

Example: Test that uses a single PMU to perform 50 20-step sweeps
Pulse width = ~7 us

Measure window = 1 ps

Sample rate = 200e6 samples per second

Number of pulses = 50

Number of steps in sweep = 20
The number of samples acquired for the above example is calculated as follows:
Number of samples = 1 ys x 200e6 x 50 x 20 = 200,000

Because the number of samples is less than the one million sample limit, the sample rate of 200e6
samples per second is used for the above example.

Segment Arb waveform

Each channel of a pulse card can be configured to output its own unique Segment Arb®waveform. A
Segment Arb waveform is composed of user-defined line segments, up to 2048 for the 4220-PGU
and 4225-PMU. Each segment can have a unique time interval, start value, stop value, output trigger
level (TTL high or low) and output relay state (open or closed).

NOTE

If both channels of a pulse card are being used, the segment trigger levels for Channel 1 will be seen
at the TRIGGER OUT connector. The trigger levels for Channel 2 are ignored.

A Segment Arb waveform consists of line segments illustrated in the figure below. The blue line
represents the voltage waveform; the red represents the measure windows. This figure contains a
12-segment waveform.
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Figure 82: Example of waveform measured using seg_arb_sequence

»
>

Voltage

= Spot Mean Measurement Time
== Sample Measurement (waveform)

Two types of measurements are supported: spot mean and sample. Spot mean measurements take a
mean of all the samples within the measured window and result in a single reading for that segment.
The sample measurement reports all of the samples within the measurement window, which can then
be plotted versus time to provide a waveform.

Note that Segment Arb provides the capability to include measurement (for the 4225-PMU) and
sequences (4225-PMU and 4220-PGU).

Pulse Mode: Sequence, Segment Arb
LPT Functions: seg_arb_sequence and seg_arb_waveform

These more advanced functions can be used by the 4220-PGUs and 4225-PMUs to define a
Segment Arb waveform.

High-endurance output relay (HEOR): Each output channel of a pulse card has a high-speed,
solid-state output relay. When this relay is closed, the waveform segment is output. When opened,
the channel output is electrically isolated (floating) from the DUT. In the figure in Full arb waveform
(on page 4-15), the output relay is opened during segment seven. This puts the output in a floating
condition. The minimum time for a segment with a HEOR transition (open-to-close or close-to-open)
is 25 ps for the 4220-PGU and 4225-PMU.

Because of the resources necessary to generate the Segment Arb waveforms, an additional 10 ns
interval is added to the end of the last segment of a Segment Arb waveform. During this interval, the
output voltage, HEOR, and trigger output values remain the same as the final value reached in the
last segment.

In the following figure, sequence 1 is an 82-segment sequence; additional rows are not shown in the
figure. Sequence 2 is a 5-segment sequence. There are additional columns to the right for
per-segment measurement configuration.
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Figure 83: Two sequence definitions

Segment Arb Configuration - T (] S e q uence -I .
SegARB Segments and Sequences Waveform Sequence List 8 2 t
StartVChi (V)| StopVChi (V)| SegTime (s) | SegTrigOut (1/0) | SSRCHriCh1 (1/0) | MeasEnabled (11 ~ SeqListCh1 | SeqLoopsCht | ~ Seg men
1 0 I 0 10.0000E-6 1 1 1 1
2 0 01 200.0000E-9 0 1 0 2 Sequence
3 01 0.1 10.0000€-6 1 1 1 3
4 0.1 02 200.0000E-9 0 1 0 4
5 02 02 10.0000€-6 1 1 1 5
6 02 03 200.0000E-9 0 1 0 6
7 03 03 10.0000E-6 1 1 1 7
8 03 04 200.0000E-8 0 1 0 8
9 04 04 10.0000€-6 1 1 1 9
| 10 04 05 200.0000E-9 0 1 0 10
1" 05 05 10.0000E-6 1 1 1 1"
12 05 06 200.0000E-9 0 1 0 12 5
13 06 06 10.0000€-6 1 1 1
14 06 07 200.0000E-9 0 1 0
15 07 07 10.0000€-6 1 1 1
16 07 08 200.0000E-9 0 1 0
17 08 08 10.0000E-6 1 1 1
L) n 09 00 DOO0E.Q n 1 n .
< +\Seqt ASeq2/ IKi '
Addseq | [Removeseq ( Load Default waveform | [ Load SmplePuise |
Bl
1
3
H
0.0+
0.0E+0 250.0E-6 500.0E-6
| Time (s)
. . Segment Arb Configuration - [
SegARB Segments and Sequences Waveform Sequence List
StartVCh1 (V) | StopVCh1 (V)| SegTime (s) | SegTrigOut (1/0) | SSRCtriCh1 (1/0) | MeasEnabled (1/( ~ SeqListCh1 | SeqLoopsCh1| ~
1 0 1 0 10.0000E-6 1 1 1 [ 1 [
2 0 25 1.0000€-6 1 1 0 2
3 25 25 10.0000E-6 1 1 1 3
4 25 0 1.0000E-68 1 1 0 4
5 0 0 1.0000€-6 1 1 0 5
6 6
7 7
8 8
9 9
10 10
1" "
12 12 15
13
14
15
16
17
17 el
<+ \SeqT ) Seq2 / < >
(lossositwacion ] [ tosasrpenie )
25
201
B
» LS
g
£ 10
H
0.5
N 0.0+
Sequence 2' 0.0E+0 12.0E-6 24.0E6
5-segment =
sequence © SequenceGraph O Woveform Graph ]

A definition showing two sequences with looping is illustrated in the following figure.
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Figure 84: Definition showing two sequences with looping

Segment Arb Configuration ‘ u
SegARB Segments and Sequences Waveform Sequence List P @
StartVCh1 (V) | StopVCh1 (V) SegTime (s) | SegTrigOut (1/0) | SSRCtriCh1 (1/0) = MeasEnabled (11 ~ SeqListCh1 SeqlLoopsCh1| 4 /
1 0 0 10.0000E-6 1 1 1 [ 1 1 | 1 -
- L4
2 0 0.1 200.0000E-9 0 1 0 2 2 1 -
3 01 0.1 10.0000E-8 1 1 1 3 1 1 - ©
4 0.1 02 200.0000E-9 o 1 0 4 2 2 \\
5 02 02 10.0000E-6 1 1 1 5 1 1 N ™~ @
6 02 03 200.0000E-9 0 1 0 6 2 3 \
7 03 03 10.0000E-8 1 1 1 7 \ N @
8 03 0.4 200.0000E-9 o 1 0 8 \
0 0.4 04 10.00006-5 1 1 1 9 N ®
10 04 05 200.0000E-3 0 1 0 10
11 0s 0.5 10.0000E-6 1 1 1 1
12 05 06 200.0000E-9 0 1 0 12 il
13 06 06 10.0000E-6 1 1 1 —
14 06 07 200.0000E-8 0 1 0
15 07 07 10.0000E-6 1 1 1
16 07 0.8 200.0000E-9 o 1 0
17 08 08 10.0000E-8 1 1 1
18 n= na 00 0000F @ 0 . 1 n h
<« v\ Seq1 A Seq2/ <& b

Remove Seq Load Default Waveform Load .. ple Pulse

Yoltage (V)

0.0 +
0.0E+0 700.0E-6

| Time (s)

© sequenceGraph [ WavelormGrah o]

The graph of the measurement of a two-sequence Segment Arb with looping, from UTM
pmu-segarb-complete in the pmu-dut-examples project, is shown in the following figure.

Figure 85: Graph of the waveform (two-sequence with looping) measurement

Seg-Arb with 2 Sequences and looping
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Pulse modes: Source, Segment Arb
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LPT function: seg_arb_define

This function is used to define a Segment Arb waveform. This function includes parameters to
specify the number of segments (nSegments) and arrays for start (startvals), stop
(stopvals), and time values (timevals). It also includes arrays for trigger levels
(triggervals) and output relay states (outputRelayVals).

Full arb waveform

You can configure each channel of the pulse generator to generate its own unique full arb waveform.
A full arb waveform is made up of user-defined points (up to 262,144).

Each waveform point can have its own unique voltage value. A time interval is set to control the time
spent at each point in the waveform. The following figure shows an example of a user-defined full arb
waveform. The waveform is made up of 80 voltage points, with the time interval between each point
set to 10 ns.

Use the arb_array function to define a full arb waveform. This function includes parameters to

specify the number of waveform points, the time interval, an array of voltage levels, and a file name.
For more information, refer to arb_array.

The arb_file function is used to load the defined full arb waveform into the pulse generator. For
more information, refer to arb_Ffile.

The following voltage level array is required for the full-arb waveform shown in this graph.

Level array Level array (continued)
levelArr[0] = 0.5 levelArr[41] = 19.5
levelArr[1] = 1.0 levelArr[42] = 19.0
levelArr[2] = 1.5 levelArr[43] = 18.5

L[] L[]

L[] L[]

[ ] [ ]

levelArr[39] = 19.5 levelArr[79] = 0.5

Figure 86: Full arb waveform example

20V KN
0.‘ ‘.' Points = 80
R ‘e, Time Interval = 10ns
i * ’a
15V g G Point Level
‘0
Ry . 1 0.5V
10V O % 2 1.0V
R ., 3 1.5V
* H H
5V 39 19.5V
40 20.0V
R ., 4 19.5V
R ‘e : :
oV : :
Ons 200ns 400ns 600ns 800ns 78 1.0V
79 0.5V
80 0.0V
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KPulse full arb waveforms

The Keithley Pulse tool (KPulse) is a software application used to control the optional pulse generator
cards. KPulse can be used to create, save, and output full arb waveforms. It also provides a collection
of basic full arb waveform types such as sine, square, triangle, noise, Gaussian, and calculation. After
configuring one of the basic waveform types, you can save it as a - kaf file.

Once a full arb waveform is saved as a . kaf file, it can be imported back into KPulse. The waveform
can also be loaded into the pulse generator card using the arb_Ffi le function. For more information,
refer to KPulse full arb waveforms (on page 4-16).

Pulse waveforms for nonvolatile memory testing

The pulse card has several attributes that support nonvolatile memory (NVM) testing.

To perform the multi-level pulse waveforms for the typical program/erase waveform, each pulse card
channel uses the Segment Arb mode. For more information about Segment Arb waveforms, refer to
Segment Arb waveforms (on page 5-6). The ability to disconnect, or float, a particular device pin in
the Segment Arb waveform requires an inline solid-state relay.

The pulse card output channels each have 50 Q output impedance for most ranges. When current
flows through the pulse channel, there is a voltage drop across this 50 Q resistor internal to the pulse
card. This dictates that the voltage at the output may be different from what is expected based on the
resistance of the DUT. This effect is called the load-line effect. For more information on the load-line
effect and how to compensate for it, refer to Load-line effect compensation (LLEC) for the PMU (on
page 2-24).

The DUT resistance determines pulse voltage across DUT:

e The gate of a flash or NVM device has high impedance.

e The voltage at the gate is double of the programmed voltage.

e The voltage at the drain is a function of the resistance of the drain-source, as mentioned above.

Adjusting the pulse level to match the expected drain voltage is performed iteratively with an
oscilloscope to measure Vo during the pulse.

The methods used to define the multi-level waveforms used in flash memory testing include using the
subsite stress/measure looping feature of Clarius. Use the KPulse application to define each unique
voltage waveform. Refer to KPulse (on page 5-1) for details.
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Waveform capture

The maximum number of rows that can appear in the Analyze sheet for an ITM is 4096. Each
waveform sample uses one row of the sheet. Therefore, the number of samples acquired for a
waveform must fit within the 4096 points.

The number of samples (rows) for a waveform that is 20.48 ps wide is calculated as follows:
Number of samples (rows) = Sample rate x waveform width

= 200e6 x 20.48 us
= 4096

If the waveform is any wider, the sample rate is automatically lowered by Clarius to fit the waveform
within the 4096 points.

Waveform width that is sampled includes pulse rise, pulse magnitude, pulse fall, and a small portion
of the base level before the rise and after the fall.

DUT resistance determines pulse voltage across DUT

Each output channel of the 4220-PGU pulse card is effectively a voltage source with a series 50 Q
resistance. While PMUs have measurement capability, the 4220-PGU pulse card does not, so the
actual voltage across the device under test (DUT) is directly related to the DUT resistance.

There are many output effects that are part of using a pulse generator. This section covers the most
common issue, which is the voltage across the DUT not meeting initial expectations.

There is more than one way to explain the effect of impedance on the DUT voltage. The approach
used below relies on dc concepts and explains the settled portion of the pulse and does not require
knowledge or use of RF concepts. RF concepts are necessary to explain time-based effects, such as
rise time, overshoot, ringing, and reflection.

Figure 87: Schematic of pulse channel and connected DUT

DUT

500 I

DUT

MAX

Pulse channel <7

As shown in the figure, the voltage across the DUT, Vour, is directly related to the resistance Rour.
The discussion here is simplified, including resistive impedances only.
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The 50 Q output resistance of the pulse channel and the DUT resistance effectively make a voltage
divider. Ohm’s law is the only concept required to determine Iput and Vour in this simple hondynamic
approach. Calculate the current, and then use the current to calculate the voltage across the DUT.

Example 1: Ideal situation (50 Q DUT)
The ideal situation (50 Q DUT) is shown in the figure below.

Rout 50 Q
Pulse VHicH 5V
Pulse Viow ov
Pulse load 50 Q

Figure 88: 5 V pulse into a 50 Q DUT load

VPULSE= 5V
V=10V
INT: A AN V,, =5V
50 Q
l,,;=0.10A Royr =50 Q

Pulse channel ¢

Example 1, showing a 5V pulse into a 50 Q DUT load.

V =1*R (Ohm’s Law)

Calculate the current, Ipur:

Iout = Vtotal/RrotaL = Vint/ (50 Q + 50 Q) =10V /100 Q= 0.1 A

Note that the internal voltage, VinT, is 2 times the requested 5 V, so that Vour =5 V. The 2 times
multiplier is the default case, where:

Rout = Pulse Load =50 Q

Pulse load is a channel-based parameter that allows the pulse generator to calculate the value of the
multiplier to source the proper voltage to provide the desired pulse level for the supplied value of the
pulse load. Whenever the value for pulse load does not equal the actual DUT resistance, the voltage
across the DUT will not match the programmed voltage level.

Calculate Vourt:

Vout=lout*Rout=0.1A*50Q=5V.

4-18

4200A-PMU-900-01 Rev. B March 2023



Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual

Section 4: Pulse card concepts

Example 2: High resistance DUT

A high resistance DUT is shown in the following figure.

Rout

Pulse Vhigh
Pulse Viow
Pulse load

1 MQ
5V
ov
50 Q

Figure 89: 5V pulse into a1 MQ DUT load

VPULSE=5V
V=10V
M AW Vor =10V
50 Q
lour= 10 HA Rour = 1 MQ

Pulse channel <7

This example shows a 5V pulse into a 1 MQ DUT load.

Calculate the current, Iput:

Iout = Vrotal/RrotaL = Vint/ (50 Q + 1 MQ) = 10 V / 1.00005E+6 Q = 9.9995E-6 A ~ 10 pA.

Calculate Vour:

Vout = lput * Rout =10 pA * 1E6 Q=10 V.

Vout = 10 V because the pulse load = 50 Q, but Routr = 1 MQ. The pulse generator calculates the

output voltage based on the pulse load, and uses a 2 times multiplier to determine Vint = 10 V. Since
the pulse generator cannot measure the output voltage or DUT load, this example results in a Vour
that is 2 times the programmed level.

4200A-PMU-900-01 Rev. B March 2023
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Example 3: Low resistance DUT

A low resistance DUT is shown in the following figure.

Rout 5Q
Pulse VhicH 5V
Pulse Viow ov
Pulse load 50 Q

Figure 90: 5V pulse into a 5 Q DUT load
Vv =5V

PULSE

V 10V

INT. ~

Pulse channel <7

This figure shows a 5 V pulse into a 5 Q DUT load.

Calculate the current, Iout:

Iout = Vrotal/RtotaL = Vint/ (50 Q +5 Q) =10V /55 Q = 0.182 A
Calculate Vpur:

Vbut = lput * Rour = 0.182 A*1E6 Q=0.91 V

All pulse parameters were constant across all three examples. Only the DUT load (Rout) was
changed, resulting in a range of Vpur from less than 1 V to nearly 10 V, with corresponding changes
in Iout. This variation is related to the constant pulse load = 50 Q. Reprogramming the pulse load
value to match Rout would prevent this behavior, but is not practical in many situations.

This effect is inherent to the pulse generator and DUT system. The general approach for calculating
the current and voltage is given in the examples above. Calculating the maximum voltage and current
available for any given DUT resistance is similar to the above examples. The only difference is that
the maximum voltage available is used for the range. For the high-speed range, Vmax = 10 V, for the
high voltage range, Vmax = 40 V.
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Example 4: Maximum voltage and current, high speed range
V=I*R
Vwuax = 10 V for high speed range
Routr =5 Q
Imax = Viax / RroTaL = Viax / (Rpuise generator + Rour)
Imaxout =10V / (50 Q +5Q) =10V /55 Q =0.182 A
Vmaxout = Iwax * Rout = 0.182 A* 50 =0.91 V

These Ivax and Vmax values match the values in the Pulse Card High Voltage (5 V) Range table for
the 5 Q row (see following table). These calculations do not incorporate any cabling or interconnect
losses that may range from 1 Q up to 10 to 20 Q, depending on the interconnect method and DUT

type (packaged or on-wafer).

Example 5: Maximum voltage and current, high voltage range
V=1*R
Vwuax = 40 V for High Voltage Range
Rout = 250 Q
Imax = Vmax / / RrotaL = Vmax / (Rpuise generator + RpuT)
Imaxout = 40 V / (50 Q + 250 Q) =40 V /300 Q = 0.133 A
Vmaxput = Iwax * Rout = 0.133 A * 250 Q = 33.3 V

These Ivax and Vmax values match the values in the Pulse Card High Voltage (20 V) Range table for
the 250 Q row. These calculations do not incorporate any cabling or interconnect losses that may
range from 1 Q up to 10 to 20 Q, depending on the interconnect method and DUT type (packaged or
on-wafer).

The tables below show the maximum current and voltage for various Rput values for the two output
ranges available on each pulse card channel. Note the calculated current and voltage values do not
include any cabling or interconnect losses that reduce both the maximum available Vour and Iour.

Because Vbur is a function of the load applied to the pulse card channel, this effect is sometimes
called the load-line effect. There are several ways of working with this effect. The simplest one is to
program the DUT load into the pulse card channel using the LPT function pulse_load, or setting the
Pulse Load value in the KPulse (on page 5-1) virtual front panel. The pulse card will calculate the
appropriate Vint to output so that the Vour pulse waveform, specified by pulse_vlow and

pulse_vhigh, has the correct levels. For details, see Coping with the load-line effect (on
page 2-27).
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Test device resistance (Q)

1

5

10
25
50
100
250
1k
10k

* Approximate value; does not account for interconnect losses.

Voltage (V)*
0.196

0.909

1.667

3.333

5

6.667

8.333

9.524

9.950

Current (A)*

0.196
0.182
0.167
0.133
0.100
0.067
0.033
0.0095
0.000995

Available I and V for the high voltage (20 V) range of the Keithley pulse card
Maximum | and V versus resistance

Test device resistance (Q)

1

5

10
25
50
100
250
1k
10 k

*Approximate value; does not account for interconnect losses.

Triggering

Triggering is used for the following operations:

Voltage (V)*
0.784

3.636

6.667
13.333

20

26.667
33.333
38.095
39.801

Current (A)*

0.784
0.727
0.667
0.533
0.400
0.267
0.133
0.038
0.00398

e Basic triggering (on page 4-23): Configure the Keithley pulse card for the trigger mode
(Continuous, Burst or Trig Burst) and use a software trigger to start pulse output.

e Pulse-measure synchronization (on page 4-24): Synchronize the pulse-measure operation of a

pulse generator card.

For each pulse in a test, a trigger pulse is sent to the trigger output. If you are using Segment Arb
waveforms, you can define if a trigger out is sent for each segment.

The 4220-PMU and 4225-PGU are trigger out only (no trigger in). These pulse cards use the internal
trigger bus for output synchronization when using any commands that require the pulse_exec

function to execute.
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If you need to define a trigger in using a source-only pulse waveform (2-level or Segment Arb), you
can create a user test module (UTM) that uses the pulse source only (PG2) command set. This
allows an external trigger (LPT command pulse_trig_source) to output a 2-level pulse (LPT
commands pulse_vhigh and pulse_vlow) or segment arb waveforms (LPT command
seg_arb_define). This allows for external triggering (a trigger input into the card) that causes a
burst of pulses to be output.

Details on the trigger functions are provided in Model 4200A-SCS LPT Library Programming.

NOTE

Triggering transition time must be <100 ns. Trigger output Level and Trigger In Level must be TTL.

Basic triggering

The pulse output of a pulse card can be started by a software trigger. The LPT function for the
software trigger also sets the trigger mode. Enabled pulse generator channels will then output a
continuous string of pulses (continuous trigger mode), or a burst of pulses (burst or trig burst
trigger mode).

Software trigger source

To use a software trigger to start pulse output, the software trigger source must first be selected. The
pulse_trig_source function is used to select the software trigger source.

Trigger mode

With the software trigger source selected, using the pulse_trig function selects one of the
following trigger modes and initiates (triggers) the start of pulse output:

e Continuous: This trigger mode continuously outputs pulses when pulse output is started.

e Burst or Trig Burst: These trigger modes output a burst of pulses when pulse output is started. A
burst is a finite number of pulses (1 to 232-1). The only difference between burst and trig burst is
the behavior of trigger output (refer to Pulse generator card output trigger (on page 4-24)).

NOTE

When using the burst or trig burst trigger mode, make sure to first set the pulse count before starting
pulse output. The pulse_burst_count function is used to set the burst count.
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Example LPT function sequence: Basic triggering

The following LPT function sequence uses the software trigger to initiate a 3-pulse burst for both
channels, where both the pulse and trigger output three pulses.

// Stop pulse generator output:

pulse_halt(VPUl1);

// Select software trigger source:

pulse_trig_source(VPUl, 0);

// Set channel 1 for a burst count of 3:

pulse_burst_count(VPUl, 1, 3);

// Turn channel 1 on:

pulse output(VPUl, 1, 1);

// Select the trigger burst mode and trigger start of burst output:
pulse_trig(VPUl, 2);

Pulse-measure synchronization

Synchronize the pulse-measure operation of a pulse generator card.

Pulse generator card output trigger

When output trigger is enabled, an output pulse will initiate a TTL-level, 50% duty cycle output trigger
pulse. The trigger pulses are available at the TRIGGER OUT connector of the pulse generator card.

The figure below shows the behavior of output triggers (To) for the three trigger modes. Notice that for
the Burst mode, output triggers continue even though pulse output has stopped. For the trigger burst
mode, output triggers stop when the pulse output stops.

Figure 91: Pulse generator card output trigger

Trigger Mode Standard Pulse Full Arb Pulse Segment Arb Pulse”
Continuous | P TUUL. P NN P L.
o [JUUUUL. | =MUUuUUL. | v MEALILALL.

Burst [P I I/ 1/ I 1 | I

o [UUUUUL., | oMUl | M.

Trig Burst | P _— P /]_/]_/]— P w—
UL | oMU | M.

P = Pulse output

T, = Trigger output
*Segment Arb has user-defined trigger output (0 or 1) for each segment.

The pulse_trig_output function is used to enable or disable output trigger. Output trigger can be
set for positive (rising edge) or negative (falling edge) polarity. Use the pulse_trig_polarity
function to set the polarity of output trigger.
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Example LPT function sequence: pulse-measure synchronization

The following LPT function sequence uses the software trigger to initiate a 3-pulse burst for
CHANNEL 1. The three output pulses trigger the scope to perform three measurements. It assumes
the scope is configured to trigger on leading edge triggers from the pulse generator.

// Stop pulse generator output:

pulse_halt(VPUl1);

// Turn off trigger output:

pulse_trig_output(VPUl, 0);

// Set the output trigger polarity to positive:

pulse_trig_polarity(VPUl, 1);

// Select Software trigger source:

pulse_trig_source(VPUl, 0);

// Set channel 1 for a burst count of 3:

pulse burst_count(VPUl, 1, 3);

// Turn channel 1 on:

pulse output(VPUl, 1, 1);

// Select the Trig Burst trigger mode and trigger start of burst output. Each pulse will
trigger the

// scope to perform a measurement.

pulse_trig(VPUl, 2);

Measurement types

There are two types of pulse measurements: Spot mean and waveform. The pulse_meas_sm
function is used to configure Spot mean measurements (on page 4-26) and the pulse_meas_wfm
function is used to configure Waveform measurements (on page 4-27).

The Model 4225-PMU makes the following types of pulse measurements:
e Spot mean discrete
e Spot mean average
e Waveform discrete

e Waveform average

Use the following pulse generator functions to configure pulse measurements:

e Use the pulse_meas_sm function to configure spot mean measurements; select the data
acquisition type, set the readings to be returned, enable or disable time stamp, and set LLEC.
See Spot mean measurements (on page 4-26) for detalils.

e Use the pulse_meas_wfm function to configure waveform measurements; select the data
acquisition type, set the readings to be returned, enable or disable time stamp, and set LLEC.
See Waveform measurements (on page 4-27) for details.

e Usethe pulse_meas_timing function to set measurement timing. For spot mean
measurements, portions of the amplitude and base levels are specified for sampling. For pre-data
and post-data waveform measurements, a percentage of the entire pulse duration is specified.
See Measurement timing (on page 4-30) for details on pulse measurement timing.
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Spot mean measurements

Spot mean measurements sample a portion of the amplitude and a portion of the base level (see
Spot mean measurement timing (on page 4-30)). The portions to be sampled are specified as a
percentage. Note that you can return an individual spot mean for each pulse (see Spot mean discrete
readings (on page 4-26)), or have a single spot mean for all NumPulses (see Spot mean average

readings (on page 4-27)).

If you enable both amplitude and base spot means, each pulse has two voltage measurements and
two current measurements (see pulse_fetch).

Spot mean discrete readings

The averaged voltage and current readings for every sampled pulse period are returned in a single
data set. The figure below shows how spot mean discrete readings are returned as a data set for two
pulse periods. With all voltage and current readings enabled, four readings are returned for each
pulse. The measured samples are averaged to yield the mean average readings. When time stamps
are enabled, a time stamp is included in the data set after each mean reading.

Figure 92: Returned data set for spot mean discrete readings

Number of pulses = 2

Timestamps disabled S1, S2, and so on = Measurement samples

Voltage Current
amplitude amplitude Voltage base Current base
reading reading level reading level reading
(pulse 1) (pulse 1) (pulse 1) (pulse 1)
S1+S2+S3 S1+S2+S3 S1+S2+S3+S4+S5+S6 S1+S2+S3+S4+S5+S6
3 3 6 6
Voltage Current
amplitude amplitude Voltage base Current base
reading reading level reading level reading
(pulse 2) (pulse 2) (pulse 2) (pulse 2)
S1+S2+S3 S1+S2+8S3 S1+S2+S3+S4+S5+S6 S1+S2+S3+S4+S5+S6
3 3 6 6
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Spot mean average readings

For this data acquisition type, each returned reading is a mean-of-the-means. Spot mean average
averages the mean readings for all the pulses in the burst. In the figure in Spot mean discrete
readings (on page 4-26), each mean reading for pulse 1 is averaged with each corresponding mean
reading for pulse 2 to yield the mean-of-the-means readings shown below. With all voltage and
current readings enabled, four readings are returned for the burst. When time stamps are enabled, a
timestamp is included in the data set after each mean-of-the-means reading.

Figure 93: Returned data set for spot mean average readings

Number of pulses = 2

Timestamps disabled

Voltage amplitude reading

S1, S2, and so on = Measurement samples

Current amplitude reading

Voltage Voltage Current Current
amplitude amplitude amplitude amplitude
reading reading reading reading
(pulse 1) (pulse 2) (pulse 1) (pulse 2)
|s1+sz+33| ’s1+sz+s3| |31+sz+33| |s1+sz+s3‘
+ +
3 3 3 3
2 2

Voltage base level reading Current base level reading

Voltage base Voltage base Current base Current base
level reading level reading level reading level reading
(pulse 1) (pulse 2) (pulse 1) (pulse 2)
S1+S2+S3+S4+S5+S6 + S1+8S2+8S3+S4+S5+S6 S1+S2+S3+S4+S5+S6 + S1+S2+S3+S4+85+S6
6 6 6 6
2 2

Waveform measurements

Waveform measurement readings sample the entire pulse. Sampling is performed on the rise time,
top width, and fall time portions of the pulse. In the figure below, 15 samples are performed on the
pulse waveform. Enabled voltage and current readings and time stamps are returned for every
sample taken on the pulse. The NumPullses (number of pulses) parameter is used to specify the

number of pulses to be output and sampled.
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Figure 94: Waveform measurements

Amplitude

/ \ X Waveform sample
100%
S1 S15

Base level

A waveform measurement can include pre-data and post-data. Pre-data is extra data taken before
the rise time of the pulse; post-data is extra data taken after the fall time (see figure below). See
Waveform measurement timing (on page 4-30) for details on measurement timing for pre-data and
post-data.

Figure 95: Waveform measurements with pre-data and post-data

Amplitude

N S

/ \ X Waveform sample
S1 S17  Base level
g < 100% > .

Pre-data 10% Post-data 10%

Waveform discrete readings

Enabled voltage and/or current readings and time stamps for every sample of the waveform are
returned in a single data set. The following figure shows how waveform discrete readings are returned
as a data set for two pulse periods with voltage, current, and timestamp readings enabled.
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Figure 96: Returned data set for waveform discrete readings

Number of pulses = 2
Number of samples = 15
Timestamps enabled

Sample 1 readings
(pulse 1)
\' | \Y

S1, S2, and so on = Measurement samples
V = Voltage reading
| = Current reading

T1, T2, and so on = Timestamps

Sample 2 readings
(pulse 1)

[s1] |s1] [T71]

Sample 3 readings
(pulse 1)

Vv

[s2] |s2| [T2] ©®°*° |S15||S15||T15|—1

Sample 1 readings
(pulse 2)
Vv | \

Sample 2 readings
(pulse 2)

[s1] |s1] [T1]

[s2] |s2| [12] ¢

Waveform average readings

Sample 3 readings
(pulse 2)

Vv

® [s15] [s15] [T15]

For this data acquisition type, each returned reading is a mean average of the corresponding samples
for all the pulses in the burst. For example, in the figure in Waveform discrete readings (on page 4-28),
the V and | readings for sample 1 - pulse 1 would be averaged with the V and | readings for sample 1

- pulse 2.

The figure below shows how waveform average readings are returned as a data set for two pulse
periods with voltage, current, and time stamp readings enabled.

Figure 97: Returned data set for waveform average readings

Number of pulses = 2
Number of samples = 15
Timestamps enabled

Sample 1 readings

Voltage reading Current reading

S1, S2, and so on = Measurement samples
T1,T2, and so on = Timestamps

Sample 2 readings

Voltage reading

Current reading

Pulse 1 Pulse 2 Pulse 1 Pulse 2 Pulse 1 Pulse 2 Pulse 1 Pulse 2
B+ || GO+ & 2 + = || 2 + 2]
2 2 2 2
Sample 15 readings
Voltage reading Current reading
Pulse 1 Pulse 2 Pulse 1 Pulse 2
cee ¥ +
2 2
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Measurement timing

Use the pulse_meas_timing function to configure pulse measurement timing.

Spot mean measurement timing

The spot mean measurement type samples a portion of the amplitude and a portion of the base level.
The measured samples are then averaged to yield a single voltage and current reading for the
amplitude and base low levels. The NumPulses (number of pulses) parameter specifies the number
of pulses to be output and sampled.

The figure below shows that three measured samples are taken on the amplitude and six samples are
taken on the base level. The start and stop percentage values indicate the portions of the pulse that
are sampled. As shown, the beginning of the amplitude and base level are designated as the zero (0)
percent points; the ends are designated as the 100% points. The start and stop points for amplitude
and base-level sampling are expressed as a percentage between 0% and 100%. The default is 75%
for the start of spot mean and 90% for end of spot mean. These percentages are applied to the total
time of the pulse top. In this example, sampling for the amplitude and base levels starts at 60% (0.6)
and ends at 80% (0.8).

The number of samples taken on the amplitude and base level is dependent on the size of the
portions to be sampled and the sampling rate. Use the pulse_sample_rate function to set the
sampling rate for pulse measurements.

Figure 98: Spot mean measurements example

0% 100%
¢ Amplitude ¢

X Spot mean sample

Stop 80%
Start 60%

Stop 80% 0% Start 60% 1 100%

Base level

Waveform measurement timing

The waveform measurement type samples the pulse as shown in Waveform measurements (on page
4-27). Sampling is performed on the entire duration (100%) of the pulse. This includes the rise time,
amplitude, and fall time portions of the pulse. A voltage and/or current reading is returned for

every sample.
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A waveform measurement can include pre-data and post-data. Pre-data is extra data taken before
the rise time of the pulse; post-data is extra data taken after the fall time. Waveform measurements
(on page 4-27) shows an example where 10% (0.1) pre-data and 10% (0.1) post-data is taken.

The number of samples taken on the pulse is dependent on the size of the pulse to be sampled and
the sampling rate. Use the LPT command pulse_sample_rate function to set the sampling rate for
pulse measurements.

NOTE

In the function, a percentage must be expressed as its decimal equivalent. For example, specify 50%
as 0.5 in the function.

Example: pulse_meas_sm

This function sets channel 1 of the PMU for the spot mean discrete measure type to acquire the
voltage amplitude measurement, the current base level measurement, and the time stamps. It also
enables LLEC for amplitude:

pulse_meas_sm(PMU1, 1, O, 1, 0, 1, 0, 1, 1);
Where:

e Instr_id=PMU1l

e chan =1 (channel 1)

e AcquireType =0 (discrete)

e AcquireMeasVAmpl =1 (enable)

e AcquireMeasVBase = 0 (disable)

e AcquireMeaslAmpl =1 (enable)

e AcquireMeaslBase =0 (disable)

e AcquireTimeStamp =1 (enable)

e |LEComp =1 (enable)
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Example: pulse_meas_wfm

This function sets channel 1 of the PMU for the waveform discrete measure type to acquire the
voltage/current readings for the waveform and the time stamps. It also enables LLEC.

pulse _meas_wfm(PMU1, 1, O, 1, 1, 1, 1);

Where:

Instr_id=PMU1

chan =1 (channel 1)
AcquireType = 0 (discrete)
AcquireMeasV =1 (enable)
AcquireMeasl =1 (enable)
AcquireTimeStamp = 1 (enable)

LLEComp =1 (enable)

Example: pulse_meas_timing

This function sets the following pulse measure timing settings for five spot mean measurements for
channel 1 of PMUL1:

pulse_meas_timing(PMU1, 1, 0.6, 0.8, 5);

Where:

Instr_id=PMU1

chan =1 (channel 1)
StartPercent = 0.6 (60%)
StopPercent = 0.8 (80%)

NumPulses =5 (output one pulse)

4-32

4200A-PMU-900-01 Rev. B March 2023



Section 5

KPulse (for Keithley Pulse Cards)

In this section:

Keithley Pulse Application...........ccccveeeiiiiiiiiiiiee e 5-1
I g1 o =14 10T TR OO URPTROP 5-3
Standard pulse Waveforms...........ccccvvveeiee e 5-4
Segment Arb WaveformsS ... 5-6
Custom file arb waveforms (full arb)............ccoooiiiiiiiiie 5-9

Keithley Pulse Application

Keithley Pulse Application (KPulse) is a nonprogramming alternative that you can use to configure
and control the installed Keithley pulse cards. You can use it for quick tests that require minimal
interaction with other 4200A-SCS test resources.

The KPulse application supports the source-only configuration of 4225-PMU and 4220-PGU
2-channel pulse cards. The 4225-PMU is identified as PMU on the card tab. All other card types are
identified as VPU.

NOTE

Although KPulse can be launched at the same time as Clarius, KPulse and Clarius cannot
communicate with hardware simultaneously.

Starting KPulse

To open KPulse, double-click KPulse on the desktop. The following example shows one PMU
installed in the system.

From the user interface, each pulse generator can be used to configure and control the following
waveform types:

e Standard pulse waveforms (on page 5-4) and Segment Arb waveforms (on page 5-6): Pulses are
configured and run from the VPU or PMU tabs of KPulse. There is a tab for every Keithley pulse
card installed in the 4200A-SCS.

e Custom file arb waveforms (full-arb) (on page 5-9): Pulses are configured and saved as a .kaf
file using the Arb Generator tab of KPulse. You can then use the VPU or PMU tab to load the
saved _kaf file into the pulse generator and run it.
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Figure 99: KPulse GUI

==~

Custom File Arb Per Pulse Rising

Channel 1 Settings

Source Range  |SY v | Current Limit () 0.105

Pulse High () 1 Pulse Low (V) 1]

Rise Time (s) 1e-007 Fall Time {s) 1e-007
Pulse Width (s)  5e-007 Pulse Delay {(s) o
Pulse Load S0 Pulse Count 1

@) Keithley Internal Pulse Interface - C:\S4200\kiuser\KPulse\Setuphdefault.kps
File Tools Help
Arb Generator |
Waveform Type Trigger Source Output Mode General Settings
©) Pulse @ Continuous Mode Pulse Period (s): 1e-006
Segment Arb Burst Mode

Trigger Out Polarity: |Positive v Reset All

Channel 2 Settings

Source Range sV

Pulse High (V) 1

Rise Time (s) 1e-007 Fall Time {s) 1e-007
Pulse Width (s)  se-007 Pulse Delay (s) o
Pulse Load S0 Pulse Count 1

g

Apply Changes Immediately

v | Current Limit () 0.105

Pulse Low (V) 1]

Pulse from C:\54200'\kiuser\KPulse'Setup‘default.kps
2.0

101+

Voltage (V)
~ o
o

2.0

Pulse from C:\54200"kiuser\KPulse'Setup'default.kps

Voltage (V)
~ o
o

P L e e : PSP -
600.0E-9 1.2E-6 600.0E-9 1.2E-6

Time (s) Time (s)
[ Complement Mode DC Mode [¥]Enable Channel 1 | Complement Mode 1DC Mode [V]Enable Channel 2

KPulse setup and help

The KPulse menus include:

KEITHLEY

e File: Use this menu to load and save KPulse setups and exit KPulse. By default, setup files are
saved at the command path location:
C:\s4200\kiuser\KPulse\Setup.

e Tools: From this menu, select Options to open the KPulse Options dialog, which includes the
following options:

Show Pulse Mode Graphs: When enabled, shows the Standard Pulse waveform previewers
for each pulse card tab.

Show Segment Arb Graphs: When enabled, shows the Segment Arb pulse waveform
previewers for each pulse card tab.

Show File Arb Graph: When enabled, shows the Custom File Arb pulse waveform previewer
for each pulse card tab.

Show Arb Generator Graph: When enabled, shows the Arb Generator pulse waveform
previewer.
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= Trigger Master: Select the pulse card that will serve as the trigger master. Select None if
you are not using a trigger master. See Triggering (on page 5-3) for more information.

Figure 100: KPulse Options dialog

-

KPulse Options @

Graphing Options

V| Show Pulse Mode Graphs (V| Show File arb Graph

|| Show Segment Arb Graphs (V| show arb Generator Graph
Trigger Master

@ None PMU1

[ OK ][ Cancel }

= Help: Use this menu to access the Learning Center information and to open the About
KPulse dialog.

Triggering

With a Keithley pulse card selected as the trigger master, its Trigger Out can be used to start (trigger)
itself or other pulse cards in the system.

NOTE

For the master pulse card, the polarity of the pulse trigger source (pulse_trig_source) and pulse
trigger polarity (pulse_trig_polarity) function must be the same. If you are using a rising-edge
trigger source, the pulse trigger polarity must be positive. If you are using a falling-edge trigger
source, the pulse trigger polarity must be negative. This requirement applies to all pulse modes,
including Standard Pulse, Segment Arb, and Full Arb.

NOTE

When triggering multiple pulse cards in a master/subordinate configuration, changing the trigger
output polarity of the master card results in a transition in the trigger output levels that may be
interpreted as a trigger pulse by the other cards.

4200A-PMU-900-01 Rev. B March 2023 5-3



Section 5: KPulse (for Keithley Pulse Cards) Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual

Standard pulse waveforms

Standard pulse waveforms are configured and controlled from the pulse card tabs in the KPulse
window. The following figure explains how to use KPulse for a standard pulse output.

Standard pulse waveform previewers: KPulse provides a preview of configured standard pulse
waveforms for each enabled channel. Each waveform previewer shows the high and low levels, and
timing for the waveform.

In the following figure, the configuration shown in the waveform previewer for Channel 1 uses the
default settings for KPulse (pulse high = 1 V and pulse low = 0 V). Channel 2 uses the same settings,
but the complement mode is enabled. Pulse high goes to pulse low level (0 V) and pulse low goes to
pulse high level (1 V).

The following instructions describe how to use KPulse for a standard pulse output. Repeat these
steps for any installed cards that you want to set to standard pulse.

Figure 101: Standard pulse operation settings
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Set waveform, trigger, output, and general settings:

1. Select the pulse card tab (in this example, PMUL1).

2. For the Waveform Type, select Pulse.

3. For the Trigger Source, select External.

4. Select the Trigger Source type - Per Pulse Rising, Initial Falling, Initial Rising, or Per Pulse
Falling.

5. For the Output Mode, select Continuous Mode or Burst Mode.

6. Under General Settings, set the Pulse Period in seconds.

7. Setthe Trigger Polarity to Positive or Negative.

8. Select how to apply the changes by doing one of the following:

= Select Apply Changes Immediately to enable automatic update for pulse output. After the
outputs are turned on, the pulse output updates immediately when the settings are changed.

= Select Apply Settings (the button with the light blue arrow) to manually apply settings.

NOTE

Select Reset All to return the pulse card to the Standard Pulse waveform type and its default
settings. It also updates the previewer.

Configure the Channel 1 and Channel 2 settings:

1. Configure the channel settings as needed. Note that the Pulse Count field is only available if the
Output Mode is set to Burst Mode.

2. At the bottom of the window, select Enable Channel 1 or Enable Channel 2. A channel must be
enabled to preview its waveform and turn on the output for the channel.

3. If needed, select DC mode. This sets the output to fixed DC at the pulse high level. Clear this to
return the output to the defined pulse.

4. If needed, select Complement Mode. This sets pulse high to the low level and pulse low to the
high level.

5. Select the Output On button to turn on all enabled channels for all pulse cards installed on the
4200A-SCS. Output Off turns red.

6. To turn off the output, select Output Off.
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Segment Arb waveforms

Segment Arb® waveforms are configured and controlled from the PGU or PMU tab in KPulse. The
below figure explains how to use KPulse for segment Arb output.

NOTE

Due to the Segment Arb engine overhead, there is an additional 10 ns interval added to the end of
the last segment of a Segment Arb waveform. During this interval, the output voltage and trigger
output values remain the same as the final value reached in the last segment.

Start, stop, and time restrictions:

e The start level of the first segment and the stop level of the last segment must be the same. In the
following figure, Segment 1 start and Segment 7 stop are both set for 0.0 V.

e The stop level for a segment must be the same as the start level for the next segment. In the
following figure, the stop level for Segment 1 is 1.0 V, which is the same as start level for
Segment 2 (no discontinuities are allowed).

e Time values are in 10 ns increments, with a minimum of 20 ns.

Segment Arb pulse waveform previewers: KPulse provides a preview of configured Segment Arb
waveforms for each enabled channel. Each waveform previewer shows the segment levels and timing
for the waveform.

Figure 102: Segment Arb waveform settings
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NOTE

The output trigger levels are not shown in the waveform previewers.

The following instructions describe how to use KPulse for a standard pulse output. Repeat these
steps for any installed cards that you want to set to standard pulse.

To set waveform, trigger, output, and general settings:

1. Select the pulse card tab (in this example, PMUL1).

2. For the Waveform Type, select Segment Arb.

3. For the Trigger Source, select External.

4. Select the Trigger Source type - Per Pulse Rising, Initial Falling, Initial Rising, or Per Pulse
Falling.

5. For the Output Mode, select Continuous Mode or Burst Mode.

6. Under General Settings, set the Pulse Period in seconds.

7. Setthe Trigger Polarity to Positive or Negative.

8. Select how to apply the changes by doing one of the following:

= Select Apply Changes Immediately to enable automatic update for pulse output. After the
outputs are turned on, the pulse output updates immediately when the settings are changed.

= Select Apply Settings (the button with the light blue arrow) to manually apply settings.

NOTE

Select Reset All to return the pulse card to the Standard Pulse waveform type and its default
settings. It also updates the previewer.

To configure the Channel 1 and Channel 2 settings:

1. Configure the channel settings as needed. Note that the Pulse Count field is only available if the
Output Mode is set to Burst Mode.

2. At the bottom of the window, select Enable Channel 1 or Enable Channel 2. A channel must be
enabled to preview its waveform and turn on the output for the channel.

Select Edit Segarb.

For each segment, enter the Start voltage, Stop voltage, Time in seconds, the TTL output Trig
level (O = low; 1 = high), and the state of the SSR (solid-state relay, O = open, 1 = closed).

Select OK.

Select the Output On button to turn on all enabled channels for all pulse cards installed on the
4200A-SCS. Output Off turns red.

7. To turn off the output, select Output Off.
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Exporting Segment Arb waveform files

After configuring a Segment Arb® waveform in KPulse, you can save it as a . ksf file. The Segment
Arb _ksT files should be exported into the SarbFi les folder at the following location:

C:\s4200\kiuser\KPulse\SarbFiles

To export a Segment Arb waveform file:
1. Select Tools.

2. Select Export Segment Arb to open the Segment Arb Export dialog.

Figure 103: Segment Arb Export dialog

Segrment &rb Export @
PMUL - | |channed 1 -
]
| Expark || Cancel |

Select the pulse card and channel for the waveform to be exported.
Select ....

Locate the target folder.

Type a name for the file. The .ksT extension is added automatically.

Select Open.

© N o g &~ w

Select Export.

You can import a saved seg_arb . ksT waveform file into the pulse card using the seg_arb_file
function.

For segment stress/measure testing, you can import the . ksT file through the Clarius Configure pane.
For details about segment stress/measure testing, refer to “Segment stressing” in the Model
4200A-SCS Clarius User's Manual.
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Section 5: KPulse (for Keithley Pulse Cards)

Custom file arb waveforms (full arb)

The following figure summarizes the basic processes to create a custom full arb waveform file, to load
the file into a pulse card, and to output the pulse waveforms.

Figure 104: Basic process to create and output custom file Arb waveforms
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To create custom file arb waveforms (full arb):

1. Select and configure waveforms.

= After you select an available waveform type, configure its settings, and name it, the waveform
is placed in the Scratch Pad.

=  Waveforms remain in the Scratch Pad until they are deleted by the user.

= Refer to Waveform types (on page 5-13) for information about the waveform types available
for custom file arb. Refer to Custom Arb file operation: Select and configure waveforms (on
page 5-10) for details.

Copy the waveforms into the Sequencer for Channel 1, Channel 2, or both:

= The order that two or more waveforms appear in a channel sequencer is the order that the
waveforms are output by that channel.

= Refer to Custom Arb file operation: Copy waveforms into Sequencer (on page 5-11)
for details.

waveforms into Sequencer (on page 5-11).

Save the waveforms in the Sequencer as a . kaf file. See Custom Arb file operation: Copy

to Custom Arb file operation: Load waveform and turn on output (on page 5-12) for details.

on output (on page 5-12).

Load the _kaf waveform file into a pulse generator (using the appropriate pulse card tab): Refer

Turn on the output for enabled channels. See Custom Arb file operation: Load waveform and turn
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Custom Arb file operation: Select and configure waveforms

To select and configure waveforms:
1. Selectthe Arb Generator tab.
2. Select New Waveform to open the Waveform Generator dialog, shown in the following figure.

Figure 105: Custom Arb file operation: Select and configure waveforms
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Select the Waveform Type to be created.
Configure the Settings for the selected waveform type.

Select Preview to update the preview of the waveform.

2

In the Waveform Name field, type in a name for the waveform. You cannot use a name that is
already used in the Scratch Pad.
Select OK to create the waveform. The new waveform is added to the Scratch Pad.

Repeat these steps to create another waveform in the Scratch Pad.
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Custom Arb file operation: Copy waveforms into Sequencer

To copy waveforms into the Sequencer:
1. Select the Arb Generator tab.
2. Select Scratch Pad or Sequencer:
= Scratch Pad previews the waveform that is selected in the Scratch Pad.

= Sequencer previews enabled waveform sequences. To preview the waveforms in the
Sequencer, select Enable Channel 1 or Enable Channel 2.

Select the scale for the graph, Points Scale or Time Scale.
In the Scratch Pad, select a waveform to be copied into the Sequencer.

Select Channel 1 to copy the selected waveform onto the Sequencer for Channel 1 or select
Channel 2 to copy the waveform into the Sequencer for Channel 2. You can copy the same
waveform to both channels.

Figure 106: Custom File Arb operation: Copy waveforms into Sequencer

HKPulse-C:\SAZBl'!\kiuser\KPulse\Setup\defauit.kps o &
File Tools Help

| ‘D2
1

f:'n:ratch Pad - Sequencer . Settings
Squarewave [ Rampl Time Per Point (s): 2e-003
SineWave | SineWave Period: 0.00023s | Frequency: 4347.83Hz
Noise =
WAVEL [ Save As... ] [ Save }
Rart i " ]
|Ramol Choooel 22 [SquareWave Graph Settings
Motes
Period/Freq: 8.04e-0065/124376Hz, Type: Scratch Pad @) Points Scale
SQUARE, Points: 804, Cycles: 2, Amplitude: 3 I
2, Offset: -1, Phase: 0, Duty Cycle: 50, Rise 9 Sequencer Time: Scale
Time (points): 1, Fall Time (points): 1

[¥]Enable Channel 1 [V|Enable Channel 2

Yoltage (V)

Points

KEITHLEY

A Totronx Company

6. To change a waveform sequence, select a waveform in the Sequencer and select Move Up or
Move Down.

4200A-PMU-900-01 Rev. B March 2023 5-11



Section 5: KPulse (for Keithley Pulse Cards) Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual

7. Delete buttons - After selecting a waveform in the Scratch Pad or Sequencer, select the
appropriate Delete button to remove it. Note that deleting a waveform from the Scratch Pad also
removes it from the Sequencer.

8. Setthe Time per Point (in seconds). This is the time interval between each point in the
waveforms.

9. Save the waveforms as a Keithley Arb File (.kaf). By default, . kaf files are saved in the folder:
C:\s4200\kiuser\KPulse\ArbFiles

10. Use Save As to name the file and save it.

11. After any subsequent changes, select Save to overwrite the _kaf file.

Custom Arb file operation: Load waveform and turn on output

To load the waveform and turn on the output:
1. Select a pulse card tab.
2. Select Custom File Arb.

3. Browse for a Waveform File and then select and load the . kaf file.

Figure 107: Custom File Arb operation: Load waveform and turn on output
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4. Enable Channel 1 and/or Enable Channel 2. The loaded . kaf file consists of a waveform for
one or both of the channels. If the _kaf file was saved with one or both channels enabled,
the _kaf file loads into this tab with the same channels enabled. A channel must be enabled in
order to preview and output its waveform. The waveform for Channel 1 is blue and the waveform
for Channel 2 is red.

5. Configure triggers for both channels of the pulse card:
= Trigger Source - Software, External, or Internal Bus. With External enabled, select the

trigger source: Initial Falling, Initial Rising, Per Pulse Falling, or Per Pulse Rising.

= Qutput Mode - Select the output trigger mode: Continuous Mode or Burst Mode.

6. Configure the Channel 1 Settings and/or Channel 2 Settings. The Pulse Count field is active if
the Burst Mode is the selected trigger mode.

NOTE

To configure other installed pulse cards for Custom File Arb, repeat steps 1 through 6.

7. Select the green triangle to turn on enabled channels for all installed pulse cards in the
4200A-SCS. With the output on, the square box turns red. To turn off the outputs of all pulse
cards, select the red box.

Waveform types

KPulse provides the following fundamental waveform types to use as the building blocks for custom
file arb:

e Sine waveform (on page 5-14)

e Square waveform (on page 5-14)

e Triangle waveform (on page 5-15)

e Custom waveform (on page 5-15)

e Calculation waveform (on page 5-17)

e Noise waveform (on page 5-17)

e Gaussian waveform (on page 5-18)

e Ramp waveform (on page 5-19)

e Sequences waveform (on page 5-20)

As explained in Custom Arb file operation: Select and configure waveforms (on page 5-10), a
waveform is created using the Waveform Generator. After selecting and configuring one of the above
waveform types, the waveform is placed into the Scratch Pad.

NOTE

The period for the waveforms is determined by the Time Per Point setting in the Arb Generator tab
(refer to Custom Arb file operation: Copy waveforms into Sequencer (on page 5-11)).
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Sine waveform

An example of a sine waveform is shown in the following figure. The waveform for this example is
named SINE1, but can be any name that is not already used in the Scratch Pad.

After changing one or more settings, select Preview to display the waveform. Select OK to place the
waveform in the Scratch Pad.

Figure 108: Sine waveform
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An example of a square waveform is shown in the following figure. The waveform for this example is
named WAVES, but can be any name that is not already used in the Scratch Pad.

After changing one or more settings, select Preview to display the waveform. Select OK to place the
waveform in the Scratch Pad.

Figure 109: Square waveform
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Triangle waveform

An example of a triangle waveform is shown in the following figure. The waveform for this example is
named TRIANGLEL, but can be any name that is not already used in the Scratch Pad.

After changing one or more settings, select Preview to display the waveform. Select OK to place the
waveform in the Scratch Pad.

Figure 110: Triangle waveform
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Custom waveform

An example of a custom waveform is shown in the following figure. The waveform for this example is
named CUSTOMZ1, but can be any name that is not already used in the Scratch Pad.

The voltage values for the waveform are retrieved from an imported file (. txt or .csv). After
creating a file (. txt or .csv) for the custom waveform, use Import Filename to import the file into the
Waveform Generator.

After importing the file, select Preview to show the waveform. Select OK to place the waveform in the
Scratch Pad.
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Figure 111: Custom waveform
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Creating afile (.txt or .csv) for custom waveform

The waveform file is created using a text editor, such as Notepad.

To create the list of voltage points:

1. Open a text editor.

2. On the first line, type the number of voltage points in the waveform, and then type the list (one per
line) of values for the waveform:

= _txt file format: As shown in the below figure, commas are not used to separate values.

= csv file format: As shown in the below figure, commas are used to separate values. Only
the first column of data is used for the waveform. Additional columns are ignored.

Figure 112: Creating a .txt or .csv file for a custom waveform
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3. The custom waveform is a simple 6-point waveform made up of these voltage values: 0 V, 4 V,
1V,3V, 2V, 0V. Those seven entries are shown in the text editors in the above graphic. The
time at each point is determined by the Time Per Point setting in the Arb Generator tab.

4. Save as a waveform file (. txt or .csv) in the ArbFiles folder at the location:

C:\s4200\kiuser\KPulse\ArbFiles
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Calculation waveform

An example of a calculation waveform is shown in the following figure. The waveform for this example
is named CALC1, but can be any name that is not already used in the Scratch Pad.

The calculation (add, subtract, multiple or divide) performs the selected math operation on two
selected Scratch Pad waveforms. In the following example, SINE1 is added to Ramp.

After selecting the two waveforms and the math operation, select Preview to display the result of the
calculation. Select OK to place the waveform in the Scratch Pad.

Figure 113: Calculation waveform
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Noise waveform

An example of a noise waveform is shown in the following figure. The waveform for this example is
named NOISE1, but can be any name that is not already used in the Scratch Pad.

After changing one or more settings, select Preview to display the waveform. Select OK to place the
waveform in the Scratch Pad.
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Figure 114: Noise waveform
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Gaussian waveform

An example of a Gaussian waveform is shown in the following figure. The waveform for this example
is named GAUSSIAN1, but can be any name that is not already used in the Scratch Pad.

After changing one or more settings, select Preview to display the waveform. Select OK to place the
waveform in the Scratch Pad.

Figure 115: Gaussian waveform
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Ramp waveform

An example of a ramp waveform is shown in the next graphic. The waveform for this example is
named RAMP1, but can be any nhame that is not already used in the Scratch Pad.

After changing one or more settings, select Preview to display the waveform. Select OK to place the
waveform in the Scratch Pad.

Figure 116: Ramp waveform
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Sequences waveform

An example of a sequences waveform is shown in the below graphic. The waveform for this example
is named SEQ1, but can be any name that is not already used in the Scratch Pad.

A sequence waveform consists of the waveforms that are present in the Channel 1 or
Channel 2 Sequencer.

After selecting either Channel One Sequencer or Channel Two Sequencer, select Preview to show
the waveform. Select OK to place the waveform in the Scratch Pad.

Figure 117: Sequences waveform
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Section 6

Use the RPM to switch the SMU, CVU, and PMU

In this section:

INEFOAUCTION ..ot 6-1

INClUdEd ACCESSOMES.....cuvviieiiiiie et 6-2

EQUIPMENt reQUIrEd.......ovviiiee it 6-3

Update the RPM configuration in KCON .........ccccoviiiiiiieneenninns 6-3

DeViCe CONNECHIONS .......uviiiieeiiiiiiiec et 6-4

Set up the measurements in Clarius ...........ccooeereeeiiiiiieeneeenn. 6-6
Introduction

The 4225-RPM Remote Amplifier/Switch Module is an accessory for the 4225-PMU UltraFast Pulse
Measure Unit that allows you:

e To extend the current measurement ranges of the PMU to the 100 nA range. The RPM adds the
following current ranges to the 4225-PMU: 100 nA, 1 pA, 10 pA, 100 pA, 1 mA, and 10 mA.

e To switch automatically between dc I-V, C-V, and pulsed |-V measurements without
changing cables.

This section provides an example of how to use the 4225-RPM to switch the SMU, CVU, and
4225-PMU and make dc I-V, C-V, and pulsed I-V measurements to a single device without having to
reconnect the device between measurements.

For this example, you:

e Make connections from two SMUs, one CVU, and the two-channel PMU to the inputs of two
4225-RPMs.

e Make connections from the outputs of the two 4225-RPMs to a diode.

e Generate dc I-V, C-V, and pulsed |-V measurements.
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Included accessories

The following cables, adapters, and accessories are included in the RPM Kkit.

Figure 118: 4225-RPM included accessories

Item Description Keithley part number Quantity
1 RPM interconnect cable, 2.4 m (8 ft) CA-547-2.4 1
2 Triaxial to BNC adapter (guard removed) CS-712 1
3 BNC-SMA female adapter CS-1247 1
4 SMA to SMA cable, 20 cm (8 in.) CA-452 1
5 Protective cap CAP-47 2
6 Triaxial caps (for shielding, not shorting) CA-31 4
Not shown Support bracket 4200-322 1
Not shown Captive panel screw (for support bracket) FA-243-2 1
Not shown Allen socket head capscrew, #4-40 x 5/16" 4-40x5/16 SOHBLK 1
Not shown Hex wrench, 3/32 in. TL-32 1

6-2
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Equipment required

One 4200A-SCS with the following instruments:

Two 4200-SMUs, 4201-SMUs, 4210-SMUs, or 4211-SMUs
Two 4200-PAs

One 4210-CVU or 4215-CVU

One 4225-PMU

Two 4225-RPMs

Four 4200-TRX-2 or 4200-MTRX-2 triaxial cables (supplied with SMU)

Four CA-447A SMA cables (supplied with CVU)
Two CA-547-2A RPM interconnect cables (supplied with RPM)

Four CA-534-24B triaxial cables

Two 237-TRX-T triaxial tees

One shielded test fixture with connection to GNDU (Force LO)

Update the RPM configuration in KCon

The KCon application is used to manage the configuration of the 4200A-SCS, including the
4225-RPM. Before using an RPM for automatic switching, you must update the RPM configuration in
KCon. This associates the instruments connected to each RPM and enables automatic switching
between tests.

To update the RPM configuration in KCon:

1. Make sure your device under test is disconnected from the RPM output terminals.

2. Close the Clarius application.

3. Open the KCon application.
4. Select Update.

Figure 119: Update the RPM configuration in KCon

Update

5. Select Save.
6. Close KCon.
7. Open Clarius.
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Device connections

Using the supplied cables, make connections from the output terminals of the instruments to the input
terminals of the two RPMs. Connect the output terminals of the RPMs to the diode in a 4-wire
configuration to provide the best measurement accuracy and eliminate the lead resistance effects on
I-V and C-V measurements.

A WARNING

Hazardous voltages may be present on all output and guard terminals. To prevent electrical
shock that could cause injury or death, never make or break connections from the instrument
while the instrument is powered on. Turn off the equipment from the front panel or
disconnect the main power cord from the rear of the 4200A-SCS before handling cables.
Putting the equipment into an output-off state does not guarantee that the outputs are
powered off if a hardware or software fault occurs.

To prevent electric shock, test connections must be configured such that the user cannot
come in contact with test leads, conductors, or any device under test (DUT) that is in contact
with the conductors. It is good practice to disconnect DUTs from the instrument before
powering up the instrument. Safe installation requires proper shields, barriers, and grounding
to prevent contact with test lead and conductors.

Connection schematic

The hardware connections from the output terminals of the instruments in the 4200A-SCS are
connected to the input terminals of the two 4225-RPMs and then from the output terminals of the two
RPMs to the diode under test, as shown in the following figure.

The Sense and Force output terminals of 4200-SMU or 4201-SMU Channel 1 are connected to the
SMU Sense and SMU Force connections of 4225-RPM Channel 1 using 4200-TRX-2 or
4200-MTRX-2 triaxial to triaxial cables. The same connection is made between 4200-SMU or
4201-SMU Channel 2 and 4225-RPM Channel 2, using the same cable model.

The HPOT and HCUR output terminals of the 4210-CVU or 4215-CVU are connected to the CVU Pot
and CVU Cur inputs of 4225-RPM Channel 1 using CA-447A SMA cables. The LPOT and LCUR
output terminals of the CVU are connected to the CVU Pot and CVU Cur inputs of 4225-RPM
Channel 2 using CA-447A SMA cables.

The output terminals of the 4225-PMUs are connected to the RPM Control inputs of their respective
channels on the 4225-RPMs.

The Force and Sense output terminals from 4225-RPM Channel 1 are connected to the anode of the
diode using two triaxial cables (part number CA-534-24B) and a triaxial tee (237-TRX-T). These
triaxial cables are rated for accurate low current (I-V) and high frequency (C-V and pulsed I-V)
measurements.

4200A-PMU-900-01 Rev. B March 2023
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The output terminals of 4225-RPM Channel 2 are connected to the cathode of the diode using the
same cables and triaxial tee as those for Channel 1. To prevent noisy measurements, enclose the
diode in a conductive shield connected to the Force LO terminal of the 4200A-SCS.

Figure 120: Connections from the 4200A-SCS and 4225-RPMs to the diode

P

4200A-SCS chassis

4225-RPM 1

4200-SMU1

O

Sense
Force

-0—O

4200-SMU2  gepse

Force

] HPOT
4210-cvu  HRET

LPOT
LCUR

®

4225-PMU 4225-RPM 2

Ch1
Ch2

od

4200-TRX-2 or 4200-MTRX-2 triaxial-to-triaxial cables.

st

CA-534-24 triaxial-to-triaxial cables.

237-TRX-T triaxial tee.

Diode.

Diode enclosed in conductive shield connected to Force LO.

CA-447A SMA cables.

N a0 b WN P

CA-547-2A RPM interconnect cables.

Connect the 4200A-SCS to the DUT

The following figure shows the 4200A-SCS rear panel connections to the input terminals of two
4225-RPMs and from the outputs of the 4225-RPMs to the diode.

NOTE

The diode is enclosed in a conductive shield connected to Force LO of the 4200A-SCS.
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Figure 121: Rear panel connections to the inputs of the 4225-RPM units and from the units to
the device
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Set up the measurements in Clarius

This section describes how to set up the 4200A-SCS to make |-V, C-V, and pulsed |-V measurements
on a diode. You will create a new project and add a test to the project tree for each

measurement type.

For this example, you use the Clarius application to:

e Create a new project

e Add a device

e Search for and select existing tests in the Test Library

e Configure the tests

® Run the tests

e View and analyze the test results

Create a new project

To create a new project:

1. Choose Select.

2. Inthe Library, select Projects.
3. Select New Project.
4

Select Create.
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Figure 122: Create new project

—@”- ﬁg B
=N > = 5
® b4 7 T | rests Devices ctons viater ranfl[FRIEN
detaut IS - Project Library (65)
4] €= Srerminainfet Name: AtoZ I~][ =
visid
Lo New Project
E |
win
subt
vosid (‘l AFG31000 Arbitrary Waveform Project (afg31000-config-output)
.

Select Yes when prompted to replace the existing project.
Select Rename to assign a new title to the project.
Enter Diode Test.

© N o O

Select Enter.

Add a device

To add a device:

1. Select Devices.

2. Type diode into the search box.
3. Select Search.
4. Select the Diode, 2 terminal device.
5. Select Add to add it to the project tree.
Figure 123: Select and add a diode device to the project tree
Dicde Test . et By Device Library (5)
Mame Atad w dizde Clear
Diode, 2 tormanal (diods)
I A | Light-emitting diade, 2 terminal (led)
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Search for and select existing tests in the Test Library

To search for and select an existing test:

1.
2.

Select Tests.

To find a diode test in the Test Library, type the word diode in the search box, then select
Search.

Scroll to find the Diode Forward 1-V Sweep (vfd) test.
Select Add to add the test to the project tree.

Figure 124: Add the Diode Forward |-V Sweep (vfd) test to the project tree

) @ % s 0B
e Test Sout By

v diode

Test Library (11)

| Dicde Forward 1V Sweep (vid)
/ Meateres e anode turrent as o fanction of a forward-biss voltage sweep of o diode

—ey

Ttk Als |'.

| Dicde Pulse 1Y Seeep (pasedicds)
-'-/ Pevfarms pulse forward |V swisep on 0 diode
| Dicde Reverse IV Sweep (vrd)

L diode m i Image

Scroll to find the Diode C-V Sweep (cv-diode) test.
Select Add to add this test to the project tree.

Figure 125: Diode C-V Sweep (cv-diode) test

Diode C-V Sweep (cv-diode)
Generates a capacnance—voltage sweepona diede and extracts common pavamete(s

Scroll to find the Diode Pulse 1-V Sweep (pulse-diode) test.

Select Add to add this test to the project tree.

Figure 126: Diode Pulse |-V Sweep (pulse-diode) test

Diode Pulse |-V Sweep (pulse-diode)
/ Performs pulse forward |-V sweep on a diode.
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Your project tree now has three tests.

Figure 127: Three tests added to project tree

Diode Test
Vi + diode
vid
cv-diode
pulse-diode

Configure the vfd test

To configure the vfd test:

1. Choose Configure.

Figure 128: Configure highlighted

EE@ 11 [ = @(‘

Select Configure Analyze

2. Inthe project tree, select the vfd test.

3. Adjust the Anode settings in the Key Parameters pane as needed.

Figure 129: Forward I-V sweep, vfd terminal settings

vfd1#1 All Parameters
Anode | smut R4
Operation Mode'vmtage Linear Sweep ‘ v l Cathode | smu2 ‘ v
Slﬂrl| 0 v | | Operation Mode | Voltage Bias | v ‘
S(op| 09 v z | | - Bias‘ 0 v
Slep| 0.01 \ Compliance | 0.1 A
Compliance | 0.1 A Report Current Report Voltage
Measure Current Report Voltage
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4.

In the Test Settings pane, select Advanced.

5. Adjust the parameters as needed. Be sure to include the delay between sweep steps.

© ® N o

Figure 130: Test Settings pane and Test Settings Advanced dialog

@ ICSEEGE Terminal Settings  Help

Measure Settings
Speed | Normal |'
[ ]Report Timestamps

Test Mode

Mode | Sweeping v
Sweep Delay

Hold Time | 0 s

Output Values

I

—

Exit Condition

I8 sMU Advanced Test Settings
Measure Settings

Speed | Normal ‘ v

‘Repon Timestamps

Delay Factor 1

Filter Factor 1

Test Mode
. Sweeping Sweep Delay 0 s
(O sampling Hold Time 0 s
SMU Power On Sequence
Anode
catroce =

Disable Outputs at Completion

Select OK to accept the settings.
Select Terminal Settings.

Select Advanced.

Adjust the voltage source and current measurement parameters as needed.

6-10

4200A-PMU-900-01 Rev. B March 2023



Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual Section 6: Use the RPM to switch the SMU, CVU, and PMU

Figure 131: Terminal Settings tab and Terminal Settings Advanced dialog
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10. Select OK to accept the changes.

Configure the cv-diode test

To configure the cv-diode test:
1. Select the cv-diode test from the project tree.
2. Select the Anode terminal of the diode in the Key Parameters pane

3. Adjust the voltage source and test frequency settings as needed.
Figure 132: Key Parameters pane for the cv-diode sweep test

Anode | CvH1 [ v

Operation Mode | Voltage Linear Sweep ‘ v ‘

o2 o P | == . ]
[04 ‘ ‘ |

Stop ‘ v Operation Mode ’ DC Gnd ‘ v
Step | 0.05 ‘ \
Frequency | 1MHz ‘ v ‘

4. On the Test Settings pane, select Advanced. Adjust the timing parameters as needed. Be sure to
include the sweep delay time in your adjustments.
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Figure 133: Test Settings pane and the Test Settings Advanced and Formulator dialog boxes
for the cv-diode sweep test
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5. Onthe Terminal Settings pane and the Terminal Settings Advanced dialog of the Anode terminal,
adjust the parameters.

Figure 134: Terminal Settings pane and the Terminal Settings Advanced dialog for the
cv-diode sweep test
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NOTE

If you are including cable compensation values, run the Tools menu option CVU Connection
Compensation. Refer to “Perform offset compensation” in the Model 4200A-SCS
Capacitance-Voltage Unit (CVU) User's Manual for more detail.

Configure the pulse-diode test

To configure the pulse-diode test:
1. Inthe project tree, select the pulse-diode test.

2. From the Key Parameters pane, change the Cathode terminal setting from PMU1-GND to
PMU1-2, as shown in the following figure.

3. Adjust the pulse operation as needed.

Figure 135: Key Parameters pane for the pulse-diode test

pulse-diode# 1 All Parameters
Ancde | FLILT v
seratenn Mode | Pulse Amplitude ey | "
Cathode i -
T E Ll ] =
seration MMode i Bia -
e UL |//’| =
Base | O
Ly 0o
B 0

Select the Anode terminal.
Select Terminal Settings.

Select Advanced to configure the measurements as needed, including spot mean, PMU
compensation, and PMU threshold levels.
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Figure 136: Terminal Settings pane and the Terminal Settings Advanced dialog for
Pulse-Diode test
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Select OK.
Select Test Settings.

Select Advanced to adjust the test mode and pulse timing settings, as needed.

Figure 137: Test Settings pane and the Test Settings Advanced dialog for the Pulse-Diode test
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Run the test

Once the tests have been configured, you can execute every test under the device.

To run the tests for the device:

1.
2.
3.

4.

Select the diode device in the project tree.
Verify that the check boxes for the tests and the device are selected.

Select Run. The three tests run sequentially and the RPM automatically switches the outputs
between the SMU, CVU, and PMU.

Select the Analyze pane to see the results.

As the instruments switch between tests, the LEDs at the top of the RPMs change color. When the
output is connected to the SMU, the LED is blue. When the output is connected to the CVU, the LED
is red. When the output is connected to the PMU, the LED is green, which is also the default state.

Figure 138: Top of the 4225-RPM indicating the LED status

Top panel

O

LED Status
OSMU Mode
@CVU Mode
@Pulse Mode

View and analyze the test results

You can select Analyze when you run the project to view test results in real-time.

Figure 139: Analyze highlighted

SR Al O

Select Configure Analyze
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Select a test from the project tree to display its results. The data for the v¥d test is displayed in the
following figure. Both the data and the graph are displayed in this view.

Figure 140: Analyze showing the vfd test
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Section 7

PMU for pulsed |-V measurements on a MOSFET

In this section:

INEFOAUCTION ..ot 7-1
EQUIPMENt reQUIrEd.......ovviiiee it e e 7-2
DEeVICE CONNECLIONS .....eiiiiiiiieiiitiee ettt 7-2
Set up the measurements in Clarius ...........ccooeereeeiiiiiiieeneeenn. 7-4

Introduction

You can use the Model 4225-PMU Ultra-Fast Module to make both pulsed I-V measurements and
transient I1-V measurements (waveform capture) on a device.

Pulsed I-V refers to a test with a pulsed voltage source and a corresponding high speed, time-based
current measurement that provides dc-like results. You can define the parameters of the pulse,
including the pulse width, duty cycle, rise/fall times, and amplitude.

Transient I-V, or waveform capture, is a time-based current and/or voltage measurement that is
typically the capture of a pulsed waveform. Transient |-V measurements can be used to test a
dynamic test circuit or as a diagnostic tool for choosing the appropriate pulse settings in the pulsed
I-V mode.

This section provides an example of how to use the 4225-PMU and the optional Model 4225-RPM
Remote Preamplifier/Switch Module to make a pulsed I-V measurement on a MOSFET. The example
explains how to set up a pulsed voltage step applied to the gate terminal using PMU1 channel 1 and
a pulsed voltage sweep to the drain terminal using PMU1 channel 2. The drain current is measured
as a function of the drain voltage and displayed in the graph in the Analyze pane.
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Equipment required

One 4200A-SCS with the following instruments and accessories:

e One 4225-PMU

e Two 4225-RPMs

e Two 4200-PRB-C SMA to SSMC Y adapter cables (supplied with the 4225-PMU)
e Two CA-547-2A RPM interconnect cables (supplied with the 4225-RPM)

e Two 7078-TRX-GND plug triaxial to socket BNC adapters, guard removed

e Two CS-1247 plug BNC to socket SMA adapters (supplied with the 4225-RPM)
e Two CA-452A SMA to SMA cables (supplied with the 4225-RPM)

e Two 7078-TRX-GND plug triaxial to socket BNC adapters, guard removed

Device connections

Using the supplied cables, make connections from the output terminals of the two 4225-RPMs to the
MOSFET.

A WARNING

Hazardous voltages may be present on all output and guard terminals. To prevent electrical
shock that could cause injury or death, never make or break connections from the instrument
while the instrument is powered on. Turn off the equipment from the front panel or
disconnect the main power cord from the rear of the 4200A-SCS before handling cables.
Putting the equipment into an output-off state does not guarantee that the outputs are
powered off if a hardware or software fault occurs.

To prevent electric shock, test connections must be configured such that the user cannot
come in contact with test leads, conductors, or any device under test (DUT) that is in contact
with the conductors. It is good practice to disconnect DUTs from the instrument before
powering up the instrument. Safe installation requires proper shields, barriers, and grounding
to prevent contact with test lead and conductors.
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Connection schematic

The hardware connections from the output terminals of the PMU and the two RPMs to the MOSFET
are shown in the following figures.

Connect one CA-547-2A RPM interconnect cable from each PMU channel to the appropriate RPM.

Figure 141: Connections from the PMU to the RPM inputs
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At the output of each RPM, connect the triaxial to BNC adapter, BNC to SMA adapter, and then the
SMA-to-SMA cable.

Connect the SMA cables to either probes or a test fixture that is connected to the MOSFET. RPM1 is
connected to the gate of the MOSFET and RPM2 is connected to the drain of the MOSFET.

The shields of the SMA cables are the PMU LO connection and must be connected to the source and
bulk terminals of the MOSFET. The shields of the two SMA cables should be connected together as
close as possible to the device.
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The example below illustrates connections from the RPMs to the SMA to SSMC adapter cables
(4200-PRB-C) and then to the probes and device terminals on a wafer.

NOTE

This connection method eliminates triaxial guard (inner shield).

o b WN P

Figure 142: Connections from RPM outputs to the MOSFET on a wafer
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When using more than one SMA to SSMC adapter cable, make sure that all local grounds are connected.

Set up the measurements in Clarius

This section describes how to set up the Clarius application to make a pulsed |-V sweep on
a MOSFET.

For this example, you use the Clarius application to:

Create a new project
Search for and select an existing test
Configure the test

Run the test and analyze the results

7-4
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Create a new project

To create a new project:

1. Choose Select.

2. Inthe Library, select Projects.
3. Select New Project.
4

Select Create.

Figure 143: Create new project
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5. Select Yes when prompted to replace the existing project.
6. Assign a new title to the project by selecting Rename and then entering MOSFET Pulse 1-V.

7. Select Enter.

Search for and select an existing test

To search for and select an existing test:
1. Select Tests.
2. Type MOSFET into the search bar, then select Pulse in the Filters pane under Measurements.

3. Select the MOSFET Pulse |-V Drain Family of Curves (pulse-vds-id) test, then Add it to the
project tree. Notice that the device is automatically added.
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Figure 144: Selecting the MOSFET Pulse |-V Drain Family of Curves test from the Test library
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Configure the test

To configure the test:

1. Select Configure.

Figure 145: Configure highlighted
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2. From the Key Parameters pane, adjust the pulse voltage sweep levels of PMU1-2 on the Drain
terminal and the Pulse Step Voltage of PMU1-1 on the Gate terminal, as needed.
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Figure 146: Key Parameters pane for the pulse-vds-id test
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3. From the Test Settings pane and Advanced Test Settings dialog, adjust the Pulse Settings and
Timing Parameters as needed.

Figure 147: Test Settings pane and Test Settings Advanced dialog
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4. From the Terminal Settings pane and Advanced Terminal Settings dialog, you can adjust the
voltage source and current measurement parameters, as needed.

Figure 148: Terminal Settings pane and Terminal Settings Advanced dialog
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Run the test and analyze the results

Select Run to execute the test.

Figure 149: Run
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You can select Analyze when you run the project to view test results in real time.

Figure 150: Analyze highlighted

EE@ i .n.g' - @

Select Configure Analyze

7-8

4200A-PMU-900-01 Rev. B March 2023



Model 4200A-SCS Pulse Card (PGU and PMU) User's Manual __ Section 7: PMU for pulsed |-V measurements on a MOSFET

The data and the graph are displayed in the Analyze pane, as shown in the following figure.

Figure 151: Analyze with data and graph displayed
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Testing flash memory

Clarius includes several projects that you can use to test floating gate transistors (NOR, NAND) and
other types of nonvolatile memory. This section describes the set up when using the
following projects:

e Floating Gate Memory Flash Disturb Project (flashdisturb-nand)
e Floating Gate Memory Flash Endurance Project (flashendurance-nand)

e Floating Gate Memory NAND Characterization Project (flash-nand)

NOTE

For detailed information on using other memory projects, such as the Floating Gate Nonvolatile
Memory Characterization Project (floating-gate-nvm-examples), refer to the following application
note: Pulse |-V Characterization of Non-Volatile Memory Technologies (1KW-60638).

To use the flash memory tests, you need:
e Two pulse cards (four pulse channels).

e Atleast two SMUs. If your system does not include switching, it is best to have four SMUs to
match the number of pulse channels to connect to a three- or four-terminal device. You can use
4200-SMUs, 4201-SMUs, 4210-SMUs, or 4211-SMUs with the SMU preamplifiers removed.

e Interconnecting cables and adapters, shown in the following table.

e 8in.-Ib torque wrench for tightening the SMA connections.
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Figure 152: Recommended parts for flash memory testing

CS-1391 SMA Tee: Fem/Mal/Fem
X6
I

CS-1390 Lemo Triax to SMA Fem

x4
-

7078-TRX-BNC Triax to Fem BNC

St

jp— x4

CS-1252 SMA Male to BNC Fem

ra “

il

CA-451A SMA Cable, 4in /10 cm

e X2
O 0O

CA-452A SMA Cable, 8in/20 cm
S -
x4

OO0

CA-404B SMA Cable, 2m
-

> L \ x4
\\ o a0

7051-5 BNC Cable, 5 ft/ 1.5 m

o x4
e —HE

Recommended interconnect parts for flash memory testing

Keithley part

Qty. | Description Comment number
6 SMA tee, female — male — female Trigger, combine SMU and pulse channels  CS-1391
4 LEMO triaxial to SMA adapter Adapt SMU Force output to SMA for signal | CS-1390

interconnect

4 3-slot male triaxial to female BNC Convert BNC cabling to triaxial for prober | 7078-TRX-BNC
adapter or switching matrix connection

4 SMA male to BNC female adapter Adapt Tee to BNC for cabling from CS-1252
instrument to probe manipulators

2 10.8 cm (4.25 in.) white SMA cables Interconnect for triggering CA-451A

4 20.3 cm (8 in.) white SMA cables Interconnect between pulse card and SMU | CA-452A
signals

4 2 m (6.6 ft) white SMA cables CA-404B

4 1.5 m (5 ft) BNC cable Connect to probe manipulators 7051-5

This configuration permits independent source and measure for each terminal in a typical 4-terminal
floating gate transistor.

Flash connection guidelines

All interconnects on instrument chassis are white SMA cables. Cables from the instrument to device
are BNC coaxial, except for the direct SMU4 connection, which is black triaxial. Use triaxial to BNC
adapters (if necessary) to connect to probe manipulators.

The trigger interconnects are white SMA cables. Cables from the instrument to device are BNC
coaxial for the pulse card channels and triaxial for the SMUs. Use triaxial to BNC adapters (if
necessary) to connect to probe manipulators.

To test on-wafer devices, there are various ways to connect the SMA cables to the probe
manipulators. For the direct connect method or switch method, adapters convert the BNC cabling to
the triaxial connector to be compatible with many types of probe manipulators.

Use the supplied torque wrench to tighten each connection as it is assembled. Always connect and
torque adapter/cable assemblies before attaching the assembly to the instrument cards.

8-2 4200A-PMU-900-01 Rev. B March 2023
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Nonaxial stress on the bulkhead connectors on the SMU or pulse cards could cause damage
to the cards installed in the 4200A-SCS chassis. Pre-torque the connections to prevent
this damage.

To remove the triaxial-to-SMA adapter from a SMU, pull on the knurled silver portion of the connector
to release the latches from the SMU connector.

Failure to fully disengage the triaxial-to-SMA adapter latches may result in damage to the
adapter and the SMU.

Programming and erasing flash memory

A floating gate (FG) transistor is a modified field-effect transistor with an additional floating gate. The
FG transistor is the basic storage structure for data in nonvolatile memory. The floating gate stores
charge, which represents data in memory.

The control gate (CG) reads, programs, and erases the FG transistor. The presence of charge on the
gate shifts the voltage threshold (V1) to a higher voltage, as shown in the following figure.

Figure 153: Cross section of a floating gate transistor in the erased and programmed states
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The control gate (CG) reads, programs, and erases the FG transistor. The presence of charge on the
gate shifts the voltage threshold (V) to a higher voltage, as shown below.
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Figure 154: Graph of shifted voltage threshold, VT, due to stored charge on floating gate on a

1 bit (2 level) cell
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The Flash transistors tests consist of two parts:

1. Pulse waveforms that program or erase the DUT

2. DC measurements are made to determine the state of the device
This implies switching between two conditions:

1. Pulse resources are connected to the DUT

2. Pulse resources are disconnected and the DC resources are connected to the DUT

The pulses are used to move charge to or from the floating gate. There are two different
methods to move charge:

1. Tunneling

2. Hot charge injection (HCI)

The tunneling method is commonly known as Fowler-Nordheim (FN) tunneling, or quantum tunneling,
and is a function of the electric potential across the tunneling oxide. HCI is considered a damage

mechanism in nonfloating gate transistors. HCI is a method that accelerates charges by applying a
drain-source field, and then the charges are directed into the floating gate by a gate voltage.

NOTE

The drain and source are not connected to any test instrumentation.

There are many other ways to provide similar electric fields and balance performance across a variety
of parameters: program or erase speed, retention longevity, adjacent cell disturbance, endurance,
and others.

The following figure shows examples of tunneling to move charge to and from the FG.
e The electric field and the preferred direction of electron flow are indicated by the black arrows.

e The signal applied to each device terminal is indicated by the blue text and blue features.

8-4
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Figure 155: Fowler-Nordheim tunneling program and erase
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The following figure shows examples of moving charge using HCI. These conditions are examples
with approximate voltage values. The pulse width and pulse height will vary depending on device
structure and process details.

Figure 156: Hot charge injection (HCI) program and erase
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The flash projects support two methods for switching between the pulse and measure phases of the
typical flash memory test.

The first is the typical method, using a switching matrix to route the pulse or DC signals to the DUT.
Using the switching matrix is more complicated, but provides flexibility for certain tests and test
structures that use arrays. The second method uses the on-card isolation relays on both the SMUs
and the pulse cards to configure a simpler setup without the external switching matrix.

Because both the SMUs and the pulse cards have isolation relays on the cards, you can configure a
simpler setup without the external switching matrix. The advantage of the simpler setup is lower cost.
However, the switching matrix provides lower current measurement performance and the flexibility
necessary for testing arrays of test structures.
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To determine the state of the device, you do a Vg-ld sweep, then perform a calculation to find the
voltage threshold (V7). The shift in V1 represents a change in the amount of charge stored in the
floating gate, which indicates the state of the cell from fully programmed (1) to fully erased (0).

Figure 157: Block diagram of an example flash test setup using a switching matrix
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Figure 158: Block diagram of a flash test setup without using a switching matrix (direct
connect)
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Section 8: Testing flash memory

The pulse waveforms are a program pulse, an erase pulse, or a waveform made up of both program
and erase pulses. All of these waveforms are implemented by using the Segment Arb capability. For
more information about waveforms, refer to Pulse Source-Measure Concepts (on page 4-8). The

following waveforms are examples of the different methods and voltage levels for programming

and erasing.

Figure 159: Program pulse waveforms for a floating gate DUT with separate pulse waveforms
for the DUT gate, drain, source, and bulk
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Figure 160: Program + Erase pulse waveforms for a floating gate DUT, with separate pulse
waveforms for the DUT gate, drain, source, and bulk
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The block diagram for the flash setup is shown in the following figure. To reconfigure from the pulse
stress to dc measure phases, activate the switches on the SMU and pulse cards. During the pulse
program/erase phase, the relays in the pulse channels are closed and the relays in the SMUs are
open. For the dc measure phase, the opposite is true.

Figure 161: Basic schematic of flash testing without a switching matrix
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Endurance testing

Endurance testing stresses the DUT with a number of Program+Erase waveform cycles, and then
periodically measures both the voltage threshold in the programmed state (VTP) and the voltage
threshold of the erased state (VTE). These tests to determine the lifetime of the DUT, based on the
number of Program+Erase cycles withstood by the device before a certain amount of shift, or
degradation, in either the VTP or VTE. The endurance test is performed a set number of program and
erase cycles while periodically measuring Vr for both the programmed and erased state.

The following figure shows typical degradation on a NOR cell for both VTP and VTE as the number of
applied program/erase cycles increases.
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Figure 162: Example results of voltage threshold shift in an Endurance test on a NOR flash cell
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Connections for endurance testing - no switching matrix

For a direct connect configuration, the minimum number of pulse channels is equal to the number of
DUT terminals that need to be simultaneously pulsed, including terminals that must change from
connected to disconnected, or open, states for either the program or erase condition.

The following connection configuration does not require a switching matrix. It provides four channels
of pulse and four SMUs to permit full characterization of single (nonarray) NVM DUT. This connection
method is used for both the initial program/erase investigation and endurance testing of a

directly-connected DUT.

NOTE

All interconnects on instrument chassis are white SMA cables. Cables from the instrument to device
are BNC coaxial. Use triaxial to BNC adapters if necessary to connect to probe manipulators.
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Figure 163: Flash connections - program erase and endurance testing using direct connection

to a single stand-alone 4-terminal device
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Connections for endurance testing - switching matrix

A switching matrix is recommended for testing array test structures for endurance or disturb.

Figure 164: Endurance or disturb testing switching matrix connections
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