Keysight Technologies B1500A
Semiconductor Device Analyzer

Self-paced
KEYSIGHT Training Manual

EEEEEEEEEEEE




Notices

© Keysight Technologies 2005-2021

No part of this manual may be reproduced in
any form or by any means (including elec-
tronic storage and retrieval or translation
into a foreign language) without prior agree-
ment and written consent from Keysight
Technologies as governed by United States
and international copyright laws.

Manual Part Number
B1500-90040

Edition

Edition 1, September 2005
Edition 2, May 2006
Edition 3, January 2007
Edition 4, June 2007
Edition 5, February 2008
Edition 6, October 2008
Edition 7, November 2009
Edition 8, August 2014
Edition 9, February 2021

Printed in:

Printed in Malaysia

Published by:

Keysight Technologies Japan K.K.
9-1, Takakura-cho, Hachioji-shi, Tokyo
192-8550 Japan

Warranty

The material contained in this docu-
ment is provided “as is,” and is subject
to being changed, without notice, in
future editions. Further, to the maxi-
mum extent permitted by applicable
law, Keysight disclaims all warranties,
either express or implied, with regard
to this manual and any information
contained herein, including but not
limited to the implied warranties of
merchantability and fitness for a par-
ticular purpose. Keysight shall not be
liable for errors or for incidental or
consequential damages in connection
with the furnishing, use, or perfor-
mance of this document or of any infor-
mation contained herein. Should
Keysight and the user have a separate
written agreement with warranty terms
covering the material in this document
that conflict with these terms, the war-
ranty terms in the separate agreement
shall control.

Technology Licenses

The hardware and/or software described in
this document are furnished under a license
and may be used or copied only in accor-
dance with the terms of such license.

Restricted Rights Legend

If software is for use in the performance of a
U.S. Government prime contract or subcon-
tract, Software is delivered and licensed as
“Commercial computer software” as defined
in DFAR 252.227-7014 (June 1995), oras a
“commercial item” as defined in FAR
2.101(a) or as “Restricted computer soft-
ware” as defined in FAR 52.227-19 (June
1987) or any equivalent agency regulation or
contract clause. Use, duplication or disclo-
sure of Software is subject to Keysight Tech-
nologies’ standard commercial license
terms, and non-DOD Departments and
Agencies of the U.S. Government will receive
no greater than Restricted Rights as defined
in FAR 52.227-19(c)(1-2) (June 1987). U.S.
Government users will receive no greater
than Limited Rights as defined in FAR
52.227-14 (June 1987) or DFAR
252.227-7015 (b)(2) (November 1995), as
applicable in any technical data.



NOTICE: This document contains references to Agilent
Technologies. Agilent’s former Test and Measurement
business has become Keysight Technologies. For more
information, go to  www.keysight.com.

KEYSIGHT

TECHNOLOGIES







In ThisManual

Thisdocument isthe self-paced training manual to help you to understand what is Keysight
B1500A, what functions the B1500A has, how to use the B1500A, and what applications
the B1500A contributes to.

¢ Module 1. Introduction

This modul e explains the product concept and the key features of the B1500A/
EasyEXPERT. You will learn about what is the B1500A.

* Module 2. Basic Measurement

This module explains the basic |-V sweep measurement function and the cabling and
fixturing issues. You will learn how to measure |-V curvesin the course exercises.

¢ Module 3. Low Current Measurement

This modul e explains the low current measurement technique. You will learn how to
measure the low current in the course exercises.

e Module 4. Capacitance Measurement

This modul e explains the capacitance measurement function. You will learn how to
measure the capacitance in a course exercise.

e Module 5. SPGU Control and Applications

This modul e explains the SPGU Control classic test. You will learn how to create the
classic test setup and the applications using SPGU in the course exercises.



Class Exercises

Class exercises use the test setup listed below. The test setup data are only examples and
included in the Demo.xpg file stored in Keysight B1500 Series Product Reference

CD-ROM.
Module Exercise Device Test setup/definition/data Page
Module 1 No exercise
Module 2 |d-Vd measurement MOSFET | IDVD, Id-Vd 2-7
|d-Vd measurement MOSFET | Traceldvd 2-10
|d-Vd measurement MOSFET | Traceldvd 2-16
SMU series connection 511 kohm | IRVR 2-28
SMU parallel connection 1 ohm Parallel 2-32
SMU series resistor 511 kohm | IV-res 2-37
Re measurement, kelvin connection | Bipolar Tr | REKELV 2-50
Module 3 Leak current measurement - Zero-check 39
Ultralow current measurement - Zero-check-ASU 3-19
Id-V g measurement MOSFET | IDVG 3-20
Gummel plot Bipolar Tr | GUMMEL 3-25
Module 4 C-V sweep measurement MOSFET | CV-1MHz 4-6
Module 5 Charge pumping MOSFET | Charge Pumping 4T 0.1V 5-20
step
Flash memory MOSFET | Demo-S-NorFlash 5-29
Endurance
ALWG output 511 kohm | ALWG monitor 5-36
NOTE Demo.xpg file

Demo.xpg file is required to create the Demo preset group which contains the test setup
data used by the class exercises. And it is stored in the \data folder on Keysight B1500
Series Product Reference CD-ROM.

The Demo preset group should be created before starting the class exercise. To create the
preset group, launch EasyEXPERT and import the file by using the Preset Group Import
dialog box opened by clicking My Favorite Setup > Preset Group > Import Preset Group.
The test setup data are only examples for the class exercises.




NOTE

NOTE

NOTE

Xtd files

The\data folder stores some .xtd files. They are the application test definitions used by
some class exercises. To use the definition file, import the file by using the Test Definition
Import dialog box opened by clicking Library > Import Test Definition. The test definition
data are only examples for the class exercises.

Xtr files

The\data folder also stores some .xtr files. They are the sample test results created by
executing the test setup which has the same name as the result data. To display these
sample test results, import the files by using the Test Result Import dialog box opened by
clicking Results > Transport Data > Import.

About sample data

The test setup data described in this manual are only examples. If these example data
damage your devices, Keysight is NOT LIABLE for the damage.



Required Devicesfor Class Exercises

To perform the class exercises, you need the device set (Keysight part number
04156-87001) which contains the following devices.

Description Quantity
N-channel MOSFET 2ea
NPN Bipolar Transistor lea
Red Miniature LED lea
0.1 pF Capacitor 50 V lea
1.0 Q Resistor /8 W lea
1.1 kQ Resistor /8 W lea
511 kQ Resistor 1/8 W lea

-

N-ch MOSFET NPN bipolar Transistor

Brown Brown

LED
Black Brown
Black Black
Silver Brown

1 ohm Resistor 1.1 kohm Resistor

Green

Brown
Brown
Orange

— S—

511 kohm Resistor 0.1 uF Capacitor



Required Accessoriesfor Class Exercises

To perform the class exercises, you need the following accessories. Prepare the accessories
shown below.

Designation Description Model No. Qty.
1 Test Fixture a16442A or lea
28 pin socket module 164428 lea
(B1500A-A5F)

Connection wire 6ea

2 Triaxial Cable 16494A dea
3 Interlock Cable 16493J lea
4 Kelvin Triaxial Cable, for Module 2 16493K lea
5 CMU Cable, for Module 4 N1300A lea
6 Atto Sense/Switch Unit, for Module 3 E5288A lea
ASU control cable, triax cable, for Module 3 16493M lea

a. The 16058A Test Fixture for the 4145A/B may be substituted for the
16442A/B Test Fixture. If you use the 16058A, you a so need the 16435A
Interlock Adapter.

28 pin DIP Socket Module (1ea.)
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T F——1.

Connection Wire (6ea.)

E5288A ASU (lea.)
16442A/B Test Fixture (1lea.)
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Kelvin Triaxial Cable (1lea.)

i
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To perform the flash memory class exercisein Module 5 and if you use the ASU, you need
the following accessories.

Description Model No. Qty.

ASU (Atto Sense/Switch Unit) with control cable E5288A Total
3sets

Triaxia Cable 16494A or Tota
equivalent Tea.

BNC-SMA Cable 16493P 3ea
SMA-SMA Cable, for synchronization of SPGU 16493Q 2ea

To perform the flash memory class exercise in Module 5 and if you use the selector, you
need the following accessories.

Description Model No. Qty.
SMU/PG selector with control cable 16440A 2 sets
(B1500A-A04)
Selector adapter with control cable 16445A 1 set
Triaxia Cable 16494A or Tota
equivalent Tea.
BNC-SMA Cable 16493P 3ea
SMA-SMA Cable, for synchronization of SPGU 16493Q 2ea




Module 1. Introduction

* New Features

* EasyEXPERT

 ToPerform Easy Application Test
* User Interface

* Modular Mainframe

+ SCUU/GSWU

e ASU

*  SMU/Pulse Generator Selector

» B2200/E5250 Switch Control

* Desktop EasyEXPERTagi

Module 2. Basic M easur ement

* SMU Fundamentals

* Tracer Test Environment

* Classic Test Environment

* SMUsConnected in Seriesor Parallel
* SMU SeriesResistor

* Cabling and Fixture Issues

* Kaelvinand Driven Guard

» Probesand Prober Connections

* Triax and Coax Adapters

» Safety Interlock Issues
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Module 3. Low Current M easurement

* Low-Current Measurement Challenges

» Calibration and Zero Cancel

» Effect of Cable Movement

* ASU for Ultra Low-Current Measurement
* Low-Current Subthreshold

* Trade-Off Speed VsAccuracy

* Low-Current Gummel Plot

* Low-Current Gate Oxide L eakage

Module 4. Capacitance M easur ement

+ CMU Fundamentals

» Classic Test Environment

« CMU Calibration

* SCUU for 1V/CV Switching

GSWU for Accurate Capacitance M easur ement
* ASU for IV/CV Switching
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Module 5. SPGU Control and Applications

* High Voltage SPGU
SPGU Control

e Pulse Generator Mode

* Charge Pumping
* Flash Memory Test
* ALWG Mode

Contents-3
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In This Module

* Key Features

*  EasyEXPERT

* User Interface

*  Modular Mainframe

* Accessories

*  B2200/E5250 Switch Control
* Desktop EasyEXPERT

Note:
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Keysight B1S00A Semiconductor Device Analyzer

EasyEXPERT
environment

SCUU/GSWU
for IVICV
combination

10 Slots
variable module
configuration

ASU for
100 aA
Touch-screen
w/optional
USB keyboard
+/-40 Vpp pulse & mouse
generator module _

Semi-auto prober
control

B2200/E5250

switch control RiBcsctainic

converter

Note:
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Key Features

* EasyEXPERT software
* Application test environment (> 200 algorithms)
* Tracer test environment — new concept curve tracer
* Classic test environment — 415x like setup
* Quick test environment — multiple test execution
+ Semi-auto prober control
* Modular mainframe

*« HPSMU, HRSMU, MPSMU for IV sweep, multi channel I/V sweep, I/V list
sweep, I/V-t sampling

« MFCMU for C-V sweep, C-f sweep

+ SPGU for +/-40 Vpp pulse output or arbitrary linear waveform output
+ SMU CMU Unify Unit (SCUU)/Guard Switch Unit (GSWU)

« switching effortlessly between IV and CV measurement
* Atto Sense/Switch Unit (ASU)

* 100 aA level low current measurement
* Touch-screen, knob, and softkeys

+ optional USB keyboard, mouse, and stylus pen

EasyEXPERT software

*Task-oriented, “top-down” approach to device characterization
*Curve tracer like operation

*415x like operation

*Multiple test execution

*Automatic measurement, auto-analysis functions
*Test sequencing without programming

Versatile Modular Mainframe

*Flexible & expandable (10 dots)

*Multiple SMU types

*Atto-sense and Switch Unit (ASU)

*Multi frequency CMU

*SMU CMU Unify Unit for IV/CV probing

*High voltage SPGU, 2-channel Pulse Generator or Arbitrary Linear Waveform Generator (ALWG)

*SMU/Pulse Generator Selector

*4.2 Amp Ground Unit

Convenient User Interface

*Touch screen operation (with optional stylus pen)

«Contextual softkeys & knob control

*Optional USB keyboard & mouse

Desktop EasyEXPERT software

«Controlling B1500A, B1505A, 4155B/C, or 4156B/C by an external computer
*Offline test development and data analysis

415x Setup File Converter

«Creating the EasyEXPERT test setup file by using the 4155/4156 MES/DAT file
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EasyEXPERT

Application @
i 1 -

=
Tr |

== N Device parameters
aon)ytaort | [ [igeakl [ Re |\ ouos >

Technology
U classifications
: Category
s00s Device type

Library

V/I on terminals

[ Mode |, Measurement
I [ACV || resources
Classie tost 1NN I NI MO | [roncc |

Instead of setting up the instrument hardware, the EasyEXPERT software focuses on the real task at
hand for the engineer ---device characterization. All that you need to do is to connect the instrument
to the device terminals as shown in the EasyEXPERT test parameters area.

The EasyEXPERT software also provides the classic test mode that allows the 4155/4156 like
measurement setup operation and the tracer test mode that suggests the new concept curve tracer
operation.
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To Perform Easy Application Test

ile _Data Display Help

Setup Name: [dvgom

Lg: [loom 8] wo: [1000m 6]
TdMax: [1.00 ma []

s Test | Application Test |y
38
&

o
[ Quick Test | lassic Test | Apol

» i

A1
@ Vi gomax -
lme Edit View Marker Cursor Line Window Help
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id-vql3]

. Frooeries || [Parametees ]
14-Vg pulse Gate: [SHUZHP =/ e —— w ([
. vosart FEr 8 |5 pooune [T
. vgstop: [.007 1]
ps‘“;'[%] vgstep: firv 8] i|
fth gmbdax 6
o
&| | Flag | Setup Name | Date [coun| ~ som
v idvaam 3/30/2006 12:54:50 PM 2
Displar
2 pows | )
i ? oy
H ) e
: o\
: o)
|| 3 o
bl
List of test record

Step 1: Click Application Test tab.

Step 2: Select one or more technology categories, and select a desired test from the list of tests
associated with the selected technology categories.

Step 3: Change the setup parameters (Device parameters and Test parameters) if you want.
Step 4: Connect DUT, and click the Start button. The B1500A starts the selected test.

Step 5: Analyze the measurement result data displayed on the Data Display window automatically
opened after the test.

The measurement result record is automatically stored in the internal hard disk drive when the Auto
Recode mode is ON.
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User Interface

* Touch panel
* Stylus pen (option)

Rotary knob

Softkeys

USB keyboard (option)
USB mouse (option)
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Modular Mainframe

(/ MFCMU
10 module slots /

MPSMU

e - =

The following modules and accessories are available for the B1500A:

*MFCMU: 1 kHz to 5 MHz CV capability (1 slot)

*MPSMU: 100 mA/100 V force capability, 10 fA/0.5 uV measurement resolution (1 slot)
*HRSMU: 100 mA/100 V force capability, 1 fA/0.5 uV measurement resolution (1 slot)
*HPSMU: 1 A/200 V force capability, 10 fA/2 uV measurement resolution (2 slots)
*HVSPGU: 40V pulse output or arbitrary linear waveform generation (1 slot), up to 5 modules
*Built-in GNDU: 0V force, maximum 4.2 A sensing

*N1301A-100/102: SMU CMU unify unit (SCUU) & cable assembly
*N1301A-200/201/202: Guard switch unit (GSWU) & cable assembly

*E5288A ASU: 0.1 fA/0.5 uV measurement resolution with support for 1V/CV switching
*16440A Selector for SMU/SPGU switching (2 ports), up to 2 sets

The ASU (Atto sense/switch unit) can be used with the HRSMU calibrated with it.

The SCUU can be used with the CMU (dlot N), SMU (slot N-1), and SMU (slot N-2).
The GSWU can be used with the SCUU.
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SMU CMU Unify Unit
(SCUU)

Forcel or CMUH

Sensel

Simple direct connection
between SMU/CMU and
manipulators (positioners)

Y ou have avery hard time switching between CV and IV measurements (you may actually devote
separate probe stations to CV and IV just to avoid having to change cables). In addition, great care
has to be taken when cabling to a capacitance meter to insure that all of the capacitance
measurements are properly compensated. The SCUU removes all of these worries and makes
connection simple and easy. In addition, the B1500A software automatically takes care of the
multiplexing based upon the type of algorithm selected from the front panel.

Toinstall the SCUU near the manipulators/positioners, use the N1301A-102 SCUU cable.
To realize accurate capacitance measurement, use the N1301A-200/201/202 GSWU & cable.
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GSWU

The GSWU must be connected to the outer conductors of the manipul ators/positioners connected to
the Forcel/CMUH and Force2/CMUL connectors of the SCUU. And the GSWU control cable must
be connected between the GSWU and the SCUU.

When the SMU paths are available for the manipulators/positioners, the GSWU opens between the
outer conductors. However, when the MFCMU paths are available, the GSWU shorts them together
to make the return path of measurement current. Thiswill reduce the signal path impedance. And this
is effective for the accurate capacitance measurement.

By using the EasyEXPERT software, cable length between the CMU and the SCUU is automatically
detected, and the GSWU switch control is automatically performed. Also, capacitance error
compensation is also automatically performed if the compensation data are available.

The GSWU is effective for

ereducing the residual inductance of the measurement cable

estabilizing the residual inductance when measurement cable distance is changed (moved)
It'sroughly 1/10 to 1/30 when used with two 80 cm cable.

Note:

When the SMU paths are available for the manipulators/positioners, the connection between the
outer conductors must be broken because they are connected to the SMU guard terminals separately
and the guard terminals must be opened at the end of the extension.
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ASU

* 100 aA level sensing
* Channel switching

* C measurements

* PG for charge pumping

CMUH or Force

To CMU Hpot/Hecur
To HRSMU 1

Sense

: CMUL or CMU return path

o> ==p To CMU Lpot/Lcur
1 == To HRSMU 2

The high-resolution SMU (HRSMU) has an innate 1 fA & 0.5 uV measurement resolution. The
optional ASU extends the HRSMU measurement resolution to 0.1 fA.

The ASU has another feature, built-in switching capability. It can switch between the SMU and an
auxiliary input (AUX input, two BNC).

If the CMU is connected to the AUX inputs, the ASU can switch between the low current and CV
measurements. Then connect awire between the CMU return terminals of ASUs to make the return
path of measurement current. Thisis effective for accurate capacitance measurement. However, you
need to perform capacitance compensation by yourself.
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SMU/Pulse Generator Selector

Connection Example:

= \piginivo == 16445A Selector Adapter

[ ® n
CH 1 cH2 | O )
SMu — PGU e | sSMu PGU i . ‘
® © o ® ® =
Mechanical Semicon Mechanical Mechanical  Mechanical
Status indicator on Selector front panel

AC power

The SMU/Pulse Generator Selector provides the built-in switching capability to select a measurement
path to the Output port. The Input ports should be connected to the measurement resources, a SMU
and a SPGU channel. And the Output port should be connected to the DUT interface.

There are two Output ports on one selector. In this example, SMUG6 and PG1 are connected to the
CH1 Input ports of the selector #1, and SMU7 and PG2 are connected to the CH2 Input ports. For
the SMU connection, connect the Force terminal only. The Sense terminal must be opened.

Two 16440As can be used. Connect the dedicated control cable between the CONTROL Output
connector of the first selector and the CONTROL Input connector of the second selector.

Switching can be controlled by the B1500A/EasyEXPERT viathe 16445A selector adapter. And the
switching status is known by the status indicator. When the SMU indicator lights up, the SMU Input
to Output path is made. And when the PGU indicator lights up, the PGU Input to Output path is
made. If the PGU Semicon indicator goes off, the PGU path is opened by the semiconductor relay.
Thisfeature is only for the CH1.
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B2200/E5250 Switch Control

» Allows use of a probe card to facilitate probing of standardized device
modules (usually 24-pin configuration)

* Enables easy multiplexing between the triaxial outputs of SMUs and
the coaxial outputs of other (BNC-based) instruments and modules

Keysight B1500A Keysight B2200A/B2201A
Triaxial
(SMU)

S -l=

il 1 e

¥

oo

(g |
6 5!
B Coaxial Wafer Prober

K (CMU, other) } \ }

GPIB cable GPIB cable

Keysight B2200A/B2201A/E5250A switching matrix can be controlled by B1500A/EasyEXPERT
viaGPIB. EasyEXPERT provides the Switching Matrix Operation Panel for interactive control of
B2200/E5250 independent from the test execution mode of B1500. And switch setup can be saved to
aclassic test setup data. In the classic test, the switch setup is sent to B2200/E5250 when a
measurement start button is clicked.

B1500A/EasyEXPERT also provides the semi-auto prober control script. The semi-auto prober can
be controlled without programming. The prober control script supports the die move operation by
using the following first three procedures in the repeat measurement setup and adds the subsite move
operation by using the Subsite procedure in the quick test setup.

Prober control script:
Start procedure
eIteration procedure
Final procedure
*Subsite procedure

Note: EasyEXPERT supports the E5250A installed with the E5252A matrix card.

Note: Standard edition of EasyEXPERT cannot support the E5250. The E5250 control is optional and
supported by the Plus edition (B1540A-002/B1541A-002).
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Desktop EasyEXPERT Software

Clean Room
Desktop EasyEXPERT

Agilent B1500A Data server
S <p  To control BI500A

/ ~
T via GPIB ' \ }] ) R
= . = (g | ) Network Printer
W F S -
LAN = .
LAN -\
To export test record e ———
To import/export test setup Desktop EasyEXPERT
via LAN HUB Data server . .
\ / Print server Line Printer |
Note: The B1500A cannot be controlled via LAN. \ 7

K]

The Desktop EasyEXPERT software provides the following additional advantages to the B1500A,
allowing you to minimize the amount of offline tasks performed on B1500A and increase the
working ratio for measurements.

*Allows B1500A/B1505A/4155B/4155C/4156B/4156C to be controlled from an external computer
via GPIB while online,

*Allows test setup to be created on an external computer while offline.
*Allows data analysis to be performed on an external computer while offline.
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Module 2
Basic Measurement

In This Module

*  SMU Fundamentals

* Tracer Test

* Classic Test Environment

* SMUs Connected in Series or Parallel
* SMU Series Resistor

* Cabling and Fixture Issues

* Kelvin and Driven Guard

*  Probes and Prober Connections

* Triax and Coax Adapters

« Safety Interlock Issues

Note:
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Basic Measurement

SMU Block Diagram

V Source I Monitor

+—

Output Switch

SMU
FORCE

I Source _  V Monitor

vV

COMMON

The source monitor unit (SMU) can function in the following modes:

- Voltage source while monitoring current (compliance side measurement)
- Voltage source while monitoring voltage (force side measurement)

- Current source while monitoring current (force side measurement)

- Current source while monitoring voltage (compliance side measurement)

The force side measurement is available when the B1500A isin the GPIB remote mode, and is not
available when EasyEXPERT is used.

The SMU can output V or | in constant, linear sweep, logarithmic sweep or pulsed modes.
Constant V or | mode could be used for “spot” measurements or biases.

Swept output is used to trace acurve. A second SMU can be swept subordinately to measure a
“family of curves.”

Pulsed mode is used during swept measurements to reduce the effects of thermal stress on the device
under test (DUT).
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Basic Sweep Measurement

VARI

Single Sweep Double Sweep

Liseae e jlj JJJ_LLL
A

Log Sweep

The SMUs can now sweep up to a value and then back down (double sweep). Thisfeature is useful
when the device must be tested without abruptly removing the forcing condition.

Log sweeps are required any time the measurement results span many decades, such asa MOS
subthreshold curve.

The variable used to set the SMU to abasic sweep isVARL. It may be called the primary sweep.
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Sweep Measurement Modes

Combining VAR1, VARYT’, VAR2

Subordinate
sweep

~ L1
5

VARI
(primary sweep)

VAR2
(secondary sweep)

Synchronous
sweep

_,—l_'_l VARI (primary sweep)

/rrr‘ VARL’ (synchronous sweep)

A subordinate sweep variable (VAR2) may be combined with the basic sweep variable (VARL).
This corresponds to the step knob and sweep knob of a curve tracer. This produces afamily of

curves. VAR2 may be called the secondary sweep.

Another useful combination is a synchronous sweep. Here VAR1 and VARYL' arein-step. VARY'

defaults to again of 1, which means it exactly tracks VAR1. You can aso vary theinitial offset

between VAR1 and VARL'. These features are useful for bipolar gummel plots, op-amp differential

input tests, etc.
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Why Four SMUSs?

« Four terminal MOS device
« Only one configuration required
« Speed up testing

J Drain
Gate l
I
Source Substrate
VAR1 Common% Constantg; @Z VAR2
SMU3 SMU2 SMU1 SMU4

The basic semiconductor device isthe 4-terminal MOS transistor. By assigning an SMU to each
terminal, you have complete flexibility to make any measurement without having to change the

device hookup. No relays are required to switch any connection; thisis al done by changing the
mode of the SMU from the front panel.
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Module 2
Basic Measurement

Class Exercise

MOS 1Id vs Vd Basic Measurement

. Connect the BIS00A and the test fixture.
. Display Tracer Test screen.

. Set the measurement condition (output value, etc.)

1
2
3
4.
S
6

Create your preset group, and save your setup.

. Connect device (MOSFET).
. Click HEl=E button to start a single measurement,

or click [EZH button to start a repeat measurement.

Note:
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SMU Triax Connection

Force Lines to Fixture 1,2,3,4 Ports

Force side Sense side
N/

| " @.@ - |

CMU @@ ® /
NOROK

SMU4 T - @.@ 16442 A/B Fixture
SMU3 oTTe o
SMU2 = - =xax

e

*@o@ “ (©)]
SV :  ©.®
GNDU
B1500A Rear View

For the non-Kelvin connections, connect only the Force lines, leaving the Sense lines open.

Connect corresponding numbers. On the 16442A/B fixture use the numbers labeled 1 - 6, not 1 - 3.

Y our B1500A may not match the SMU configuration shown in thisfigure. Note that SMU1 isthe

module top of the GNDU (ground unit). The SMU number become large from bottom to top as

shown.

Thisisthe SMU cable setup that will be used in the remainder of the class exercises.
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CMU ®@e®e

SMU4 T * @ ® & uet”

SMU3 - - @.@ =

SMU2 -T2 - 0(
A

SMU1 . (

GNDU

B1500A Rear View

Wrong Triaxial Hookup

If you use the Sense lines ...

(@ 1ava (1) 117272006 3:09:15 P - Agilent EasyEXPERT BB
[Fie Edt View Marker =

LI

Cursor Lre VinconHe

| Setup Nome:

[1Eva T(2) : 117272006 3:09:15 PMT i X

[X-¥ Graph Piot

1% Apiteat

Curves clamped at 10 mA level

This picture shows the triax cables connected to the right set of connectors which iswrong.
The 4 triax cables must be connected to the | eft set of connectors (FORCE).

You will likely see this type of erroneous response with clamping at 10 mA (no trace above 10 mA
even though compliance is set much higher). Also you may see the response with notches at 10 mA

level.

The effect is magnified when the SMU measurement ranging is set to AUTO.

This curve was produced using your training class MOS device and the IDVD setup.

No error was seen until the ranging was changed from FIXED 100 mA to AUTO. Then it was
evident that the cables were hooked up improperly.
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Tracer Test

Setup Name: [/V Trace

SMUZ:HR w
Source:

=~ ov @
e s H:} Compliance:
< |fEEdEs 100 mA il
L1n 455 - 3

[ Meas. Time:

- - 2us B
¥V v @ 1 Time:
SMUZHR - Vo m Ig = Vv  VAR2Z v —] FZ [ soous B
SMU4:HR. ~ vd m 1d m ¥« vapl ~ 7]

. LEL ]

Tracer Test isthe best way for performing |-V measurement easily and quickly.
Display the Tracer Test screen and set the measurement condition.

Y ou can finish the setup by the following five steps.

1. Click Add button and add SMU1, SMU2, SMU3, and SMU4.

2. Set the channel definition. See below.

3. Set the X axis parameter, polarity and maximum value.

4. Set the Y axis parameter, polarity and maximum value.

5. Define the VARL, VAR2, and CONST setup. See below.

Channel definition:
SMUL1: Vsub, Isub, V mode, CONST
SMUZ2: Vs, Is, V mode, CONST
SMU3: Vg, Ig, V mode, VAR2
SMU4: Vd, Id, V mode, VAR1

Source setup:
VARL: Stop 0V, Compliance 100 mA
VAR2: Start 2V, Stop 5V, NOS 4, Compliance 10 mA
CONST: Compliance 100 mA
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Basic Measurement

To Save Setup Data

1. Enter setup name
(ex. Tracer IdVd).
2. Click Save button.

53 2 0 S

I Name: Mode: Function: Meas. Time:
a Isub = ¥ oy CONST v & 2us B
a Is m Y - CONST ~ j Step Time:
n Ig m Vo VARZ ~ So0us B
a Id = ¥ v vari v x|

Select Al

Note:
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Jumper Leads — MOS transistor

1 2 28 -
© © Q (0000000000000

» 'n@Poooonooooonn)|
1 14

Sub

1: Substrate
2: Source

3: Gate

4: Drain

With the 16442A/B fixture, note that there are two SMU numbering schemes....3 SMUs with force
and sense, or six SMUs with force only. For this class example we will use the six (6) SMU scheme.

On older fixtures, this scheme is shown in light blue lettering. In newer fixtures, this scheme is

shown in white reverse background lettering.
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To Perform Repeat Measurement

1. Highlight the VARI1 Stop entry field and leave it.

2. Click button to start measurement.

3. Rotate the rotary knob to change sweep range.

VAR1 ¥

Mode:
LIN-5GL +

Note:
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Result Example

®|1/V Trace Setup Name: [Trace Idvd

Id - vd

101 B
Compliance:
100mA B

ﬁ }Lg = x} m I Compliance:

A d - i 100 mA
Unit: Vv Name:  IName: Mode: Function: (=3 Meas. Time:
c SMULHP ~ vsub =B Isub =B ¥V v CONST » = 2us B
Add -
- SMUZIHR v Vs m Is m ¥V v  CONST » Step Time:
C SMUZHR v Yo = I =@\ Vv WARZ - S00us @
- SMU4HR v vd =m Id = Vv vaat v 7|

Note:
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To Get Setup Data

Setup Name: [[Trace Idvd

(ex. Tracer IdVd).

1. Highlight setup name

2. Click Recall button.

I Name: Mode: Function: @’ Meas. Time:
a Isub =8 ¥ v  CONST + j Add 2us B
a Is m Y - CONST ~ Step Time:
= g m Vo~ VARZ v _‘ s00us B
] Id m ¥ v vari v x|

Run Option
Count: [0 8] of

Device ID:

My Favorite Setup~

Tracer demo %
e

|1 A= ]
=r]

Trace Idvd

T
1

Copy

Paste

Clear

Select Al

In the Tracer Test mode, the tracer test setup will be recalled as the tracer test setup. However, the
setup will be recalled as the Multi Channel 1/V Sweep setup in the Classic Test mode as shown in the

next page.
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Classic Test — Channel Setup
Q“Multi Channel I/V Sweep Setup Name: [Trace Idvd | =
Channel Setup Setup Se 0 Analysis Display
| Measurement | Function setup | Aut setup | setup | | l_r':)—
Add SMU | AddSPGUI Delete | Up | Down I ol M 2]
Unit: V Name: 1Name: Mode: Function: Device ID:
c [emusHe ~][vsub ‘m[isub =V Zlfconst =]
c [wozr v "wmifis =V lconst =] ::::‘;Z::’ 5’“’:'
[ =lfva mfig =V =[varz =
c [emuarr ~livd =id =V =|[var1 =l 2 Trace Idvd
I
1
«
| GE
Miscellaneous Variables
Time Stamp Name: E Index Name: E

Change the test mode to Classic Test, and perform the procedure as shown.

Display the Measurement Setup, Display Setup, and so on. And check the conversion result of the
setup data. Also change the setup as you desire. Y ou can set the detail s of measurement conditions
which are not supported by the Tracer Test mode.

For more information of Tracer Test and Classic Test, see Keysight EasyEXPERT Self-paced
Training Manual.
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To Start Measurement

I : E

My Favorite Setup~ |||

Tracer demo -
L2

Trace Idvd

1. Click Single button
e

This opens the Data Display window g I
and starts measurement.

The Data Display window shows
measurement result data graph/list. « —

Note:
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Basic Measurement

Data Display Window — Graph

1/¥ Trace [(1) "Id-¥d"; 9/18/2009 4:59:38 PM] - Agilent EasyEXPERT Y =0 x|
File Edt View Marker Cursor Line Text Pointer Window Help
IBETE - QQLE- BoERY e 5@ -F-Ea s

I Setup Name: [IV Trace [(1) "Id-vd"; 9/18/2009 4:59:33 PM] b 4
X~V Graph Plot Properties... | | [Parameters |
34 Agilent

som
§ on
g am

35m

30m

sm

0m
= 15m
= w0m

sm

S U]

0 som 1 15 225 3 35 4 45 5
vd(v) 500 m febv

Index_| vd | 1 | -
1 ov DA
2 50.0 mv 390 uA
3 100.0 mv 775 ué =l

Note:
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Classic Test — Channel Setup

Channel Definition

Unit: V Name: I Name: Mode: Function:
 [smurHe w|[vsub = |lsub =y ~lfconst  ~|
¢ [smuzHp w|fvs = m|[common ~|[consT ~|
 [smMuz:Hr ~ljve = |l =y v||varz ~|
 [sMu4:HR x]|vd =1 =y v|fvart ~|

After you get the IDVD setup data, you will see the Classic Test setup screen as shown.

The Channel Setup screen allows the user to assign a meaningful name to the force/meas functions of
each SMU. These names may be used in the Function Setup screen to define algebraic expressions.

The Mode column is used to determine whether a particular SMU isto be used to 1) force current
and measure voltage (I mode), or 2) force voltage and measure current (V mode). The entry
COMMON implies the node is used as "ground.”

The Function column defines which SMUs are to be used as swept sources or constant sources.
VARL isthe primary swept source. VARZ isknown as the subordinate swept source, meaning
VARL will sweep through its range, then VAR2 will step and VARL will sweep again. CONST is
self- explanatory.
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Classic Test — Measurement Setup
VAR1 VAR2 |
Unit: |SMU4:HR B|[|SMU3:HR E Range
Name: |Vd = |vg | ADC /
Direction: 'S\'TQ’E—E] Inted
Linear/Log: [IIIE_A?{_E] vaﬁr‘g-ed
Start: [0V B2V 8
Stop: [5 v d|fsv |
Step: [50 mV p v 8 Do not abort on
No of Step: |101 3 8 compliance,
Compliance: [100 m4 Hfroma §l oscillation, etc.
Pwr Comp: |OFF B oFF 8
Timing | \

Hold: [0 = ] Delay: [0s 1 Swee(cmjl s
Constants e |
Unit: V Name: I Name: Mode: Source: Compliance:
[sMu1:HP 8|[vsub | [Isub |V Hov 8][100 ma i

The Measurement Setup screen is shown here. The variables VARL and VAR2 define the sweep
parameters. In acase where two sweep parameters are defined, the second parameter (VAR?2) is
called the subordinate (secondary) sweep parameter. This means that the primary parameter will be
swept once for each discrete value of the subordinate parameter.

The“Constants” areais used to define non-swept voltage/current sources. Thisareaisused to define
ground references (forcing zero volts) aswell as constant biases.
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Classic Test — Display Setup

X-Y Graph

Add | Delete[ | |

Sharing:  Scale: Min: Max:

7 ox [

=] [tnear =] Jov H [sv ]

¢ vi: [@

| [tone) =] [tnear =] Joa B] [aoma 8

Parameters

| ad| | l

¢ |ldrain -

The Display Setup screen alows you to set the X-Y graph axes. The display setup is divorced from

the measurement setup to allow the user to tailor the view to a particular region of interest.

This screen also alows you to set data variable names to be displayed in the List Display and
Parameters areas on the Data Display window which is opened when the measurement is started.
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Data Display Window — Graph

Analysis tools

e

@ 1DVD - Agilent EasyEXPERT
t View Mari

REEELQ

ursor  Line

>

Vi

jow Help

Qi EEHRE® E 5

Properties... |Parameters |
"""" Graph Plot Idrain |5 5228 ma
Auto Scale Parameters
5.00m
fdiv
o 1
0 vd V) 500 m /div 5
Llat Display Properties... | |
Index | va| vd| o] -
= 2V ov 543.16 nA
2 2v 50 mv 393.28 uA : :
3 2y 100 ply 780.7 :; List Dlsplay -

Thiswindow displays measurement result graph, list, and parameter values.

Markers are used to traverse the actual measurement data. Markers cannot be placed anywhere on
the screen except on an actual measurement trace. They are denoted with asmall circle. One moves

the markers with the front panel rotary pulse generator (RPG) knob, mouse, or touch screen.

Cursor may be used anywhere on the screen and are denoted by a small cross. The cursor is moved

using mouse, touch screen, or an arrow key.

The line function may be selected to draw one of four types of lines: line between cursors, gradient

line, tangent line, regression line.

One of the most used interactive functions on this window is the autoscale feature which is applied

by clicking the icon of yardsticks.
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Data Display Window - List

Analysis tools

| @ 10vD - Agilent FasyEXPERT

g -

le Edit View Marker Cursor Line

AR EEE uaqa@

Window Help

BEHRMe E-FA-ZFLE s

=
gaup Teme o

x

[X-¥ Graph Plot Properties... | | |Parameters |
L Agilont  mevex s somesics-sse v sssatisis —)

g Idrain 15704 mA

»

— =

] \ Graph Plot |  Parameters

‘

[List Display N Properties...
Index_| va| vd | 6] N ~
158 3v 28V 15.494 mA
159 3v 2.85V 15.55 mA
160 3v 29V 15.604 mA
161 3v 2.05 v 15,656 mA ce

|e2 v 3V 15.704 ™A Marker position
163 3V 3.05V 15.748 mA
164 3v 3.1V 15.794 mA
165 3v 315V 1583 mA
186 3v 32V 15.868 ma
167 3v 325V 15.904 mA
168 3v 33V 15.938 mA
189 3v 335V 15.97 mA
170 3v 34V 16 ma
171 3v 345V 16.024 mA . .

172 3v 35V 16.054 mA List Dlsplay
173 3v 3.55 v 16.078 mA
174 < i 36V 16.1 mA L

The List Display corresponds exactly with the Graph Plot. Even the highlighted line of data

corresponds to the marker position on the Graph Plot.

Up to twenty columns of data can be set on the List Display. Note that the Graph Plot can only plot

nine columns (X, Y1to Y8).

The list data can be copied to a spreadsheet software easily. Click Edit > Copy List. Thiscopiesall

of the list data into the clipboard.

On the Notepad, paste it and save it as atext file. Thefile can be opened as atab separated value
data by using a spreadsheet software. See the next page.
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To Copy List Data

€ 1DVD - Agilent EasyEXPERT

Fie |Edit View Merker Cursor Line Window Help

o< |QSEd-

‘G}E‘
-8 /BT S

CopyLEt = £ Index
4 s By o i
- v Id
!X—g Graph Properties... oV 54316 nA
5 7 List Display Propers 50mv | 39328 uA
L 100 mV_ 7807 uA
. 150 mv | 114982 mA
200 m¥ | 1.500 mA
; 250 MV 18512 mA
14 300 mV_ 2185 mA
¥ Sisie o 350 my | 24998 mA
|Iktj 2 2y 50 WV 393.23 uk ACO MV LZB05 mA
7 i [ S00my | 39858 m
Indd| 4 ni Id m .
rii4 Paste to Notepad L Seomy__23698 ma
2 |8 2y 250 w¥ 1.8512 mA B93.28 uA 600 mV | 38744 mA
3 |7 2y 300 n¥  2.185 nd 780.7 uA 650 mY 4104 mA
4 ||8 2 ¥ 850 m¥  2.4998 mA 14982 mA 700 mY 43234 mA
5 |13 i 400 ”V%& 750 mV | 45244 mA
s 1o 2y 450 ny™e
Dl i W R |Open by a spreadsheet software
o |13 2% 800 mV  5.8744 mA "8058 mA B 1912y B my | 26 mA
10 |14 2y B50 m¥ 4.104 mA 0024 mA | 21 | 202V 950 mV 51936 mA
1 |15 2y 700 WY 4.3234 mh st A |22 212V 1V 53298 mA
2 [t8 2y 750 wY  4.5244 mh ey |23 22/ 2V 105V | 54566 mA
17 zy 300 w¥ 4.7122 mh ; 21 232V 11V 55702 mA
13 flyg 2V 350 mV 4.9888 mA Aadd [ 25| 242V 115V | 56742 mA
14 g 2V 900 n¥ 5.0462 mA L 26 | 7 -
15 flag 2y 950 w¥ 5.1936 mh 3234 mA '-2-5L 28128 L 51650 A -
. R Y A E1 | ol
16 a1 2y 1Y 5.3298 mA SR — =
17 Jl22 2V 1.05 ¥ 5.4568 nA 7122 mA ]
— 1|23 2y 1.1 ¥ 5.5702 mh
24 2y 1.15 ¥ 5.8742 wh
25 2y 1.2V 5.7888 mA [w

Note:
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Application Test

Device Parameters

Polarity: [lich 8 Lg: [100 nm IC] wg: [10.0um 8]
Temp: |25.0 deg ] IdMax: [40 mA B
Test Parameters

Extended Setup %,

Primary Swee;

Drain: [SMU4:HR =

vdStart: |0V B
VdStop: [5.00 v ]

vdStep: |50 mv B
Secondary Sweep

Gate: [SMU3HR +

VgStart: [2.00V B SMUL:HP =
+
VgStop: [5.00V ] Vsubs: [0V ]

VgStep: |[1.00v B
Source: [SMU2:HP ~

Recall 1d-Vd application test setup data.
After you get the 1d-Vd setup data, you will see the Application Test setup screen as shown.

Test Parameters area shows the device connection information and allows the user to set the SMU
outputs.

Device Parameters area allows the user to set device parameters. In the Id-Vd setup, the device
parameters are polarity, gate length, gate width, temperature, and maximum drain current.

Extended Setup button opens the Extended Setup dialog box shown in the next page.
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Application Test — Extended Setup

Clicking the Extended Setup button opens ...

[ Extended Setup
Extended Test Parameters

vs: [0V ] Iglimit: [10.0ma ) IsubsLimit: [100ma  &|

IntegTime: |SHORT - HoldTime: |0 s B DelayTime: |0 s ]

The Extended Setup dialog box allows the user to set the additional test setup parameters. In the Id-
Vd setup, the additional parameters are source voltage, maximum gate current, maximum substrate
current, integration time, hold time, and delay time.
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SMUs May Be Connected

In Series or Parallel

« To Double the Output Voltage
« from 100 V to 200 V for HRSMU and MPSMU
« from 200 V to 400 V for HPSMU
« To Double the Output Current
« from 100 mA to 200 mA for HRSMU and MPSMU
« from 1 Ato 2 A for HPSMU
« Use the VARI’ mode to synchronize two SMUs

Y ou can double the voltage or current output by combining SMUs.
The VAR mode allows a second SMU to be swept in tandem with the first.
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200 Volt Sweep (400 Volt with 2

Two SMUs in Series

Base current = 0

or leave open Collector

Emitt
Const. it

HPSMUs)

Vi V2

VARI f VARI VARI'
SMU1 SMU2 SMU3 SMU1 SMU2
1=0 V=01t0-100 V=0 to 100 V=0to 100 V=0 to-100
200 V BVceo 200 V Resistor Sweep

Higher voltages are necessary to observe breakdown conditions, such as BV ceo. In the case of
BV ceo the base must be open (no SMU) or the SMU must be set as a current source with 1=0.

One SMU must sweep in a positive direction while the other sweeps in a negative direction. The
result is a floating measurement with double the differential voltage. A resistor is used in the next

few slidesto demonstrate a 200 V sweep.

Note: Using two HPSMUS, it is possible to sweep atotal of 400 Volts.

2-28



Module 2
Basic Measurement

Channel and User Function Pages

Two SMUs in Series

@| I/V Sweep Setup Name: [RVR
Channel Setup |Measurament Setup | Function Setup | Auto Analysis Setup | Display Setup |
Channel Definition

add_| | | |
Unit: V Name: I Name: Mode: Function:
c [smuzHR =|va =i =V |[vart -~
e [smus:HR =[v2 =2 =V ~Juart M |
@|1/V Sweep Setup Name: [RVR
Channel Setup| Measurement SetunAutn Analysis Setupi Display Setup|
Apply
User Function
add_| | |
Name: Unit: Definition:
e |V [VIV2 1|
IR L > ||-2 .
| = - :\Voltage across resistor
VR=V1-V2

The voltage across the resistor (VR) is the difference between V1 and V2. A simple user function
can be used to plot VR.
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Measurement and Display Pages

Two SMUs in Series VA’RI' Ratio =-1

@|1/V Sweep Setup Name: |IRVR
Channel Setup Imlhnctmn Setup | Auto Analysis Setup | Display Setup | /
VARL |
Unit: ,W!J
Name: m
Direction: |Single -
Linear/Log: lm
Start: |0V B Compliance: lh]

Stop: 100V & 1/V Sweep Setup Name: [RVR
step: [1V (Grannel Setup | Measurement Setup | Function Setup | Auto Analysis secuplm‘

No of Step: [101 | [X-¥ Graph

I Compliance: |1 m4 Add | I | |
Pwr Comp: |OFF Name: Scale: Min: Max:

F x: [Ww | [tnear ] Jov 8| [200v 0]

c v R | [Lnear =] foa 8] [00ua 8

The VARL1 mode is used to synchronously sweep two SMUSs. Setting Ratio = -1 forces one SMU to
sweep in the opposite direction of the other.

2-30



Graphics Page 0to 200V

Two SMUs in Series

WARNING

€ IRVR - Agilent EasyEXPERT
File

Edit View Marker Cursor Line Window Help

EEE haQXd EBEEREeE N5

SetupName: |RVR

X-¥ Graph Plot

2t Agilent

®)
400 u

R

500u
[div

511K
Resistor

VR (V) 20.0 /div

Use the interlock
cable and observe
safety precautions.

200

Theresult isaclean 200 V sweep.

Remember that there is a serious shocking hazard.

Theinterlock cable is necessary for any voltage sweep greater than 42 V.
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200 mA QOutput

Two SMUs in Parallel

V1 \
Lohm | iU USe Ground Unit
(GNDU)or  Or the chassis
SMU1 SMU2 Shorting bar

V=0t00.2 V=0to0.2

ofjﬁ

Circuit Common V/

Two SMUSs can be operated in parallel.
Thetrick isto not use any SMU as COMMON.

HRSMU and MPSMU can only sink 100 mA.

Use GNDU (ground unit) or the chassis to sink the 200 mA of current. Chassis noise level will not
affect the measurement. Thereis a shorting bar in the back of the instrument which connects SMU
common to the chassis. The shorting bar must be connected as shown above. Use the connector on
the shorting bar to make an easy chassis connection to your circuit. The chassis connection isalso
provided if you use a packaged part test fixture, such asthe 16442A/B.

Note

The only time you would ever want to remove the shorting bar, is the case of floating the instrument

circuit common when using other instruments. An example might be a connection to a RF Network

Analyzer. You may want to remove chassis ground loops by connecting the circuit common directly
to the NWA chassis.

Note
Never use the chassis ground for low current measurements. Itisnoisy. Use the GNDU or an SMU
set to 0 volts or COMMON mode.

Note

If the GNDU is used, connect the 16493L GNDU cable between the GNDU and the test fixture. Do
not connect the triaxial cable. The GNDU israted for up to 4.2 A, while the maximum current rating
of the triaxial cableis1A.
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Channel and User Function Pages

Two SMUs in Parallel

@ IIV Sweep Setup Name: |Parz\'e\

Channel Setup |Measurement Setup | Function Setup | Auto Analysis Setup | Display Setup |
[Channel Definition
add | [ octete | | |
Unit: V Name: I Name: Mode: Function:
o [smMuzHR vz =1 =V =|[var: =l
 [sHu4HR ~]va = =V 2 M |
@|1/V Sweep Setup Name: [Paralel

channel Setup | Measurement Setup] Function Setup | auto Analysis Setup | Display Setup |

User Function

Apply
add | | |
Name: Unit: Definition:
N CEE N |

T~ Current in resistor
Itotal = I1+12

A user function totals the current in both SMUs.
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Measurement and Display Pages

Two SMUs in Parallel VARI' Ratio =1
/
@| 1/V Sweep Setup Name: [Paralel
ChannelSetuplm Function Setup | Auto Analysis Setupl Display Setup |
VAR1 |

Unit: |SMU3:HR B
Name: m
Direction: m

Linear/Log: ’m E
Start: m Compliance: ﬁm
Shop: WSweep SempNT:hJara\iel

Step: |2 mV ChanneISetun| Measurement Setun| Function Setup | Auto Analysis SEtugl Display Setup I

No of Step: [101 X-Y Graph
| compliance: 100 ma | add | oeete | | i
Pwr Comp: |OFF Name: Scale: Min: Max:
Fox v ] [unear =] Jov & [200mv ]
€ v1: [lotal | [unear =] Joa 8] [200ma ]|

The VARL1 mode with Ratio = 1 forces two SMUs to sweep the same voltage.
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Graphics Page 0 to 200 mA

Two SMUs in Parallel
€ parallel - Agilent EasyEXPERT 7=
Fie Edt View Marker Cursor Line Window Help
HeQX@ - BEeERE e E-FA-EiFE e
SetupNome:  |Parallel [(3) ; 11/8/2006 6:27:18 PM] x
X-Y Graph Plot Properties...
T Agileat
®)
200 m
3
2
200m
Jdv 1 ohm
Resistor
0o
0 Vi (V) 20.0 m fdiv 200m
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SMU Series Resistor

Use short cable to minimize
the guard capacitance

1
1
Series Resistor I
(1 M ohm) :Force J - ’/

Sense line is internally disconnected
O during the series resistor is connected

SMU

The seriesresistor (approx. 1 Mohm) is mounted on each SMU. The series resistor may be used for
the device protection, negative resistance measurement, and so on. It depends on the characteristics
of test device and measurement environment.

Note that the series resistor may not effective for device protection. For example, the breakdown
measurement may damage the device even if the series resistor is used.

If you use a series resistor, the voltage you set is applied to the near side of the seriesresistor. Thus,
the voltage will be divided by the series resistor and the device under test. Then, the measurement
datais not compensated.

Restrictions:

The series resistor cannot be used for the measurements that use the HRSMU connected to the ASU
or the measurements that use 1 A range of the HPSMU.
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Class Exercise
SMU Series Resistor

You will:

« Measure 0.5 M ohm without Series Resistor
« Measure the same device with Series Resistor
« Learn how the Series Resistor works

To Get Started:

« Use the instrument setup as same as the SMU pulse exercise
« Connect 0.5 M ohm as shown in the next page

« Get and run the I'V-res setup

« Set the Series Resistor and perform Append measurement
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Jumper Leads — SMU Series Resistor

1 2 \82320 21 22
© ©

2315
3 (QO0QRO0O0COOO0O0| %
VMU O
¥ losm 0D0DOOOOOOOD]
1

14

28: SMU1

% 0.5M

25: SMU2
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SMU Series Resistor

1.5 M ohm (with Series Resistor)

X-Y Graph Plot \ Properties... | | |Parameters J
3%- Agilent  QURSOR{ 0 A 4.0000000000E-005 V —— )
v R1 515,342 kohm

5

Intercape:
565.568 WV
Gradent: Gradent:
515341.5

vi

0o 4 Inercas: 108746 1A

0 1 (A) 200 n /div 3u

0.5 M ohm (device only)

The measurement result without the SMU series resistor shows about 0.5 M ohm |-V characteristics.
By setting the SMU series resistor, the measurement result shows about 1.5 M ohm characteristics.

The IV -res setup uses the analysis function and auto analysis function to draw the regression line and
get the slope of the line. For the definition, see the Function Setup screen and the Auto Analysis
Setup screen.

2-39



Module 2
Basic Measurement

SMU Series Resistor

@|1/V Sweep Setup Name: [GHIAX
Channel Setup [ Measurement Setup § Function Setupl Auto Analysis Setup| Display Setup
IVARI
Advanced Setup Range
Channel Settings |
ADC/
unit: VName:  IName:  Series R: SMU Filter: Integ

[smurzwe Bffvr = !' 1MOHH :I on

=l :
[smuzzae B[z =[E =) ot 4 ED =l - v;::eﬂ

Series R: IMOHM (add 1 M ohm)

or NONE (thru)
|wait Time Control
Factor:
Output Wait: |1 B
Measurement Wait: |1 B TINUE AT ANY ~ | status
S —
e: Compliance:
Bias Hold after Measurement: | OFF - ][00 ma O
Output Value after Measurement: m _El 100 mA [}

To change the SMU series resistor setup, open the Advanced Setup window by clicking the
Advanced button on the Measurement Setup screen. And specify NONE or IMOHM by using the
Series R pull down menu.

In the power on state, the Classic Test sets the Series R to NONE.
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SMU Series Resistor
Function Setup and Auto Analysis Setup

Channel Setup | Measurement Setup | Function Setup | Auto Analysis Setup | Display Setup |

User Function
Channel Setup | Measurement Setup | Function Setun Display Setup |
Name Nl
I~ Interpolation Mode
Line 1
T [¥ Enable ype s
L " Normal ¢ Gradient ( Tangent (& Regression 1 b
First Point . .
' X-Y Coordinate & Data Condition to draw regression line
Condition: [11 m =0 | [ After | CHl |
Second Point
¢ X-Y Coordinate @ Data Condition
|Analysis Functiol| | cndition: 11 = =3 = [ After | == =
OO ] | |
Name: Unit: Definition:
ol [r = ohm ~|[euie B
to get slope of the line

The analysis function and the auto analysis function are used to calcul ate the resistance value.

This auto analysis setup will draw the regression line for the X-Y1 curve. And the analysis function
@L1G is used to pass the dope of the line to the R1 variable.
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SMU Series Resistor

Vi

Intercept: 879304 nA

0 1 (A)

200 n /div

Calculated value

Compensation
1.5 M ohm (with Series Resistor)
X-¥ Graph Plot Ji Properties... | ~Parameters |
< Agilen u A v v)
'}?w)g _l Ee— Rl\‘ 1.51302 Mohm
: f;mmt: tercept: Rcalc  |513.018 kohm
e :

If you use the SMU series resistor, you will need to compensate the measurement data to eliminate

the effects of the series resistor (1 M ohm).

Thisisacompensation example by using the following user function.

Vcalc=V1-11* 1000000

The Rcalc value is obtained by using the analysis function and the auto analysis function as same as

the 1V -res setup.

This compensation example is shown in the Rcalc setup.
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Cabling and Fixturing Issues

« Guard connection

« Kelvin connection

« Prober interface

« Triaxial Probes

« RF Fixturing interface

« Feedthru and triax to coax adapters
« 16442A/B fixture interlock

« 16058A fixture compatibility

The B1500A isa precision instrument. However, the ability to make precise and reliable
measurements may be compromised by your fixturing to the device. The following section provides
some theory and hints for making sense out of cabling and fixturing issues.
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Guard Connection for Non-Kelvin Connection
Simplified Diagram

Buffer

x1 :
w% Guard
SMU Force , put

- \U

~

The guard connection is needed for measurement < 1 nA. Below 1 nA aregular coax cable's
capacitance dominates over the DUT (device under test) capacitance. What you see iscable
charging current. | = C(dv/dt) where dv/dt isthe rate of change of SMU voltage from one step to the
next of a coax cable with no guard. C isthe total capacitance of the cable.

The above diagram shows how the cable capacitance is eliminated with atriaxial cable. The guardis
driven at the same voltage as the force center conductor. No current can flow between guard and
force when they are held at the same potential. Guard and force are isolated by a buffer amplifier.
They can never be shorted together.
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/

Shield (Ground)

/

Guard

Triaxial Cable for Non-Kelvin connection

Force

16494 A-001 16494A-002
(1.5 m) (3.0 m)
Shield Capacitance 900 pF 1800 pF
Guard Capacitance 130 pF 240 pF
Force Resistance 160m ohm 320m ohm

Shown above are typical capacitance and series resistance of the force line. If cables are too long,
high capacitance may cause the SMU to oscillate. Keep the force-guard cable capacitance less than
600 pF. Similarly, the guard-shield capacitance must be less than 5000 pF.

Note the rather high force resistance. Kelvin connections must be used to eliminate this cable error.
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Why Use Guarded (Triax) Cables?

‘ Shield (Ground) Shield (Ground)
Guard

Force

Force
MOSFET Subthreshold MOSFET Subthreshold
mA mA
uA uA
Id »A Id nA
PA PA
fA A
Vg  Triax Cables Vg  Coax Cables

Eliminate cable low current errors.

Thetriax cable isa special low dielectric loss, high impedance cable. This cable may be used down
to fA levels when properly used with a guarded probe. The guard voltage tracks the force voltage
exactly, so that no voltage drop can exist between guard and force. This eliminates the capacitive
loading that would otherwise limit low current measurements.

If low impedance coax cables are used with outer layer at ground potential, two limitations will be
immediately apparent. The cable leakage will limit the low current measurement floor. In addition,
when the voltage is swept, the sudden change will cause additional cable charging. This distorts the
low current portion of a MOS subthreshold curve as shown.

RULES:
Unguarded coax cable is OK for measurements above 1 nA.

Triax cable or coax with outer layer at guard potential should be used for measurements below 1 nA.
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Guard Connection for Kelvin connection

Simplified Diagram

Buffer
xl:
A Guard \ Bere
J 7
3 |
Sl\/[/U : (-} ) Force
\%

« DUT

With the Kelvin connection, sensing is done at the DUT, eiminating the fraction of an ohm of cable
resistance. Theinternal sensing resistor Rsisthe only feedback path without the Kelvin connection.

Note that the B1500A operates just fine without the sense cable. Thisisimportant to know because

in general you do not need the sensing Kelvin connection. Most MOS measurements are high

impedance and the residual cable lossisinsignificant.

2-47



Module 2

Basic Measurement

Kelvin Triaxial Cable

Ground

AN

Guard

Force

Sense

Thetriaxial cables are good for low current measurements. However, two cables are necessary for
low resistance Kelvin measurements.

Keysight Technologies designed a special Kelvin triaxial cable for the precision semiconductor
parameter analyzers. This cableis optimized for both low current and low resistance measurement.
Both force and sense lines are held rigidly in the same PTFE cable. Friction isreduced and the cable
isless sensitive to noise caused by moving the cable.

Kelvin triaxial cable assemblies are available with two connector options:

16494B B1500/4156 compatible on one end; 4142 compatible on the other end
16493K B1500/4156 compatible on both ends (standard option)
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Why Kelvin Measurements?

Yo monitor
Ip 20 // Z
Re =735 mq2 Stope = 1/Re £
(Ke'?:in)l/ ’ / / "’\
Rcable = 214 m£2 N —’/ \\
Ib (mA) // / :;t)pﬂ; i,/(ff)e-*-k‘t:able) L
/ H
/
A
0.1 ,/ T~
0 Ve (mV) 50

In the example above, the device is connected with a SMU on the base sweeping current, a voltmeter
on the collector, and the emitter is grounded with aKelvin SMU. The base SMU does not have to be
Kelvin since we are only forcing current and do not care about measuring the cable loss in the base.
Also, the collector SMU is being used only as a high impedance voltmeter, so there is no cable loss
inthislead.

The emitter on the other hand, must be connected to a Kelvin SMU. Because of this, we can
compensate for the 0.214 ohm path through the cable and fixture. From the graph we can see the
emitter resistance is 0.735 ohm when compensated using the Kelvin connection. Non-Kelvin
resistance is 0.949 ohm, due to the extra 0.214 ohm cable and fixture resistance error.
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Class Exercise

Bipolar Re Using A Kelvin SMU

« You will connect a Kelvin triax cable to the BIS00A

« You will then connect jumper leads and the bipolar device

« You will get the REKELV setup

« You will observe Re using Kelvin and Non-Kelvin connections.
Why is the Non-Kelvin error so large?

To Get Started:

« Use the next several pages as you guide

« Verify that all triax cables are connected properly

« Connect four jumper leads to the 28 pin socket as shown
o Insert the bipolar transistor (not static sensitive)

The purpose of this class exercise is to familiarize yourself with making a Kelvin measurement. Low
resistance measurements such as Re, Rc (bipolar) or Rs, Rd (MOS) are excellent examples because
the resistances are of the same approximate magnitude as cable resistances. Kelvin techniques must
be used, or your error can be as much as 100 %.

The next several pages lead you through the steps of connecting a Kelvin cable, making the correct
Force/Sense jumper lead connections, orienting the device properly in the socket, and getting the
REKELV algorithm. The measurement will be Re (emitter resistance) of abipolar transistor. You
will be able to remove the Sense jumper lead on the Emitter terminal of the device to see the gross
measurement degradation when the connection is non-Kelvin (no sense connection near the device).
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Cable Connections

Triax to SMUs 1 and 2

« Kelvin Triax to SMU 3
CMU ©@e®e
SMU4 .= *@.@ 16442A/B Fixture
SMU3 - [
SMU2 T ° @pl@em @9 | [©
oI
SMU1 ¢ - ®.@ -
GNDU
B1500A Rear View - -

This class example requires aKelvin triaxia cable. If the Kelvin cable is not available, substitute

two standard triax cables.

SMUs 1,2,3 can al be connected with Kelvin triaxial cables, but only SMU3 requires the Kelvin

connection.

Note

If you use the 16058A fixture instead of the 16442A/B, connect the triaxial cables as shown below.

SMU1 Force ---> 16058A SMU1
SMU2 Force ---> 16058A SMU2
SMUS3 Force ---> 16058A SMU3

SMU3 Sense ---> 16058A SMU4
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Class Example - Jumper Leads

C

B

1 2 o
© © (00000000000 %6 ‘
VMU 9 1 EBC - 17: Emitter
1 2 l poooooooooooon 16: Base
@ @ 1 Il 15: Collector

Connect jumper leads as shown. Where, the SMU4 F terminal is connected to the B1500A’s SMU3
Sense connector. So the couple of the SMU3 F and SMU4 F terminals makes a Kelvin terminal.

Locate the bipolar transistor in the corner of the socket as shown, with the flat side of the device
facing toward you.

Unlike the MOS device, the bipolar transistor is not static sensitive. Y ou may touch the leads
without using aground strap.
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Single Kelvin Measurement

Click button to start measurement

X-¥Y Graph Plot

Properties...

| I [Parameters

3¢ Agileat  CURSOR{ 7.0000000000E-003 V 2.0000000000E-003 A
® 5
20m -
Intercept:
-8.11007 mA
Gradient:
1.350281

b

2.00m
fdiv

100 u / Intercept: 596206 mV

0 ve (V) 5.00 m /div

S0m

Re

;35.142 mohm

Click the Single button to make a new measurement. Y ou should see aresponse similar to this, will

the analysis line correctly overlaying the curve.
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Non-Kelvin Measurement

Click button to start append measurement

X-Y Graph Plot Properties... | | [Parameters |
3t Agilest  QURSOR( 7.4400000000E-003 V. 2.0000000000E-003 A — )
Wk - Re  [048.933 mohm
T
20m /

Intercepe:
-£.25951 mA
Gradient:
1053615

Intercept:

Gradient:

b

200m
[fdiv

100y Intercept: 592985 V.

0 ve (V) 5.00 m /div 50m

Remove the jumper lead connected between the terminal 17 and the SMU4 F terminal. And click the
Append button to add another measurement to the graph.

Now you see the very large difference between Kelvin and non-Kelvin measurements when the
resistance islow. You can see that Re jumps from about 0.735 ohm in this example, to about 0.949
ohm. The extraresistance is due to cable loss and fixture loss. This resistance is compensated out
when you use the Kelvin connection.
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Prober Kelvin Cable Connection

Photo of SMU cable connection to a Cascade Microtech Summit probe station.
The Kelvin triaxial cables mate directly to the probe station.
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Connector Plate

Non-Kelvin Connection

Shielding Box

. COMMON ——GUARD Line
Kelvin Triaxial Cable ] GUARD —— FORCE,SENSE Line
16493K / FORCE
Probe Cable (Coaxial) 88 Prober
v

— \——3

DUT

COMMON
Connector Plate : Insulator
16495H-002
or \ Rn—

16495J-002 Jumper to eliminate cable

resistance in force line

Thisisa"hybrid" Kelvin connection. Cable resistance from SMU is eliminated by shorting FORCE

and SENSE linesinside the prober. A short line to the probe makes the non-Kelvin connection,
simplifying hookup.
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Simplifying the Prober Connection

« Use single triax for basic MOS FET measurements
« One triax on each Force line

« Leave the Sense lines open...no cable connected

« Use triax bulkhead feedthru adapters on the prober
« Use a probe holder with a triaxial connector

« Use a probe holder than accommodates replaceable

probe tips (inexpensive repair)

The next section sheds light on the confusing topic of connection to the device under test. Without
proper considerations, noise, capacitance, sense resistance, or inductance will result in unacceptable
measurement error.
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Triaxial Probes

Guarded to within 2mm of tip

Single Triax Kelvin Triax

These probes are guarded within 2mm of the probetip, ideal for low current applications. The
Kelvin triax probeisthe ideal mate for the Kelvin triax cable. A third variation of these probesisa
Kelvin triax probe with only one probe. The Kelvin connection is made inside the probe holder.
This compromise eliminates most cable loss while making a single point contact.
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Bias

RF in >— Bias Network

Bias Sensing

i

g

Simplifying RF Connections

« Triax is not necessary...bias currents are > | nA.
Use triax to coax adapters with floating guard.

__

[

VvV V

Bias Network

Bias Bias Sensing

—> RF out

']

Fsmu2

C:T C:T

IO

S

Above 1 nA guarding isof little use. Cable capacitance has a negligible effect on the bias port. Use

the floating guard triax(m) to BNC(f) adapter at the B1500A rear panel. Then use standard coax

BNC cables. Use sense to minimize series resistance error. 100 mV errors can occur in bias voltages

if remote sensing is not used.

Some recent bias tees from Keysight Technologies are specially designed to mate easily to triax

SMU ports.
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Interlock Connection

« For measurements above 42 Volts
« For program control using program memory

Interlock circuit

Interlock switch

Interlock connector
plug side view View from B1500A rear panel

To prevent shock hazard, the B1500A will not operate above 42 V, unless you connect the interlock
circuit.

Theinterlock connection is required when the voltage exceeds 42 V or when the program memory is
used in a control program.

The 16442A/B test fixture has the interlock circuit internally which makes this short by closing alid
activated switch.

Y ou must make the circuit to your prober to comply with US OSHA safety standards. The switch on
the prober should be mounted into the access door of the shield box.

If you want to connect to the BNC type interlock connector on the 16088B, your fixture or prober,
use the 16435A Interlock Cable Adapter. The 16435A provides a BNC cable and a small adapter
box which is used to join the BNC cable and the interlock cable furnished with the B1500A.

If you want to wire your own cable or fixture, these Keysight part numbers may be used:

1252-1419 Female 6-pin plug connector
1252-1418 Male 6-pin cable connector
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16442 A/B Fixture

interlock cable

16493J-001 1.5 m cable
16493J-002 3.0 m cable

The 16493Jinterlock cable is designed to be connected directly between the B1500A’ s interlock
connector and the 16442A/B. If the fixture lid is closed, internal switch is closed, and then the
B1500A can perform measurement up to 100 volts; 200 V with the HPSMU.
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16058A Fixture Compatibility

Use the 16058A with the BIS00A
4 non-Kelvin SMU inputs
3 general purpose coaxial inputs

Add the 16493 A Adapter Cable
Interlock connection
4 additional coaxial inputs

Add the 16435A Adapter

The 16058A has 4 non-Kelvin SMU inputs and 3 coaxial inputs for the other instrument connection.

By adding the 16493A Adapter Cable, you get access to 5 more coaxial connections. The adapter
was designed to bring out the fixture interlock connection and 4 additional connections, such as the
4142/4155/4156'sVSU/VMU.

The 16493A cable converts the 16058A fixture interlock connection to a single coaxial connector.
This mates directly with the 16435A Interlock Cable Adapter mentioned on the previous page.

Note

Y ou will notice that the socket modules for Keysight Technologies entire DC parametric product line
are interchangeable. So socket modules that came with the 4142, 4145, 4155, or 4156 will work with
the 16058A, 16088A/B, and 16442A/B fixtures.
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Module 3
Low Current Measurement

In This Module

*  Low-Current Measurement Challenges

» Calibration and Zero Cancel

* Effect of Cable Movement

* ASU for Ultra Low-Current Measurement
* Low-Current Subthreshold

* Trade-Off Speed Vs Accuracy

*  Low-Current Gummel Plot

* Low-Current Gate Oxide Leakage

This module is primarily written for the B1500A installed with the HRSMU (high resolution SMU)
and covers sub pA measurement techniques. Course exercises are included which fully explore
speed vs. accuracy issues to the fA level.
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Low Current Measurement
What is possible?

« Measurements below 10 fA at the wafer level
« Repeatability within a few fA

« Speeds less than 1 minute for subthreshold sweep

Making wafer level measurements to fA levelsiseasy and routine using proper measurement
procedures on alow noise probe station. This module explains how.
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Low Current Measurement
Challenges

« NOISE FROM PROBER

« Faraday enclosure required

« Eliminate all electrical interference
« STRAY CAPACITANCE

« Full guarding, including the probe

« Guarded chuck to measure substrate current
« MEASUREMENT SETUP

« Hold time, integration, auto ranging

« CALIBRATION & ZERO CANCEL

Measurement below 1pA is not possible without special attention to the prober and cabling. The
wafer must bein total darkness and in an electrically isolated metal box. Motors must be turned off
or completely shielded.

Stray capacitance kills any hope of making good low current measurements. High cable capacitance
which is unguarded can produce pA level currents during voltage steps. The probes themselves must
be guarded.

The B1500A defaults at bootup to setup conditions which are not optimized for ultralow current.
Thisis desirable because there is a large trade-off between speed and ultra-low current accuracy.
Thetypical use is moderate current levels where settings can be optimize for speed, not accuracy.

There are some features such as zero cancel, which can eliminate the last 10 or 20 fA of error from
your measurement. Before zeroing, you should check that SMU CALIBRATION has been
performed. SMU Calibration removes most error and makes the final zero cancel easier.
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Clean Probing Environment
What is Required?

Low loss triaxial connection (no matrix card)

Guard to tip of probe (no bare needle or probe cards)
No air flowing near probe tip (including dry nitrogen)
No hot chuck

Chuck isolated from ground (10"13 ohms)

Chuck guarded for substrate measurements

Shielded probe station

No vibration; cables stationary

AN N N N N Y N N

Microscope light, motors, etc. off

This check list covers most sources of noise or stray capacitance. Ina"clean” probing environment
the B1500A can be used with short integration time and no delay time between steps.
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Debugging A Noisy Probe System
Where to Start?

« Sweep 0 to 1 volt with no cables attached to SMU
« Check that there is a +/- 3 fA base line

+ Add prober cables but no prober

« Wait several minutes
« Still +/- 3 fA base line?

+ Add shielded prober but no probes
« Add probes

Thisisasystematic strategy for focusing in on the sources of noise and error. Y ou can be very
surprised. Some prober cable isnot low loss. Y ou may see popping noise due to relaxing of PTFE
fiber in the cables, high current level due to poor dielectric loss, etc. Y ou may find improper triax
adapters, high levels of stray capacitance, etc., asyou add prober and probe connections.
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Low Current
Calibration & Zero Cancel

« WAIT 30 MINUTES AFTER TURN ON
« Instrument must stabilize

« CAL & ZERO WITH PROBES UP
« Prevent device damage

« ZERO EVERY 30 MINUTES
« To get repeatable fA level measurements

The SMU can be thought of as a sophisticated OP AMP. With any OP AMP there is an associated
input offset error. Thiserror issmall and varies with ambient temperature shifts and other factors. It
can be reduced to a negligible amount with a zero cancel function.

Zeroing is performed with the probes up. If thereisavery large error to correct, you may get a
warning message. Thisusually means that SMU CALIBRATION has not been recently performed.
SMU calibration eliminates gross. ZEROing only has an effect on the 1 nA range or less.

Use the Calibration window to perform the SMU calibration and zero cancel. See the next page.

NOTE:

The B1500A provides the auto calibration function which automatically starts calibration for all
modules every 30 minutes if the output switches of all modules are off for 30 minutes. Y ou can
enable or disable this function on the Calibration window. |f auto-calibration is enabled, move
probes up (open measurement terminals) after measurement to prevent device damage and to
perform calibration correctly.
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Low Current
Calibration & Zero Cancel {20y Calibration

. B

| Calibration }
SHU Calbration sy zero Cancel| cMU Calbration |

SMU Calibration ]

Name | Full Range | Status | Notes [
[tams ____Irsleonoeltals Ioots [ sseant |
B
8

GNDU+ADC PASS

SMUL:HP PASS Unselect All
SMU2:HP PASS
| Calibration | - PASS
[ s catoracon]] 51 zero Cancel 'cuu Galoraton | R PASS Start Calibration
[sMU Zero Cancel |
Name Full Range | 1nA 100pA 10pA 1pA —‘
O sMui:HP — I Full Range
O sMu2:HP Calibration
B SMU3:HR -12 fA 4fA -27.36 fA |
B SMU4:HR 4fA 153fA -12.86 fA I™ Enable Auto Calibration
I~ Full Range Integration Time: =
Select Al Unselect All Measure..
Close

Click Calibration button to open the Calibration window.

SMU calibration is performed on the SMU Calibration tab screen. Specify the modules for
calibration by checking the left check box and click Start Calibration button to start calibration. 1f
ASU (atto sense/switch unit) is connected and 1 pA range is used for measurement, check Full Range
Calibration check box before clicking Start Calibration button.

SMU zero cancel is performed on the SMU Zero Cancel tab screen. Specify the modules for zero by
checking the left check box and click Measure... button to start SMU zero. If ASU is connected and
1 pA range is used for measurement, check Full Range check box before clicking Measure... button.

To enable the auto calibration function, check the Enable Auto Calibration check box on the SMU
Calibration tab screen.
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Class Exercise
Measurements Near Zero fA

You will be able to answer the following questions:

«  What does a sweep into an open SMU port look like?
«  What is the time per meas using PLC integration?

« Adda 1.5 m cable during a sweep...how long to settle?
« Move and bend the cable...how much current flows?

To Get Started:

«  Use the next several pages as your guide

« Remove any cable attached to SMU4

«  Measure SMU4 noise level using the setup shown

The following pages lead you step-by-step through the "ZERO CHECK" class exercise. Thisisthe
logical placeto start if you are debugging a "noisy" test environment.

You will create an algorithm to look at the low level measurement capability of a SMU. On the next
page you will see the expected curve when looking into an open at the rear panel.
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ZERQO CHECK - No cable
Using Default SMU Setup

34 Agilent CURSOR( 5.1000000000E-001V 3.1700000000E-015 A - )
® MARKER( 2.4000000000E-001 V -1.8400000000E-015 A ---— )

100 f

Cursor at the maximum point 3.17 fA

x <

R O .| S S BSR  AO

200f
[div

Marker at the minimum point -1.84 fA

-100f

0 v4 (V) 100 m /div 1

+/- 3 fA variation typical, using 16 PLC integration time

With dight modification of the default SMU settings of Classic Test I/V Sweep, you can check the
conditions of your measurement system. Thisisatypical plot when no cable is attached to the SMU

port. You would typically expect no more than afew fAs of deviation from zero using 16 PLC
integration time.
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ZERO CHECK
Channel Setup

Delete SMU1 and SMU2

g 1/V Sweep Setup Name: |Ze’o-ch=.c\<
(Chaniel Setup | measurement Setup | Function Setup | Auto Analysis Setup | Disply Setup |
[Channel Definition
add | | |
- Unit: V Name: I Name: Mode: Function:
o [smuzHR ~l[v3 = =V ~|consT  +]
c [smusnR ~[va =i G v ~|[vart k)
Change Mode to V and
Function to VAR1

Click the Classic Test tab, 1/V Sweep, and Select to display the Channel Setup screen.

On this display, delete the rows of SMU1 and SMU2.
Change the Mode of SMU4 to V.
Change the Function of SMU4 to VARL.

This setup will be used for checking the zero measurement on SMU4.
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ZERO CHECK
Measurement Setup

®|1/V Sweep Setup Name: [Zero-chack
Channel setup [Measurement Setup )| Function Setup | Auto Analyss Setup | Display Setup

[VARL |
Unit: lm Range -
Name: [V& = T
Direction: |Sngle - Integ
Linear/Log: [(ERR =] v::‘tl'ed
Start: [0V ]
Stop: |1V []
step: [lomv  H|
No of Step: [101 ]

Compliance: |100 mA [] .
owrcomp: i DO DOt change this screen

[Timing ]
Hold: [05 | pelay: [0¢ B« sweep [CONTIUE AT AV +] status

Constants ]
Unit: V Name: I Name: Mode: Source: Compliance:

SMU3:HR Hjva =B £l Blov B[00 ma O]

This default sweep setup is enough for the Zero Check measurement.
The sweep steps are small (10 mV) and that isideal for checking current at fA levels.
Also the sweep starts at 0, so no big discontinuities on the first step of the sweep.

There is no need to change anything on the Measurement Setup screen. But the ranging mode and
the integration time settings must be changed. See the next page.

Click Range button to change the ranging mode.
Click ADC/Integ button to change the integration time setting.
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ZERO CHECK
Range and Integration Time

| 'SMU Range Setup

[Measurement Range |
EOH| W
Unit: Name: Mode: Range:  Range Change Rule:  Rate:

c [smuz:Hr B[z LINT wl[10a ¥][BY FULL RANGE | 8]
37D Converter & intagration Time Setup | © [sMu4:HR iz [auto | ~][BY FuLL RANGE =~ |
[A/D Converter |

Name:  mc: | Change SMU Range to
[smuz:HR B [ HR ADC
[sMu4:HR 0|3 [ HR ADC AUTO or LIMITED 10 pA
jlnhg—aﬂonﬂme
Auto Zero:
il e o A 2 Change Integration Time to
High Speed ADC: | A
16 PLC

Y ou must change the range setting from the default of LIMITED 1 nA to LIMITED 10 pA or to
AUTO. Otherwise you will have 100 fA resolution instead of the best 1 fA resolution possible.

Also change the High Resolution ADC Mode to PLC and Factor to 16. You will see +/- 3fA
variation measurement result as shown in the previous side.
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Module 3
Low Current Measurement

ZERO CHECK
Display Setup
@_1 I/V Sweep Setup Name: [Zero-ch
Channel Setup I Measurement Setup | Function Setupi Auto Analysis Setup
X-Y Graph
add_| | |
Name: Scale: Min: Max:
F x |v4 x| [unear =] Jov 8] iv 8|

—
cov e %ﬂ [100 7 ] !IUDE

Linear, with zero set to mid scale

[Parameters

Add

The best check is done with aLINEAR scale which brackets either side of ZERO by 100 fA or less.

A log scale is particularly unacceptable, Log plots of zero are not possible, and all readings of alog

plot must be either all positive or all negative.
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Low Current Measurement

¥ Agilent
()
15p

I4

200 f
[div

-470

<+/-3fA \

ZERO CHECK
Effect of connecting a triaxial cable

CURSOR( 6.8000000000E-001 V -1.8200000000E-015 A ------ )
MARKER( 2.1000000000E-001 V  1.2600000000E-015 A ====-- )

|

Approx. 50 sec

0

>+/-3 fA

va (V)

100 m fdiv

<+/-3fA

If you change anything in your fixturing or cabling, wait at least 1 minute before making a
measurement at low currents.

Here we see the effect of connecting a cable to the open SMU port of the B1500A. The discontinuity

lasted for 50 seconds of a 2 minute sweep from O to 1 volt in 10 mV steps.
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Low Current Measurement

ZERO CHECK
Effect of cable movement

% Agilent
(&)
23p

= Bending Cable

200f \
[div W
-650 f
0 va (V) 100 m fdiv 1

Bumping cable

Asyou can see, your fixturing must be free from vibration. Bending cables during a test is another
NO NO. The above measurements were made on a single triax cable for classic parameter anayzers.
The Kelvin triax cable isless sensitive to movement (triboel ectric effects). However, either cable
works fine to fA level if the cables are reasonably still...i.e. not swinging, coiled up and moved, etc.

(End Of This Class Exercise)
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Low Current Measurement

ZERO CHECK
Appendix: Using ASU

For Ultra Low Current Measurement

From HRSMU .
Sense (optional)

Triax cable

SEEEEEEEEEEEE N,
-
L]

Force

D-sub _A

Control cable
(control signal and Sense signal)

Force

For ultralow current measurement, use ASU (atto sense/switch unit).
The HRSMU has an innate 1 fA measurement resolution. And the ASU extendsiit to 0.1 fA.

Note that the ASU must be connected to the HRSMU before turning on the B1500A.
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Low Current Measurement

ZERO CHECK
Appendix: Using ASU

Configuration
. 5

| Configuration

| an Frame | Hoduled ASU_Jsurching matr | event Log |
[Asu List ]
[ Slot [Module Type | Name [ ASU Serial Number [ ASu 1/0 Path
6 B1517A/E5288A SMU5S:HR/AS * s/n mismatch SMU
* NOTE: The specifications are satisfied and
guaranteed for the exclusive combination of the ASU ASU 1/0 Path: =
and the HRSMU. So confirm the serial number of the
ASU and connect it to the dedicated HRSMU properly.
Close

Y ou can check whether the ASU connection is correct or wrong. Open the Configuration window
and look at the ASU tab screen.

If the ASU Serial Number field shows its serial number, the HRSMU-ASU combination is correct.
If the ASU Serial Number field shows *s/n mismatch, the combination is wrong.

The B1500A can work with this wrong combination however it cannot satisfy its specifications. The
specifications are guaranteed for the correct combination of HRSMU and ASU.
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Low Current Measurement

ZERO CHECK
Appendix: Using ASU

34 Agilent CURSOR( 9.1000000000E-001 V 1.9100000000E-015 A ----- )
‘ @) MARKER( OV -3.5400000000€-016 A )

10f

14

2.00f
[div

-10f
0 v4 (V) 100 m fdiv

This slide shows the open measurement results with ASU and without ASU.

The ASU provides the 1 pA measurement range and the stable measurement results as shown.

The 1 pA range is disabled with the default setting. To enable the 1 pA range, set the ranging mode

to LIMITED 1 pA (1 pA limited auto ranging) or FIXED 1 pA (1 pA fixed range).
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Low Current Measurement

Class Exercise
Low Current Subthreshold

You will:

« Check low level accuracy with fixture lid open/closed

« Observe trade off between resolution and speed

« Change resolution from LIMITED | nA to LIMITED 10 pA
« Observe trade off between averaging and speed

« Change integration from AUTO to PLC to MANUAL

To Get Started:

« Use the next pages to setup the MOS FET correctly
«  Get the IDVG setup in the Demo preset group

The following pages show atypical plot of the subthreshold curves for this class exercise, device
connections, and setup changes with comments.
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Low Current Measurement

Jumper Leads — MOS transistor

Sub

1: Substrate

VMU 2: 8
» [n@oonoonononn| St
1 14

4: Drain

With the 16442A/B fixture, note that there are two SMU numbering schemes....3 SMUs with force
and sense, or six SMUs with force only. For this class example we will use the six (6) SMU scheme.
On older fixtures, this scheme is shown in light blue lettering. In newer fixtures, this schemeiis
shown in white reverse background lettering.

Connect the cables between the B1500A and test fixture as follows.
SMU1: SMU1
SMU2: SMU2
SMU3: SMU3
SMU4 : SMU4

Connect jumper leads as follows.
Termina 1: SMU1 F terminal
Termina 2 : SMU2 F terminal
Termina 3: SMU3 F terminal
Termina 4 : SMU4 F terminal
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Low Current Measurement

Class Exercise
SD214DE MOS Subthreshold
[X-¥ Graph Plot Properties... | |
15 Agilent
®)
decade
[div
if
-1 vg (V) 500 m /div 3
List Display Properties... | I
Index_| vg| 1 Vsub [ ~
1 av 265.30 fA ov
2 -920 myv 223.68 fA ov
2 20N, 266.47.fA 9y v

With lid closed, you should see thistypical response using the IDVG setup data. If the subthreshold

region is much higher, at the pA or nA level, the MOS device may be statically damaged. Replace
the device using the handling procedure detailed on the previous page.
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Low Current Measurement

Class Exercise
Trade Off Speed vs Accuracy

SIU Range Setup

[Measurement Range |
Unit: Name: Mode: Range:  Range Change Rule: Rate:

7 ¢ [sMuLHe 8] [sub =[UMTED  ~|[ina +][BY FULL RANGE || o
il s | b (57 ¢ s E[UNITED |[inA ~|[BY FULL RANGE = |
[A/D Converter

¢ [sMuzHR 1|7 =T Y FULL RANGE = |

Uniit: Name: A C [SMUSHR 8] m[umimeo (oo <J[ejfFui rance = 0|
SMU3:HR i[5 [ U
ETE T TR [ Change LIMITED range

from 10 pA to 100 nA.

Close

|Integration Time

Change Factor from 16 to 1.
Change Mode from PLC to AUTO
to NORMAL.

Y ou can trade off speed vs accuracy by varying the LIMITED range setting or the integration time
setting.

The 100 nA range will speed up the test but you will lose low-end resolution. Try setting LIMITED
to 10 pA range or 100 pA range. Accuracy increases but speed slows considerably.

For the integration time, small factor value will speed up but accuracy decreases.

Also measurement speed will be changed by the Mode setting. Set the mode which provides
applicable measurement results.
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Low Current Measurement

Gummel Plot
What is measured?

+ Ve is swept while Vb and Vc are held at 0 V
« Ib and Ic are plotted on log scale

Collector
Base
Emitter
Constant % VARI1 Constant L
SMU3 SMU2 SMU4

The"Gummel Plot" isan excellent low current measurement to make on a bipolar transistor. It plots
log base current and log collector current against the same bias voltage. A good bipolar device has
constant gain over awide bias range (both curves are linear and parallel). Low level base and
collector currents can be measured to the fA level on small signal devices.

Above, we see the simplest channel definition for making a Gummel plot. The emitter is swept from
ground to a negative value on a NPN device. Another method would beto hold Ve at 0 V while
synchronously sweeping Vb and Vc in a positive direction. In the later case, Vb could be the
primary sweep VAR1, and V¢ could be the synchronous sweep VAR1'.
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Low Current Measurement

Class Exercise
Low Current Gummel Plot

« You will notice that sub 10 fA measurements are possible

To Get Started:

« Set the jumper leads for the bipolar transistor
« Insert the device and perform a zero cancel offset
«  Get the GUMMEL setup in the Demo preset group

The following pages will lead you through the setup and measurement procedure for alow current
Gummel measurement. Single triaxial cable connections to the force lines of SMUs 2, 3, and 4 are
fine for thistest. Kelvin triaxial cables are not necessary.

3-25



Module 3
Low Current Measurement

Jumper Leads - Bipolar examples

SMU GNDU
FO
s©

13 16 17 18 E
VSu O O O O O C
1 2 (15 55 21 22 23 '56 B
© © % [n000oooooood| s
VMU 1 eec| O 17: Emitter
1 2 ’ |\poooooooooooon) 16: Base
@ @ 1 7 15: Collector

With the 16442A/B fixture, note that there are two SMU numbering schemes....3 SMUs with force
and sense, or six SMUs with force only. For this class example we will use the six (6) SMU scheme.

Connect the cables between the B1500A and test fixture as follows.
SMU1: SMU1
SMU2 : SMU2
SMUS3: SMU3
SMU4 : SMU4

Connect jumper leads as follows.
Terminal 15 : SMU4 F terminal
Terminal 16 : SMU3 F terminal
Terminal 17 : SMU2 F terminal

Locate the bipolar transistor in the corner of the socket as shown, with the flat side of the device
facing toward you.

Unlike the MOS device, the bipolar transistor is not static sensitive. Y ou may touch the leads
without using a ground strap.
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Gummel Plot
Measurement Setup

VAR '|

Unit: [SMUZ:HP ]
Name: |Ve a
Direction: |Single >

Linear/Log:

-fov
Stop: |-850 mV ]

No of Step: |86

Compliance: |100 mA ]
Pwr Comp: |OFF ]

T

Small step size.
Negative sweep values.

Range

ADC /
Integ

Ad-
vanced

Timing |
Hold: [0 B| Dpelay: [0s B «gweep [CONTHUEAT ANY 7] status
I
Unit: V Name: I Name: Mode: Source: Compliance:
[sMuz:HR E|[vo =b =V v B][100 ma 8
[smu4:HR Bfve = lc =V Elov B|[100ma 8

Veisswept below ground level to keep positive bias on the NPN device.
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Gummel Plot

Range and Integration Time

AJD Converter & Integration Time Setup

SMU Range Setup
[Measurement Range |
Unit: Name: Mode: Range:  Range Change Rule: Rate:
 [smoz:He e m[iMmeD ~|[1nA =][BY FULL RANGE || o]

 |SMU3:HR i|b

AL Corlerier ol ST H][ic Sgl[mmed <][100s _JL# FULL RatiGE =l H
Unit: Name: ADC
[stwz:Hp B[t =[HR
[smu3z:HR [ E3
Maximum resolution
M~
16 PLC

Medium integration smoothes the plot at the ultralow levels. Make sure therangeis set to AUTO or

LIMITED to lowest current range:
HRSMU: 10 pA

MPSMU: 1 nA
HPSMU: 1 nA
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Low Current Measurement

LOW CURRENT MEASUREMENT

X-Y Graph Plot Properties... | I
1 Agileat
()
100 m
decade
[div
1f
0 Vbe (V) 100 m fdiv 1
List Display Properties... | I
Index | Vbel lc| lb| ‘“.
5 40 mv 1.14 fA 3.6fA
6 50 mv 18.63 fA 8.18 fA
7 60 mv 25.2 u’-\ 4.53 IfA [ae]

This curve shows anormal gummel characteristic of the bipolar transistor. The collector current is
linear when plotted on log scale from 10 mA down to fA levels.

Keep the fixture lid closed and do not bump any part of the setup during the measurement.

(End of This Class Exercise)
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Low Current Measurement

Gummel Plot With
Base-Collector Self Oscillation

MARKER ( 660.00000000m 21.091nA 1.3911uA )
[A) (&)

100. 100.m

IC L _— 1B
w1 3
s ™
// L~ Fix by isolating
j e 7 base-collector leads

2 ]

[NIVAR/AN = Fix by using ferrite
Y i I bead on base lead

1
200.m vo (] f00.m /div 1.00

Thisisacommon occurrence when high frequency bipolar transistors are tested with jumper lead
connections. When RF couplesin the air to the base lead, there can be enough DC rectification to
increase the base current bias. This causes positive feedback. At some point along the curve, there
will be enough feedback to abruptly turn on the transistor (steep increase in base and collector
current).

Separating the leads can help marginally. Threading one or two ferrite beads onto the base jumper
lead usually solves the problem. Use ferrite beads with any type of 4145, 4155, 4156 jumper lead.
Using the beads on a jumper lead involves prying open one end of the plastic connector. The
connector istemporarily unsoldered from the lead to slip on several beads.

For severe oscillation, the RF transistor must be tested in an RF fixtured designed to maintain RF
isolation between input (base) and output (collector) ports.
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Low Current Measurement

ULTRA LOW CURRENT
Subthreshold Curve

X-Y Graph Plot Properties... | | |Parameters |
3% Agilent
'E{'m MARKER{ -1 001V . SA seeees )

Idrain .3 fA
100u

decade
[div

500m vg (V) 200 m /div 2

List Display Properties... | |
Index_| vg| d| ~
5 100 my 5.3fA

6 ov 13.96 fA

7 100 mv 62.56 fA

This curve shows the high quality measurement that you would typically expect with the B1500A
and awell guarded probe station. The MARKER issitting at 5.3 fA near the subthreshold region.

To get best ultralow current accuracy, zero the SMU offset error just prior to taking the
measurement by using the Calibration window. See beginning of this module, before page 10 in this
module. Do the ZEROing procedure with the probes up.
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ULTRA LOW CURRENT
Measurement Setup

VAR |

Range
Unit: |[SMU3:HR ]

Name: Vg = o
Direction: [Snge  +| Integ
lineasiog: [ER & Small STEP: 100 mV —

vanced
Start: |-500 mV B

]

No of Step: |26 B

Compliance: |1 m& ]
Pwr Comp: |OFF B

Timing e |

@ Delay: [0 s B * Sweep [m status

Constants |

Large HOLD TIME: 3 sec

Unit: V Name: I Name: Mode: Source: Compliance:

[smuz:HP B[vsub = lsub =]V Hov 8][100 ma 0l
[smuz:e 8fvs =fis =V Blov 8][100 ma 1
[sMu4:HR Bjvd ' [1d =V Bt mv B[rma 1

To prevent charging current due to residual cable or probe capacitance, you should limit the STEP
sizeto 100 mV. The B1500A has a built-in delay time on the low current ranges, and you do not
need to add extra time.

If the STEPislarge, like the -500 mV for the first point in this sweep, simply add an initial hold time.
3to 5 seconds should work fine. This has the effect of holding off measurement for a specified
amount of time, at the beginning point only.
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Low Current Measurement

MARKER (
(A)

ULTRA LOW CURRENT
Effect of Cable Charging Current

-450mV 2FA 1

100.m

1d

decade
fdiv

~
1f — /

\Vg (v] 500.m /div 4.00

Not part of the subthreshold characteristic

You can see an initial high current that drops off after a few measurements. Thisisthe effect when
delay time is set to zero. Any residual capacitance due to un-guarded probesisthe cause. This effect
isminimal in this case due to the use of fully guarded probesto within 2 mm of the probetip. With
unguarded probes thisinitial charging current can be orders of magnitude larger, and dominate the
low end portion of the subthreshold curve.

The solution isto improve the guarding as much as practical. Then get the last bit of charging out of
the curve by using adelay time of at least 3 seconds in the Measurement Setup. This gives the cable
time to discharge prior to making the first measurement.
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ULTRA LOW CURRENT
Range and Integration Time

|'sMU Range Setup
Measurement Range
| B
Unit: Name:  Mode; Range Change Rule:  Rate:
A/D Converter & Integration Time Setup | o [smuasr B[ LMITED _~|[10pA [BV FULL RANGE = i
[A7D Converter | ~ [sMuzHR 8]fig w[LIMITED ¥][inA _v|[BY FULL RANIGE - |
y ’ ¢ [smuz:np B[s =[LMITED  ~|[inA_+][BY FULL RANGE = 0|
;:E_HR ﬂlhrl:m. jr;cjoc ¢ [smutnp 8] [sub =[LMITED  ~|[inA_<][BY FULL RANGE = 0|
[sMuz:HR g [ HR ADC : s
T | Fa— | YT Lowest resolution: Auto or Limited 10 pA
[smus:He Hjfsee mfHR a0C
Integration Time L -
gde: ciar. Auto Zero:
High Resolution OFF = ¥ ” "
T Set long integration time

In this example we are measuring |d very accurately. The B1500A autoranges every decade of
current down to 1 nA as afactory default. Change thisto AUTO or LIMITED 10 pA to get two
more ranges of low end resolution (1 fA resolution). The factory default of LIMITED 1 nA gives
100 fA resolution and is adequate for most measurements. Since the B1500A can trade off speed for
resolution, you get better speed performance by limiting current ranging.

If your prober environment is not ultralow noise, you can remove some random noise by setting long

integration time.
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Low Current Leakage
Gate Oxide

« Leakage to fA levels

« Chuck must be guarded

« Electrical connection to wafer backside

Gate

[

y

h

Oxide

Wafer backside

S

Substrate

Gate oxide leakage tests are complicated by the fact that there is an electrical connection to the back
of the wafer. The chuck must be insulated and guarded to get meaningful low current results. The
huge capacitance of the chuck surface would cause charging currents which would swamp out the
low level currents you are trying to measure through the oxide.

3-35



Module 3
Low Current Measurement

Low Current Gate Oxide Measurement
Fowler-Nordheim (FN) Plot

MARKER ( -22.750 V -27.590mA
(a)
-100.m

-10f

-5.00 vg (V) 2.00 /dav =280

The Fowler-Nordheim (FN) plot isalog plot of oxide leakage in accumulation mode breakdown.
The plot shows a characteristic "arc" leading up to the rupture current.

This plot is a measurement result example of a MOS capacitor on awafer. Y ou cannot get this kind
of plot by measuring the class exercise MOS FET.

The MARKER is set to -27.590 mA. Thisisthe point at which rupture of the gate oxide occurred.
The B1500A has the sweep abort function which automatically aborts sweep measurement when any
abnormal occurs.
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FOWLER-NORDHEIM PLOT

Measurement Page

VAR1 |
Unit: [SMU3:HR ]
Name: m
Direction: [Sngl2 -
Linear/Log: m

i Negative sweep.
Accumulation mode.

Range

ADC/
Integ

Ad-
vanced

]
No of Step: 7]
Compliance: |50 mA ] - Wait for S V initial step

Pwr Comp: |OFF B
[Sfming — |
E Hold: |3 s 5 8 Delay: [0s L] @ [sTOP AT ANY ABIIORJ'J-‘-_-J@
Constants |
Unit: V Name: I Name: Mode: Source: C liance:
[smuz:HP |[vsub | Isub =V v B][100 ma |

A 3 second delay at the beginning of the measurement will be required. The SMU must initially step
from0to-5V, avery large step. Fully guarded probes to within 2 mm of probe tip and fully guarded
chuck eliminated the need for delays at every measurement point. The only wait will be the initial 3

second hold time.
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Low Current Gate Oxide Meas.
Using Guarded Chuck

=

SMU] o U-H:I:H—WJ i iI I‘I\ TAY 11 IHANNY o SMU2
Gate Oxide Capacitor T |

Chuck

Chuck Guard % 10713 ohms

é 10713 ohms

Shielding Box (Ground)

Thisisasimplified block diagram of the prober requirements for a guarded chuck connection. When
implemented properly, very fast low level sweeps are possible due to the elimination of stray
capacitance at the probes (wafer top side) aswell asin the chuck (wafer bottom side).
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Module 4
Capacitance Measurement

In This Module

*«  CMU Fundamentals

* Classic Test Environment

« CMU Calibration

* SCUU for IV/CV Switching

*  GSWU for Accurate Capacitance Measurement

* ASU for IV/CV Switching
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Capacitance Measurement

B1500A Multi Frequency CMU

* Occupies 1 slot of BIS00A
* Four terminal pair configuration
* Spot & Sweep measurements
* Faster measurement time
« 1 kHz to 5 MHz frequency range
* +/-25 V DC bias
(+/-100 V with SCUU)
» Cable length auto detection (1.5 or 3 m)
* Higher accuracy below 100 pF

The multi frequency CMU (capacitance measurement unit) adds the CV measurement capability to
the B1500A. Y ou can now perform both IV and CV measurements by using the B1500A one box
without an external capacitance meter.

Key features of the CMU are listed above.
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CMU Block Diagram
Four-Terminal Pair Configuration

CMU
FEERRENR SRR Outer shield or Guard
H 1
curﬂ\ =
¥P)
|| S Ix

Hpot

System ground | VX@ ) ™

@g"’ A : Leur/ T\ I Virtual ground

Generally, any mutual inductance, interference of the measurement signals, and unwanted residual
factors in the connection method incidental to ordinary termination methods will have significant
effects on the measurements, especialy at a high frequency. The CMU employs the four-terminal
pair (4TP) measurement configuration which permits easy, stable, and accurate measurements and
avoids the measurement limitations inherent to such factors.

The above figure shows the four-terminal pair measurement principle. The measurement terminals
consist of the following four coaxial connectors.

-Hcur: High current

-Hpot: High potential

-Lpot: Low potential

-Lcur: Low current
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C-V Sweep Source

Single Sweep  Double Sweep

Linear Sweep

Up to +/- 25V, using only CMU
Up to +/- 100 V, using SCUU (Keysight N1301A-100)

CMU supports the linear single sweep and the linear double sweep. The CMU can sweep up to a
value and then back down (double sweep). Thisfeature is useful when the device must be tested
without abruptly removing the forcing condition.

The CMU can force upto 25V DC hias. The DC bias can be expanded up to 100 V by using the
SCUU (SMU CMU unify unit) that is used to switch the IV measurement and the CV measurement
automatically. For the SCUU, see the following pages in this module.

4-5



Module 4
Capacitance Measurement

Class Exercise
C-V Sweep Measurement

« You will make the MOS FET Cgs-Vg measurement
« You will learn how to properly define a C-V sweep algorithm

To Get Started:

« Use the next several pages as you guide
« Get the CV-1MHz setup
« Follow the instructions on the following pages
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Cable Connections

v
CMU —1 _
F ©.@ - ]
SMU4 T °*@.@ ¢ 16442 A/B Fixture

SMU3 -T2 - ®.@ -

B
M = Qe LSO
/ o [r0.@-
SMU1 . ’
GNDU
B1500A Rear View

The following cables are required to perform this class exercise.
CMU cable (Keysight N1300A-001/002), 1 ea.
Triax cable (Keysight 16494A-001/002), 2 ea.

One side of the CMU cable forms the attachment used to join and fix it to the CMU. And the other
side provides four BNC connectors used to connect the fixture as shown.

Connect the cables between the B1500A and the test fixture as follows.

SMU1: SMU1
SMU2: SMU2

Hcur : PGUL (red)
Hpot : PGU2 (orange)
Leur : VSU1 (black)
Lpot : VSU2 (gray)
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Jumper Leads — MOS transistor

Sub

1: Substrate
2: Source

| * (M@oooooooooon) e it
. H 4: Drain

With the 16442A/B fixture, note that there are two SMU numbering schemes....3 SMUs with force
and sense, or six SMUs with force only. For this class example we will use the six (6) SMU scheme.
On older fixtures, this scheme is shown in light blue lettering. In newer fixtures, this scheme is
shown in white reverse background lettering.

This class exercise requires six jumper leads to connect the DUT. Connect the jumper |eads between
the following terminals.

SMUL1 : terminal 2
SMU2 : terminal 4
PGUL1 : terminal 1
PGU2 : terminal 1
VSU1: termina 3
VSU2: terminal 3
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Capacitance Measurement
Measurement Example

Cgs

3% Agilent
F)
23p

100 f
fdiv

Conductance

-5 vg (V) 1,00 /div 5

Thisisthe measurement example of the MOS FET Cgs-Vg characteristics.

To make the measurement, set SMU1 and SMU2 to COMMON. And set the CMU as shown in the
next page.
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Capacitance Measurement
Measurement Setup
Selects measurement parameters
@] c-v Sweep tup Name: [CV-1MHz
Channel Setup Measurement Setup | Function£etup | Auto analysis Setup | Display Setup |
C-V (VAR1) | Source |
V Name: jvg E Frequency — adqd I Delete | Ug | Bown | i
Model: |vaG v et ADC /.
: S —
C Name: |Cgs E Integ
GNam:m FName: [Freq Ad-
vanced
Direction: [Srge -l| Frequency [Actevel: [mv |
Linesr/Log: | NesR =l and Oscillation level
s Start: |5V HI
DC bias: Stop: ’h‘ - -
SVto+5V step:[lomv  H] Integration time
Compliance: il |Integration Time
No of Step: [101 | Mode: [PLC ~| Factor: 2 ]|
[Timing I
Hold: [3s 5] Delay: o5 H|  *sweep [CONTINE ATANY  ~|status
[Constants
Ilmit: V Name: I Name: Mode: Source: Compliance:

1. Select the Cp-G mode, and enter the C Name and G Name.
2. Set the Start, Stop, and Step to specify the DC bias sweep condition.

3. Set the Frequency List to specify the measurement frequency.
4. Set the AC Level to specify the AC signal level (oscillation level).

5. Set the Integration Time asyou like.

(End of This Class Exercise)
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Capacitance Measurement

CMU Calibration

Type Effectiveness Measurement
terminals
Phase Corrects phase error caused | Open terminals
Compensation | by extending measurement
Perform before cables.

measurement

Open Correction

Perform before
measurement

Corrects for stray admittance.
Effective for high impedance
measurement.

Open terminals

Short Correction
Recommended

Corrects for residual
impedance. Effective for low
impedance measurement.

Connect terminals
together

Load Correction
Recommended

Corrects any error by using
the working standard.

Connect standard

If you have the |oad standard, perform the load correction.

4-11

CMU is equipped with the error correction function used to realize accurate impedance
measurements. The correction function minimizes the effects of the error elements in the extension
cables and the DUT interface such as manipulator and probe card.

At least perform the phase compensation and the open correction. They only need to open the
measurement terminals.

Performing the short correction and the load correction is recommended.

If it is easy to make the short condition in your test environment, perform the short correction.

The standard must have the reference value. And the reference value must be defined in the
Advanced Options for CMU Calibration window. Thiswindow is opened by clicking the Advanced
Options... button. See the next page.
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CMU Calibration
|m Calibration

lv Opens dialog box to start
[Cotraton ) correction/compensation.
SHU Calbration | SMU Zero Cancel [CHU Galbraton |
[cMu calibration |
I~ Open Correction e \
‘Advenced Options for CMU Celibration
[Frequency ] Standard Value
I”  short Correction Measure...  Use factory specified frequencies (Default) Open Reference
© spacify list of calibration frequencies Model: [$-6 =
1 MKz I H L :[oF L}
™ Load Correction Measure... P \1 i Conductance: |0 5 ]
Options. -
Short Reference
Model: [LRs ]
" Phase Compensation Measure... J e —5i
© Spedify frequencies by range Resistance: |0 onm B
Start: | §| stop:] | Toad Rifarance
ot steps: | H scale: [ = Model: [Lr7s =
fo g|
.!uugaunnvh- ] I g
| AutoMode & PLC Mode Factor: |16 B
(3 Cancel

Open the Calibration window and click the CMU Calibration tab to perform the CMU calibration.

At first, open the measurement terminals for CMUH and CMUL, and perform the Phase
Compensation by clicking the Measure... button.

After the phase compensation, perform the Open Correction by clicking the Measure... button.

If you can make the short condition, short the measurement terminals, and perform the Short
Correction.

If you have the load standard, connect it, and perform the Load Correction.

Note:

If you use the calibration standard, define the reference data before starting the calibration. It must
be defined in the Reference Standard Val ue on the Advanced Options for CMU Calibration window.
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SCUU - for IV/CV Switching

SCUU Qutput: Forcel/CMUH

i sCUU
B1500A with SCUL ForeeZ/CMUL

Hewr/Hpot o, Triaxial Cable

SMU N+1 Y

CV

CMU

Force

Manipulator/Positioner

Leur/Apot

N: SMU number, Integer.

Switches CV IV

Y ou have avery hard time switching between CV and IV measurements (you may actually devote
separate probe stations to CV and IV just to avoid having to change cables). In addition, great care
has to be taken when cabling to a capacitance meter to insure that all of the capacitance
measurements are properly compensated.

The SCUU removes al of these worries and makes connection simple and easy. In addition, the
B1500A software automatically takes care of the multiplexing based upon the type of algorithm
selected from the front panel.
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SCUU Connection Example — Direct Docking

CMUH or SMUS Force

CMUL or SMU4 Force

CMU | /
SMUS5 . ;

SMU4 o
SMU3 oI @, @ °
SMU2 ‘T  ° @p@m——

16442A/B Fixture

SMU1 T @.@ -
GNDU

ee||e
I@@@

B1500A Rear View

Before connecting the SCUU, turn the B1500A off. And restart the B1500A after connection is
completed. The B1500A cannot recognize the SCUU without restart after connection.

Use normal triaxial cables or Kelvin triaxial cables to connect between the SCUU and the test fixture.
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SCUU Connection Example — SCUU Cable

SMU CMU Unify Unit
(SCUU)

Forcel or CMUH

Sensel

Toinstall the SCUU near the manipulators/positioners, use the N1301A-102 SCUU cable.

To realize accurate capacitance measurement, use the N1301A-200/201/202 GSWU & cable. See
the next section.
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GSWU
— for Accurate Capacitance Measurement

CMU cable or X
CMU SCUU cable Extension cable

Manipulator
or Positioner

Hp Qi_() — N A~ (F—

Le Q:O_‘-w\_,\m_

L Return path
~ ~ ~ ot
4TP configuration Shielded 2T 3T configuration

configuration

This dlide shows the typical cable connections for the capacitance measurement. Note the following
tips to perform the measurement accurately.

-Extend the four terminal pair configuration as close as possible to the device side
-Make the return path at the end of the extension cables (coaxial cables)

The return path is effective for:

-reducing the residual inductance of the measurement cable
-stabilizing the residual inductance when measurement cable distance is changed (moved)

Theresidual inductance will be roughly 1/10 to 1/30 compared with no return path.

To make the return path, use the GSWU (Guard Switch Unit) which was devel oped to make the
setup easily. The GSWU isthe accessory available only for the B1500A equipped with the CMU
and the SCUU.

Note:
For the accurate measurement, it is recommended to make the return path at the point as close as
possible to the device side.
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GSWU Connection Example

SCUU Qutput: Forcel/CMUH

ith SCUU
B1500A with SCUL ForeeZ/CMUL

Heur/Hpot o, Triaxial Cable

SMU N+1 2

CV

CMU

Force

Manipulator/Positioner

Leur/Apot

N: SMU number, Integer.

Switches CV IV

Clip wirJ

R v
Switches CV 1T ’ l/‘ CV: thru
GSWU

GSWU Control Cable e

Simple direct connection between SMU/CMU and IV: open

manipulator/positioner

1. Place the GSWU at the appropriate location near the manipulators/positioners.
2. Connect the GSWU control cable between the GSWU and the SCUU.

3. Connect a clip wire between the GSWU and the outer conductor of the manipul ator/positioner
connected to Forcel/CMUH.

4. Connect aclip wire the GSWU and the outer conductor of the manipulator/positioner connected to
Force2/CMUL.

When the SMU paths (1V) are available for the manipulators/positioners, the GSWU opens between
the outer conductors. However, when the CMU paths (CV) are available, the GSWU connects them
together to make the return path of measurement current.

By using the EasyEXPERT software, cable length between the CMU and the SCUU is automatically
detected, and the GSWU switch control is automatically performed. Also, capacitance error
compensation is aso automatically performed if the compensation data are available.

Note:

When the SMU paths are available for the manipulators/positioners, the connection between the
outer conductors must be broken because they are connected to the SMU guard terminals separately
and the guard terminals must be disconnected from anything at the end of the extension.
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ASU - for IV/CV Switching

CMUH or Force

¢ =m=p To CMU Hpot/Hcur

Sense i
J = To HRSMU 1

ASU 1

CMUL or CMU return path

.= ==p To CMU Lpot/Leur
1 == To HRSMU 2

The ASU (Atto Sense and Switch Unit) is available for the B1500A installed with the HRSMU.

Using the ASU permits use of the 1 pA range. Also the ASU can switch the measurement resources,

HRSMU or an instrument connected to the AUX input connectors.

The ASU has input connectors, onetriaxial and two coaxial. Thetriaxial connector must be
connected to the HRSMU Force terminal, and the coaxial connectors must be connected to the other
resource such as CMU. Also the ASU has the control connector to be connected to the HRSMU by
using the ASU cable.

The ASU has output connectors, two triaxial, that must be connected to the DUT interface such as
manipulators or probe card. When the measurement resource isthe HRSMU, they are the
Force/Sense connectors for the Kelvin connection. And when the resource is not the HRSMU, the
CMU/AUX isconnected to the Force, and the Sense is not used.

If you connect the CMU, two ASUs are required. Then the ASU’s CMU-pot/CMU-cur connectors
must be connected to the Hpot/Hcur of the CMU. And the other one must be connected to the
Lpot/Lcur in like manner.

To realize accurate impedance measurements using the four-terminal pair measurement method,
connect the CMU return terminals of ASUs together.

Note:
For the accurate measurement, it is recommended to make the return path at the point as close as
possible to the device side.
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ASU to CMU/HRSMU Connection Example

//

CMU ‘ / . SMU3 Force

[/ c©.@: -
SMU4 e - @1@ - o
SMU3 b+ ©,@ -
SMU2 e ®.@-

Lcur Lpot
SMU1 (ONOX SMU?2 Force
GNDU e |

B1500A Rear View

To connect the ASUs, use the following cables.
CMU cable (Keysight N1300A-001/002), 1 ea.
Triax cable (a part of Keysight B5288A-001/002), 2 ea.
D-sub cable (a part of Keysight B5288A-001/002), 2 ea.

One side of the CMU cable forms the attachment used to join and fix it to the CMU. And the other
side provides four BNC connectors used to connect two ASUs as shown.

Thetriax cable and the D-sub cable are connected between ASU and HRSMU.

Before starting the ASU connection, turn the B1500A off. And restart the B1500A after the
connection is completed. The B1500A cannot recognize the ASUs without restart after the
connection.

4-19



Module 4
Capacitance Measurement

ASU Switch Control

Configuration
‘Configuration
Man Frame | Mosme* ASU ISn:(hra Matrix | Event Lag |
[ASU List ]
| Slot | Module Type | Name ['ASU Serial Number [Asur/opath |
6 BISIZA/ES2BBA SMUSHR/AS  * s/n mismatch
ASU 1/0 Path: SMU (to use HRSMU)
or AUX (to use CMU)
the exclusive combination of the ASU AsUT/O p“"":]
Cose

To control the ASU switch connection, open the Configuration window and display the ASU tab
screen. Then highlight the B1517A/B5288A row and set the ASU 1/0O Path, SMU or AUX by using

the ASU 1/0 Path pull down menu.

Set SMU when you use the HRSMU.

Set AUX when you use the CMU or the other resource connected to the ASU’s AUX In.

If the ASU Serial Number field shows its serial number, the HRSMU-ASU combination is correct.
If the ASU Serial Number field shows *s/n mismatch, the combination is wrong.

The B1500A can work with this wrong combination however it cannot satisfy its specifications. The
specifications are guaranteed for the correct combination of HRSMU and ASU.
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In This Module

* High Voltage SPGU

*»  SPGU Control

* Pulse Generator Mode
* Charge Pumping

* Flash Memory Test

+ ALWG Mode
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High Voltage SPGU

High Voltage Semiconductor Pulse Generator Unit

« 2 channels per module

« Output impedance: 50 ohm

« Amplitude: +/-40 V (open load), +/-20 V (50 ohm load)
« PG mode or ALWG mode

« Free run, duration, or count

« 2- or 3-level pulse output for each channel in PG mode
« Pulse switch

« Automatic voltage level adjustment

50 ohm Pulse switch

ey SPGU
7Y w e ouT
J_|_|— 3-level voltage pulse Charge Pumping

Flash Memory Test

-’\/‘- ALWG volt
b AC Stress

High Voltage Semiconductor Pulse Generator Unit (HV SPGU) is specially designed for
semiconductor test. Most pulse generators' output voltage is less than 10 V with 50 ohm impedance.
However, in semiconductor test (especially reliability test) 30 to 40 V capability isrequired for the
flash memory write/erase cycle test. The HV SPGU output voltage is40 V at open load.

The HVSPGU provides two output mode, PG mode and ALWG mode. Inthe PG mode, the
HV SPGU can output 2- or 3-level voltage pulse. And inthe ALWG mode, it can output an arbitrary
linear waveform voltage.

The pulse switch is built into the SPGU channel for performing the endurance test of the NOR type
flash memory effectively. The SPGU channel can output the drain pulse for the write operation and
make the open status for the erase operation in one pulse period.

The output impedance of the SPGU isfixed to 50 ohm. However, the SPGU channel can output the
voltage close to the setting value if you specify the load impedance of DUT properly. Because the
channel automatically adjusts the output level by using the specified load impedance value.
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High Voltage SPGU

Rear View

Connect 16493Q cables to make
synchronization of multlple SPGUs.

L

é TR| G wr ﬁiF o, N SY'NC 0
©)] @ ) o
TRIG OUT ot REF N SYNC WT

Sl ;

LED to show the output switch status

(Secondary SPGU)

(Primary SPGU)

The B1500A can install the maximum of five SPGUs. The SPGUs must be installed in the contiguous slots
from the slot 1. Where the SPGU installed in the slot 1 is the primary SPGU. The channel number PG is
assigned for the Output 1 of the primary SPGU. And the following numbers are assigned for the subsequent
channels.

The SPGU has seven connectors.

The Output connectors are for the SPGU signal output.

The Ref In/Out and Sync In/Out connectors are for making synchronization of multiple modules.

The Trig Out connector outputs the trigger signal used to make synchronization with the external instruments.

If the multiple SPGU modules are installed, the 16493Q cables must be connected between the Ref Out
connector and the Ref In connector and between the Sync Out connector and the Sync In connector as shown
above. This is necessary to synchronize the module outputs.
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High Voltage SPGU

Pulse Switch CLOSE

Erase
II smu | OPEN

Write
CLOSE
| : \ H Substrate
Gate Source
Pulse period

OPEN —
Write Erase

CLOSE } |:|

[

SMU
Substrate (A

Gate Source

The pulse switch is the built-in high speed analog switch to open/close the SPGU output for each
channel. This switch is used in the write/erase cycle of the NOR type flash memory cell test. This
dramatically improves throughput of the endurance test (write/erase lifetime reliability test). The
SPGU channel can output the drain pulse for the write operation and make the open status for the

erase operation in one pulse period.

5-5



Module 5
SPGU Control and Applications

High Voltage SPGU

Effects of Load Impedance

QOutput Impedance

Vset | ‘

Pulse Source

Vset: Setting voltage with open load

Rdut

Vdut = Vset x ——
Rdutr + 50

The voltage actually applied to the DUT depends on it’simpedance. This behavior isvery common among the
instrumentations like DC power supply and pulse generators. In this meaning, SMU isvery special because
the output of SMU is controlled by the feedback 1oop from the voltage monitored by the sense terminal.

If Rdut islarge enough (ex. gate terminal) compared with 50 ohm output impedance, Vdut is almost equal to
Vset.

If Rdut is not so large (ex. drain terminal at the ON state), the difference between Vdut and Vset is not
negligible. Inthe case of 1 mA current with 1V bias (= 1 kohm), the difference will be about 5 %.

The SPGU provides the function to adjust the output voltage automatically. To use this function properly, the
load impedance of DUT must be registered and it must be accurate. Then the SPGU can apply the voltage
near the setting value to the DUT.
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High Voltage SPGU

Effects of Load Impedance

Mismatch of load impedance
setting may cause the error of
applied voltage to the DUT.

Setup: 1V output, 50 Q load

Actual load: 1 MQ > 2V output

Setup: 1 V output, 1 MQ load

D) 2) 2

Enj Actual

2 [ Expected™

Expected

Actual

i [3[5{5] Szl

T [@ e M i

Actual load: 50 Q - 0.5V output *_ ‘
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Here is the example of the voltage error due to the mismatch of the load impedance setting.

If the load impedance is set to 50 ohm when the actual load impedance is 1 Mohm, the voltage actually applied
tothe DUT is about double the setting value. If the load impedance is set to 1 Mohm when the actual load
impedance is 50 ohm, the voltage actually applied to the DUT is about half the setting value. So the load
impedance value must be accurate to apply the voltage near the setting value to the DUT.
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High Voltage SPGU

Keysight 16493P BNC (m) - SMA (m) Cable

* To connector plate
* To 16442 A/B test fixture
* To 16440A SMU/PGU selector
* To E5288A ASU
(Atto Sense and Switch Unit )

Keysight 16493P is the connection cable for the SPGU outputs.

5-8



Module b

SPGU Control and Applications

SPGU Control
Eﬁ;{i [@]'sPGU control | SetupName: [SPGU Control
RERRR Channel Definition
SPGU
Control Add | Delete I up ] Dawn i
Unit: ¥ Name: Mode:
c Poomv E et a3 Mode: VPULSE or ALWG
& [sPGuziHv =] [rauvz = [vPuLsE =l
16440A Selector After Measurement Setting
SMu Inpul——<L Bias Hold after Measurement: [OFF -
@ Semiconductor Relays ( 16440A SMU/PG Selector)
- Output
CH1 0) cH1: peranT 7] cH3: [pauoren 7|
Rl ==
PGU Input —
SMU loput—— Check here to display the Percent of Progress vs. Time plot.
1 < 5 <
© Check here to display the Time data list.
CH2 H Output \
40) SPGU Setup Monitor \
PGU Input — ¥- \
Pulse/ALWG Advanced Graph: % of Progress I™ List: Time Data
® Mechanical relay
(2) Semiconductor relay

The SPGU can be used in the classic test other than the C-V Sweep and the Switching Matrix
Control. So you can use the SPGU output while a measurement is performed. If you need the SPGU
output only, use the SPGU Control classic test. In this classic test, the single button triggers the
SPGU outputs, and the Data Display works as the progress monitor.

The SPGU provides two output mode, VPUL SE (pulse generator mode) and ALWG (arbitrary linear
waveform generator mode). And the same mode must be set to the all output channels. The B1500A
can have the maximum of ten SPGU output channels.

The Advanced button opens the Advanced Setup dialog box. The dialog box is used to set the after
measurement settings and the 16440A selector semiconductor relay setting.

After Measurement Setting:

*Bias Hold after Measurement: Bias hold function ON or OFF.
Semiconductor Relays (16440A SMU/PG Selector):

*CH1: Default or PGU OPEN

*CH3: Default or PGU OPEN

The fields define the selector channel’s switch condition during the measurement. Default means the
setting defined on the SMU/PG Selector screen of the Configuration window.
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SPGU Control

SPGU Pulse Setup

SPGU Pulse Setup

SPGU Control oba S Cperaton waaz | fue
T period: [1us 8] | @ mREERUN € PULSE COUNT | |
P © DURATION 1L ]
Puise Settings
Pusss/sLWG Advanced SPGU setup view order: 7
Unit: Primary Pulse [Additional Pulse
[EpcurHv 0| Base: [0V
VName: Peak: mv
=Ty fos § |
: width: [100 s IE
Type: eading: [0rs 5
Buttons on e R e
Measurement Setup unit: [Primary Pulse [Fddtional Puke. |
G [EPauziv H| Base: [0V
screen of a Classic Test | Pesk: [B00mY
o Delay: [0s
Range = LI fom — wme a1
= Leading: ,2701\5 [] ]
e T e - T
Integ
Ad.
vanc
SPGU ‘
Fulse
Senp

If the SPGU output mode is set to VPULSE, the Pulse/ALWG button opens the SPGU Pulse Setup

window. Thiswindow is used to define the voltage pulses applied by the specified SPGU channels.
For the setup parameters, see later page titled Pulse Setup Parameters of Pulse Generator Mode. In
the other classic test, this window is opened by the SPGU Pulse Setup button on the M easurement

Setup screen.

The Pulse Switch button opens the dialog box used to set the pulse switch operation.
The Load Z button opens the dialog box used to set the load impedance of the DUT.
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SPGU Control

Pulse Switch Setup

Pulse period

50 ohm Pulse switch

@ A N SPGU Delay

ouT
'r|_|' 3-level voltage pulse | |
- OPEN

Write Erase

Pulse Switch Setup

Pulse Switch
Unit: VName: m:z Delay: width: Normal:
[sPGULHV Bl[spauvi ( 5 [ENABLE ~]os 8|[100ns |oren] Ll)

T e \au ] y

Default setting of the switch is “CLOSE”

Close

Y ou can set the pulse switch operation on the Pulse Switch Setup dialog box. Set the SW Sync to
ENABLE to use the pulse switch. The delay time is the time from start of pulse output to changeover
of pulse switch. The width is the duration to hold the switched state of the pulse switch. And the
normal field specifies the pulse switch status OPEN or CLOSE at the normal state which is not the
switched state.

Recommended width value is more than 100 us because of the time lag for changeover.
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SPGU Control
Load Z Setup
Load Z
Unit: VName: Load 2:
sPGuLHY 8][sPauvi { 450 chm
Output Impedance PGUzAV  B][EPauvz ‘[0 obm

Setting (default=50 ohm)

Vset | ‘ ‘

Vset: Setting voltage with open load

Y ou can specify the load impedance of DUT on the Load Z Setup dialog box. By setting the load
impedance value accurately, the SPGU can apply the voltage near the setting value to the DUT.
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SPGU Control

SPGU ALWG Setup
SPGU Control

[SPGU Setup
| PulssfALWG | - Advanced srcuatwesety

[Operation

b & FREE RUN " SEQUENCE COUNT
" DURATION
|ALWG Set!
Buttons on L |
Measurement Setup ALWG Source: [ ]

screen of a Classic Test

Close

Range

— /
Integ

This button opens the Define ALWG

Ad-

b ‘ Waveform window used to define the
SPGU

ALWG ALWG output sequence.

Satup

If the SPGU output mode is set to ALWG, the Pulse/ALWG button opens the SPGU ALWG Setup
window. Thiswindow is used to define the arbitrary linear waveform voltage applied by the
specified SPGU channels. In the other classic test, thiswindow is opened by the SPGU ALWG

Setup button on the Measurement Setup screen.
The Load Z button opens the dialog box used to set the load impedance of the DUT.
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Pulse Generator Mode
Pulse Setup Parameters
Pulse period
. Pulsewidth
Leading time Trailing time
Pul k
ulse pea /A o0
Amplitude
I \ 10 %
Pulse base
Delay time

The pulse setup parameters are defined as shown above.

The pulse leading time and trailing time are defined as the voltage transition time between 10 % and
90 % of the amplitude. Programmable range is 8 nsto 400 ms.
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Pulse Generator Mode ... -

Pulse output example: §

2. SPGU Pulse Setup window

SPGU Pulse Setup Utility Menu

Global Settings [Operation Yo || P gont || Fie gl | Optons || Seres Langgase
: - ~ S Switch [
Period: |1 ms 8| | © FREE RUN & PULSE COUNT 10 |
" DURATION |
Pulse Settings
SPGU setup view order:
Unit: [Primary Pulse [Additional Pulse "]
[sPeuULHY Base: [0V
VName: Peak: [Suu mv
(o ’m Delay: [0

Width: [500 us
Types Leading: [lli"i- us
H Trailing: [100 us

Pulse period:

| [} Lo Lo oo o)
LI ECIEIT

3. Pulse setup parameters

To apply the SPGU pulse output, set the pulse setup parameters, specify the Operation, and click the
Single button.

The following operations are available.

PULSE COUNT: SPGU outputs the specified number of pulses. Specify a number within the range
of 1 to 1000000.

DURATION: SPGU continues the output until the specified time elapses. Specify atime within the
range of 1 usto 31556926 s (1 year).

FREE RUN: SPGU continues the output until the measurement is completed or stopped. This
operation is not available for the SPGU Control classic test.

To set the pulse setup parameters,

1. Display the SPGU Control classic test screen or the Measurement Setup screen of the other classic
test.

2. Open the SPGU Pulse Setup window by clicking the Pulse/ALWG button on the SPGU Control
classic test screen or the SPGU Pulse Setup button on the Measurement Setup screen.

3. Set the Type, Period, and Primary Pulse parameters. For the pulse setup parameters, see the
previous page.

For the 3-level pulse, select the 3-Level Pulsetype. Then the Additional Pulse fields will be active.
The 3-level pulse is defined as sum of two 2-level pulses, Primary Pulse and Additional Pulse.
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Pulse Generator Mode

3-Level Pulses

* Every channel can output 3-level pulse
80 Vp-p within +/-40 V window (at open load)

* Pulse width and level of each channel can be set individually.

SPGU10

SPGU3

SPGU2

SPGU1

Up to 10 output channels can be installed in one B1500A and each channel can output 3-level pulse with a
maximum output voltage.

The channels are independent. So the channels can apply the different pulses. However, the pulse period
value is common for all channels.
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Charge Pumping

%\Gate
Source [ | Drain
Oxide
(o) o ] |52 @™ o
p E/_I\S VAW
i% Substrate SMU PGU
Icp
SMU

Charge pumping is atype of hot carrier measurement. It provides direct measurement of interface
states and an indication of electron and hole trapping.

The gate of the MOS transistor is connected to a pulse generator. The current (Icp) is caused by the
repetitive recombination of minority carriers with majority carriers at the silicon-silicon oxide
interface.
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Charge Pumping
Three Methods of Charge Pumping

Gate Waveforms

Voltage

Square Pulse H_|_|_|_|_|_|_|_|_|_|J_|—|_|—|_I~
Triangle Pulse /\/\/\/\/\N\/\/\

Trapezoidal Pulse N\I\IW\I\N\

Time

Square Pulse

The base of the pulse is stepped from well below gate threshold to well above. At each step, the
substrate leakage current is monitored. Theflat part of the resultant curve is proportional to
interface-state density.

Triangle Pulse

The frequency of aconstant height triangle pulse isincreased in steps. At each step, substrate
leakage is measured. Average interface state density and capture cross-section are measured by this
method.

Trapezoida Pulse

A fixed height pulseis applied to the gate. By varying the leading/trailing edge of the pulse, you can
plot interface-state density vs energy.
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Charge Pumping

IntegTime: MEDIUM ~

Gate:

C alculates Vbase PulseLevel:
VbaseStart:

Sets meas. p.]nlmelers VbaseStop:
to I_sub samplmg test Vbasestep:
I_sub samplmg meas. Elfesemon

t by applying Vg pulse PutesDetay;
l DutyCycle:

[Records Isub and Vbase] TrailingTime:

v 8
oV 3]
T
Eom 3]

So0us @

Os ]

20.0% B

20 ns [}

20ns ]

Drain: |SMU2HR ~

'Subs

4*@

?

Source: |SMULH SMU4HR w
Vs: [S00mv @) vsubs: pv |

IsLimit: |1L.00ma @ % IsubsLimit: IODGUA E

Y
More Vbase?

N

Calculates IepMax & NSS
Plots Icp vs Vbase

Looping of classic test for each
base step of Gate pulse.

Icp is measured after each increment of the gate pulse base value. A curve of Icp vsbasevaueis
plotted. The maximum Icp value is noted. At this point:

lcp=f* Qss
=f* Ag* g* Dit

where

f: pulse frequency

Qss: recombined charge per pulse period

AQ: channel area of the transistor

g: electron charge
Dit: interface state density
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Class Exercise

Square Pulse Charge Pumping
1. Recall the Charge Pumping 4T 0.1V step test record.

2. Connect the DUT (MOS FET) as shown in the next
page.

3. Specify the module (SMU and PGU) connected to
DUT terminal properly.

4. Perform the test.

Note:
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Jumper Leads — MOS transistor
SMU GNDU
1 2 3 4 | 5 6
F FQF FO-IFO [FO FO© ©
GO\ |c© GO ’G@ GO s©
PG
1 2 r—()
! F@ 1#3) C-l) Q C(;)
AP T—970 9 0 §
13 Q 15 Q 17 %
VSu ) & © O QO Suw
1 2 (5)28 20 21 22 23156
© © % (00000000000000| % 1: Substrate
VMU 2:S
1 2 * n@Poooooooooon| 3;(;(:::“
© © ! = 4: Drain

This class exercise requires four jumper leads to connect the DUT. Connect the jJumper leads
between the following terminals.

SMUL: terminal 1

SMU2 : terminal 2

SMU4 : termina 4

PGUL: termina 3

Then, the modules must be connected to the fixture as shown below.
B1500A SMUL1 -> Fixture SMU1 connector

B1500A SMU2 -> Fixture SMU2 connector

B1500A SMU4 -> Fixture SMU4 connector

B1500A PGL1 -> Fixture PGU1 connector
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Measurement Result Example

X-Y Graph Plot Properties... | | [Parameters |
Tt Agilent

IcpMax |1 93603 na
n

18n Nss E.mm T/em2
16n
14n
12n
in
800 p
600p
400p
00p

200 p joiv

Teplist ()

73p

5 45 4 35 3 25 2 45 4 Swom 0
Vhaselist (¥) 500 m v Eu| | 2]

List Display Properties...
Index_| Vbaselist | Icplist | «
1 -5.000000000V  -72.92000000 pA =
2 -4,900000000 ¥ -70.36000000 pé.

3 -4,800000000 ¥ -68,52500000 pA 5

Here we see the result of plotting Icp vs pulse base voltage.
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Flash Memory

Basic Flash memory Cell Structure

vV Erase Write
CG . o s
Control gate - (discharged) (Qf is injected)
vd Floating node
Cc2
T( 3 Delta Vg
- 1o =_]¢

Drain Source I Vee
Bulk Voltage for Write/Erase judgment

Effective gate voltage shifts Delta Vg = Qf/CH.
Cf is effective floating gate capacitance.

Qf is injected (by a pulse) to
write the memory

Flash memory is one type of floating gate memory. The left figure shows the structure of the floating
gate memory cell. Thereisametal floating node on the top of transistor channel region. Any stored
charge in this floating node shifts its threshold voltage as shown in the right figure.

5-23



Module b

SPGU Control and Applications

1 million Write/Erase cycle test

| Initial Write/Erase Test ‘

Next burst test

| Burst Write/Erase Test ‘

well.

Measure Vth (1))  (*1) Id(en) and Td(off)

are measured as well.

(*2) Id(on), Id(off) and
s sub-threshold swing (S-
Measure Vth (¥2) factor) are measured as

Vith (V)

Flash Memory — Endurance Test

—

Write/
Program

Erase

\—//

\ | | | | \

0 1 2 3 4 5
10 10 10 10 10 10 1
Cycles

6
0

Endurance test isakind of reliability tests. Repetitive write (program) and erase pulses are applied
to the cell and the Vth of the cell is monitored after certain number of pulses are applied. This test
isimportant because the flash memory is used for the data and file storage application. Then the
failure rate must be less than one percent for one million write/erase cycles. Therefore, for device
development, the endurance test is the critical test to make sure that the durability of the cell can

meet the target.

When measuring characteristics after certain number of write-erase cycling, Id(on) and 1d(off) are
measured besides Vth depending on the cell type. In case of the cell types which use the F-N
tunneling between substrate and floating gate, sub-threshold swing is also measured after erasing

the cell.
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Flash Memory — Endurance Test

7~

NAND Cell Test

* Burst write/erase reduces
test time dramatically

SPGU output

In an example, the test time was less
than 2 hours for I million cycle fest.

It will be about 1/70 compared with S level e by cacki dhiasiine]

~

Write pulse

Erase pulse

4155/4156 solution.
o J
( NOR Cell Test Wrltepulses )
* Drain open can be made by J-l pen
opening the analog switch in 12V
the HVSPGU. My d_
For I million cycle test, 2PG solution v
improves the test fime about 1/4 Source | 12V | -
compared with 4155/4156 solution. Sub VA
3PG solution improves it about 1/4 i
\_ compared with 2PG solution. Pulse switch for drain open Erase pulse y.

Note:
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NOR Write Connection

Selector or ASU ch2

N

SMU3

Mech

@

PG3

Mech

il

Gate

Flash Memory — Endurance Test

Selector or ASU ch3

7~ SMU4
Mech
Solid Mech @-_1
State PG4
Drain
SMU1
Substrate L l
Selector or ASU chl
Source
v SMU2
Mech
Solid Mech @_l
2

State

PG

Thisisan example setup to perform the write operation of the NOR type flash memory cell. This
setup uses three sets of the SMU, SPGU, and selector/ASU. This setup is used by the Demo-S-
NorFlash Endurance test shown in Class Exercise.

To perform the write operation, all of the selector/ASU channels must make the path to the PG.
Note: The solid state relay isinstalled in the selector, but not installed in the ASU.
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Flash Memory — Endurance Test

NOR Erase Connection
Selector or ASU ch3

7~ SMU4
Mech
=5
Solid Mech _1
Selector or ASU ch2 State PG4
Drain
SMU3 nhh
|
SMU1 [
_@ Substrate l
1_ Mech Selector or ASU chl
PG3 - Source
ate
v SMU2
Mech
Solid Mech @_l
State PG2

Thisisan example setup to perform the erase operation of the NOR type flash memory cell. To
perform the erase operation, all of the selector/ASU channels must make the path to the PG and the
PG3 internal pulse switch must be opened. The pulse switch isaso a solid state relay.

Note that the solid state relay in the selector is not used. The relay must be always close.
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Measure Vth Connection

Selector or ASU ch2

SMU3

Mech

~N

@

PG3

Mech

il

Gate

Flash Memory — Endurance Test

Selector or ASU ch3

SMU4

Mech

i

" o
Solid Mech _1
State PG4
Drain
SMU1
Substrate L l
Selector or ASU chl
Source
SMU2
Mech
z o
Solid Mech _l
State PG2

Vth must be measured after writing or erasing. To perform the Vth measurement, all of the

selector/ASU channels must make the path to the SMU. Vth is measured at each decade, so a
mechanical relay will be used, not the solid state relay. The mechanical relay has low leakage
specifications to better match the capabilities of the SMUs.
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Class Exercise

Flash Memory Endurance Test
1. Recall the Demo-S-NorFlash Endurance test record.

2. Connect the DUT (MOS FET, not flash memory) as
shown in the next page.

3. Specify the module (SMU and PGU) connected to
DUT terminal properly.

4. Perform the test.

To perform this class exercise, you need the following equipment.

16440A Selector with control cable, 2 sets

16445A Selector adapter with control cable, 1 set

B1500A installed with two SPGU modules and four SMU modules
Test fixture

Triaxial cable, 7 ea.

BNC-SMA cable, 3 ea

Or,

B1500A installed with two SPGU modules, three pairs of HRSMU and ASU, and a SMU module
Test fixture

Triaxial cable, 7 ea.

BNC-SMA cable, 3 ea

ASU control cable, 3 ea.
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Jumper Leads — MOS transistor
SMU GNDU
1 2 3 4 5 6
F FQF FO [FO [FO FO© ©
HE) 0 IG@ GO s©
PGU ))
! 2 O O O
F@ F@ 1 2 3 1 5 6
olel 299229
QYRR
VSu O O O QO Suw
1 2 528 20 21 22 23156
© © % |00000000000000) 36 1: Substrate
VMU 2:S
1 2 * n@Poooooooooon| 3;(;(:::“
© © ! = 4: Drain

This class exercise requires four jumper leads to connect the DUT. Connect the jJumper leads
between the following terminals.

SMUL1 : termina 1
SMU2 : terminal 2
SMU3 : terminal 3
SMU4 : terminal 4

Then, the modules must be connected to the fixture as shown below.

B1500A SMUL1 -> Fixture SMU1 connector

B1500A SMUZ2 -> Selector chl SMU input or ASU chl Force
B1500A SMU3 -> Selector ch2 SMU input or ASU ch2 Force
B1500A SMU4 -> Selector ch3 SMU input or ASU ch3 Force

B1500A PG2 -> Selector chl PGU input or ASU chl AUX In
B1500A PG3 -> Selector ch2 PGU input or ASU ch2 AUX In
B1500A PG4 -> Selector ch3 PGU input or ASU ch3 AUX In

Selector/ASU chl output -> Fixture SMU2 connector
Selector/ASU ch2 output -> Fixture SMU3 connector
Selector/ASU ch3 output -> Fixture SMU4 connector
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Demo-S-NorFlash Endurance Test Setup

TotalWriteAndEraseCycles: flUDUD B I

MeasTiming: i :l il

Pdrain: ISPGU4:HV v]
Drain: iSMU4:HR V|

IntegTime: [MEDIUM 'I

CG
Pgate: |[SPGU3:HY = I
Selector *

Gate: |SMU3:HR 'I 0\0— vd: |1.CIU v i]
vgstart: [1oov &) | § & Id@vth: [1E-6"Wa/l |
] Selector
VgStop: [3.00 W ii = O\o-
VvgStep: [50 my i' i ? ‘I
@ +

+ @
Psource: [SPGU2:HV vl ? E
Source: [SMUZ:HR 'I ¢ ¢ ¢

Subs: !SMUI:HP vl

See below

For the instrument connection shown in the previous pages, change the value as follows.

Pgate -> SPGU3
Gate -> SMU3

Psource -> SPGU2
Source -> SMU2

Pdrain -> SPGU4
Drain -> SMU4

Subs -> SMU1

Also, set asmall TotaWriteAndEraseCycles value, for example 1000. If you set one million, you will have to
wait long time over several hours until the test is completed.
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Measurement Result Example
1 Demo-5-NorFlash Endurance [(2) “NorFlash 100000 Stress Cycle®; 11/3/2007 3:52:09 PM] - Agilent Eas) 3 =101
File Edt View Marker Cursor Line Text Pointer Window Help
i h-QQ i@ BEERM e E-B-EE s
| Setup Name: || Demo-S-NarFlash Endurance [(2) "NorFlash 100000 Stress Cycle”; 11/3/2007 3:52:09 PM] X
[X-¥ Graph Plot _Properties... |
HE Agilent
3 i 14 =
= "
E 135 R &
8 0 Write B
2 s
CIERY =
e RS §
g E
= rase
% 108
= 1 1
100 200 300 500 700 1k 2k 3k 5k 7k 10k 20k 30k S0k 100k
CycleList decade fdiv
Index | CycleList | wthwhittenList | VthErasedList | -
1 100.0000000 1.369200000 1.013700000
2 3000000000 1.366300000 1.017500000
2 L 00000000 ki 2.30:4800000 1021400000 =

Thisisatest result example displayed on the Data Display window.
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ALWG Mode

Specify number of repeat for each pattern group.

S5 & D MTCD

Pattern 1 Pattern 2 Pattern N
N Ouj:/_\—\ /_\_/_\ /\
_’I_ Smooth Transition!
L No Glitch , No dip to
GND.
PG2 Out[):t/_\_/_\ K/\ J_/_\_L
Pattern 3 [ | Pattern 4 || Pattern X

«————— Must be < (1,024 - # of Patterns) points
for each channel

ALWG stands for Arbitrary Linear Waveform Generator. This function is similar to the AWG (Arbitrary
Waveform Generator), but specialized for a semiconductor parametric test. The ALWG describes the pulse
wave by the combination of the line segment described as the differential time and absolute voltage.

Key features are as follows.
*Number of patternsin a sequence: maximum 512 for a channel

*Number of vector data: maximum 1024-N (N: number of patterns) for defining all patternsto a
channel

*Repeat count of a pattern group: maximum 1,048,576
*Time data (differential time, delta T): 10 nsto 671.088630 ms with 10 ns resolution

*Extremely short over head, 50 ns to change the pattern. No delay for the repetition of the same
pattern.

Of course, +/-40 V and 80 Vpp feature of HV SPGU is available with this ALWG feature.

This function allows you to use more complicated waveform like the multiple level pulse more than 3-level,
and step pulse or ramp voltage to characterize the novel flash memory like CTF.
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ALWG Mode
SPGU ALWG Sety 3
PGS, - 1. SPGU ALWG Setup Window
© FREERUN @ SEQUENCECOUNT 1 | 4‘
WELAE ‘ € Define ALWG Waveform Q@l
ALWG Setting |[Fie Pattern Coumn

[Sequence Editor P

:
B

ALWG Source:
Insert Column ‘

Column No. 1 2
Repeat Count f1 | 1 8|+ Count
SPGUI:HV [tms-1v-trangle =] s [Tms1vmotiev: | mle=— Pattern

Open /'

E—
This button opens the Pattern Editor | [
used to define the arbitrary linear

waveform. D

=}

W

2. Define ALWG Waveform winri

To apply the ALWG output, define the ALWG output sequence, specify the Operation, and click the
Single button.

The following operations are available.

PULSE COUNT: SPGU outputs the specified number of sequences. Specify a number within the
range of 1 to 1000000.

DURATION: SPGU continues the output until the specified time elapses. Specify atime within the
range of 1 usto 31556926 s (1 year).

FREE RUN: SPGU continues the output until the measurement is completed or stopped. This
operation is not available for the SPGU Control classic test.

To define the ALWG output sequence,

1. Open the SPGU ALWG Setup window by clicking the Pulse/ALWG button on the SPGU Control
classic test screen or the SPGU ALWG Setup button on the Measurement Setup screen of the other
classic test.

2. Open the Define ALWG Waveform window by clicking the button of the ALWG Source on the
SPGU ALWG Setup window.

The ALWG output sequence can be defined by specifying the waveform pattern and the repeat count

on the Define ALWG Waveform window. To create a new waveform pattern, use the Pattern Editor.

See the next page.
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ALWG Mode

FiaF) Edt() Dispiay(D)

o

0.147]

0.12

01

Undo| FRedo | AddaNew Point | Delete s Point |

I~ Delta Time I~ Delta Level

0.08

0.06-

0.04

Amplitude(v)

0.02

( 5.000E-3, 0.000E0 )

-0043
-0.05

Time(s)

000

0.005

0.0055

A pattern can be defined by specifying the differential time and the absolute voltage. Y ou can define
it by using the left side GUI or the right side table on the window.
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Class Exercise

output.
3. Save the test setup.

next page.

5. Perform the test.

Monitor ALWG output by the sampling measurement.
1. Click I/V-t Sampling icon and open setup editor.
2. Define the measurement setup with the ALWG

4. Connect a device (511 kohm resistor) as shown in the

Channel Setup:
SMU1->V1, 11, Mode=l
SMU2 -> V2,12, Mode=COMMON
SPGU1 -> SPGUV 1, Mode=ALWG

M easurement Setup:

Interval=2 ms

No of Samples=201

SMU1 -> Source=0 A, Compliance=2 V
Range:

SMU1 -> Mode=FIXED, Range=2 V

ADCl/Integ:
SMU1 -> ADC=HS ADC

Advanced:
SMU1 -> SMU Filter=OFF

SPGU ALWG Setup:
SPGU1 -> LoadZ=511 kohm

ALWG Source -> Define the waveform as you like.

Display Setup:
X-axis -> Time
Y1l-axis->V1

For the example setup, open the “ALWG monitor” test setup.
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Jumper Leads — Capacitance

SMU GNDU
1 2 3 4 5 6
FO FQF@ FO |[FO |[FO FO© :
G lc@ Q)G GO |GO sS©
PGU
1 2
A ) O Q) o O
T 200005
20H 2200 I s Re B Rl R s e
VSU J ) O O
1 2 19 .2 21 n B, 24
© o % Q
lVMU2 =
© ©

This class exercise requires three jumper leads to connect the DUT. Connect the jumper leads
between the following terminals.

SMUL: terminal 1

SMU2 : termina 4

PGUL: termina 1

Then, the modules must be connected to the fixture as shown below.
B1500A SMUL1 -> Fixture SMU1 connector

B1500A SMU2 -> Fixture SMU2 connector

B1500A PGL1 -> Fixture PGU1 connector
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Measurement Result Example

ALWG monitor [(1) ; 2/1/2008 8:36:02 PM] - Agilent EasyEXPERT
File Edt View Marker Cursor Line Text Pointer Window Help

HE B-aQ gl

GERAN®E - An ]z

Setup Name:  [ALWG monitor [(1) ; 2/1/2008 8:36:02 PM]| b4
[%-¥ Graph Plot |_Properties... | |
(35 Agilent

2
g
s 15
E 1
500 m
0
-500 m
g
=
-15
2
0 s0m 100 m 150m 200m 250m 00m /Om  400m  450m
Time (5) 50.0 m fdiv
Index_| Time | i [ 1 il
1 970 us 23mv 0A
2 2.94ms 20mv 04
3 4.94 ms 2.1mv 0A ;l

Thisis atest result example displayed on the Data Display window for the “ALWG monitor” test

setup.
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