TABLE OF CONTENTS

Page
1. INTRODUCTION ...ttt e et e iee bt s s snee e 1
2. HP 4145B FUNCTIONS AND OPERATION . ... ... .. . it 1
21 Features . .. ..ot e e e 1
2.2 Getting Started . ... . . . e e e e e 2
2.3 Measurement Preparation .. ... ... .. ... ... e e e 4
2.3.1 Test Fixture, DUT, and Plotter Connections . ................ ... ........ 4
2.3.2 Measurement Examples ................... OO S0 0000a 0 noaRa0aaa0: 5
3. IMPORTANCE OF DC PARAMETRIC EVALUATION . ........... ... e 8
4. APPLICATIONS | L e e e e 9
4.1 Evaluating Bipolar Devices . . ... ... .ottt ittt e 9
4.2 Evalvating MOS DeviCes iu venan slermiiv yin ssen oh veleiiid veias 5E ol 86 o S 8250 15
4.3 Evaluating Solar Cells . .. ... ...t e 19
S. AUTO-SEQUENCE PROGRAMMING EXAMPLE" . .. ... ... ... iitereinnn.n 20
6. SYSTEMIZATION . . ... e e e e e e 21
Table 3. 4145B Major Specifications
Function Specifications Function Specifications
e Stimulus/Measurement Unit (SMU) . . .. .. 4 channels . ) )
Voltage Output/Voltage Measurement Range: +100V G-mch,.hlgh resolution CRT.
Max. Resolution: 1mV  Basic Accuracy: 0.1% Display | Four ‘!'SP'W,’“"‘M )
Currer.t Output/Cutrent Measurement Range: :100mA Graphics, List, Matrix, and
Max. Resolution: 1pA  Basic Accuracy: 0.3% Schmoo.
Measurcment | e Voltage Monitors . . . .. .. ... ...... 2channels| Graphics | Softkeys, User Funclion,
Voltage Measurement Range: +20V Analysis | Built-in calculator.
Max. Resolution: 100xV  Basic Accuracy: 0.2% -
Flexible Disk, HP-iB Inter-
e Voltage Sousces . . .. ... ... ... ... 2 channels face, Plotter Output Func-
Voltage Output Range: +20V Miscetlaneous | tion, External CRT Monitor
Max. Resolution: 1mV  Basic Accuracy: 0.5% Terminals, Special Test Fix-
tures.




1. INTRODUCTION

The HP Model 4145B Semiconductor Parameter Analyzer
is a fully automatic, high performance instrument de-
signed to measure, analyze, and graphically display the DC
parameters and characteristics of diodes, transistors, ICs,
solar cells, and wafers during the fabrication process.

In semiconductor R and D laboratories, the 4145B pro-
vides precise characteristics evaluation, an important step
in the development of new high performance devices, and
gives design engineers an easy to use method of device
parameter acquisition — an essential element in Computer
Aided Design (CAD).

On the production line, the 4145B provides real-time
feedback on wafer evaluation, improving the semicon-
ductor process and incrr:asing production yields.

For semiconductor enc. users, the 4145B is ideal for
circuit design applications and incoming inspection.

This Application Note is intended for first-time users
of the 4145B. It centans fairly detailed descriptions of
the 4145B’s basic functions and capabilities, plus many
examples of actual measurements, specifically those for
bipolar transistors, MOSFETs, and solar cells. It is in-
tended, also, to help semiconductor R and D labs and
production facilities produce new devices with higher
quality and more functions.

Table 1 lists the major specifications of the 4145B.

2. HP4145B FUNCTIONS
AND OPERATION

Until recently, semiconductor laboratories and manufac-
turers interested in automatic evaluation of the various
DC parameters of semiconductors and other electronic
devices had to purchase an expensive, complex test sys-
tem consisting of many discrete instruments. Although
fast and powerful, such systems have several inherent
drawbacks that can’t be overlooked if accurate, repeat-
able, and truly automatic measurements are to be made.

Software development, for example, requires a consider-
able investment in time und engineering manpower. Also,
switching is perforined by a relay matrix, which, although
automatic, is a prime source of measurement error, es-
pecially in low-current measurements.

The 4145B solves these problems and in doing so provides
an attractive altemative to an expensive test system, It is
fast, easy to operate, fully automatic, and offers accuracy
and resolution that equal or surpass those of many so-
phisticated test systems.

2.1 Features

m The complete range of semiconductor DC parameters
can be quickly and accurately evatuated with this one

stand-alone instrument.

Measurement, analysis, and display of parameters such as
Vr, gm, hrg, early voltage, and many more are easily ob-
tained. Operator responsibilities consist of keying in
information (channel names, source modes and functions,
output parameters, graphic scaling factors, etc.) as in-
stiucted by system messages appearing on the CRT.

For device measurement and stimulation, the 4145B is
equipped with four programmable source/monitor units
(SMUs).

Each SMU can be programmed to function as a voltage
source/current monitor (V mode) or a current source/
voltage monitor (I mode). Mode changes and channel
reassignment are fully automatic, eliminating test lead
connection changes. This feature simplifies operation
and significantly increases measurement speed and re-
liability.

u High resolution and sensitivity

Each SMU can output and measure up to 100mA and
100V. Resolution is extremely high — IpA (full 4-digits)
and ImV (4% digits), respectively. Resolution of the
voltage monitors is particularly high — 100uV — making
the system a valuable asset in measuring resistivity and
sheet resistance of devices stimulated by low current
sources. This feature is also valuable in evaluating the off-
set voltage characteristics of paired transistors and opera-
tional amplifiers.

s The built-in flexible disc drive allows you to store your
own measurement setups and measurement results.
Up to 240 user-generated measurement setups or 105
sets of measurement results can be stored on a single disc.
Stored measurement setups can be quickly recalled with
a few simple keystrokes, significantly reducing the setup
time for new measurements. The auto-sequence function
(described in Section 5) allows you to link stored meas-
urement setups for complete, one-step characterization of

a device.

u HP-IB* lets you build an automatic test system tailor-
made to meet the requirements of your operation.
The 4145B can be remotely controlled via the HP-IB
(Hewlett-Packard Interface Bus), a carefully defined
instrument interface which simplifies systemization of
programmable instruments and computers. Clear, multi-
colored hard-copies of information displayed on the CRT
can be obtained by simply connecting an HP-IB com-
patible plotter/printer to the 4145B. No controller is
required. By connecting a controller and using simple
HP-GL (Hewlett-Packard Graphics l.anguage) commands,
you can display additional infortnation (notes, comments,
overlay plots, etc.) on the CRT, or you can blank the CRT
and use it as an independent graphics display. The 4145B
has the functional capabilities and HP-IB provides the
means for building a powerful semiconductor test system,

For more details on systemization, refer Section 6.



2. 2 Getting Started played over the results of the previous measurement,

Measurement integration time is selectable with the ,
Throughout this application note, [jwill represent a @, and ((tow ) keys. The key turns on_the

softkey function and will represent a front panel SMU auto-calibration function. With this function turned
key. Softkey functions are displayed on the CRT and on, the SMUs perform self-calibration every five minutes.
change depending on the page being displayed. Additional )

softkey functions are displayed by pressing the | e 3 Auto-Sequence Function

softkey. Pressing the AUTO SEleystarts the Auto-

@ Measurement Setup Seq.uence program. Pressing it again during program exe-
Setting up, or programming, a measurement is si ilar to cution stops the program. When_Auto-Sequence_ executes
filling out a blank form. On the 4145B, though, the blank a PAUSE command, it tempora.rlly halts execution of the
forms are called pages, and for measurement setup there measurement procedure. Pres§mg the corq LA
are three: CHANNEL DEFINITION page (Figure S), the p ogram. For further details, see Section 5.
SOURCE SET UP page (Figure 6), and MEAS & DiSP

MODE SET UP page (Figure 7). A moveable field-pointer @ Analysis Func.tions
(») is displayed on each page and is used to select the The MARKER dia? and CURSOR keys control the marker

field into which data is to be entered. System messages and cursors (SHORT and LONG) on the measurement dis-
are displayed on the CRT and guide the operator through play pages. Presmfmg thesoftkey displays a marker
the setup procedure. Depending on the location of the which can be positioned at any measurement point along
field-pointer, data is entered with the softkeys, alphabetic a plotted curve.

keys, or numeric keys. Palingis contolled by the

Pressing the fiw ci-"*f»ﬂ"tl or ILONG CUF*SORI softkey displayes a

and keys. The @ key can be pressed at any

time to return to the MENU page. cursor which can be positioned at any point in the plot
area. The X-axis, Y;-axis, Y,-axis values of the marker and
@ Measurement cursor locations are displayed on the CRT, above the plot
Measurement can be executed only when the GRAPHICS area. When or % is pressed, two short cursors
PLOT, LIST DISPLAY, MATR1X DISPLAY, or SCHMOO connected by a straight line are displayed. The gradient
page is displayed. Measurement is executed by the (GRAD) and inverse gradient (1/GRAD) of the line and
- , , or | #weo | key, and is stopped by the X and Y intercepts are displayed below the plot area.
svor | key. When ( smste | is pressed, the results of One of the cursors is highlighted and can be moved with ‘
the previous measurement are cleared from the display the CURSOR keys. To move the other cursor, press the
and data buffers before measurement is made. When Sent | softkey.
is pressed, however, tae display and data buffers '
are not cleared and the new measurement results are dis- The Jong and short cursors can also be used for horizontal
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and vertical zoom-in/zoom-out - EI . .)
MOVE, WINDOW

and for recentering ( ) the plot area. When
wove winoow | is  pressed, the plot area is automatically
centered on the cursor, without changing the relative
position of the cursor and plotted curves. Displayed plots
can be_temporarily stored and redisplayed by the
and softkeys. Thus, overlay plots can be easily ob-
tained.

® Display

Measurement setup pages. softkey functions, and meas-
urement results are displayed on a built-in CRT. Meas-
urement results can be displayed in one of four display
modes: Graphics, List, Matrix, or Schmoo.

® Flexibie-Disc Drive
The built-in flexible-disc drive accommodates one double-
sided, double d ensity micrcflexible disc. Each disc furnish-
ed withthe 4145B contains the necessary operating system
software, four general purpose measurement setups, and
enough space to store up to 240 user-generated measure-
ment setups or 105 sets of measurement results. Data filing
(store and recall) is performed by the , e J,and
oxeore | keys. Examples of storing and recalling a meas-
urement setup and measurement results are given below.

® Measurement Setup (Program file, File type P):

) () ())(2) (2) (o)
(Recall @%%@@ o)

Here, P is the file type and HFE is the file name. The
file name must be unique, must begin with an alphabe-
tic character, must contain alphanumeric characters
only, and must not exceed six characters.

180588 TEEY ¥, 7
2 HewsLesy . '“CX‘IURE “

. Measurement Results (Data file, file type D) :

e olololoen
lolalololen

@ Edit Functions
Data and commands keyed in from key-groups 6, 8,
and 9 _are displayed on the CRT’s keyboard input line

until or is pressed Dlsp ayed data can be
ro.nwmo DELE‘I'E ,and @

edited by using the
keys. Pressmg erases all data from the keyboard
input line. Pressing @redmplays previously entered
or executed data,

Data Entry and Calculator Functions

Numeric values, alphabetic characters, arithmetic oper-
ators, engineering units, and certain physical constants for
measurement setup, user function definition, keyboard
calculations, and other instrument operations are entered
from this key group. Key functions labelled in blue and
green are available only when the key or

. key has been pressed. Additional arithmetic operators

— LOG, LN, ABS, EXP (base of natural logs) and ** (ex-
ponentiation) — are also available. For example, to cal-

culate e-q— (frequently used in semiconductor work),

ey (2 ) DEEEOEOEE0
000CE0000000cD

The result, 12.010E + 09, will be displayed on the CRT.
To enter a number using scientific notation, 5 x 10~ for

example, key in @@@@@ . Also, implied

multiplication is not allowed.

(@ Hard-Copy Function

Hard-copies of information displayed on the CRT can be
made by connecting an HP-IB compatible plotter or
plotter/printer to the 4145B, pressing i
and then pressing | execure | . Plot area is user-specifiable
within the limits of the plotter. The format is as follows:

PLOT xmim Yminr X

/or ) or

max» Ymax

To stop a PLOT or PRINT operation press the key

or ( een )key again.

Recommended plotters are the HP7440A Plotter, and
HP7475A Plotter. Others may be used but they must
have a LISTEN ONLY mode. Refer to Figure 1 on the
next page for more details.

@ Data Entry Key

The @ key is used to enter channel names, user-func-
tion names and expressions, output parameters, com-
ments, etc.

@ Execute Key

The key is used to execute GET, SAVE, PRINT,
PLOT, PURGE, and REPACK commands, and keyboard
calculations.



2. 3 Measurement Preparation

2.3. 1 Test Fixture, DUT, and Plotter Connections

16058-61603
Triaxial Cables

47145B Semiconductor Parameter Analyzer

1605861604
System Cable for 16068A
Test Fixture

or plotter/printer must be set to LISTEN
ONLY mode.

\ 9 .—'“._'"' ofo O] sr.s=eme O Plotter or Printer
16058A Test Fixture - W == [
c o— e mms o i‘:,z,: -} 'E- :'.'I‘:""
= _QEKQ
| - A8, S — Q =} b:ﬂ:::.im_
s o &5 o 0.6 o %IBC,
- = = Rear Panel = J
b HP 10833A/B/C/D HP-1B Cable
Notes: When making PLOT hard-copies, the plotter

Figure 1,

Connection Diagram

BUT Connection and 16058A Test Fixture
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Figure 2.

Figure 3.




2.3.2 Measurement Example

The basic measuremen* procedure of the 4145B is best
described by making an actual measurement, In the
following example we will measure and graphically dis-
play the characteristics of an NPN transistor connected
for common emitter operation. Base-emitter voltage will
be swept and the resultant base and collector currents
will be measured,

@ Test Fixture and OUT Connections

Tum off the 4145B and connect the 16058A Test Fix-
ture as shown in Figure I. Set the 4145B’s VOLTAGE
SELECTOR switch and FILTER switch as appropriate
for the AC line-voltage and frequency. Set up the
16058 A’s Personality Board as shown in Figure 3 and
insert a transistor into the DUT socket. Insert one of the
furnished discs into the 4145B (Jabel facing up), then
turn on the 4145B.

® Menu Page

When the 4145B is turned on, it will first read a portion
of the operating systerz software stored on the disc and
will then perform a brief self-test, after which it will
display the MENU page shown in Figure 4. The softkey
functions displayed or this page are for page selection.
Any page listed on the MENU can be displayed by press-
ing the corresponding softkey. (The softkey for the
DIAGNOSTICS page is displayed by pressing the
softkey.) For our measurement, we will use only the
CHANNEL DEFINITION page, SOURCE SET UP page,
and MEAS & DISP MODE SET UP page. The CHAN-
NEL_DEFINITION page must be set up first, so press
the softkey or the key.

@ CHANNEL DEFINITION

On this page we will select the channels (SMUs, voltage
sources, and voltage monitors) to be used in the meas-
urement, assign source and monitor names, and specify
source modes and functions. The initial setup on this
page is for general use and is not appropriate for the
measurement we want to make. It must be changed to
the setup shown in Figure 5. To do this, move the field-
pointer (») to the NAME V field of SMU1 and then
press thesoftkfry. This will automatically change
the measurément setup to one that is more appropriate
for measurement of bipolar transistors. A few simple
changes remain to be made, however. To make these
changes, first make sure that the field-pointer is in the
NAME V field of SMU1, then perform the following key
sequence:

(=) [¥] (Wil (5] () (=)
OEEIE&E)

The CHANNEL DEFINITION page should now look as
that shown in Figure 5. Note that one of the user func-
tions has been defined as Hpg = I¢flg. It can be quickly
changed by moving the field-pointer to the USER FCTN
NAME field and entering the NAME, UNIT, and EX-
PRESSION. Variables can be used in the expression but
are limited to the channel names specified in the NAME
V and NAME I fields. With the present setup, for ex-
ample, the only variables that can be used in a user-
function expression are Vg, Vg, V¢, Ig, Ig, and I¢.

The next step in setting up the measurement is to define
the output parameters {output voltage, current, com-
pliance, etc.) for the source channels. This is done on
the SOURCE SET UP page. To display the SOURCE
SET UP page, press @

Figure 5.

»#+ CHANNEL

EEEE
3

DEFINITION ##x

USER
FCTN INANE (WNIT) = EXPRESSION

HFE .¢ )= IL/IB

Figure 4.



(@ Source Setup
On this page we will set the output parameters for each

SMU selected on the CHANNEL DEFINITION page. MUUNRM SOURCE SET UP simnen
Note that the source names — Vg, Vg, and V¢ — are al- i
ready entered in the approoriate fields. Vg is entered in AEEP_MODE L INEAR
the VARI NAME field because it is the V name of a SIAA7 - 0000V

voltage source (V MODE) whose SOURCE FCTN is
VARI. Similarly, Vg and V¢ are listed under CON-
STANT because they’ are the V names of common
sources (COM MODE) whose SOURCE FCTN’s are
CONST.

For our measurement, we must set up this page as shown
in Figure 6. To do this, riove the field-pointer to the
VARI SWEEP MODE field and then perform the follow-
ing key sequence:

enlolcnlejalelolcle
EOEO@OEEOO®

When measurement is made, the base-emitter voltage,
VE, will be linearly swept from OV to —09V in —10mV
steps.

## MEAS & DISP MODE SET UP ==

MEASUREMENT MODE: SWEEP

After all conditions have been set, press to dis-

play the MEAS & DISP MODE SET UP page. .
DISPLAY MODE:®»GRAPHICS

® Dietsy ode Selcton and S e [ Tiexie [ Voorie |
On this page we will select the mode for displaying the '

; [SCL | LINEAR | LINEAR | |
measurement results. Four modes are available — GRA- .o0eav | .oe@ A | |

PHICS, LIST, MATRIX, and SCHMOO. For our meas- 1. 0002V [ 12.@8mA | ]
urement, we will use the GRAPHICS display mode.

Base-emitter voltage (Vg) will be plotted along the X-
axis, collector current (Ic) along the Y;-axis, and base
current (1g) along the Y,-axis. See Figure 8.

Figure 7.

To set up this page as shown in Figure 7, perform the
following key sequence:

(2] (=] [e=] () = D ) (=)
=000

ENTER

NIEII0]0ICOI0]0I0]0,
(o)

After all conditions have been set, press @ to dis-
play the GRAPHICS PLOT page.




(® Measurement and Display

All measurement conditions have been set and the
4145B is now ready to make the measurement. Close
the test fixture lid (shields the DUT from RFI and EMI
sources) and press the (@ key. The 4145B will begin
sweeping the base-emitter voltage, Vg, from OV to
-0.9V in —10mV steps. The resultant collector current,
Ic, and base current, g, will be measured at each Vg
step and plotted on the CRT as shown in Figure 8. The
curve with the more acute slope is collector current, and
the other cuive is base current.

Pressing the | EXTN 'softkey displays additional softkey
functions. For example, the |mrcL ‘DCKI softkey replaces
the grid lines with tick-marks along each axis; the
softkey allows entry of comments of up to 30

characters; the| scwe |softkey rescales the plot area to
provide optimum display of measurement results.

@ Marker Function

Measurement results at each measurement step can be
digitally displayed by pressing the| Marker I softkey.
When the MARKER dial is rotated, the marker will
move along the plotted curve and the X, Y; and Y,
coordinates will be #isplayed above the plot area.

he softkey moves the marker to the next curve
in multi-curve measurements (see Figure [2).

The marker can be used to simplify keyboard calcula-

tions. For example, to calculate hpg at the marker posi-

tion in Figure 8, key in / @
execute ). [t is not necessary to input the numeric values.

@ Line and Cursor Functions

Pressing the[ uee v |softkey displays a solid straight line
(LINE 1) or a dashed straight line (LINE 2) between two
short cursors, as shown in Figure 9. Both lines can be
displayed at the same t:me but only one can be moved.
The gradient (GRAD), inverse gradient (1/GRAD), X-
axis intercept, and Y-axis intercept of each line are dis-
played below the plot area. Of the two cursors displayed
with each line, one will be highlighted and can be moved
(line also moves) by the CURSOR keys ( s

, , and( rast ),
To m(@ the o%er cursor, press the softkey.

The line gradient can be input directly from the key-
board by first pressing the softkey. For ex-
ample, to display a line whose gradient is e?, perform

the following key sequence:

[ween ][22 ] (ae) (o) (&) () () (o)
(D@ ) (owr) (=)

Another helpful function is the softkey. When
pressed (marker must be on), the cursor will automati-
cally move to the marker position.

sxnnww GRAPHICS PLOT ##%%%%%
1C - VEE, 18 - VBE

i8
«

1. BEBmA 18. 36uA 3
e g, s ST TS BT

EEA
te-1alfl 1|
. 223
713 . 188@/d1 v

Figure 8.

w##*u#%x GRAPHICS PLOT **%»%ax
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3. IMPORTANCE OF DC PARAMETRIC
EVALUAT{ON

The need for accurate measurement and evaluation proce-
dures in the design and fabrication of integrated circuits
is widely recognized in the semiconductor industry. The
4145B provides the R & D 'ab or production facility with
a powerful too! for use in evaluating DC parameters of 1Cs
in the design stage, or for use on the production line to
evaluate processes. It is also a valuable asset in the design
of electronic circuits emplcying semiconductors in their
circuitry.

® Evaluating DC parameters in IC design

In order to design an effective integrated circuit, it is im-
portant for the design engireer to have a thorough under-
standing of the electrical characteristics of the devices
going into the 1C. (And this includes both their perform-
ance and limitations.) To properly evaluate a diode,
saturation current (Is), dynamic resistance (rd), and break-
down voltage (BV) must he known. And in evaluating
bipolar transistors, it is important to know forward
current gain (hpg) at the collector, collector saturation
voltage (Veg(sat)), early voltage (V,), and breakdown
voltage (BVego and others). Punch-through voltage and
characteristics under stimulation by a constant-current
source, as well as paired characteristics (AVgg) of a
transistor must also be known.

In evaluating MOS transistors, drain characteristics and
threshold voltage (Vr) must be known, along with their
basic effects. Channel conductance (Gds), load current
characteristics, the relationship between beta and trans-
mission characteristics when used in an inverter circuit,
and sub-threshold voltage characteristics must also be
measured.

® Evaluating DC parametets as a process monitoring step
in semiconductor fabrication

The effectiveness of the 4145B in process evaluation dur-

ing semiconductor fabrication is enhanced by the use of

TEG (Test Element Group), a special evaluation device

using DC parameter and C--V characteristics data to ob-

tain a wafer profile.

However, not only does it make good sense to evaluate
electrical parameters during the fabrication process, but
physical parameters are important as well. An example
of how the 4145B can be used here is through the use
of sheet resistance (Rs), breakdown voltage, leakage
current, threshold voltage and other DC parameters.
Add these to C—V measurements and you can see that
they become very useful in evaluating physical parameters
such as oxide layer capacitance (Cgx), oxide layer thick-
ness (tox), surface charge density (Qs,), flat band voitage
(Vra) and others. Statistical data can be compiled and
analyzed, reducing process fluctuations to a minimum.

® Evaluating DC parameters in the design of electronic
responge circuits

In designing higher performance and better reliability into
electronic circuits, it is of foremost importance to know
whether the semiconductor devices (IC’s transistors, etc.)
are capable of doing the job. Ideal operating points must
be established under actual operating conditions, and en-
vironmental factors (temperature, humidity) must be
characterized and accounted for.

Figure 10 shows the development/production flow of an
1C, and Table 2 lists the major DC parameters and charac-
teristics requiring evaluation during the design and fabrica-
tion stage.

Introduction of
NEW Drocess

. Design of
circuit element

for evaluation
TEG proto type

Process
evaluation

| Measurement of
device parameter

CAD
circuit simulation

CAA
1C design Process design

tC proto type

Evaluation

ic facturing [«

Process evaluation

Figure 10. Flaw of IC design/manufacturing

Table 2. Important DC Parameters/Characteristics

Bipotar MOS
Resistivity P Resistivity p
Sheet Resistance  Rg Sheet Resistance  Rg
Breakdown BV Breakdown BV
Current gain hgg Transconductance gm
Saturation V Veg(sar)| Tlreshotd V Vr
Saturation I Is On resistance Ton
Collectoroutput R R¢ Leakage current |y,
Coliecter R fe
Emitter R Te
Base R Iy
Base-Emitter Vge
Ic —Vce I8 Io — Vps | Vos
hrg —Ie V1 — VYsus
Vee —Ic
Ve ~ 1»
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4. 1 Evaluating Bipolar Devices

Application Example 1: Static Coliector Characteristics

In this example, the static collector characteristics of an
NPN transistor will be measured and graphically dis-
played. Results will be analyzed to obtain early voltage
(Va) and collector output resistance (Rc).

Connect the DUT as shown in Figure 11 and set up the
CHANNEL DEFINITION, SOURCE SET UP, and MEAS
& DISP MODE SET UF pages as shown at the right. Next, ¥xXx¥x¥ SOURCE SET UP wxxsxx
display the GRAPHICS PLOT page and press the (snac)
key.

Using the Line Function, draw a straight line between
points A and B (see Figure 12). Collector output resist-
ance and early voltage can now be read directly from the
CRT from the 1/GRAL and X intercept values, respective-
ly. In this example, eutput sesistance is 2.8 1k$2 and early
voltage is ~16.1V.

Early voltage is a particularly important DC parameter for
computer-aided design. On many systems, however, it can
be obtained only by manual line-extrapolation techniques.
As shown here, though, the 4145B calculates this para- a» MEAS & DISP MODE SET UP »
meter and displays the result on the CRT, allowing direct
readout.

* MEASUREMENT MODE: SWEEP

We will use this measurement setup again in Section S, so
now would be a goad time to store it on the disc. Perform e
the following key sequence: [NAME[ V€ ) TC |

@EOOE OO ED Tam

. ]
12. PRV | 10. COmA | |

#¥kxens CRAPHICS PLOT #xs%axx
COLLECTOR CHARACTERISTICS

1c
(mA) CURSORC 3.3998V , 7. 145mA ,
MARKER ¢ 4. 282BV =

== i .
ILINE 1| 354.E-96] 2. B1E+03 |-16. 1E+0@ | 5. 72E-23
(AR T VR

Figure 11. Figure 12.



Ic - VBE and IB — VBE
Characteristics

Application Example 2:

One of the most important steps in evaluating semicon-
ductor parameters is measuring collector current and base
current as a function of base-emitter voltage. These meas-
urements can be graphically analyzed to obtain saturation
current, collector current constant, hgg — Ic character-
istics, along with base resistance and recombination cur-
rent characteristics.

Here, connect the DUT as shown in Figure 13, then
execute the measurement to display the collector current
characteristics and base current characteristics illustrated
in Figure 14. The upper characteristics curve represents
collector current, which is usually expressed as lc =1[; €
(a(Vge — Ipr, JKT) + [.

In the above expression, I, represents saturation current,
[, is the collector current constant, and r, is the equi-
valent base resistance when large DC signals are applied to
the base,

Next, using the Line Function, connect points A and B
with a straight line. The Y-axis intercept data can be read
directly as I, (I, =24.4x107'SA). In this example,
I, =0A, and can be ignored.

To obtain rp, move the marker to a point (point C in
Figure 14) where the collector current is the same as that
at point A. Then using the cursor and marker data, calcu-
late the voltage difference tetween points A and C and
divide the result by the base current at point C to obtain

base resista‘nce Ty @ ©®®@©
EOOOOOEE ()

The value for r, is 9682 in this example.

Other applications using these settings and connections in-
clude obtaining forward current gein (hpg) at any point
on the characteristics curve. This can be done by using
the marker and keyboard calcylations.

SMU-3
SMU-2
I | B
Ig °
-
Figure 13.
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For example, key n s=s CHANNEL DEFINITION ==s

EEOOOOOOEGE

or @@ @ @( execure ) (Refer to Applica-

tion Example S for the procedure on graphing hgg.)

Also, the Line Function can be used to draw a straight
line with a gradient of qf2kT across the base current
characteristics curve in the low current region to evaluate

recombination current characteristics in the surface and

depletion layers. With a qf2kT gradient at 300 kelvin, the
key entries are as follows:

(==, [, c=0®@ 000
eles]o]olelolololelele
olojol=lc

Now, store this measuremrent setup on the disc.

HEOOLOOEED

Application Example 3: Emitter Resistance

The series resistance of the emitter (r.) of a bipolar tran-
sistor can be determined by stimulating the base with
current and measuring the voltage between the collector
and emitter. The inverse of the characteristics curve
gradient can thus be obtained. The connections for this
setup are shown in Figure 15,

The voltage between the collector and emitter (Vg ) will "7 MEAS & DISF MOOE SET LR =<
be shown on the X-axis, and the Y.axis will graph the base
current (Ig). Figure 16 shows the measurement results.

Using the Line Function, connect points A and B with a
straight line. The inverse gradient of the line can be read

MNAME]
directly. The figure shows r, to be 2.2552.

. 8000V
. . MA)& . 4808V
Name this measurement setup EMTR and store it on the
disc for use in the Auto Sequence application examples in

Section 5.

s=rrnn GRAPHICS PLOT sxasz=xs
EMITTER RESISTANCE

18
- (mA) CURSOR( .@S58V . 3. 458wA ,
S MU-3 MARKERC . @738V 1, 98mA

Figure 15, Figure 16,



Application Example 4:  Collector Resistance ses CHANNEL DEFINITION ass

Measurement of the series resistance of the collector (r.)
v

in a bipolar transisitor is similar to measuring emitter .]-
resistance r, (previous example). Here, current is ap- [eMua ve (1B | 1 | VARl |

. . fvC  |1c | 1 TvaAR2]
plied to the base and collector, and the collector-emitter T I I R

voltage (Vcg) is measured.

To characterize Ig — Vg, two collector current values
(I and Ig,) will be measured. The relatioriship between
points Icy —Ig; and I, — Ig; on the characteristics
curve will be equality (Ic;/lg; = [¢2 /1), and measuring
the Vcg voltage difference (AV) between these points will
give the values required for obtaining collector resistance,
which is calculated as 1. = AV/(Ic; — I¢y)-

Connect the DUT as shown in Figure 17. Figure 18 shows
the measurement resuits.

In this example, ic) =4mA, I, =8mA, Ig; =6mA, and
Ig2 = 12mA. Data at the marker and cursor points show
the voltage change (AV) to be 0.028 volts, so an r; of
7.082 is obtained.

This example clearly shows that the 4145B can beused to
accurately measure series collector resistances in low volt-
age regions, making it particularly valuable in parametric
analysis of CAD models.

#& MEAS & DISP MCDE SET UP =

MEASUREMENT MODE: SWEEP

DISPLAY MODE: GRAPHICS
" axis Vluulc ‘r’2n.v.;:
[NAME{ V€| 18 | |
SCL | LINEAR | UINEAR | |
. 0028V | 108.8uA [ |
]

. 2088V | 28. BBmA

#anurws CRAPHICS PLOT #####sxs
COLLECTOR RESISTANCE

1B
tmA) CURSOR( .@B78Y , B.BR&mA ,
ARKER( . 1158V 2. 02mA

28, Bd/div  (m\VD

Figure 7. Figure 18.



Application Exampie 5: hgg — Ic Characteristics

By ma ing a few simple changes on the MEAS & DISP
MODE SET UP page of the measurement setup used in
Application Example 2, the transistor’s hpg-Ic charac-
teristics can be quic ly obtained. The measurement setup
is stored on the disc under file name ICBVBE, and can be
recalled by performing the following key sequence:

EOOEO®EE
Next, display the MEAS & DISP MODE SET UP page and
perforin the following key sequence:

EIDEI0/0ICH 00010
e ] OO ED O
010D | EC(CED)

The plotted hgg-Ic curve will be similar to that shown in
Figure 19. If the marker is used, hgg at various values of
collector current can be read directly from the display.
The hgg decay constant can be read directly from the dis-
play by using the line function to draw a line tangent to
the linear portion of the hgg-lc curve as shown in Figure
19. The line slope (GRAD) is equal to the decay constant.

This measurement setup will be used again in Section 5, so
store it on the disc under file name HFEI.

*exxxx GRAPHICS PLOT #%x»s&xx»

HFE
¢ ) CURSORC 9.698~A , 3. 7TRE+GD,

Figure 19.
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Application Example 6: List Display

In the preceding examples, measurement results were
plotted on the GRAPHICS PLOT page. In this example,

however, measurement results will be displayed in a list
format.

In this example, VAR2 will éweep base current and VARI
will sweep collector-emitter voltage (Vc) and hgg will
be measured.

Display the MEAS & DISP MODE SET UP page and per-
form the following key sequence: i

L] [ore] [re] o]

The page will be as shown below. Press the key
and then the ( swse |key. Each step value of the VARI
source VC will be listed in the left-most column; the
step value of the VAR2 source Ig will be enclosed in
brackets above the table. Measurement results for hgg,

.Vp, and lc will be listed in the remaining three columns.
Only ten meaiurement steps can be displayed at one time.

DOWN

display additional measurement results. The LIST DIS-
PLAY is shown in Figure 20.

Use the | mosr || , ‘ml.lw ,and | i 1softkeys to

#+ MEAS £ DISP MODE SET UP =

: SWEEP

NAMES

wnnnnnx | JST DISPLAY #xxwxxw

. B08BY o .30V in . D100V atep
18.80uA to 180.BuA in 10.0BuA etep
18, BBuA ]

Figure 20.



Schmoo Plot

The Schmoo Plot is a three-dimensional (X-Y-Z) display in
which five level-dependent, weighted symbols are used to
indicate the relative values the measurement results along
the Z-axis. When SCHMOO is selected on the MEAS &
DISP MODE SET UP page, the VARI source and VAR2
source are automatically selected for the X-axis and Y-
axis, respectively. The same measurement setup used in
example 7 will be used in ths example. Display the
MEAS & DISP MODE SET UP page and then perform the

following key sequence: Lsctuool ‘ ExTH i ] e ]

We must now define the lower limit value that each
symbol is to have. The weighting relationships are as
follows:
M>A>+>:>—

Define the lower limit of each symbol in accordance with
the figure below. (The lower limit of — is always zero.)
When measurement is made, all hgp values higher than
130 will be displayed as M, all values between 110 and
130 wi? lf displayed as A, and so on. Now press ( nexr )
and { swnee ). The resulting display will be similar to the
one shown in Figure 21. To obtain the exact value of hpg
at each measurement point, press the | cwsor | softkey,
This will highlight the symbol at the first measurement
point and will display the Z-axis value, above the plot
area. When looking at a Sclunoo Plot, think of the Z-axis
as projecting out from the screen.

Application Example 7:

#+ MEAS B DISP MODE SET UP =

MEASUREMENT MOJE, SWEEF

LDISPLAY MODE: SCHMOD

50. BE+28

##xxwwns SCHMOO PLOT *#sexss

13R. E+R2
118. E+BR
B2. RE-DPB
5@. BE+P@
S@. PE-2R

s BOALSLAMMN
AnAMMM
16€. Pu

Zaxis = HFE

'8 4y  CURSOR( 120.E+n@)

i alﬂ""m’i -

A44SMMNMMI

ASAAMMMM

A8 AMMMMNM
b A8 AMMMMMM

Figure 21.
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Application Example 8: Matrix Display

When MATRIX is selected on the MEAS & DISP MODE
SET UP page, measurement results obtained from one
monitor channel or user function are displayed as a func-
tion of the VARI source and the VAR2 source.

The same measurement setup that was used in example 7
will be used in this example. Display the MEAS & DISP
MODE SET UP page and perform the following key

sequence: | P || - Il - |

Only one monitor channel or user function can be se-
lected.

Press the ( %7 ) key and then the GMB key. The result-
ing display will be sim lar to the one shown in Figure 22,
Each step value of the VAR1 source V¢ will be listed in
the left-most column; each step value of the VAR? source
Iz will be displayed in the top row of the table. hgg at
each VAR1-VAR2 step combination is displayed as shown
in Figure 22. Only ten VARl measurement steps and
three VAR2 measurement steps can be diwlaﬁt one

ROLL

00w

time. Use the [mm] LesT and soft-

) ’ ue »
keys to display additional measurement results.

s+ MEAS & DISP MODE SET UP =e

NAME

#xdeer MATRIX DISPLAY ##wwxx

= ,@PEBY to 3000V in .BIOBV step
= 12.08uA to 18B.BuA in 12.B3uA step

[ HFE MEASUREMENT 1

N T S T S

7. 8B7E+0p
. 2E+gn
. BE+ge| 19. 6E+en)
. BE+pg
. 7E+gp

Figure 22.



4. 2 Evaluating MOS Devices

Application Example 9: Measuring Threshold Voltage
{Vt) of MOSFETs

The threshold voltage of an enhancement type MOSFET
is defined as the gate voltage required to cause a predeter-
mined value of drain current to flow. In this example, Vg
is the gate voltage required to cause 10 pA ofdraincurrent.

Connect the DUT as shown in Figure 23, and setup the
CHANNEL DEFINITION, SOURCE SET UP, and MEAS
& DISP MODE SET UP pages as shown at the right. The
VARI source will sweep the gate voltage (V), and the
VAR2 source will sweep the source-substrate voltage
(Vsg). Gate voltage (V) will be linearly plotted along
the X-axis and drain current (Ip) will be logarithmically
plotted along the Y-axis.

Measurement results are shown in Figure 24. Here, the
left-most curve shows the drain current variations when
substrate voitage (Vsg) is constant at OV. To obtain Vg, s
move the marker along the left-most curve until Ip =
10uA, then read the gate voltage (X-axis) displayed above
the plot area. In Figure 24, Vt is 2.017 volts.

Because of the device’s body effect, threshold voltage
changes as substrate voltiage changes. Thus, if Vr|Vgp =g
is known, Vr at any value of Vgg can be calculated as FEAREAS OISR SR U e

. " MEASUREMENT MODE: SwEEP
V1 =Vro —7 [ (Vs +2¢£)” — (2¢1)™]

where Vg is threshold voltage when Vgp is zero, ¥ is the
body effect coefficient, and ¢f is the Fenni potential.
Also, the body effect coefficient, ¥, can be obtained from
this equation.

Note that the 4145B is capable of stable current measure-
ments down to 1pA.

wurnxs GRAPHICS PLOT #xwsrxws
SUBTHRESHOLD CHARACTERISTICS
SMU-3
Vp, Ip
Tosay
D l
SMU-2 SMU—4
I I G SB l gl I -
|——O—IE—G— i
Ve ? S Vas
SMU—1
COM
v
. 502R/div
Figure 23. Figure 24,



Application. Example 10: Measuring Threshold Voltage
{Vrt} of MOSFETs

A frequently used method of measuring a MOSFET’s
threshold voltage is to bias the device such that the gate
and drain are always at the same potential and measure
its characteristics in the saturation region. Drain current
in the saturation region is calculated as

Ip = B(Ves — V1)
where f§ is the gain factor of the device and is expressed as
1 W €ox
“2HL Tox
By taking the square root of both sides of the I equa-
tion, we find that the relationship between VIp and Vgs
is linear, with a slope of \/B crossing the X-axis. The point
at which the slope crosses the X-axis is the threshold volt-
age. Thus,

VI = VB (Vgs — V1)
The user function can be used to perform this calculation
duting measurement. The Line Function can then be used
to determine Vip and .

Set up the CHANNEL DEFINITION, SOURCE SET UP,
and MEAS & DISP MODE SET UP pages as shown at the
right. The user function must be defined as I (nA)=
v Ip* 1E3. Also, on the SOURCE SET UP page, the
VARY ratio must be specified. To do this, move the
field-pointer to the VARI START field and then perfonn

the following key sequence: @ @

This will insure that the gate and drain voltages, V5 and
Vp, will be equal throughout the ineasurement. Measure-
ment results wilt be similar to those shown in Figuze 26.
To obtain Vr and g8, draw a line along the iinear portion
of the curve. The X intercept (2.13V in Figure 26)is VT,
and the square of the line gradient (GRAD) is § (0.25 in
Figure 26).

Figure 25.
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Application Example 11: Measuring Transconductance
{gm) of MOSFETs

v+ CHANNEL DEFINITIDN s»s

SOURCE

The transconductance of a MOSFET is defined as the CHAN v [ 1 |MODE | FCTN |
device’s ability to vary drain current (output) in response sMua V6] 16|V | VARL |
. e . i . sMud vD |10 | Vv |
to gate voltage (mput)' variations, with drain-source voit
age constant. In equation form
gm = blpg I
AV(,S VDS constant
In this example, we will measure Ip at five different

values of drain voltage and use the user function to cal-
culate and plot gm.

Set up the CHANNEL DEFINITION, SOURCE SET UP,
and MEAS & DISP MODE SET UP pages as shown at the
right. Define the user-function as

GM (S) = AID/AVG

Measurement results will be similar to those shown in
Figure 28.

The marker can be used to obtain direct read-out of gn
at any bias point. Also, threshold voltage, Vi, can be
obtained by drawing a line as shown in Figure 28 and
reading the displayed X intercept value. In Figure 28, V1
is 2.18 volts.

SCL L‘]I'JEFR

wnnnwne CRAPHICS PLOT #*#aanx
GM - VGS

CH
(5 ) CURSORC 3. IHBBV 588. E-BB,
MARKER ¢ 3. 428 g.g

Figure 27. Figure 28.
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Application Example 12: Measuring Channe!
Conductance (Gds)
of MOSFETs

Channel conductance (Gds) is one of the most important
parameters used in the design of MOSFET analog switch-
ing circuits. For MOSFET biased for linear operation, Gds
is defined as the ratio of drain current [pg to drain-source
voltage Vpg when Vpg is near zers. In equation fonn

Ips -
Gds = = 28(Vgs — V1)
VDS ' VDS -0 ﬁ cs

During measurernent, the drain must be held constant at
S0mYV in order to operate the device in the linear region.
Gate voltage V5 and substrate voltage Vgg will then be
swept and drain curzent Ip will be measured. The user
function will be used to calculate and plot Gds as a func-
tion of Vg.

Connect the DUT as shown in Figure 29 and set up the
CHANNEL DEFINITION, SOURCE SET UP, and MEAS
& DISP MODE SET UP pages as shown at the right.
Define the user function as

GDS(S) = ID/VD

Measurement results will be similar to those in Figure 30.
The marker can be used to obtain direct read-out of
channel conductance at any value of gate voltage. For ex-
ample, moving the marker along the Vzg = OV curve until
Ve =3.5V obtains a2 Gds of 1.35mS (point B in Figure
30). Threshold voltage, also, can be obtained by drawing
a line between points A and B and reading the X inter-
cept of the line. In Figure 30, threshold voltage is 2.14
volts.

| l“',r“ . ID

Figure 29,
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4. 3 Evaluating Solar Celis

#eos CHANNEL DEFINITION sse

This example shows how the 4145B can be used to =
evaluate solar cell parameters. The maximum output
power, optimum operating voltage, and optimum operat-

ing current of both single crystai silicon and amorphous
silicon structures can be easily obtained.

Connect the DUT as shown in Figure 31 and set up the
CHANNEL DEFINITION, SOURCE SET UP, and MEAS

1 {0 3= JavE

& DISP MODE SET UP pages as shown at the right.
Define the user function as

P(W) = §*VF

Figure 32 shows the output characteristics of a silicon
solar cell under constant illumination by a solar simulator.

By positioning the marker at the maximum power point,
optimum operating voltage and current can be read direct-
ly from the CRT. In this example, maximum output
power is 87uW, optimum operating voltage is 2.975V,
and optimum operating current is 29.26/1A.

Additionally, by making a few simple changes to the
measurement setup, short-circuit current Isc or open-
circuit voltage Voc can be obtained.

m— laxie
[AWel vE [T |
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Figure 31. Figure 32.



5. AUTO-SEQUENCE PROGRAMMING

EXAMPLE

This section describes the method of setting up the Auto-
Sequence'to obtain four different bipolar tiansistor para-
meter measurements, with a continuing plot connecting
each measurement. The four measurement setups were
stored in Application Examples. 1, 2, 3, and 5. (Figure
33)

First, from the Menu page, press to display the

Auto-Sequence Setup page.

As shown in Figure 34, enter the various commands using
the Softkeys and Data Entry Keys, then program Auto-
Sequence by specifying the measurements, plot position
and dimensions, and the measurement data recording se-
quence, etc. Repeat all steps as directed until the program
is complete. At any point where program execution
should be halted for analysis, insert a PAUSE command.
(The program can be restarted with the key.)

Execution of the Auto-Sequence program is started by
pressing the AUTO SEQ (starristoe)

Figure 35 shows how the various characteristics and DC
parameters of a DUT can be automatically measured,
plotted, and stored using the 4145B’sauto-sequence func-
tion.

To store the Auto-Sequence program on the disc, attach

the file name BIP to it and key in ::@ @ 8 @
0]0]010

Volume : KP4
available records

comments

Sslmen

Wwwwwww

o @
LOONB@BWUM

Figure 33.
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Exampie plot of Bipolar Transistor Characteristics
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6. SYSTEMIZATION

One of the steps proven most effective in shortening the
lead time between the conceptual stage and actual produc-
tion of semiconductor devices is laboratory automation.
A system capable of accurately measuring the various
characteristics of a device and automatically extracting
parameters for analysis to provide the design engineer
with instant feedback is essential.

Furthermore, such a system becomes even more import-
ant as advances are made in VLSI techniques, and as more
devices and circuits are designed using CAD simulation
techniques. Here, a measurement system is called for that
can extract model parameters constructed to duplicate the
actual device with a high degree of accuracy, and feed
them directly into the CAD system.

The 4145B js designed to function as the nucleus of a
system that will meet these requirements and objectives.
The configuration of an idealized system is shown in
Figure 36.

With the ability to measure DC characteristics of semi-
conductor devices down to the 1004V and 1pA range
—and its high sensitivity — a 4145B-based system will
prove a valuable asset in both the R & D laboratory and
in quality-control on the production line. lis capabilities
in the latter application include C—V measurements at
frequencies ranging from DC te IMIiz to evaluate junc-
tion and oxide layer capacitance, and to determine volt-
age dependence characteristics. Other possibilities with
the 4145B — 4275A Multifrequency LCR Meter — 4140B
pA Meter combinaticn are the measurement of oxide
layer thickness, and flat band voltage.

HP-IB is used to pass program control between the con-
troller and the various instruments and wafer prober. And
in a system where device characteristics evaluation is the
primary objective, the controller can be used to initially
process the measurement data, then transmit it to the host
computer. The host computer can then use this data to
attach numerical values to device parameters and deter-
mine distribution patterns. Interrelational diagrams be-
tween parameters can be constructed to give the design
engineer a powerful tool for use in designing effective
working circuits,

When the system is applied to model parameterextraction,
the controller can use the measurement data to construct
the model parameter for input into the CAD system.

As shown in the system configuration diagram (Figure
36), using the 4145B permits a completely automated
semiconductor device measurement system to be as-
sembled with far fewer individual instruments than pre-
vious systems, improving cost-performance and device
reliability at the same time.

Silicon wafers
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Figure 36.

Automatic measurement system for CAD system
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