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INTRODUCTION

Process engineers and process design engineers have long
wanted an inexpensive, easy-to-use, automatic measuring
system capable of quick and accurate characterization of
semiconductor devices, particularly field effect and bipolar
transistors. They have especially wanted a system capable
of measuring DC parameters at ultra-low current levels,
in the picoampere range.

Systems presently used for characterization of semi-
conductor devices are not only expensive but also difficult
to use, requiring a great deal of time, effort, and expertise
on the part of process engineers and process design
engineers to set-up and maintain.

This application note describes two applications for the

Model 4140B pA Meter/DC Voltage Source, configured
into just such an automatic measuring system. The first
application describes the measurement of the hpgg-I¢
characteristics of a bipolar transistor; the second
describes the measurement of a field effect transistor’s
(FET) transconductance, g,. In both applications,
measurement is made down to the 107 A range.

The measuring system used in both applications consists
of the 4140B and an HP desktop computer (the Model
9845T or the inexpensive Model 85A). Both computers
have a graphics CRT for quick evaluation of device charac-
teristics, and both are equipped with a built-in thermal
printer for accurate, inexpensive hard-copies of charac-
teristics plots.

HP 16055A

HP 4140B

Electrostatic light-shielded
Test Fixture
(Furnished with HP 4140B)

Fig. 1 Automatic Semiconductor DC Parameter
Measurement System

pA Meter/DC Voltage Source

HP 9845B/T

Desktop Computer

(Note : The photograph on the front-cover shows the
system with the HP85A Desktop Computer)
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ABOUT THE SYSTEM

In order to realize a truly automatic system for measuring
the low current (1075 A) DC parameters of semiconductor
devices such as bipolar and field effect transistors, a digital
picoammeter with the following capabilities is required:

(1) Measurement resolution of 0.001 pA.
(2) HP-IB compatible.
(3) Two programmable voltage sources.

(4) Rejection of externally generated noise, and preven-
tion of undersired leakage current from flowing into
the meter.

(5) Timing control between applied voltage changes and
the actual measurement.

Until recently, though, no picoammeter had all of these
capabilities. Thus, a costly, complicated multi-instrument
system had to be configured, presenting engineers with a
multitude of interfacing, timing, and noise problems.
Also, resolution and accuracy were insufficient.

98034A HP-IB Interface

The HP Model 4140B pA Meter/DC Voltage Source,
minimally systemized with either the Model 9845T
Desktop Computer or the 85A Personal Computer, provides
a complete solution.

Figure 2 shows a block diagram of the system. Although
simple, this system has some really powerfull capabilities:
I-V characteristics measurements over the current range
of 105A to 1072A, calculation of essential parameters
for semiconductor evaluation, CRT and hard-copy plots
of measured characteristics, and more.

The system can be used to evaluate the semiconductor
manufacturing process, as well as the semiconductor
itself. Device characteristics are plotted on the controller’s
CRT for quick evaluation, and, if desired, clear and
accurate hard-copies of the displayed plot can be made.
Also, multi-color, high resolution plots are possible by
simply connecting an HP plotter.

82937A HP-IB Interface

¥

) —

41408B
pA Meter/DC
Voltage Source

9845T 85F
Desktop or Personal
Computer Computer

Furnished Electrostatic/
Light-shielded
Test Fixture

16053A or
Test Cable

Probe Station

(See Fig.1)

with option 312
1/0 ROM

Fig. 2 System Block Diagram

(See cover)

with 00085-15002
plotter ROM



APPLICATION : hgg—I¢ Characteristics Measurement

APPLICATION : Transconductance Measurement of FET

In many applications of bipolar transistors, it is important
not only that hgg (DC current gain) be large but also that
it not vary with changes in current levels. It is evident that
in the absence of recombination within the emitter-base
space-charge region, the current gain is independent of the
collector current. The larger the recombination rate, the
more the current gain drops at low current levels.

Such recombination can also cause noise current inside
the transistor, so that the measurement of very low level
current is useful in the development of low noise transistors.
In measuring hpg with the 4140B system, the Vp voltage
source supplies the voltage between collector and base,
which is set to zero for making the collector voltage equal
to base voltage. The other voltage source V4 ( o ) of
the 4140B is used to drive the voltage between emitter and
base (same potential as collector). Because the pA meter of
the 4140B is floating, it can be inserted either between the
collector and the collector voltage supply or between the
base and ground. Consequently, by making only one
connection change, both Ic—Vgg and Ig—Vgg character-
istics measurements can be made using the same program.
The sample’s hpg is then calculated from these measured
values as:

I

hpg = ——
Ig | VBE

Sample plots are shown in Figures 5 and 6.
The connection used for the hgg measurement is shown in
Figure 3. The program listing is given in Appendix A.

Test Fixture 16035A Test Fixture [6033A

(a) Ig-Vpp measurement (b) Ip-VRg measurement

Fig. 3 Connection for I, Ig—Vgg and
hpg—Il¢ Characteristics Measurements

The gate impedance, i.e., the input impedance of an FET
(field-effect transistor) is very high. This high input
impedance is one of the distinguishing characteristics of
field-effect transistors as compared to junction transistors.
At room-temperature, leakage currents of a reverse biased
silicon p-n junction prior to breakdown are of the order
of picoamps to nanoamps. However, surface effects can
lead to drastic increases in junction leakage currents, and,
thus, degrade the high input impedance of the transistor.
Therefore, subthreshold characteristics measurements are
useful for evaluation of the diffusion or ion doping process
where impurity contamination may occur, producing
leakage current via the surface or through the depletion
region.

Transconductance, gy, is one of the essential parameters
to evaluate the manufacturing process of J-FETs or MOS
FETs. The g, value at some change of gate voltage or
g8m—VGs characteristics can be derived from Ip—Vgg
(drain current vs gate voltage).

This Ip—Vgs characteristic must be measured in the
subthreshold region (down to 107'5 A) of drain current
to the current (up to 10> A) where the FET is completely
turned on. For such a wide (11 decade) range, the gy
value is calculated as follows:

B alp Alp
AVGs | Vpg

aVGs

&m

The system using the HP 4140B measures current from the
subthreshold region to turn-on (see Figure 7), and calcu-
lates the g,,—Vgs characteristics as shown in Figure 8.
Figure 4 is the connection for measurement of Ip—Vgs
characteristics. The program listing is given in Appendix B.

Under
Test

Test Fixture 16055 A

Fig. 4 Connection for Ip—Vgg and
9n—Vags Characteristics Measurements
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Ic,Tb-Vbe CHARACTERISTICS
Veb= @.28 V

1E-23 | Id-Vgs CHARACTERISTICS
| Ic ) Vds= 5.8@ V
~ 1E-83 |
c1E-26
1 __1E-26
S1E-89 } p .
o [ = 1E-29
TleE-t2 =
1E-12
138 -2 -9 1E-15_ s
Voe (V) Vgs (V)
Fig. 5 Fig. 7
Hfe-Ic CHARACTERISTICS Gm-Vas CHARACTERISTIC
1E+83 Hfe x1E-33 g S
4 r Vds= 5.09 V
1E+@2
~ 37
1E+01 o
£t 2
1E+00 E
1=
(U]
1E-01 1
Ic (A}
EeTETETE g A==
LLI W W L tf Vgs (V)
Fig. 6 Fig. 8

Note) 1IE+N=1 x 10™N

(Refer the program listings in Appendix A and B)

SUMMARY : The 4140B System Contribution REFERENCES :

The system described in this application note is useful: 1. Grove, A.
Semiconductor Devices.

© To measure model parameters for circuit simulation
in semiconductor device development/Integrated Circuit
design,

S. 1967.  Physics and Technology of

2. Noguchi, H. 1979. Hewlett-Packard Journal, Vol. 30,

No. 12, pp.10- 19,

0 To measure device DC parameters for process control

and evaluate other control parameters for maintaining 3. Hewlett-Packard Application Note 238 “Semicon-
high reliability. ductor Measurements with the HP4140B Picoammeter/
DC Voltage Source.”

And because the system is based on a pA Meter capable
of measuring current-voltage characteristics down to
10715 A region, it is well suited for quality control applica-
tions, such as gate leakage current measurements essential
in failure analysis of the semiconductor process.

4140B SPECIFICATIONS

MEASUREMENT FUNCTIONS: ‘I, IV and C-V :

CURRENT RANGE: 0.001 x 10™2A — 1,999 x 1072A Function Va VB
DISPLAYS: 3-1/2 digits 1 A S P —
BASIC ACCURACY: 0.5% I-v /SN ™ =
MEASUREMENT TIME: Approx.4ms — 2.56s Ccv VARVAN

CALCULATED CAPACITANCE RANGE: 0.1pF —1999pF RAMP RATE:

— 5

0.001V/s — 1.000V/s
VOLTAGE SOURCE (V4 and Vg): 0.00 to £100.0V SWEEP MODE: Auto/Manual (Pause)



APPENDIX A:

“hgg-Ic’’ Program Listing for the HP85A

For DUT connection, refer to Figure 3.
One connection change is all that is necessary for Ic—Vgg
and Ig—Vpg measurements.

bRy

t

OFT TN

Ui O3C

BE D WL
59 M=r1Y
28 DILP

1 PRl
TaOLHPUT
2w GOsUB
2@ GOSUE
188 LOsUB
116 EHD
ize !
1728 ITMAGE
1468 1MALE

HII
158 THAGE
1A !

ive b k¥
1268 DIsF

"4148E Addres:

Hie-Io PROGRAHM 333

"HFE" . .. MAR.12.19&81

BERSE 1
] ’ ArZamy, Co2Ens, Wod

i.\'l

Dade P
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I Megs-cetting
Moeasuremnsnt
I Grarhic-outrut
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BAG
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OUTROT MWL
Fiag 1=1 T Nz

ERTER ™M DoIx, wacln

DISF USTHG 148 (ERG RN IO A I
HEST 1

RETURH
)

! %% Srarhic-outrut 8%
M=
Mi=184

FOR 1=1 TO
Me=MANIHD .

GRAPH

LOCATE 38.118.23.:882

FEH 1 '

Mi=1 E-15

Mz=.81

SCALE B, W2, LGTOML ) LGT M)

ARES 2. 1.8,0.6ToML
DEG
w=Uz-ul

W ToM2r-LGToMLa

¥1=LGT oMl

MOVE Wi+¥E SS5.%1+Y¥1 15

LORG 5

LABEL "lc,JTh-VYbe Characteris
tics"”

MOVE Wi+EX 2:-(1+Y$1 a5

tor""

IHFLT 0%

OIzP "Input for Hbe SWEEF

STRET W7 . STOF L&¢

STER W7, STEP ULLHl"P::

~ ! L r_ e H

IHFUT IERNTE- SR Tl UB

HI=RESCIVME-Y12-UE5

IF FROML 2#i THEN t2=IH1iH13+

21 M2 1z & ot STEPR

IF FROMLI»=8 THEM HZ=IHTiH1l+

1 1 M2 1= # ot STEFR

PEUIN AOH2 DO NS VBN

EWHP

i F%¥ Messzurement ¥¥E

I ¥%% leo-Vbe Measursment $xE
DISP "Connect DUT $for JTo-ihe
, G:HI, B:GHO. E:-Wa., LO: Wb,
Then Press ‘CONTY

FRUSE

ISP "Measzurina"

DgTPUT M P 'FIRALITI NITZARZBILS
P’ K "

DUTPUT M USTIMG 138 ¢ "Pst oy
SURTY LY NPEY L WIL PO L. TL. PR
LR Y 15 ]

GUTPUT M oMLY

Fsb 2
LHSEL
MOVE
IMAGE
LABEL
MOVE
LOIR
LABEL
LOLE
MaVE
LABEL
MOVE
LABEL
FEH 1
B %
CE1ZE
LOIR
LORG

MOVE
Ful 1
LHABEL
HEXT
LI & &
512
LOIE
LORG
FR

uD”'r:u : U$
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I
"I, I R
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Wi+dd 31.%1-vE 2
"HE d4148B"
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[£X]

BoTO U2 STER  1ASGHOUE
YOLETOMtL Y- 2

%)
|

I Huis a1t Flot dxd
E 2

o

I=L5TMMLY TO LGTiME Y 2T

358 FORE
378 EHTER
IgaE OIsP
396 HERXT
108 | dEX
418 DISF

lb-itbe.

U:vh"
128 FRUSE
43@ OISP

=1 T H2
Mo RACI. MOLY
DSTHEG 148 5 WOTd.RCID

Io-Whe Meazurement X¥%

"Change conhnection +for

C:GND. B:-HI. E:Wa. L

*Measurins”

443 QUTPUT M i "F2RALTLIJITZAIELLS

ER

453 GQUTPUT M OLESIMG 139 "FZY, U1

SUETH,

voua

)'.'l:.:f B " FpE " . 'A.-‘

SUPOMLTLL PR

1940
1858
1864
1678
16858
1838
1198

-
-
-
ey

PRrarsyay
[Py

o e o3
PR ouod

EF 1

MOWE 8-=%.81.1

LHBEL USIHGZ 1589 5 18~]1
HEXT [

PEH 1

LIHETYPE 1

FUR I=1 TO M2
PLOT C(THUI-U32
ABSCACT 22

IF THVIE-UIUERSGHOYE Y THEH
1138

HEXRT 1

PEMUF

LINETYFE 2

FEGNOWZ D, LGT
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APPENDIX B: “g -Vgg' Program Listing for the HP85
FOR I=1 T Mz Im™7GS ’ ’
PLOT (IdMIA-YIvFaGNCY2 ., LiaTe
ABSCCI T xo s

IF TAVI-UE>L24SGNCWEY THEN
1238

For DUT connection, refer to Figure 4.

HEXT [

LIHETYPE 1

coOpy

DISP "PRESZS ‘CONT'™® i8B!l RE¥ Gum-Ves MERSUREMENT f¥d
PRLISE 28 vt "am=Yazt L MARE 12 1331
' %% Hie Axes %*¥¥ g M=Fi7

Hz=18808 49 GPTION BASE |

Hi= @1 S DIM SEC2nd. 0801563

DISP "Hfeimaxi=1E? C1EZ»® el DIM 11¢1@@>,0101aay Joiaas
INPUT HZ2 7B DISF "4148E Address Code 7 O
Mi=1 E-195 Fiva®

Me= a1 WOIHFUT M

GCLERR FRINTER IS 18

GRAFPH GOSUE 22 ! Meas-setting

SCALE LGTOMIY  LGTCME3 . LGTCH
13, LGTCHZY

AXKES 1.1, LGTOMID, LGTOHL)
MOVE LGTOM20+(LOTI(MI3-LGTEM

GOSUE 358 ! Measurement
GDsUE 4249

GOSHE 1188 t Gm-calculation
COSUB 1288 ! Grarhic-outru?

YR RS A B Y SN, VI v x Y
[l hodie o Rl

[ R N U PO g W Py

120% B2, LGTCHI»+(LGTCHEY-LE EHD
TiHl1»3% .1 i
8 LDIR B IMAGE ZR.M30Z.20."."
9 LORG 5 IMARGE 13/ ": “.MDCODRZ DD, K
g CS5IZE 4 IMAGE MZ . 0D." Y ", M2 . 0DDe,®
B3 LABEL "IccA»® A"
8 MOVE LGTCMIO-CLGTCME-LGTEM 283 IMRGE 18\.": ", 12A
129% 2. LGTYH2»¥ (1750 218 1
a LOIR =0 228 | ¥%¥¥ Meaz-zetting ¥%%
¥ LABEL “Hfe" 228 DISF "DUT=? (Ur to 18 charac
2 MOVE CLGTOMZI+LGTCMIN-2,1. ters)"”
2¥XLLTCHE? 248 IHPUT =%
LOIR & 258 DIsSP "DATE=?"
LABEL "Hfe-Ic CHARRCTERISTI 2e@d INFUT Df
cs" 279 OIZP "Input i START W7, sSTOP
MOVE CLGQTCMIO+HLGT ML 2.1 . We, STEP W7, STEF DRELAY({sec
ASELGTCHEZ ) 7. HOLD TIMECzec)»?,Yds"
3 LAREL "HP 41488" 236 IHNPUT W1 U243, T1. 72,48
CeIZE 2 298 NI=ABS {W2-V1 43
LDIR 28 390 IF FP(M1OY#B THEN H2=INTC(HIJ+
LORG & 2
FOR H=LGTCM1>» TO LGVIME» 57T 1 IF FPOM1»=8 THEH Hz=IHTC(HN1>+
EF 1

1

REOIM I1CHEY GIONZY WINED
RETURHN

]

MOVE M. LGTOHL ) —-CLGTCHE Y -LIsT
CH1d2% B

d Gl ek 0 L
DR CRINE W)
hodinod

LAREL LISIHG 1358 ; 1@~H g !

HEXT M B %% Meazur=sment ¥i¥¥

W= 358 0T3P "Connect DUT tor Id-Uss
MOVE LGT(ML—CLGTCMZ»-LETIM Measz. as D:HI., G:va, S5.6LHD.
122% 81, LGTCHIX1A~N> LO:MEy "CONT "

LOIR @ Ivh FRUSE

LLORG & I8 QUTPUT M s FZRALIT.IITZRIEBLILE
LABEL Hi%1@~HM Man

H=H+1 328 QUTPUT M USTHG 178 : "pSt
IF NXLGTCHZ2-LGTCHL Y THEHN 1 SURTHLUZOMPEY LI TPDYLTL. YPH
s52a "LT2.PE" MO

GUTO 1554 488 OQUTPUT M " MWI"

k%% Hie CHLCULATION ¥%¥ 418 DISP "MEASURING®

FOR I=1 TO HMZ 428 QUTPUT MovHLY

PEHMH SGNCACI»~CiTox 428 FOR I=1 T0O N2

PLOT LGTCABS ORI » 22, LGTCHES 448 EHTER M ; Tio12,801Y
CRCIPACOTDd 458 DIZP LUSING 138 ; MCIr,I1<¢12
HEAT I 468 HMEXT 1

copy 473 RETURHN

RETURN 488 ¥3¥% Grarhic-outPut &%

398 GOLERR

Se8 GRAPH

10 LOCATE 3@8.118,.25. 39
528 FEM 1

538 Mi=1 . E-15



M2= . il ) 1148 GE=@

SCALE V1, W2 LGTOML Y, LEToMEs (156 FOR T=1 T H2-1

AXMES 1.1.41.LGTvMLY 1168 GR=HAXNG2, G141

DEG 1178 NEXT I

u=y2-ul $128 GI=18-CINTILGTIGED ) ~
Y=LGTAME~LGT(MLY PG I#R AND LGTIRZ

YASLGT MY 198 RETURN

Y2=LLTIMZ2? R 288 ! fX¥% Grarhic-outPput ¥3X

MOVE W1+X% . S5,¥1+v¥1 .15 219 GCLEAR

LORG 3
LABEL "Id-YWasz Characteristic

GRAFH
YRR+ THT G2 G
1=@

=

MOVE Y1+M% 25, Y1+¥%1 87

b ek b d o
™
e

£ B T2

30 D

. 3

223 HovE, S8 SCALE W1 M2, 8, GIRRCI+IHTIGE,
25 all o [ ]

279 LABEL "OUT=";5$ 268 ANES 1.G3,IMTCYI) . @

Egg ?EEEEU%;sz*ﬁ!gi*xglhgﬁ 2 ok Gm ounit x plot ¥y
=L 5 ds=",Ms D0 " — 2868 CSIZE 3

7E@ LABEL USINHG £28 : 4a 54 LDIEEQﬂ

S10 MOME M1-XE ZLY14YE RS 2R LORG &

728 LOIR 9@ . 1@ OFOR I=IMTOMID) TO 1T M)
C38 LABEL "Td CAX 220 MOVE I.-0Go% o1

7E8 MOVE W1+X¥% 31.%1-%% 2
v6@ LABEL "HP 41ld4ap"
FEE MOVE Vi+KE 93,.%1-YX,
vae LRBEL “Yas {ywe
TRE MOVE MI+EX 93.%1-YE.

LABEL I
HEXT 1
Pod¥s Gm ounit » Flot %3¥

CHIZE 3

Fod

(Y

LOIR &
LORG &

1264
1273
125a
1234
132PA
1318
) 1328
748 LDIE & 13230 F¥Dh #
12409
L2538
1268
1 (5]
17484
1328
1406

28n LABEL O% o

218 FPEM 1 B8 FOR I=a T INTIG2-GIV+IFRIL
26 | ¥E¥ Vas Axis umit plot %Y GTCGZa 40

856 CSISE 3 1419 MOWE THTCWL ) =CIHT MY -THT oY
2408 LDIR 8 132d @1, 1#%G3

25/ LORG & 14728 FXD &

HER FOR I=IMTOMID TO INToUE: 1438 LABEL I

TPO MOVE 1.¥1- 1 14489 HERT I

Sed FHEO 1 14508  k¥% Gm PLOT %k

298 LABEL 1 1468 MOVE W1+K¥ SS5,v1+v%1 15

A6 NEXT I 147@ LORG S

218 ! ¥%¥ Id Axiz unit elot EE% 1428 LABEL "Gm-VY9= Characteristi
926 CSI1ZE 2 cst "
2728 LOIR @ 4 MOWE W1+xE 25, Y1+Y%1 87

440 LORG & = Fulb 2 '

asm FOR I=¥1 TO ve 5 LHBEL "DUT=";%4%

e MOVE Wi-H& @81, 1

S7G LABEL USIHG "Mie™ ; 18-l

386 HEAT 1

998 PEH 1

188 LIMNETYPE 1

1616 FOR I=1 TO M2

1826 PLOT WI+0I3U3-V3 0, LETCARS(]

MOVE M1+X,Y1+%%1 A5
IMAGE "Gm -0=5) 2", Mie
LABEL USIMG €98 ; V@
MOVE W1-K& 15.%1+Y% 55

LAEBEL USING 1536 ; 53
LOIR #

RO Jhon

Oy LR e el o s IO Q0 T L )i e D LD

o R S 0 I R D 0 DD

1¢f22 MOUE W1+5% 31.Y1-v%.2
1328 IF M1+0I3V3-Y320ue THEH 185 LABEL “HP 41aag"

9_. 8OMOVE W1+HE 39,¥1-Y¥ 2
1843 NEAT 1 B OLABEL “Yag cyan
1858 FEHUP MOVE WJ14+X% . 29,Y1-v% 3

1vea CoPy LHREL 0%
1ave DISF "PRESS 'CONT @ PEM 1

1686 PRUSE
1998. RETURH
1i@a ' ¥¥% Gm-calculate $%%

LIHETYFE 1
FoOR I=1 TO HMZ-1

Ty T T T PP T

f—h b b ok b b ek b b ok b o b b ek b b b bt k] e e ik bk

D D T D D

£50 PLOT VI+(T-13%Y3, G141
1116 FOR I=1 TO HE-1 E98 IF U1+0I-104U302 THEN 15@
1128 GLODY=ABSCOTL1CI+13=110T 50y 7EA NEXT I

23 718 COPY
1138 NERT I 728 RETURM

For more information, call your local HP Sales Office or nearest Regional Office: ® Eastern {201) 265-5000; ® Midwestern (312) 256-9800; ® Southern {404) 955-1500; ® Western

(213) 970-7500; ® Canadian (416) 678-9430. Ask the operator for instrument sales. Or write Hewlett-Packard, 1501 Page Mill Road, Palo Alto, CA 94304. In Europe: Hewlett-Packard
S.A., 7, rue du Bois-du-Lan, P.O.Box, CH 1217 Meyrin 2, Geneva, Switzerland. In Japan: Yokogawa-Hewlett-Packard Ltd., 29-21, Takaido-Higashi 3-chome, Suginami-ku, Tokyo 168.
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