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Multi-frequency C-V Measurements and
Doping Profile Analysis of Semiconductors

— HP 4194A Application Information —

HP 4194A Impedance/Gain-Phase Analyzer
with HP 41941A Impedance Probe Kit

Introduction

The HP 4194A Impedance/Gain-Phase Analyzer is the best choice for multi-
frequency C-V measurements of semiconductors, thanks to its wide measurement
frequency range (100kHz to 100MHz when used with the HP 41941A/B Impedance
Probe Kit), precise measurement capability-—even if the 1.5m/3m long probe is used,
its optimized measurement performance and its ability to display directly plot mea-
surement results. This application information deseribes how the HP 4194A con-

tributes to new material and process development semiconductor labs.



Problems and Solutions Offered by the HP 4194A
Multi-frequency

As the operating frequency of devices has increased above 1MHz, the test fre-

quency range for C-V measurements has increased accordingly.

Low frequency (such as 100kHz) measurements are required when measuring
large diameter wafers, Because the thinness of large diameter wafers result in a
higher series resistance at higher frequencies. (Refer to Figure 1), especially for
high resolution oxide-layer capacitance (Cox) and depletion-layer capacitance (Ca)

measurements.

—) The HP 4194A's measurement frequency, 100Hz to 40MHz (standard), or 10kHz
to 100MHz when using the HP 41941A/B Impedance Probe Kit, covers both of these

measurement requirements.
Extension Cable to Prober Station

An extension cable from an LCR meter to a prober station (approximately 1 to
3m) causes measurement errors, and accurate measurements at frequencies above
IMHz may become impossible. By using the HP 41941A/B Impedance Probe Kit
with the HP 4194A, you can make precise measurements up to 100MHz using a
1.5m or 3m long impedance probe, without the measurement errors caused by an

extension cable.
C-V Curve Plotting and Calculation for Doping Profile

In the past, an external computer was needed to plot a C-V curve and to cal-
culate a doping profile (N(w) vs. w#). Doping profiles from C-V data are most
commonly used for the evaluation of semiconductor device structures and processing
methods.

-~} The HP 4194A's built-in color CRT can simultaneously display a C-V curve and
doping profile. The Auto Sequence Program (ASP) function can be used to display
these parameters quickly and eutomatically. Figure 3 shows a sample program. A
quick hardecopy is also available {see Figures 5 and 6).

* N{w): Doping Profile
w: Depth



[+
Metal
Oxide = Cox
ZeR+ < 1
Jji2xf(Cox + Cd)}
< Cd
Semiconductor " Cox: Oxide-layer capacitance
Cd: Depletion-layer capacitance
l d R: Series Resistance

Figure 1 A Model of MOS Structure

* Use the 4-terminal pair measurement method
when measuring packaged devices,
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Figure 2 Measurement Setup
(HP 4194A + HP 41941A/B)



1@ RST
20 CMT *=sse MULTI FREQUENCY C-V CHARACTERISTIC wess®

38 | FNC13IMPI2 t TMPEDANCE

4@ FNC3ZsIMPE2 1 IMP, WITH I PROBE

GQ UNIT@;SWMZ;OPN1;SHTI

6@ BEEFP

70 I=0

8@ DISP "COMPENSATION? / Y->INPUT <i>*

9@ PAUSE

190 IF I=1 THEN 60SUB 730

119 R10= 8.854E-14 | FREE SPACE PERMITIVITY
120 R12= 0.001 ¢ AREA OF THE GATE

130 R11=-1.602E-19 ! MAGNITUDE OF ELECTRONIC CHARGE
140 R13= 11.7 | DIELECTRIC CONSTANT OF SI
158 SWPZ23;S5TART=-5 V;STOP=5 V4STEP=.2 V

160 RS1=NOP | NUMBER OF POENT

170 R5@=RS1-~1 |

180 R52=20000 ! HOLD TIME (MSEC?

19@¢ R53=108 | DELAY TIME (MSEC)
200 DISP "CONNECT TEST DEVICE®
218 PARUSE

220 | =<+« MEAS. START »#»
230 FOR R1=1 TO 3

240 IF Ri1=1 THEN FREQ=1Q@ KHZ:;60TO 270 | SET SPOT FREQUENCY
250 IF Rt=2 THEM FREQ= 1| MHZ;60TO 270

260 FREQ= 10 MHZ

270 DTIME=R52; TRGM2

289 SWTRG

290 TRIG

300 DTIME=RS3

310 TREM{ ;MCF 1 sMKMXA

320 IF Ri=1 THEM E=A;RS=MKRA;B0TO 350 ! 120 KHI DATA TO E
330 IF R1=2 THEN F=A3;RE=MKRABOTO 350 | 1 WHZ DATA TO F
340 6=A1R7=MKRA i 10 MHZ DATA TO &
350 NEXT RI

360 AMAX=1;BMAX=1;AMIN=0;BMIN=D;A=G/R7:B=F/RE;SPSTR1A=E/RG+EPAL ;CPYM3
370 DISP *A=100 KHZ/B=1 MHZ/C=18 MHI"

38@ BEEP

390 PAUSE

490 CHT - s+es DOPING PROFILE =#»#*

410 RZO=2/{R11+R1Q=R13+(R124+2))

420 RZ21=R12+R10+R)3

430 FOR Ri=1 TO RS9

440 RZ=R1+1

450 H{RY)={1/(E(RZ }*E(R2)}-1/¢{E(Rt y*E{R1}}))/STEP

4c¢ H{R1 =R20/H(R1) I 120 KHZ N(Ww)
478 I(R1I={1/(F(R21#F{RZ)}-1/(F(R1)}F{R1)})/STEP

480 I{Rt)=R2Q/I(R1} I 1 MHZ N{W)
499 JOR1I={1/{B{RZI*G(RZ}I}-1/{G{RI)I*+G(R1})}/STEP

ceo J(R1)~R20/J(R1) 1 10 MHZ  N(W}
510 NEXT Rl

520 H(RS1)=H{RS@®);I(R51)=I{R5@}+J{RS1)=J(REQ);H=ABS(H); I=ABS(I}; I=ABSLI)
S30 RA=RZ1+(1/E-1/R5} ! 10@ KHZ W
540 RB=RZ1+(1/F-1/RE} 11 MHZ W
E50 RC=R21«(t/6-1/R7) 118 MHZ W

560 DOSP2;BSC2;0PABY
578 GOSUE 828



58@
590
coe
618
620
630
B40
650
660
670
680
690
700
Tte
720
730
74@
750
760
T8
780
799
gee
are
820
g3a
g84Q
gse
269
B7@
B89
890
=150
90
920
930
340
950
968
370
980
590
1000

DPAB1
FOR Ri=1 TO 3
IF Ri=1 THEN A=RA;B8=~H ;GOTO B30Q
IF R1=2 THEN A=RB:B=I ;6070 638
A=RC;B=J
AMAX=RS1 1 AMIN=RAZ;BMIN=RI3;EMIN=R94
BEEP
IF Ri=1 THEN CHT * #axs DOPING PROFILE AT 1QQKHZI ##«»" ;60T0 60O
IF R1=2 THEN CMT * «+¢s DOPING PROFILE AT 1HHZ #s2xs” SGOTD BB
CHT * #sss DOPING PROFILE AT tBMHI #see”
DISP * —---> PRESS (CONT) *
FPAUSE
NEXT Rl
DISP "COMPLETED !"
END
I #»re COMPENSATION SUBROUTINE #»x«
BEEF
PISP “OPEN 1
PAUSE
Z0PEN
DISP “SHORT 1"
PAUSE
Z5HRT
RETURN
1 ##xs AUTO SCALE SUBROUTINE ==2s
FOR R9@=1 TO 3
IF RI0=1 THEN A=E ;B=H ;60TQ 870
IF R9@=2 THEN A=F ;B=1 3GOTO 870
A=6 B=J
AUTO
IF R90=1 THEN RI1=AMAX 1R92=AMIN ;R93=BMAX {R34=BMIN ;G0TO 910
IF R90=2 THEN RB1=AMAX ;R82=AMIN iR83=BMAX ;R84=BMIN ;G0TO 919
R71=AMAX ;R72«AMIN :R73=BMAX ;R74=BMIN
NEXT RO9@
IF RS1<R81 THEN RI1=RE1
IF R91<R7t THEN RS1=R7I
IF R92>R82 THEN R9Z=RBZ
IF R92>R72 THEN R9Z=R72
I¥ RS3<R83 THEN RI93=RE3
IF R93<R73 THEN R93=R73
IF R94>RB4 THEN R94=RE84
IF R94>R74 THEN R94=R74
RETURN

Figure 3  ASP Program Listing
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®¥%¥%% MULTI FREQUENCY C-V CHARACTERISTIC %xxx

A B: 0 MKA -4.60 V
A MAX 1,000 A 998.368 m
B MAX 1.000 B 986.957 m
"h% ~~~~~~
*%\\\ .
AN
N
\\
N R
\\
E%
A MIN 0.000 START -5.00 V
B MIN 0.000 STOP 5.00 V
Figure 5 Example C-V Curve Display
¥¥xx%x DOPING PROFILE AT 1MHZ 3 3 ¥ ¥
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Figure 6 Example Doping Profile Display
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ASP UPLOAD/DOWNLOAD PROGRAM

The HP 4184A stores ASP programs in its
20K byte internal nonvolatile memory. Data
can be stored for 2000 hours after the battery
used in the nonvolatile memory circuit has
been charged for 48 hours.

However, ASP programs should be backed
up in the following cases:

- Many ASP programs for device testing
are used.

- One HP 4194A is used by many people
who have their own ASP programs.

18 ! 41344 ASP UPLJAD PROGRAM
-2 DIM Prog$i(3Qd 102}

3e OIM S%[22) Mame3[1@1

4 Add=T17

59 !

1] BEEF

7@ THPUT "Input ASP File number™ MNo
80 OUTPUT Add: "LOAD" 1Na

99 OUTPUT Adds “EDIT"

199 QUTPUT Adda"QUIT"

118 !

129 BEEFP

138 INPUT "Enter Fila name to be stored” ,Name$
142 QUTFUT Add:"CPYM2"

15@ QUTFUT Add; "COPY"

158 ENABLE INTR 7:2Q48

179 UN INTR 7 GOTO Store_disk
18@ ¥=

19@ ENTEF Add USING "% 204° 5%
209 ENTER Add:Prog¥iX}

219 XX+l

o2 GO0TO Z20@

230 Store_disk:)

240 DI1SABLE INTR 7

250 FOR T=1 TO X-t

268 Prog8( ] i="FROG"RCHRS( 39 13Frog®( [ JACHRS(39)
270 PRINT Prog$(I}

280 NEXT T

92 L=x-1

3ge |

I1@  CREATE BDAT Nama$ L+1,100
3c@  ASSIEN @File TO Named
350 FOR I=1 TO L

349 QUTPUT 8File,IsProgsiI}
350  NEXT |

3E@ GUTPUT @File L+1; Eof"
37a BEEF

38@ DISP " Up Lsad Complets”
390 END

Program 7 BASIC Program for ASP Upload

APPENDIX

Reference

Application Note 338-11 ’
Filter Test for Production and Incoming
inspection using the HP 4194A

Programs 7 and 8 are useful utitity programs
for the above situalions.

Program 7 is a BASIC program to upload
and store ASP programs to the computers
mass storage device, { floppy dis¢ ). Upload-
ing is performed using the HP 4194A’s COPY
command, which prints out a listing of an ASP
program and measurement data on a printer.

Program 8 downloads an ASP program
from the computers mass storage device to
the HP 4184A.

Use these BASIC programs to backup your
library of ASP programs and to expand your
uses for the HP 4194A,

19 | 41%4f ASP [DOWNLOAD PROGRAM
2@ DIM Proght(Z00)[ i@@]

3@ DIM S&L2@) ,Mamed( 1)

4@ Add=T717

=1 Falcon=2i7

ba !

7a BEEP

80 INPUT "Input File Name to be downloaded”™ ,Hame®
90 ASSTEN @File TO Names$

Tee I=1

1@ ENTER @F1le,liProghils

129 PRIMT Prog®il}

132 IF Prog$i[}="Eof~ THEN 16D

14 I=l+t
139 GOTD 119
6@ b=}-1
170 '

180 BEER

193¢  DISP "Ready to SCRATCH, and prees CONT®
200  PAUSE

21@ OUTPUT Add; "SCRATCH"

] FOR I=1 T L

23e QUTPUT AddiProg${l}
240 NEXT 1

259 QUTPUT Add; "QUIT-

2E®  BEEFP

270 INPUT “Inpul ASP file number to be stored" Asp_nc$
2R@  BEEP

29¢ INPUT “Tnput program commant " Commant®

3o@ OUTPUT Adds “STORE“ZAsp_no$i” ' "4CommentSa=""

31 BEEF

328 QISP "bown Load Complate”

330 END

Program 8 BASIC Program for ASP Download

Instruments used in this Application Note

HP 4194A Impedance/Qain-Phase Analyzer
HP 8000 Series 300 Model 310 Computer
HP 3122D 3.5 inches Floppy Disc Drive

HP 2225A Think Jet Printer
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