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1. INTRODUCTION

Capacitance-voltage (CV) measurements are widely used to characterize
dielectric thin films and their interfaces with semiconductors. These
applications range from routine monitoring of thermal gate oxides in MOS
processing to fundamental academic studies. In an industrial R & D environ-
ment there is an intermediate emphasis which is process development. The
development of VLSI processes, in particular, requires CV (and other)
measurement support which must satisfy requirements different from both
routine monitoring and academic studies. In process development, the
variety of dielectric materials and applications requires considerable flex-
ibility in the choice of measurement parameters. For example, the thin film
electrical characterization lab handles dielectrics ranging from thermal
S1'02 through CVD and PECVD S1'O2 and S1'3N4 to polyimides. Another require-
ment is the increasing sophistication of measurements required to monitor
VLSI process development. A1l process development has a third requirement
which tends to run counter to flexibility and sophistication, and that is
throughput. On the other hand, process development monitoring measurements
seldom require new fundamental knowledge. The central problem is to tailor
existing techniques described in the Titerature to the process development
environment.

A conventional approach to research CV characterization involves the
use of a lock-in amplifier, a ramp generator, a signal generator, an X-Y
plotter, a thermal chuck, etc., synchronized by TTL triggers, etc. The
various parameters would be set by the operator using the front-panel dials
and switches. This is adequate in an academic setting, but for industrial
process development the requirement of throughput makes this analog approach
tedious and difficult to reproduce because of the detailed attention which
must be paid to parameter settings. In practice, the analog approach forces
a choice between flexibility and throughput.

Since the mid-1970's when the General-Purpose Interface Bus* (GPIB)
came into common use, and especially since 1979 when Hewlett-Packard intro-

* Also known as the IEEE-488 bus or, according to Hewlett-Packard, as the
Hewlett-Packard Interface Bus (HPIB).
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duced the HP4275A LCR Meter, it has become possible conveniently to build
a computer-controlled digital system which overcomes the problems of
analog systems, and which affords significant additional advantages. The
GPIB has made it trivial to define the hardware aspect of a system because
computer and instruments are plug-compatible, and instruments can be con-
figured either by front-panel settings or from the computer via the GPIB.
Readings taken by the instruments can also be transmitted to the computer
over the GPIB. Most of the Tabor in developing a GPIB-based system is in
software development.

This report describes the computer-controlled digital CV system de-
signed and built in the Thin Film Section of PTL. The discussion is intend-
ed to describe the capabilities of the system, and to indicate what is
required to duplicate the system in another lab. Detailed software descrip-
tions and lists are available from the author and will not be given here.

- The system described in this report is a self-contained subset of a larger
system, other aspects of which will be covered in subsequent reports.

2,  THE HARDWARE SYSTEM

Although interconnection of the elements of the hardware system is
easy, choice of the elements themselves involves some non-trivial consider-

ations.

A basic choice is the computer used to control the system. We chose
the Tektronix 4051 Graphics System because it has graphics capability
permitting visual interaction with the data. This frees the user to think
on a higher plane of abstraction, Another essential is that the computer
be easily programmable in a high level language, eg. BASIC, including com-
munication with peripherals with simple input/output commands. The display
peripherals include a 1200 baud* matrix printer, a plotter, and a hard copy
unit. The hard copy unit gives copies of the 4051 screen and serves as a
backup to the printer and plotter, as well as providing copfes of unusual
display conditions. The computer has a built-in tape drive which is used
only for scratch and backup applications. The main data storage facility is
the Tektronix 4907 dual floppy disc system. This a]]ows‘one to develop

* A slower printer causes inconvenient delays.



sophisticated software systems with interacting files and libraries of
files, both data files and program files. The software system described

in the next section requires the disc drive as a part of the system. Our
system has a dual drive since this permits separation of programs and data,
and it simplifies backup procedures. The software system requires a real-
time clock that can be read from an executing program, and we use the clock
built into the disc drive system.

Instrumentation includes the Hewlett-Packard HP4275A LCR meter, a
digital voltmeter and a digitally controlled thermochuck. A1l the parameters
for these instruments can be set up under program control through digital
interfaces without operator intervention. Readings are also transmitted
through these interfaces. The HP4275A LCR meter can measure capacitance,
C, and parallel conductance, G, (or any other representation of the impedance)
at 10 discrete frequencies from 10KHz to 10MHz in 1-2-4 steps at any bias in
the range - 99,9V < V bias < 99.9V., The actual bias seen by the sample is
monitored by a digital voltmeter. The temperature of the sample is control-
led by a Temptronic TP350A thermochuck. This controls at any temperature in
the range -30°C to 200°C. The setpoint and current temperature is communicated
through a separate BCD interface (Trans-Era 632-BCD). Al1 of the equipment is
" protected from 1ine power fluctuations by an isolation transformer.

Except for the Temptronic TP350A, the hardware has been trouble-free.
Problems with the Temptronic unit include inadequate AC isolation from ground,
and condensation on the refrigeration evaporator even when controlling at
room temperature. The latter is easily solved by enclosing the chuck in a
nitrogen atmosphere, but the former is fundamental to the design.* Recently
the Micromanipulator Co. has introduced their HS-4320 which, hopefully, will
solve some of these problems, and which, moreover, is controllable via the
GPIB.

The hardware configuration is summarized in Figure 1.

3. THE SOFTWARE SYSTEM

The software system, diagrammed in Fig. 2, resides on discs. The
system is divided into a data aquisition section and a data analysis section.

* A detailed analysis of this problem is available from the author.
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The two sections communicate via disc data files written under a user-
defined name into the library SCVLIB. The discussion of the two sections
will be separate, and we will follow several specific examples through
various stages of data aquisition and analysis, returning to examp]es at
appropriate points in the discussion. '

3.1 DATA AQUISITION

This function is implemented with three programs, SCVPROCDEF,
BCUSTOMCV, and BAUTOCY and a library of data files named ZCVPROC.

CV measurements involve a sequence of temperature-bias stresses and
C-V (and G-V) traces which we shall call a procedure. This sequence may
be as simple as the standard Na+-shift monitoring procedure used for bro-
cess monitoring, or it can be quite complicated. A feature of our soft-
ware system is that one can enter, display and edit a CV procedure using
JCVPROCDEF before making any measurements. The procedure so defined is
then saved in the library SCVPROC under a user-defined name where it is
available to be called up and executed by the program SAUTOCV. It is
BAUTOCY which controls instruments and handles the real-time data aquis-
ition. There are three basic types of steps which may be sequenced in
any way using SCVPROCDEF, and each type of step has several -parameters to
be defined:

(a) Trace (Parameters: Vstart, Vstop, R, F, T). This causes

C and G to be measured, displayed on a real-time plot and stored

in memory at values of bias starting from Vstart and ending at

Vstop with a ramp rate of R (volts/sec) at a frequency of F(Hz)

and temperature T (OC). The trace begins when the temperature

reaches T after changing from its previous value.

(b) Ramp (Parameters: Vstart, Vstop, R, T). This is the

same as the trace option except that measurements of C and G are

not made, plotted or stored. The ramp step allows gradual volt-

age transitions rather than abrupt transitions between procedure

steps, if desired.



(c) Soak (Parameters: time, T, Vbias). This step immediately
applies the specified voltage bias, Vbias, and starts heating or
cooling to the specified temperature, T. When T is reached, the
clock starts and holds the temperature for the specified time.

At the end of the time the chuck heats or cools to the temper-
ature of the next step in the procedure under bias, Vbias. To
apply bias just while the sample is at the requested temperature,
one can use "dummy" soak steps as shown in Example 5 below.

The parameters in the procedure steps can have value within the range

of the measurement equipment:

-99,9V < Vstart, Vstop, Vbias < 99.9V

F = 10KHz - 10MHz in 1-2-4 steps

-30%c < T < 200°C

time > 1 sec

R (ramp rate) can have any value (Volts/sec)
In principle, the ramp rate R can have any value, but the bias voltage is
changed in discrete steps which for large ramp rates can be large because
of the finite (v~ 1.5 sec) cycle time between measurements. For sufficiently
sTow ramp rates (not using the Timiting cycle time), 100 points are plotted
and stored per trace.

Once a procedure has been defined by SCVPROCDEF and stored in $CVPROC,
it can be recalled and executed any number of times by SAUTOCV. Thus, even
quite complicated procedures can be exactly reproduced with minimal operator
intervention. Examples will illustrate the system's flexibility and the
wide variety of questions which can be addressed.

Example 1. Standard CV qualification. The procedure shown in Figure
3a, named STDCV, is a standard MOS gate oxide qualification procedure. When
this procedure was executed by BAUTOCV, the data was stored on a file PEMASKI
in the library 3CVLIB. Later, this data was recalled and plotted using the
program SCVPLOT, yielding the plot in Figure 3b. Before executing a pro-
cedure in BAUTOCV the operator enters a string of characters which appears
in the heading of every plot generated from the data file in $CVLIB. The
computer automatically appends to this string the name of the procedure in



Step#
Stept

Step#

Steph

Stept

<
>

tepd

.BE+B06 (H2)

L E 2 SRV
Otd Procedure Name: STDCWY

1 ¢Scak? Tine =
2 (Trace) Ustart=
Frea= 1.

3 (Soak)> Tine =
4 (Traces VUstart=
Fregq= 1

S (Soak) Tine =
£ (Traces VYstart=>
Fregq= 1.

Hit RETUKN to continue...

PROCEDURE DEFINITION #14

1 (sec) Temn= 2080.0 (deg C, Bias= 9.00
e T SR S
300 (secy Tenp= 200.0 (dea C, Bias> 20.08
5.880 Ustopx -~5.08 R= 6,10 (Yre)

T= 29.0 (dea C)
200 (sec) Temp= 260.8 (deg C) PBias= -20.00

5.00 Ustop= -5.80 R= 0.18 (Urs
OE+00€ (Hz) T= 25,8 (deg ()

FIGURE 3A.
STANDARD MOS QUALIFICATION PROCEDURE.

CV QUAL. PE-17-03-81-2 MASK 1 STDCV 18-MAR-81 ©8:41:52 (PEMASK1}

M ETEA NSNS
TrTrTrTrrvyryayTy

44340311l LAl il i il 3L
TrervryrTryy TrrTrvyvvyvuvuYyanwy

e

l
v

1
LI

|

E+2
5.0

lllllllllillllllll

4.00

3.00

ClpF>

2.00

.00

0.00

lllllllll‘_lllllllIl[lllllllLIilLlllllLlilllllllll

Li L Ll il
TrvrTrvTyy

144l
TVrrTrvTyT

i1
v

E+2
{ .00

8.80

0.60

0.40

443404ttt ittt a1t

0.20

8.00

T1ll'Ill['Il'lllIl]lllTTlIl']llllf"ll]lllf1l|l'ITllIl'lll]llllI]'l

il bl id il a0t

.J-TITI|IVI"'T'U‘|II]I"'l"rlllll"lll‘l'll""r""r'Illl1“|"lfjlll

B.
Bias (V)

FIGURE 3B.

GC(UMho)

PLOT GENERATED BY THERMAL SiO, USING PROCEDURE IN FIGURE 3A.
C: SOLID LINES, G: DOTTED LINES.

H2521



I¥¥ U PROLEDURE DEFINITION #4%

0ld Procedure Name: HYSTieenio
Step® | (Traces) Ustart= 0.08 Uztop= -99,90 k= 1,89 (Urg)

Freq= 1.8E+060% (Hz) T-_ZSJB ‘deg C’

Step# 2 (Scak> Tine = 100 (sec’ Temp» 2%.0 (dey C, Biass -93.90

Step# 3 <«

Steph 4«

Trace) VYstart= -99,98 Ugtop= 99.90 k= 1.00 (U/g)
Freq= 1.9E+008S (Hz) T= 29,0 (deg C’

Soak Time = 1060 ‘cec) Temp= 235.06 (deg C> Eiras= 99.90

Step® S (Trace) Usgztart= 99.98 Ustops .60 FR= 1.00 (Ursg)

Hit FETUFRM

Freq= 1.0E+00%5 (Hz) T= 2%.08 (deg C’

ty continge...

FIGURE 4A.
HYSTERESIS PROCEDURE.

PB2@25U DOT2 WAF16 HYST1@8MID 27-FEB-81 18:39:52 (PB2@25U/HYSMI21}

£+3 % % Ev2
s £l 3.00
2.00 Bra:
i 2.0
3
1 ¥
200
Pyt £ 1.506CUMho>
t1.08
3.: 3

ot
()
n
-9

A YT
HirHHHHHHHH
(L)
®
©

i

H*H‘“tH+H+H+ﬁfH*fH+ﬂiﬂf“fﬂﬁﬂﬁ*ﬂ+ﬂiﬁﬂfﬁ£a
-1.82 -0.58 8.08 8.50 1.9BE+2
Btas (V)

FIGURE 4B.

HYSTERESIS TRACES SHOWING CHARGE INJECTION GENERATED FROM
PROCEDURE IN FIGURE 4A. PLASMA-ENHANCED CVD SiO,.

H2520



2¥x CU PROCEDUFE DEFINITION #4¥
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ZCVPROC which generated the plot, the date and time and the name of the
data file in BCVLIB on which the data is stored. Thus the system is self-
documenting as far as is practical.

- Example 2. Hysteresis study of plasma-enhanced CVD 5102. A commonly-
used type of procedure is shown in Figure 4a. This subjected the sample
to the bias-time profile shown as the inset in Figure 4b, and generated
the traces shown in the main part of the figure. The sense of the hysteresis
shows that charge injection is occurring in this sample. The finished plot
does not show the sense of the hysteresis, but the plot generated by SCVPLOT
reproduces the original traces in the correct temporal sequence, so direct-
ion arrows may be determined by watching the plot as it is reproduced.

Example 3. Frequency study of thin thermal (gate) SiOZ. The frequency
variation of CV plots is not usually done using conventional CV equipment,
but with our equipment it is just as easy to set up a frequency series as
any other procedure, The procedure at the top of Figure 5 generated the
middle traces in this figure. The bottom traces will be explained below.

The system is particularly well-suited to a c1ass of measurements
which gives flat-band voltage shifts as functions of (a) temperature at
fixed bias and time of stress, (b) time of stress at fixed temperature
and bias, or (c) bias at fixed time of stress and temperature. These measure-
ments give, respectively, (a) activation energies, (b) kinetic laws, or
(c) stress activation laws for charge movement in, or injection into, dielec-
tric films. Procedures for this type of measurement can be quite complicated
and nearly impossible to carry out manually without error, let alone repro-
duce accurately with different samples. We present examples of measurements
of type (a) and (b),

Example 4. Activation energy for charge injection into plasma-enhanced
CvD 5102. The procedure in Figure 6 has standard room-temperature traces
interleaved with soaks at increasing temperatures chosen for equal intervals
in 1/T, with bias and time of stress held constant. The traces generated
when this procedure is executed by BAUTOCV are also shown in Figure 6. The
separation between successive traces increases with temperature. This data
will be analysed further below.
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1% CY PROCEDURE DEFINITION %22
0'd Procedure Name: GAYSHIFT

Step# 1 (Trace) VUstarts 100.86 Ustop=-106.00 R= 1,06 (U/s)
Freqs> 1.0E+903 (Hz) T= 2%5.0 (deg C’

Step# 2 (Soak’ Time = 1 (sec) Temps 200.0 (deg C; Eiae= 0,80
Step® 3 (Soak> Time = 60 (sec) Temp= 200.8 (deg C» Bias= -3,00
Stepd 4 (Socak’ Tine = 1 (sec) Temp» 200.0 (deg C) Bias= 9.00
Step® S (Trace) Ustart= 180,08 Ustop=-100.00 R= (.00 (Urg>
Frea= 1.8E+00% (Hz) T= 2%.0 (deg C)
Step® 6 (Soak) Tine = 1 (sec) Temp= 200.0 (deg C>) Bias= 0.00
Step® 7 (Socak) Time = 302 (sec) Temp= 208.0 (deg C) Bias= -5.00
Step® € (Soak) Tine = 1 (sec) Temp= 200.9 (deg C) Bias= .00
Step$ 9 (Trace) Ustartm 186.80 Ustop=-188.00 R= 1.90 (U/s)

Frea= 1.0E+883 (Hz) T= 25.8 (deg C>
Stepd 19 (Socak’ Tine = 1 (sec) Temp= 260.0 (deg C> Bias= 8,00
Stepd 11  (Soak) Time = 900 (sec) Temnps 200.8 (deg C) Bias= -5,00
Stepd 12 (Soak) Time = 1 (sec) Temp= 200.0 (deg C) Biase= 0.00

Step# 12 (Trace’) VUstart= 100.00 Ustop=-100.00 R= 1.08 (U’/s)
Frea= 1.08E+0065 (Hz, Te 23.0 (deg C>

Hit RETURN to continue...
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Example 5. Polarization kinetics of polyimide. The procedure in
Figure 7 was run on a composite film with 1.4 u of polyimide on 1000 R
of thermal 5102. This procedure has standard room-temperature traces
interlaced with soaks for increasing times at fixed bias and temperature.
The "dummy" one second soéks are used to turn the bias on only when the
stress temperature is reached, and to turn it off at the end of the stress
period just before cooling to the trace temperature commences. The data
generated by this procedure is shown in Figure 7.

Sometimes, with completely unknown samples, it is useful to do a
"seat-of-pants" measurement; that is, to execute a soak or trace, observe
the result, and then decide on the next step. This can be useful, for
example, if one is not sure whether the flat-band voltage falls within the
trace voltage span chosen. The program FCUSTOMCV allows the operator to
perform this type of measurement. Shown in Figure 8 are screen images for
a data aquisition session. The screen was cleared midway through the
session to make room for further interrogation and plots, but the earlier
data was not lost. The program has two options, both exercised during the
sample session: (a) the sequence of steps chosen by the operator can be
stored in the procedure library, BCVPROC, as they are executed, under a
user-defined name, (b) the data accumulated can be saved in the data
library BCVLIB for later analysis using data analysis programs. Saving
the procedure serves two purposes; first, a complete and detailed record
of the sample's history is available for display using the printout function
of the program JCVPROCDEF, and second, the procedure is available for exe-
cution in the usual fashion by BAUTOCV. Thus, a procedure developed
“manually" under SCUSTOMCV may be repeated automatically any number of
times with minimal operator intervention. Displays generated from the
saved procedure and plot data are shown in Figure 9.

3.2 DATA ANALYSIS

A11 data generated by the data aquisition part of the software
system is written to data files in the Tibrary SCVLIB in a standard format.
In addition to the C-V and G-V trace data, these files contain capacitor
area and frequency data as well as an identifying string which contains
date, time, generating procedure name, data file name and user-supplied
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FIGURE 9.

PRINTOUT OF PROCEDURE SAVED, AND PLOT OF DATA SAVED DURING
$CUSTOMCYV SESSION IN FIGURE 8.
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identifying characters.

Since the plot data is available in digital form, it is possible to
write programs which can read the data from the disc and allow the operator
to interact with it, often visually, to make the desired parameter measure-
ments. An analog CV system would require tedious manual analysis of raw
plots. In this subsection we describe some of the analysis programs we
have developed, using further analysis of some of the examples described
above as illustrations.

3.2.1 gCVPLOT. This simply allows one to plot data stored in SCVLIB
either to the screen of the computer, or to the plotter. Various automatic
and manual scaling options are available. A1l plots in this report with
high resolution "tic" marks on axes are outputs of this program. Note that
axis scales are multiplied by 10, 100 etc according to whetherE + 1, E + 2,
etc. appears on the axis. |

3.2.2 BCVANAL. This program uses just the CV profile data, ignoring
the G-V data. It finds CmaX and Cmin’ computes Cf]at-band’ substrate type
and concentration and dielectric (usually Sioz) thickness, and finds flat-
band and threshold voltages. The algorithm used for this is given in
Appendix A.

Example 1 (continued). Standard CV qualification. The report generat-
ed by SCVANAL for the data plotted in Figure 3 is shown in Figure 10. A '
useful item is the matrix of all possible flatband voltage differences
between traces. For example, the entry in row 2, column 1 is to . be inter-
preted as a Na+ shift because the procedure STDCV (Figure 3) is a standard

MOS CV qualification.

Example 4 (continued). Activation energy for charge injection into
plasma-enhanced CVD'SiOZ. When the data in Figure 6 are analysed by BSCVANAL,
we obtain the analysis in Figure 10 in which the off-diagonal elements in
the matrix [(1,2), (2,3), etc.] gives the flat band voltage shifts between
successive traces generated by the procedure ACTIV25 (Figure 6). These
shifts are caused by soaks at successively higher temperatures. Thus an
Arrhenius plot of the off-diagonal matrix elements using the soak temper-
atures in ACTIV25 gives the activation energy of the mechanism causing the
shift.



CV QUAL. PE
AREA 1

RAW DATA

SUBSTRATE :

DIELECTRIC:

GATE METAL:

1
1 .00
2 =0.48
3 -0.09

~17-03-81-2 MASK 1 STDCV 18-MAR-81 08141152 {PEMASK1}

1.448E--002 (cm™2) 22844.4 (mil~2)
Cmax = 2.99E+004 (pf/cm™2), = 375.10 (pf)
Cmin = 1.48E+004 (prf/cm™2), = 214.10 (pf)
Cfb = 2.35E+004 (pPf/cm™2), = 340.45 (pf)

N-tvrpe [N= 1.00E+0146 (cm"-3)]
Max deeletion laver width = 2007 (Anes)
Fhi(3) = .45 (Volts)

Thickness= 1299 (Anes)
Diel cons= 3.80

Aluminum
Fhi(M) = 3.20 (Volts)

FLATBAND AND' THRESHOLD VOLTAGES

Trace # Vfb vt
1 -0.01 -2.58
2 -0.6&7 . -3.2%
3 -0.10 -2.467

FLATBAND VOLTAGE DIFFERENCE MATRIX

= ] 4 = & 7 S @
Q. &b 0. 0% 0.00 0.00 Q.00 0.00 0.00 0.00
Q.00 -0.56 Q.00 0.00 0.00 0.00 0.00 Q.00
0.86 0.00 Q.00 0.00 Q.00 0.00 0.00 0.00

FBZOZS WAF 17 ACTIVZES 12-MAY--81 143140324 {(PB20OZSU/ACTLY

AREA :

AW DATA ¢

GUBZTRATE ¢

OIELENTRIC:

GATE METAL:

1
0,00
-0.=4
-0 .71
-1.%846
-3.62
~%.14

WD s -

OUTPUT OF $CVANAL FOR EXAMPLES 1 (TOP) AND 4 (BOTTOM)

7. 112E-002 (cm™Z2)

ZL4LE+Q04 (RF/cm™Z)

Zma = = 244600 (pf)
Cmin = 4. 10E+002 (Pf/cm™2), = 27.15 (pPf)
(g3 = 1,.94E4004 (pf/cm™2), = 110,49 (pPf)

F-type [N= 1.24E+014 (om™-2)1]
Maw depletion laver width = 2
Fhitis) = 4,04 (Yalte)

‘An3as)

Thickness= 74 (Angs)
Diel cans= )

Aluminum
iy (M) TOED (Valte)

FILATBAND AND THRE:SHOLD VOLTAGES

Trars # VFt vt
1 2 S S A
< - S.9Y
= =k Sl
4 -7.51
= -, a8 ~2.27
~ - 14,39 12,72

FLATEAMND VIOLTAGE DIFFERENCE MATRIX

ud = 4 7 o <@
O.24 0.1 1.24 0,00 Q.00 0,00
O, 00 0.S7 1.5z 0. 00 Q.00 0,00
~-0,5%7 (s aly 0,95 .71 0,00 Q.00 0,00
~-1.52 -0.9%5 .00 1.74 0,00 Q.00 Q.00

0.00 0.00 0.00
0.00 0.00 0.00

~E.28 -2.71 1,76 0,00
~7.80 ~7.22 -4.28 -4.51

FIGURE 10.
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C~Bias (V) G-Kias (V)
1 -7.4%2 0,00
4 11.54 0. Oﬂ
z 17.74
4 14,11
C-Intercert difference matri= for Bias = 0,34 (V)
1 2 2 4 5 & 7 = ] 10
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s -1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Q.0 9.0
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4 ~1.& 0.0 0.0 0.0 0.0 0.0 0.0 .0 Q.0 0.0
G-Intercemt difference matriz for Bias = 0.24 V
1 2 z 4 = 4
1 0. 00E+000 0. OOE+00OC 0. O0E+000 0. 00E+000 0, 00E+000 0. Q0E+000
z 0. 00E+000 0, 00E+000 0, OOE+000 0. 00E+000 0. O0E+O00 0.00E+000
2 0. 00E+0O00 Q. O0E+0O00 0. 00E+000 0.00E+000 0, 00E+000 0. 00E+000
4 0. 00E+000 0. O0E+000 0. 00E+000 0. 00E+000 0. QOE+000 0. 00E+000

Bias intercert matri« for C = 12,92 (eF)

1 z E 4 < L 7 & @ 10

0.00 -18.9% -2S.14 -23.54 0.00 0.00 0.00 0.00 0.00 0.00
18.9% 0.00 -4.18 -4.55 €.00 .00 0.00 0.00 Q.00 0.00
25.14 b.18 0. 00 1.42 0.00 0.00 0.00 0.00 0.00 0.00
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FNEARNRS

Bias intercemt matriv for G = 3,79SE-001 (uMhao)

1 2 z 4 S & 7 g b 10

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ¢.00

FIGURE 11.
APPLICATION OF SCVMEAS. DATA WITH CROSSHAIRS DRAWN (TOP) AND

CORRESPONDING INTERCEPT REPORT.
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FIGURE 12.

APPLICATION OF $SCVFREQ. CV AND GV DATA AT VARIOUS FREQUENCIES,
GENERATED BY THE PROCEDURE IN FIGURE 5, IS SECTIONED AT A SERIES
OF BIASES (VERTICAL LINES) PRIOR TO GENERATING FREQUENCY PLOTS.
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FIGURE 13.
FREQUENCY PLOTS GENERATED FROM THE DATA OF FIGURE 12.
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The user will learn to monitor particular entries in the difference
table as a function of processing variables according to the procedure
definition and his own interests.

3.2.3. JCVMEAS. This program gives complete flexibility in measur-
ing intercepts and values of C, G and V at various points on the plots,
but carries the analysis no further than this. The program displays the
cv plots on the computer's screen and then offers two measurement options.
The first allows the user to place the cursor by means of the joystick
anywhere on the plot and record the value of C, G, and V at that point and
repeat for any number of points. The second option allows one to place
the cursor anywhere on the plot and have crosshairs drawn. A1l intercepts
with the crosshairs are found and printed out as well as difference
matrices of intercepts.

Example 5 (continued). Polarization kinetics of polyimide. The plot
in Figure 7 shows numbered cursor position marks, and below it the corres-
ponding printout of coordinates. The cursor can be placed anywhere on the
plot, not necessaki]y on a curve. In Figure 11 the intercept option has
been chosen. The cursor was positioned, crosshairs drawn, and the inter-
cept report generated. ‘

3.2.4. §CVFREQ. Often the frequency variation of the four quantities,
C, G, G/w or D(= G/wC), where w = 2rf, at various values of bias is useful
in determining the dynamical properties of interface states etc.

Example 6. Frequency study of thin thermal 31'02 on p-type SiOZ. The
procedure in Figure 5 produced the data shown in Figure 12. After plotting
the data, the user can "section" the CV and GV traces at a set of bias values. A
vertical line is drawn at each of these va]ues,'and C, G and f is found for
each slice-curve intersection. The user then has the option of plotting
any of the four quantities versus log (w); Figure 13. Each curve in the
plots in Figure 13 corresponds to a slice, i.e. a value of bias.

3.2.5. JCVCORRECT. Sometimes the impedance of the countercontact
in an MOS measurement has an appreciable effect on the reading. For example,
for thin (v 200 R) thermal gate oxides the MOS capacitor impedance can be
small enough to be comparable to the backside contact impedance. If C-V



measurements are made on two MOS capacitors of different area, with the
same counter contact in each case, then the capacitance and equivalent
parallel conductance of the MOS capacitor (per unit area) can be separated
from the (tota]) capacitance and equivalent parallel conductance of the
backside contact. This separation assumes negligible fringing effects

for the MOS capacitors. The theoretical details of the separation tech-
nique are given in Appendix B,

YExémp]e 3 (continued). Frequency study of thin thermal (gate) §10,.
The two sets of curves generated on a large MOS capacitor, and a small
MOS capacitor are used as inputs to SCVCORRECT. See Figure 5. The re-
sulting MOS capacitor impedance and backside contact impedance are then
written into the library 8CVLIB. The resulting data files can be read
and analysed using any of the aboVe CV analysis software. In particular,
BCVPLOT was used to generate plots of the separate impedances at the bot-
tome of Figure 5. These results show that most of the frequency disper-
sion in the original data is due to the back contact.

3.2.6 BCVXFER. This is a utility which permits data to be written
to and read from magnetic tape for long-term archival storage.

4. CONCLUSIONS

Developments in computers and instrumentation in the past few years
have made it easy to assemble the hardware for a digital computer-controlled
CV system to support semiconductor process development. The key to making
such a system flexible but convenient, and to exploiting the full potential
of the hardware is to develop a carefully thought-out software system. The
emphasis of this report has been the description of both the data aquisition
software and data analysis software.

The time-consuming effort was the development of the software. Now
that this has been done, our system can be duplicated with minimal effort
in other laboratories using our software, even if some hardware changes are
made. The major constraints are to use a Tektronix 4050-series computer,
and a Hewlett-Rackard HP4275A LCR meter.

The software has evolved over a period in response to practical needs,
'so the system described here is a well-honed tool. Nevertheless, software



changes are continually being made, albeit at a slower rate now, and this
will continue. So even in a well-developed system the computer's time

will be divided among program development, data analysis, and data aquisi-
tion,tasks."Considerab1e improvement in efficiency can be realized if a
second computer is mainly dedicated to the first two tasks, while the first
computer is dedicated entirely to data aquisition.

The system described in the present report is a subsystem of a larger
system other functions of which will be described in subsequent reports.
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APPENDIX A. MOS CV ANALYSIS ALGORITHM IN SCVANAL

Symbol definitions and values:
KS = semiconductor diel const = 11.7

K. insul diel const. 3.82
! 10

-3
cm

Ni = jntrinisc carrier conc. = 1.6 x 10
%} = 0.0257 volts. @ 298°K

e, = 8.85415 x 1071% farad/cm

q = 1.60206 x 1071 coulomb.

1. Trace data, including capacitok area is read from disc, and all capaci-
tances are normalized to area. Hence all capacitances below (Cmax etc.)
are in units of farad/cmz.'

2, Computer finds Crax @nd C .o from plot(s).

X
3. Decides on type of substrate using following criterion:
if Vmax > Vmin then n-type

otherwise p-type
where Vmax = bias at Cmax etc.

4, Calculates maximum depletion width (Wm)
1
1 1
+

Cmin CD Cmax
C, = depletion capacitance, C = oxide capacitance
D max

50 C = Cmin Cmax - €oks

D Chax-Cmin Wim
thus .

W = €oKs (Cmax-cmin) (1)
- C C .
max “min

5. Calculates substrate doping. Wm is related to substrate doping in
following way: (N = subst. doping)

" =\/ 4e K KT Tn(N/ni) (2)

I

Q°N

[see SM.Sze p 436, eq (28)]
With Wm known, solve for N, but the equation is trancendental, so must

use iterative solution.,



5.

“Continued -

Rearrange (2) to give
4€0KSkT In (N/ni)

N =
q2 sz
or N = Noln (N/ni) (3)
where N0 is a constant given by
- 4eOKS kT
° q Wm a
To solve (3) for N, define Nj as the jth estimate of N and start with
N] = 10”1
Then iterate finding the j + 1th estimate from the jth using

N Ng In (Ns/nj)

i+ T |

Continue iterating until N.+1 - N.
—J—3r~——sl < 0.1%

J
Then N = Nj+1 [takes 4 or 5 iterations].
The oxide thickness is found directly from Cmax: (t = oxide thickness)
c i EoKi
max t
e K.
t = CO 1 (4)
max

With the results of steps 5 and 6 above we are in a position to com-
pute the flat-band capacitance CFB'
From S.M. Sze, p 435, eq(26)

C o S (5)
B K4 fo's
Ks qu

The computer now searches for the voltages where the capacitance of
each trace crosses CFB‘



The threshold voltages corresponding to these flat-band voltages are

computed as follows:

- Q
vT-vFB+2¢f- B

Cmax
where
g =+ KT 10 N + sign for p-type
f -9 n; - sign for n-type
Qu = F qNWm - sign_for p-type
B + sign for n-type
i.e.
- — [ gNWm _ 2kT ., N _ - for n-type
1oV \c T ' (6)
max i + for p-type



APPENDIX B CORRECTION FOR COUNTER CONTACT IMPEDANCE EFFECTS

When the magnitude of the counter contact impedance becomes comparable
to the impedance of the MOS capacitor on the front of the wafer, then the
measured impedance is not characteristic of the MOS capacitor alone. How-
ever, one can separate the MOS capacitor and counter contact contributions
to the measured impedance by measuring two different area capacitors and
then assuming that the MOS capacitor impedance will scale with area, where-
as the counter contact imbedance will be the same for each capacitor.

The measured impedances for dots with two different areas are (see

Figure B1)
1_ 1
ZT_K-]_>+ Zb
2 _ 17
7% =
T KE— + Zb
Solving for Z and Zb, we get
A A
_ 12 1 2
2 1 . »
AZT -A Z
Zb:-—?—-l.____.]_;r_ . 82
Ay Ay

The meter measures the capacitance and the equivalent parallel
conductance (C and G) where

Z} = (G]+iuC1)°] (area A]) B3a
72 - (G, +inC )'] (area A,) B3b
T 2 2 2
whereas we are interested in Cb,Gb, and ¢ and g where
- : -1
Zy = (Gb+1mcb) B4
7 = (g+iug)”! BS

where Cb and Gb are the parallel counter contact capacitance and
conductance and ¢ and g are the same quantities, per unit area, for
the MOS capacitor.



Sio, ) T

N

METAL CHUCK (Au)

IMPEDANCES

Y4 = IMPEDANCE / UNIT AREA OF MOS CAPACITOR

Z; = BACKSIDE (COUNTERCONTACT) TOTAL IMPEDANCE
Z; = TOTAL MEASURED IMPEDANCE

A,, A, ARE CAPACITOR AREAS

FIGURE B1. RELATIONSHIP OF MEASURED CAPACITANCE
AND EQUIVALENT PARALLEL CONDUCTANCE
TO COMPONENT IMPEDANCES.
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Substitution of B3, B4 and B5 into B1 and B2, and separation of real
and imaginary parts yields

2, 2.2 2
Q- ApmRy Gply(Gy=Gy) +uw™ (G17C,"-6,C17) B6a
= | 77 7
2 2. 9
p 77 7
oM (6,-6,) %+0%(C,-C,)
(AP ) (GG (AnGe A 5o ) 402 (A C. 26, -A C. 26, )
o o P8GR A5, 201 Gp-ACy Gy B6C
b 7 7
(Ay8,-A,6,) P+0Z Ay A1 C,)
(Ao= A-)(AsG. 2C.-A G, 2C.+w2C. C.h(A,Co-A,C.)
2= Ap) (ARG, "ComA G5 Co+wmCy 0o (AL A Gy S6d
“ * (oG =P G ) 240l (A Cq A, C,) 2
| 261-A16, 217710

At each value of bias, the computer program, JCVCORRECT, takes Al’ ¢y
and G1 from one file in SCVLIB and AZ’ C2 and 62 from another generated by
the identical procedure in BCVPROC, does the calculations in Equations B6,
and then writes the results to two other files in SCVLIB. There is a pro-
gram to generate fake data to test ZCVCORRECT.



