- -

|/~ AD=AD43 517  ARMY ELECTRONICS COMMAND FORT MONMOUTH N J

,l

F/6 9/
PHOTOVOLTAGE CHARACTERIZATION OF MOS CAPACITORS, (U) . 9-1

AUG 77 R L STREEVER: J J WINTER» F ROTHWARF
UNCLASSIFIED ECOM=4515

END
DATE
FILMED
—77




{™ Research and Development Technical Report

™ ECOM-4515
e

PHOTOVOLTAGE CHARACTERIZATION OF MOS
CAPACITORS

R. L. Streever
J. J. Winter
F. Rothwarf

Electronics Technology & Devices Laboratory

August 1977

‘
4

DISTRIBUTION STATEMENT ‘,A,} ,',...\ ,',.‘ !
- Approved for public release: R I W
O arstribution unlimited s : 3 O ¢ |
{ 1
L L AUE 29 177
el !
< .,. | -
N
D ,\ A

AB NO.

" ECOM

US ARMY ELECTRONICS COMMAND FORT MONMOUTH, NEW JERSEY 07703

¢
4




NOTICES

Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercial products or services

referenced herein.

Disposition

Destroy this report when it is no longer needed. Do not
return it to the originator.




TN e KR

INCLASSIFIED
SECJURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ INSTRUCTIONS

()

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1. REPORT NUMBER g 2. GOVT ACCESSION NO.| 3. RECIPIENT’'S CATALOG NUMBER
ECOM-US1S #

.g;\

(\‘_,

—

5. TYPE OF REPORT & PERIOD COVERED

TITLE (and Subtitle). . ,
) PHOTOVOLTAGE CHARACTERIZATION OF MOS CAPACITORS,

6. PERFORMING ORG. REPORT NUMBER

——

\

4%

8. CONTRACT OR GRANT NUMBER(s)

7 AUTHORé®)—
R.L./Streever,

/

J.J./Winter =~ /
F./Rothwarf {

PERFORMI RGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT, TASK
o oI oA o N AREA & WORK U BERS

Electronic Materials Research Technical Area

/:“
US Army Electronics Technology & Devices Lab ( A
/ -4

i
Fort Monmouth, NJ DRSEL-TL-ES ; i__lLl6llZZAH47 S7/ 051
11 CONTROLLING OFFJCE NAME AND ADDRESS £ _‘3, _REPORT DATE. .

US Army Electronics Command '—‘/) Auguet 977 /
DRSEL-TL-ES B T3 NUMBER OF PAGES

Fort Monmouth, NJ 07703 11

nomTolmG AGENCY NAME & ADDRESS(/f different from Controlllnn Office) 1S. SECURITY CLASS. (of this report)

F\; saveh amd development i UNCLASSIFIED

\

T \ TSa DECL ASSIFICATION DOWNGRADING |
/ | 7rEpl \ SCHEDULE
/ $ / e |
6. DISTRIBUTION STATEMENT (of this Report)

l‘?

Approved for public release; distribution unlimited. /

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if different from Report)

8. SUPPLEMENTARY NOTEs This paper was presented at the Third International Sympo-

Materials Science & Technology, '"Semiconductor Silicon 1977," May 1977.

sium on Silicon Materials Science & Technology, Philadelphia, PA, May 8-13, 1977/
and published in the Proceedings of the Third International Symposium on Silicon

19. KEY WORDS (Continue on reverse side if necessary and identily by block number)

Photovoltage
Metal-oxide-semiconductor capacitors

tance and conductance measurements have been made on various metal-oxide-semi-

Surface states
20. ABSTRACT (Continue an reverse side If necessary and identify by block Mb&ir face phot ovol tage , capac i-

conductor (MOS) capacitors fabricated on p-type Si wafers. Curves of photovol-
tage plotted against dc sample bias are found to exhibit structure arising from
surface state effects which correlates well with that observed in the C-V/G-V

curves. In the region near the middle of the Si bandgap the surface state den-
sity can be reduced by about an order of magnitude by annealing. An equivalent
circuit approach is used to relate the photovoltage to the electrical parameters

DD ," 5% 1473  eormion oF 1 wov e8 18 owsoLETE UNCLASSIFIED

e ’ d SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
& - / O o iy

.
e




B e R

EL

LELE

v

VI

\}Ufff;‘; 2
;1, wnitp Sectiar

CONTENTS
INTRODUCTION E
THEORETICAL MODEL g ;Aﬂ
EXPERIMENTAL 1 A | ";
A. Photovoltage System \ X | A,_J
B. Preliminary Experiments A
C. Photolithographic Samples
DISCUSSION
A. Capacitance Data
B. Conductance Data
C. Photovoltage Data
CONCLUSION
ACKNOWLEDGEMENT
REFERENCES
FIGURES

. Equivalent circuit of a p-type MOS device

Real component of photovoltage at different frequencies

. C-V and G-V curves for annealed sample

. C~V and G-V curves for unannealed sample

Real component of photovoltage at 200 Hz for annealed
and unannealed photoresist samples

Plot of Cg/Cqyy for annealed and unannealed photoresist
samples

Page

~

~J

10

10

Ll




PHOTOVOLTAGE CHARACTERIZATION OF MOS CAPACITORS

R.L. Streever, J.J. Winter and F. Rothwarf
US Army Electronics Technology & Devices Laboratory (ECOM)
Fort Monmouth, New Jersey 07703

ABSTRACT

Surface photovoltage, capacitance and conductance meas-
urements have been made on various metal-oxide-semiconductor
(MOS) capacitors fabricated on p-type Si wafers. Curves of
photovoltage plotted against dc sample bias are found to ex-
hibit structure arising from surface state effects which cor-
relates well with that observed in the C-V/G-V curves. In
the region near the middle of the Si bandgap the surface state
density can be reduced by about an order of magnitude by an-
nealing. An equivalent circuit approach is used to relate
the photovoltage to the electrical parameters.

1 Introduction

Studies of the surface photovoltage, which is the change in sur-
face potential accompanying the creation by light of excess carriers in
a semiconductor, have been extensively reported in the literature.l The
possibility of using scanning photovoltage methods to evaluate the in-
terfaces of large scale integrated (LSI) metal-oxide-§emiconductor (MOS)
devices has created renewed interest in such studies.< Preliminary ex-
periments in this direction were made on MOS capacitors to see if one
could correlate scanning photovoltages with conventional C-V/G-V meas-
urements.

For evaluation purposes an array of MOS capacitors is usually
formed by depositing Al contact dots on oxidized Si wafers either with
mechanical masks or by photolithographicytechniques. If the Al con-
tacts are made sufficiently thin (v 150 A), so that they are essentially
transparent to visible light, photovoltage studies can be performed on
the individual capacitors. 1In the present investigation, we haw¥ car-
ried out such studies by using as the light source a He-Ne (632.8 nm)
laser which could be focused to a spot size of about one micron on the
sample surface.

From the point of view of wafer evaluation two types of photovol-
tage studies are possible. First, one can scan the focused laser beam
over a given contact and use the photovoltage variations as a means of
detecting microstructure. - Second, by chopping the laser beam, one
can measure the dc component of the photovoltage at a fixed point on
a given contact. Thus, one can try to detect slow systematic variations
in the photovoltage at different points on the contact or from contact




to contact. It is this latter approach that was used in the present
investigation.

To correlate the photovoltage measurements directly with C-V meas-
urements, we have carried out a theoretical and expcrimertal investi-
;ationof the variation of photovoltage with dc bias and its relation
to the C-V curves. We show that the photovoltage versus bias (V,-V)
curves can give similar information to that obtained with convcn&ional
admittance (G-V/C-V) measurements. The photovoltage measurements have
the added advantage that small regions of the surface can be probed
for uniformity of properties.

11 Theoretical Model

To analyze the dependence of photovoltage on sample bias or sur-
face potential we use an equivalent circuit approach. This has an ad-
vantage over more conventional approaches’ in that it gives expressions
for the photovoltage explicitly as a function of frequency and directly
in terms of the capacitances and conductances associated with the
equivalent circuit of the MOS capacitor.

A simplified ecquivalent circuit for a p-type MOS capacitor is
shown in Fig. 1. This is essentially the same circuit used by Saks?
to discuss conductance measurements and by Nakhmanson? to discuss the
photovoltage. Except for the addition of Gy and C,, the circuit repre-
sents a simplification of the equivalent circuit described by lLehovec
and Slobodskoy.® G, and Cy represent the recombination conductance
and capacitance. Gy and G, are the surface state conductances for
majority and minority carriers, respectively. Cp, Cp and Cg are the
inversion layer, depletion layer and surface state capacitance, re-
spectively, while Cy, is the insulator capacitance. If the semiconduc-
tor is strongly doped so that the carrier concentration ratio ng/p, is
small (for a p-type material) then to this approximation one can repre-
sent the cffect of the chopped light source by an ac current source I
in parallel with Gg.

The circuit of Fig. 1 can be used to give an expression for Vp,
the photovoltage developed between the Si surface (point S of Fig. 1)
and the bulk substrate. The general expression is rather complex,
however, and it is of interest to consider limiting cases.

Case 1

, No‘surface states Cg=Gp=Gp=0 and C, small wCqy << G,. Then Vp is
given simply by
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In the low frequency limit the imaginary component of V, (the component
ait of phase with respect to Iy) vanishes. The real component will in-
crease from zero as the semiconductor is biased into inversion and

will approach a limiting value of I} /Go in the strong inversion limit.

Case II

Low frequency limit

In the low frequency limit the following expression for the real
component of V_ can be obtained

P
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We see that in general there is both a surface state and an in-
version layer contribution to Vp'

The surface states also make a contribution to the out-of-phase
part of V_ . The expression is rather complex, and since it won't be
needed in an experimental analysis we omit it here.

IIT Experimental
A. Photovoltage System

The photovoltage-bias experiments were carried out using a
scanning photgvoltage system similar to that described by DiStefano
and Viggiano. The system uses a He-Ne 632.8 nm (visible red) laser
which is focused on the sample to a spot size of about one micron.
When the system is operated in the normal scanning mode, an ac photo-
voltage signal is induced as the light spot is scanned across a de-
fect. In the present study a light chopper was added to the system
so that an ac signal could be developed independently of the scanning.
In the typical experiment the light spot was focused near the center
of a given contact and a plot of photovoltage versus sample bias was
obtained. It was determined that the vp-v curves were essentially the
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same from spot to spot for a given contact so that meaningful compari-
sons to C-V/G-V measurements, which average over a whole contact, could
be made. On a given sample, results for different contacts were also
quite similar. The photovoltage was measuted by monitoring the ac cur-
rent through Cyx with a sensitive current amplifier. In such a detec-
tion scheme the measured current is 90° out of phase with respect to
the photovoltage. A lock-in amplifier was used to enable real and
imaginary components of Vp to be measured separately.

B. Preliminary Experiments

Preliminary studies were done using MOS capacitors fabricated
on <100> orientation p-type Si wafers with resistivities of 2-4 Q-cm.
The wufgrs was thermally oxidized in dry 0, at 1000°C to a thickness
of 870 A. An array of transparent Al front contact dots approximately
150 X thick were deposited by electron beam evaporation through a me-
chanical mask. Thicker contacts were deposited on the edge of the
transparent ones to facilitate electrical connection and an Al back
contact was also deposited.

Curves showing the real component of V_ versus sample bias
taken at different frequencies of the chopped laser source are shown
in Fig. 2. The photovoltage variations about zero bias are due to
the presence of surface states and occur in the region around weak
inversion.

C. Photolithographic Samples

In order to increase the surface state effects a second set
of MOS capacitors were fabricated on <111> orientation p-type Si wafers
with rgsistivities of 1.5 to 2.0 Q-cm. The dry thermal oxide was about
1,000 A thick. Transparent Al contacts (approximately 125 A thick and
2 mm square) were defined by photoresist techniques and deposited by
electron bgam evaporation. Smaller area thicker contacts (approximate-
ly 10,000 thick) were also deposited to facilitate electrical connec-
tion. One set of samples was left unannealed and one set (from the
same wafer) was given a final N, anneal at 500°C.

Capacitance and conductance measurements made with a PAR C-V
plotter on representative contacts of the anncaled and unannealed sam-
ples are shown in Figs. 3 and 4, respectively. Photovoltage-bias
curves showing the real component of Vp at 200 Hz for the two types of
samples are given in Fig. 5.

v Qiggussion

A. Capacitance Data

The capacitance curves of Fig. 4 indicate a large distribution
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of surface states in the unannealed sample and also a large fixed pos-
itive charge distribution which displaces the curves along the voltage
axis. Both the surface states and the fixed charge are reduced by
annealing, the voltage displacement being about one volt smaller in
the annealed sample.

The variation of the surface state capacitance Cg with sample bias
can be obtained from the low frequency capacitance data. At low fre-
quencies the C-V curves approach the quasistatic ones and the measured
parallel capacitance Cy is given simply by7

@]

CD+CI+CS

e (3)
CD*CI+C5*Cox

¥

oXx

tting Ct be the low frequency capacitance that would be measured in
absence of surface states (i.e., the value of Cp when C4=0), we
then have

o

; (C,/Cp-1)

Cox (l_cm/cox)(cox/CT'l)

’,

In accumulation and depletion where C;=0, the high frequency capaci-
tance curves coincide with the low frequency ones when C,=0. Conse-
quently, in this range Cy can be obtained from the high frequency capa-
citance curves. In inversion CT can be obtained from standard calcu-
lated C-V curvecs.

Values of Cg/Cyy calculated from Eq. (4) are shown in Fig. 6 for
annealed and unannealed samples. In the unannealed sample C; is seen
to peak right around midgap (about -3 volts for this sample) where
the slower surface states are most effective. By contrast the annealed
sample shows surface state peaks to either side of midgap (about -2
volts for this sample). This is consistent with the shoulders observed
in the C-V curves for the annealed sample. The shoulders on the in-
version side of midgap tend to be obscured by the inversion capaci-
tance.

The surface states may be due to the electron beam irradiation to
which the samples were subjected during evaporation of the contacts.
In the photoresist process the Al layer for the thick contacts was
deposited over the whole surface and then selectively etched away.
Consequently, the whole surface received a large irradiation. The
large density of surface states near midgap gn irradiated samples
would be consistent with the findings of Ma.




B. Conductance Data

From the conductance data of Figs. 3 and 4 we see that con-
ductance peaks occur in both depletion and.inversion suggesting that
we must consider both maiority and minority carrier response. As has
been discussed by Saks,” surface state conduction can occur in two sep-
arate channels. For a p-type device these can be the majority carrier
path through Gp or the minority carrier path through G, and Go (refer
to Fig. 1). 1If G, is much greater than Gp and G, at midgap then both
minority as well as majority carrier response has to be considered on
a nearly equal basis.

The part of the measured parallel conductance due to surface
states can be written?

£)
G, C%“n(:ox‘
— = S)
w 2 22 2 (
(Cox*cD*Cs) e (Cox+CD)

Here 1 is the surface state time constant. For a given frequency this
expression peaks at two values of surface potential. One in depletion
when wip=(Cox+Cp+Cs)/ (Cox+Cp) and one in inversion when 1, replaces

T,. At high frequencies the peaks occur where T is small (near the
bandgap edges). At lower frequencies the peaks come together and merge
near midgap where 1, and 1, become comparable. This is just the be-
havior observed experimentally.

Values of Cg obtained using Eq. (5) were found to agree well
with those obtained from C-V data and are shown in Fig. 6.

C. Photovoltage Data

We turn now to an analysis of the photovoltage data taken at
200 Hz. In the annealed sample we see a surface state shoulder at
about -2.7 volts and a peak at about -1 volt occurring respectively in
depletion and inversion (as noted previously midgap in this sample oc-
curs at about -2 volts). These peaks correlate well with surface state
peaks in the conductance data and with those observed in the Cq plot.
The unannealed sample shows a broad surface state response from about
-1.0 volt to about -6 volts which also agrees well with the low fre-
quency conductance peak or with the peak in the Cg plot at about -3
volts (around midgap).

Although the photovoltage correlates well with Cg. there does
appear to be a discrepancy with the theory of Section 1I. According
to Eq. (2) the surface state photovoltage should be small in depletion
when Gp/(Gp+Gp)<< 1. According to the experimental result, however,
surface state response occurs in both depleticn and inversion (on both




sides of midgap). It seems likely therefore that the quivalent cir-
cuit of Fig. 1 (which in the original Lehovec-Slobodskoy” version as-
sumed a negligible recombination rate in the space charge layer) is
not the correct one to use.

For the case of infinite recombination rate in the space
charge layer Lehovec and Slobodskoy® describe a different circuit which
puts G, and G, in parallel. Such a circuit would give surface state
response in both depletion as well as in inversion. Provided Cq was
symmetric about midgap, the surface state photovoltage would be sym-
metric also. It seems that such a circuit could explain, therefore,
the photovoltage as well as the conductance data and such a model will
be discussed more fully in a future paper.

Y. Conclusion

The surface state distribution has been evaluated for p-type MOS
samples using admittance and photovoltage techniques and the results
correlate well with each other. As might be expected, we find the
surface state distribution to vary markedly with annealing. At midgap
the surface states are about an order of magnitude smaller in the an-
nealed sample.

These studies should be helpful in the analysis of scanning photo-
voltage displays. They also point to the possibility of using scanning
photovoltage methods for quantitative diagnostic studies of LSI struc-
tures.
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Substrate

Fig. 1. Equivalent circuit of a p-type MOS device.
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Fig. 2. Real component of photovoltage at different
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