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PHOTOVOLTAGE CHARACTERIZATION OF MOS CAPACITORS

R.L. Streever , J.J. Winter and F. Rothwarf
US Army Elec tronics 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) capac itors fabricated on p-typ e 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/C-V curves. In
the region near the middle of the Si handgap 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.

I Introduction

Stud ies of the surface photovo ltage , which is the change in sur-
face potent ial accompanying the creation by li ght of excess carriers in
a sem iconduc tor, have been extensively reported in the literature .’ The
possibility of using scanning photovoltage method s to evaluate the in-
terfaces of large scale integrated (LS1) metal-oxide-semiconductor (MOS)
devices has created renewed interest in such studics.~ 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 photolithogr aphic0techn iqucs. If the Al con-
tacts are made sufficiently thin (i . 150 A), so that they are essentially
transparent to visible light , photovoltage studies can be performcd on
the individual capacitors. In the present  i n v e s t i g a t i o n, we ha~~ car-
ried out such studies by using as the light source a lie-Ne (632.8 nm)
laser which could be focused to a spot size of about one micron on the
sample surfac e.

From the point of view of wafer evaluation two types of photovol-
tage s t u d i e s  are possible. First , one can scan the focused laser beam
over a given contact and use the photovoltage variat ions as a means of
detecting microstructure .2 Second , by chopp ing 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 systemat ic variatior~in the photovoltage at different points on the contact or from contact
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to  cOf lt ~tCt . It is t h i s  l a t t e r  approach that was used in  t h e  present
invest igat ion.

To correlato the photovoltage measurements d i r e ctl y w i t h  C-V meas-
iirement s , we have ’ c a r r i e d  out a theoret ical and expi r ~h e1t u l i n v e s t  i —

,a t i u of t h e  v i r l i t  ion  of phutovo ltag e with dc b i a s  an d its relation
to t he C — V cu rves .  l~c show t h at  the pho tovo l t age  v er s u s  b i a s  (V 1) — V )

curves can g i v e  s i m i l a r  i n f o r m a t i o n  to that  ob ta ined  with convenhonal
a d m i t t a n c e  (G-V/ C-~’) measu remen t s .  The photovoltage measurements have
the added advantage that small regions of the surface can be probed
f u r  un i formity of propert ies.

II Theoret ici l Model

To analyze the dependence of photovoltage on samp le bia s or sur-
face potcnt ial we use an equiva l ent circuit approach. T h i s  has an id-
\ t ~~I~~~fU over u~ re conventiona l approaches 1 in that it gives expressions
b r  t h e  photovo ltage explicitly as a function of frequency and directly
i n terms of t h e  c a p a c i t a n c e s  and conductances  a s s u c i t t e d  w i t h  t h e
equivalc ut circuit of the MOS capacitor.

A simplified equivalent circuit for a p-type MOS cap aci tor is
shown in  1 - i g .  I .  T h i s  is essentially the same circuit used by Saks3

t o  i i  ass co n d u c t a n c e  me asurements  and by Nakhmanson t to di uss t h e

~‘h tovoltagc . l~xcept  for the addition of C0 and C0, t h e  cir cuit repre-
~en t s  a simp l i f ication of the equivalent circuit described ly l ehovec
a’s~ Slohodskoy .5 C0 and C0 represent the recoinhinat ion conduct ance
and - a p i  i t  inc e .  G~ and C~ a re t h e  s u r f a c e  s ta te  conj u t ; i n c c s  fo r
ma)~~r I t ~ and m i n o r i t y  c a r r i e r s , r e s p e c t i v e l y .  C 1, C1) and C~, are  the
i n v e r s i o n  l a ye r , dep ic t  ion l aye r  and sur face  s t a t e  c a p t c  I t a n c e , re-

i vel y, w h i l e C~~ i s  t h e  i n s u l a t o r  c a p a c i t a n c e .  I I t h e  ~- e m  ico nduc —
— tor i s  s t r on g l y  doped so tha t  the c a r r i e r  concentrat i on  r atio n0/p0 is

m i l l  ( f o r  a p - t y p e  m a t e r i a l )  t hen to t h i s  a p p r o x i m a t i o n  one can repre-
— - o u t  t h e  e f f e c t  of t h e  chopped l i g h t  source by an ac c u r r e n t  -. ourc e

in p arallel with

The circuit of Fig. 1 can be used to give an expression for
the photov oltage developed between the Si surface (point S of F i g .  I )
and the h u l ’  s ub - I r a t e .  Ihe genera l expression is rather complex ,
however , and it is of interest to consider limiting ~ases .

case I

No su r face_ st a t t s  C 5=G~ =G~ 30 and C0 smal l  ~C0 ~~~ (~~~~. Then Vp is
given simply by



= - ‘
~ ~~ ~~~~~~~~ (1)

In the low frequency limit the imaginary component of V~ (the component
wt of phase with respect to ‘L) vanishes. The real component will in-
crease from zero as the semiconductor is biased into inversion and
will approach a limiting value of I L/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

Real = - ~ L I 
(CD+C J+CS
){(G

fl
G

P)
~~~

} 

(2)

We see that in general there is both a surface state and an in-
version layer contribution to V~ .

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

III Experimental

A. Photovol tage  System

The photovoltage-bias experiments were carried out using a
scanning photgvoltage system similar to that described by DiStefano
and V igg iano. The system uses a He-Ne 632.8 nm (v isi b l e red ) laser
which is focused on the sample to a spot size of about one micron .
When the sys tem is operated in the norma l sca nni ng 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 signa l could be developed independently of the scanning.
In the typical expe rim ent the light spot wa s focused near the center
of a given contact and a p lot of photovol tage versus sample bias was
obtained . It was determined that the V~,-V curves were essentially t

he3



sane from spot to spot for a given contact so that meaning ful compari-
Sons to C-V/C-V measurements , which average over a whole contact , could
ho made. On a given sample , results for different contacts were also
quIte cim ilar. The photovoltage was measured by monitoring the ac cur-
rent through C0.~ with a sensitive current amplifier. In such a detec-
tion scheme the measured current is 900 out of phase with respect to
the photo voltagc . A lock -in amplifier was used to enable rea l and
1 rag i i  r~ component s of V~ to be mea sured separately.

B. P r e l i m i n a r y  b sp e r i m en t s

P r e l i m i i i a r v  studi es were done u s in g  MOS c a p a c i t o r s  f a b r i c a t e d
on <1 ( 10 ’  o r i e n t a t i o n  p-t ype S~ w a f e r s  w i t h  r e s i s t i v i t i e s  of 2-4 ~2 - cm.
The w a f ’ i s --v~~s thermall y o x i d i z e d  in d ry  02 at l000 0C to a t h i c k n e s s
ot 8 ’O \ .  An a r r a y  of t r a n s p a r e n t  Al f ront  con tac t  do ts  a p p r o x i m a t e l y
l~

() thick were dep osited 1w elect ron beam evaporat ion through a me-
ch a u  i c .  1 mask. Thicker contact were deposited on the edge of t he
tra ii i r t-rr t ones to fa cilitate ’ electrical connection and an Al back
c o n t i t  was also deposited.

Curves showing the real component of V~ versus sample bias
iken at different frcqtienc ics of the chopped laser source are shown

in J i g .  . Ihe phot ovoltage variations about zero bi a s ar c- due  t o
he presence of surface states and occur in the region around weak

i n v e r s i o n .

C. Photol ithogra~~~~~~juni les

In  order  to inc rease  the surface state effects a second set
of MOS capacitors were fabricated on < i l l ’  orientation p-type Si wafers
w i t h  rh ’~i s t i v 1t i e s  o f 1.5 to 2 . 0  i -cm.  The dry t h e rmal  o x i d e  was about
1 ,O~io A thick. Transparent Al contacts (approximately’ 125 A thick and
2 urn square)  were dcf ’ined by photoresist techniques and d e p o s i t e d  by
e l e c t r o n  h~ am e v a p o r a t i o n . S m a l l e r  area t h i c k e r  c o n t a c t s  ( a p p r o x i m a t e -
l y 10 , 001) A thick) were also deposited to facilitate electrical connec-
tion. One set of samples  was l e f t  unannea l ed and one set (from the
same wincr) was given a final N2 annea l at 500°C.

Capacitance and conductance measurements made with a PAR C-V
plotter on representative contacts of the annealed and unannealed sam-
ples are shown in Figs. 3 and 4, respectively. Photovoltage -bias
curv es showing the real component of V~, at 200 Hz for the two types of
samples are given in F i g .  S.

IV D i scus s ion

A. Capacitance Data

The capacitance curves of Fig. 4 indicate a large distribution

4
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of surface s ta tes  in the unannealed sample and also a large fixed pos-
itive charge distribution which displaces the curves along the voltage
ax i s. Both the sur face states and the fixed charge are red uced by
annealing, the voltage displacement being about one volt smaller in
the annealed sample.

The variation of the surface state capacitance C~ with sample bias
can be obtained from the low frequency capacitance data. At low fre-
quencies the C-V curves approach the quasista t ic ones arid the measured
parallel capacitance Cm is given simply by

7

Cm CD+C i+Cs
~~

— =  c + c +c +c (3)
ox D I S ox

-t ti ng CT be the low frequency capacitance tha t would be measured in
absence of surface states (i.e., the value of Cm when C5=0), we

~.hc- n have

C 
— 

(C
m /C

T
_i) 

F
- 
(1-C IC )(C IC -1) 

(4)
ox m ox ox T

In accumulation and depletion where C1=0, the high frequency capaci-
tance curves coincide with the low frequency ones when C5=O . Conse-
quently, in this range CT can be obtained from the hi gh frequency capa-
citance curves. In inversion C1 can be obtained from standard calcu-
lated C-V curvcs.

Values of Cs/Cox calculated from Eq. (4) are shown in Fig. 6 for
annea led and unannealed samples. In the unannea l ed sample C5 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 

~
n irradia ted samples

would be consistent with the findings of Ma

.S



h . Conduc tance Pat

From the conductance data of l : i g s .  3 and 4 we see that com-
duct oiL e peaks occur in both dep let ion and - i n v e r s i o n  sugges t i ng  that
we m u st  c o n s id e r  both m a j o r i t y  and minorit y carrier response.  As has
been d i s c u s s e d  b y Sak s ,~ s u r f a c e  st i t e  c o n d u c t i o n  can occur in two sep—
ara~ e c h an n e l s .  For a p - t y p e  devi ce these  can he the  m a j o r i t y  c a r r i e r
pat h t h r o u g h  ld~ or t ho m i n , r i ty carri e r pat h t hrotig h C~ and Go ( r e f e r
to  F i g.  1 . If (~ i s  much  gr ea t or t han C1) and C 11 a t  m i d g a p  then  both
m i n o r i t y  as  s~~l 1  as m a j o r i t y  c a r r i e r  response has to  he cons ide red  on
a n e a r l y -  equ a l  b a s i s .

The part of the measured p arallel conductance due to surface
statcs can be written 9

C C~~ rrCm s ox
- 

(Co +C D + c ) 2 
+ W 2 T 2 (C +C~)~

Here 1 is the scrfacc st a te t i m e  c o n s t a n t .  For a g i v e n  f re q ue n cy t h i s
e x p r e s s i o n  peaks  at two v a l u e s  of  s u r f a c e  p o t e n t i a l .  One in  d ep l e t ion
when ~~t -,= (C 0~ ~C1)+C 5 / (C oX +C [) ~ and one i n  m y er s  ion when  i 1~ repl aces

A t  n i g h  f r e q u o n c i e s  t h e  peak s  occur where  r i s  s m a l l  (nea r  t h e
i r i d f  i p edges)  . At lower  fre qu en e ies t h e  peaks  c o n e  t o g e t h e r  and mer g e

n-- ~Lr mid gap where t p and -t~~ bec ome c o m p a r a b l e .  T h i s  is j u s t  t he  be-
havior observed experimentally.

Va lues of (~ obtained using Pq. (5) were found t o ag r ee w e l l
with those obtained from C-V data and are shown in Fig. 6.

(~ M~ ) t o v O l t ~~~~~ P at a

P~e turn now to ~in analy sis of the photovoltage d a t a  t a k e n  at
i! , In  t h e  a n n e a l e d  s amp le  we Sec a surface state shoulder at

i l  r — 2 .  T volts and a peak at  ab out  — 1  vo l t  o c c u r r i n g  respect  i vol y in
p l o t  ion and i n v e r s i o n  ( a s  no ted  p r e v i o u s l y  m i d g a p  in this sample oc—

c u r s  a t  about — 2 volts). These peaks c o r r e l a t e  w e l l  with surface state
pca~ i n t he  c o n d u c t a n c e  d a t a  and w i t h  those observed in t he  C 5 p l o t .
Thr~ u n a n a c i l e d  samp le  shows a b road su r face  s t a t e  response from about
-1. 0 volt t~ abo u t - h  volts which also agrees well w ith the low fre-
quency c ndac tanc t ’ p eak or s ith the peak in the C~ pl ot at about -3
volts (around mid gap i .

.\lthough the ph o t o v o l t a g e  correlates well with C5. there does
app ear  to be a discrepancy with the theory of Section II. According
to Eq. (2) the surface state photovoltage should be small in depletion
wh en ~n/(Gn

4(;p)~~ 
I. According to the experimental result , however ,

~ur ft ce state response occurs in bot h depletion and inversion (on both

(I

-‘v-. • ~~~~
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sides of midgap) . It seems likely therefore that the eq~ ivalent cir-
cuit of Fig. 1 ( w h i c h  in the  o r i g i n a l  Lehovec-Slobodskoy version as-
sumed a neglig ible recombination rate in the space charge layer) is
not the correct one to use.

For the case of infinite reconhination rate in the space
charge la yer Lehovec and Slohodskoy 5 describe a different circuit which
put s (‘

~~ and (~ in par a llel. Such a circuit would give surface state
response in both depletion as well as in inversion . Provided C~ was
symmetric about midgap, the surface state photovolt age would be sym-
metric also. It seems that such a circuit could explain , therefore ,
the photovoltage as well as the conductance data and suc h a model will
be discussed more fully in a future paper.

V. Conclusion

The surface state distribution has been evaluated for p-type MOS
samples using admittance and photovoltage techniques and the results
correla te well with each other. As might he expected , we f i n d  the
surface state distribution to vary marked l y with annealing. At midg ap
the  su r face  s t a tes  are about an order of m a g n i t u d e  s m a l l e r  in the an-
nealed sample.

These studies should be help ful 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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Fig . 5. Real compunent of photovoltage at 200 Hz for annealed
and unannealed photoresist samp les.
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Fig. 6. Plot of C5/C0,~ for annealed and unannealed photoresist
samples.
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