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Measurement of the Surface Recombination Velocity S at the Si-SiO2 Interface
by the Dual-Mercury Probe Method

Eiichi Suzuki, Hidetaka Takato, Kenichi Ishii, and Yutaka Hayashi

El ectrotechnical Laboratory

1-1-4, Umezono, Tsukuba-shi, Ibaraki 305, Japan.

A novel neasurement technique of the surface reconbination velocity S at the
Si-Si0z interface by the dual-nercury probe nethod is proposed. It is shown
that the S experimentally obtained has the pyranid-like peak from near flat-
band to nidgap condition and takes an extrenely low value less than 10 crn/s at
both inversion and accunulation condition. In addition, the S is conpared
with the interface-state density Drc.

1. Introduction
The thermal ly grown Si-Si0z interface i s

the essent ial naterial system for many Si

devices. Nunerous charac.terization tech-

niques for the interface are generally con-

cerned with the neasurement of the najority-
carrier propertiesa). For minority-carrier
devices such as a solar cel l, it i s inpor-
tant, hortever, to underst.and the properties
of ninori ty carriers, e. g. electron-hole
reconbination at the interface.- The recom-

bination is usually characterized by a sur-

face reconbination velocity S, that cor-
responds to a ninority-carrier lifetirne r in

the Si bulk. The S expressed by the
Shockley-Read-Ha11 (SRH) statistic is a con-

plex function of Si-Si0z interf ace
propett ies, i. e. , the density and capture

cross sect ion of Si-Si0z interface states,
and surface carr i er dens i t ies2 ). Therefore,

a technique to experimentally deternine the S

must be requi red. To our knowledges, very

few works have been reported so fars>-4>.
In this paper, a novel measurenent tech-

nique of the S at the Si-Si0z interface based

on the dual-mercury probe methodE)'e) is

c-5-8

described. I t is shown that the S at dif-
ferent Si-Si0z interfaces is successfully
evaluated as a function of a gate bias volt-
age. The experinental resul t s are i nves-
tigated, comparing with the interface-state
densi ty Drc.

Experinental and analytical method

1 Measurement setup and samples

The measurenent setup for the evaiuation
of S is schenatical 1y shown in Fig. 1. Two

mercury probes (0. 5mm d , space: 5nn) made con-

tacts with the HF-etched back surface of the

oxidized Si wafer sample through a Mylar
orifice plate by vacuun-pumping through a

little gap between the Mylar plate and the

ryaf er.

The neasured samples were n-type, (100)-

or i ented, I7-22 Q -cm, FZ Si wafers, oxidized

in dry 0z (Si0 z- 800A) and fol iowed by

evaporation of Indium Tin 0xide ( IT0) f i lrns

as transparent gates. 0ne sanple vas an-

nealed in 0z at 800.C for 30min before the

IT0 evaporation. Another sanple vas annealed

in Hz at 400"C for 30min after the dry 0z

oxidation and IT0 evaporation to reduce the

2.
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Fig.1 Schematic measurenent setup for the
dual-mercury probe method for the evaluation
of the surface recombination velocity S at
the S i-Si0z interface.

Si-Si02 interface-state density.

The intens i ty-modu I ated 1 i eht (GaAs LED:

3mlY) i I 1 um inated the IT0 gate to generate

minority carriers near the Si-Si0z interface.
0ne Hg probe s i tuated beneath the I T0 gate

was reversely biased to col lect a part of
photo-generated ninori ty carriers diffused
from the vicinity of the Si-Si0z interface.
A gate voltage was applied to change surface

band vending. The DC bias light of a lY-lamp

(50 nll/cn-) also illuminated the whole front
surface of the sample to reduce the resis-
tance of the neasurement circuit. The

frequency-dependent photocurrent was measured

as a function of gate bias voltage by using a

100kHz lock-in anpl ifier. To determine the

T and D of the sample, the similar neasure-

ment of the photocurrent vas also perforned

at the sandblasted surface. The interface-
state densi ty Drc of each sampl e was es-
timated by the quasi-static and high-
frequency C-V neasurement.

2.2 Evaluation procedures of the surface
reconbination velocity S

The evaluation of the r and D of
minority carriers in the Si wafer using the

dual-mercury probe method has been presented

previously in detail-) and will therefore
only be revieved here. The behavior of the
photo-generated minori ty carriers is ap-

Vg
FUNCTION

GENERATOR

I
Hg-Al

Vxs

Hg.B
CONTROLLER

---1 locr-tH
---l AMP

^r,,ra,J

proxinately dealt with to be one-dinensional

for brevity. Because the applied DC bias ap-

pears mainly in the depletion region of the

reversely biased Hg contact. In such a case,

the photocurrent picked up by the He contact
is expressed as a solution of continuity and

di ffusion equat ions wi th adequate boundary

condi tionsT ) and i s a compl i cated funct ion
with three unknown parameters, r , D, and S.

0ne way to simpl ify the analytical solution
i s to el iminate one of these paraneters. I t
has been shown that, for S higher than around

10' cn/s, the normalized photocurrent is in-
dependent on the value of SE ). IYe adopt thi s

i inited case for the eval uat ion of r and D

by neasuring the sandbl asted surface of the

waf er sanpl e. For the case of W/t> 3 and c,r r )
1, where L=JtD and a is an angular
frequency, r and D have been shown to be

able to be graphically determined fron the
simplified analytical fornulaE). However,

even for the other cases, we can obtain r
and D by curve-fitting with the aid of calcu-
lated correction factors. After the deter-
nination of r and D, the dependence of the
photocurrent on S can be calculated as a

function of nodulation frequency. Then the S

at given surface on the wafer sanple can be

eval uated by comparing the experimental data

vith the corresponding calculations. In
other words, the proposed technique makes i t
possible to determine s and S separately.
The accuracy of the determined S is generally

improved for a wafer sanple with longer
minority-carrier lifetine and/or larger
thickness. The above-nent ioned procedures

were used for the evaluation of the S at the

Si-Si0z interfaces as a function of the gate

bias voltage.

The energy distribution of the Si-Si0z
interf ace-state densi ty Drc \yits tneasured by a

conventional quasi-static and high-frequency
C-V nethod to conpare it with the experimen-

tal Iy obtained S.
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MEASUREMENT

' vg=+15v
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CALCULATION

1. s= 0 cm/s
2. s= 10
3. s= 100
4. s= 500
5. s=1000
6. s=5000
7. s=104

r= 150 ps
D= 11.3 cm2/s
W= 522 am
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Fie.2 Dependence of the surface reconbina-
tion velocity S on gate bias voltage at the
Si-Si0z interface annealed in 0z at 800"C for
30nin after the dry 0z oxidation. The gates
vere transparent IT0 films.

3. Bxperinental results and discussions
Pigure 2 shows the experimental results

of the loe(nornalized photocurrent) vs.
square root of frequency (./f) characteristics
for the Si-Si0z sanple annealed in 02. For

the calculation shown by sol id curves in
Fig. 2, the experimental 1y evaluated r of 150

,f/s, D of 11.3cn-/s, and lY of 522pn vere
used. The dependence of the surface recon-
bination velocity S on gate bias voltage was

then deternined and i s plotted in Fie. 3 for
both samples. For the 0z-annetled sample, it
is obvious fron Figs.2 and 3 that the S of
photo-generated ninority carriers is less ef-
fective under both accunulation and inversion
conditions due to lack of either najority or
minority carriers at the Si-Si0z interface,
tvhich is in good agreement with the theo-
retical workst) '4) ' a). This experimental

.15 -10 -5 0 5

GATE BIAS VOLTAGE vs (v)

Fig.3 Dependence of the surface reconbina-
tion velocity S on gate bias voltage at the
Si-Si0z interface annealed in 0z at g00.C for
30 rnin after the dry 0z oxidation (O), and
the Si-Si02 interface annealed in Hz at 400"C
for 30 nin after the dry 0z oxidation and theIT0 evaporation (O). The lirnit of the
determination of S is about 1 cn/s.

result neans that strong band bending at the

semiconductor surface is quite effective to
reduce the carrier recombination whether hign
Dr- exists or not, and is suggestive for
real ization of a hish efficiency solar cell.
The broad peak of S for the sample annealed

in 0z may be due to a high level injection
condi t ion. Under moderate band vending or

1510

condition, the S depends on Drc and

cross sections, o p and 0 rt of the
interface states. The Dr- determined by the
quasi-static (sweep rate:0.02Vls) and high-
f requency (100kHz) C-V measurement are
plotted in FiS.4, which indicates nearly con-

stant and high level value within
neasurenent for the 0z-ilnneal ed sanpl e.
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Fie.4 Interface-state densi tY Drc as a

function of energy for the 0z-annealed sanple
(O ), and the Hz-anneal ed samp I e (O ) . D r c
was deterrnined by the quasi-static and high
frequency C-V neasurenent.

expressed as vcn{o eo ',/(o -{o -')} (integral

of Drc wi th energY), where Vcn i s the

average therrnal velocity of carriers. By

using this relation and the experinental data

for the 0z-annealed sanple in Fies.3 and 4.,

the snaller capture cross section is es-

t imated to be 5-?x10 -ae cn2. I t has been

reported that o p is smaller than o "3).
Therefore the obtained capture cross section

i s considered for hol es. Horrever the data

for the 0z-annealed sanple in Fig.3 show the

hish value of S even near flatband condition,

which means whether o p still has the order

of 10-ae cn= in upper bandgap and/or o n

takes the order of 10-1e cn=. I t nust be

sa i d, therefore, that more works for various

sanpies are necessary. For the Hz-s[ttealed

sanpl e, the peak val ue of S i s suppressed

less than 50 cm,/s as experimental ly shovln in

Fig. 3. This satisfactori 1y corresponds to

the fact that the Drc indicates 1. 5-2 order

less than for the 0z-annealed sanple as shown

in Fig.4. The situation of the quite low S

under accutnulation and inversion condi tion is

the sane as for the sanp I e annea I ed i n 0 z.

I t is apparent that a rvel 1-prepared Si-Si0=
interface i s also effective to reduce the

surface carrier reconbination.

4. Conclusion

The novel measurement technique of the

surface reconbinat ion velocity S at the Si-
Si0z interface based on the dual-nercury
probe method has been proposed. The'S for
the Si-Si0z interfaces wi th different Dr.
has successfully been evaluated as a function

of gate bias voltage. For each sample, the

qu i t e l ow S under accutnul at ion and invers ion

condition and the Dr--dependent pyranid-1 ike
peak of S from midgap to flatband condition

have been observed. The i nfornat i on ob-

tainable by the proposed technique is quite

useful for many ninority-carrier devices,
especially for solar cell design.
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