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Interface-layer formation mechanism in a-Si:H thin-film growth studied by real-time
spectroscopic ellipsometry and infrared spectroscopy

H. Fujiwara, Y. Toyoshima, M. Kondo, and A. Matsuda
Thin Film Silicon Solar Cells Super Laboratory, Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba-shi, Ibaraki 305-8568, J

~Received 14 July 1999!

Real-time spectroscopic ellipsometry~SE! and infrared attenuated total reflection spectroscopy~ATR! have
been applied to investigate interface layer formation mechanisms in ana-Si:H film on ac-Si substrate covered
with native oxide~;30 Å! in a conventional rf plasma-enhanced chemical vapor deposition. These real-time
monitoring techniques allow us to determine a depth profile of hydrogen content for the SiH and SiH2 bonding
states, together with the microscopic structural evolution during thea-Si:H deposition. The analyses of these
real-time measurements show the formation of a 35-Å-thick H-rich layer having an average hydrogen content
of ;17 at. % at thea-Si:H/substrate interface. A deuterium diffusion experiment performed after a 130-Å-
thick a-Si:H deposition supports the H-rich layer formation at the interface. This interface layer formation is
primarily caused by the H-rich three-dimensional island growth on the substrate in the earlya-Si:H deposition
stage. In a following coalescence process, we found a significant reduction in the hydrogen content ina-Si:H
bulk layer, accompanied by a clear surface smoothening of thea-Si:H layer. The above results indicate that
surface diffusion of precursors promotes a densea-Si:H network formation during the coalescence and con-
fines H-richa-Si:H islands at the film/substrate interface region.@S0163-1829~99!01944-X#
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I. INTRODUCTION

The importance of the interface control ina-Si:H based
solar cells has long been recognized for the further opti
zation of solar cell performance.1–3 Various attempts have
been made to controlp/ i interface structures by the introduc
tion of a thin buffer layer1–2 or plasma treatment.3 Although
higher solar cell performances have been reported in th
solar cells, a clear mechanism for such improvement has
been addressed in part owing to the lack of proper charac
ization techniques of very thin interface layers~,50 Å!. The
characterization of such an interface structure is, therefore
significant importance for the further improvement of so
cell performance.

Recent developments in real time growth monitori
techniques including the spectroscopic ellipsometry~SE! and
infrared spectroscopy enable us to characterize such thin
terface structures on the atomic scale.4–14 In the last decade
several articles have been devoted to the interface layer c
acterization in a-Si:H deposition using infrared~IR!
spectroscopy.4–9 In our earlier works using infrared reflec
tion absorption spectroscopy~IRRAS!, we obtained evi-
dences of the H-rich interface layer formation on an
substrate.4,5 Later, similar H-rich layer formations in the
early stage ofa-Si:H deposition were reported on glass6

native oxide-coveredc-Si,7 and a-Si12xCx :H substrates.8,9

In these reports, however, the interface layer format
mechanisms ina-Si:H deposition are still controversial. Th
difficulties in interface layer characterization using IR spe
troscopy mainly arise from the lack of detailed structu
information on the depositing film. In addition, the proble
of obtaining an accurate thickness from the IR spectra so
times induces an ambiguity for the data interpretation.

Real time SE performed in the UV/visible range provid
PRB 600163-1829/99/60~19!/13598~7!/$15.00
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a perfect tool to obtain such microscopic structural inform
tion during the interface formation.10–13 This technique has
been applied successfully to determine a nucleation and
sequent bulk layer formation in thea-Si:H deposition.10,11In
addition, based on the change in the dielectric function at
interface, the characterization ofp/ i interfaces has also bee
made using SE.12–13 The combination of real time SE with
IR spectroscopy, therefore, gives us a new capability to
termine the correlation of the microscopic structural evo
tion with the SiHn (n51;3) local bonding states during th
interface formation. Recently, this combination was adop
in the real-time studies ofa-Si:H growth by reactive magne
tron sputtering7 and inductively coupled plasmas.14

For the structural characterization of the thin-interfa
layer, monolayer sensitivity is required in these real tim
monitoring techniques. In general, the real time applicat
of IR spectroscopy is more difficult than that of SE in th
UV/visible region. This originates from the fact that the e
tinction coefficient ofa-Si:H films in the IR region (k,0.1
at 2000 cm21! is significantly smaller than that in the UV
visible region (k,3). Various approaches that have be
used to increase the IR absorption signal include the ap
cation of a metal4,5 or optical cavity substrate,7 high-intensity
IR sources,9 and attenuated total reflection~ATR!.8,15 For the
purpose of thea-Si:H interface layer study, IR spectroscop
performed by ATR is most promising owing to the very hig
sensitivity realized by the internal multiple reflection insid
an ATR prism and a linear behavior of the IR absorban
over the film thickness.8 So far, in the ATR measuremen
monolayer sensitivity for the SiHn (n51;3) surface mode
on the H-terminatedc-Si surface has been achieved.15

In this study, we have performed real time SE and AT
simultaneously during thea-Si:H deposition on the sub
strate, in an attempt to determine the interface layer form
13 598 ©1999 The American Physical Society
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tion mechanism. The microscopic structural evolution de
mined from SE showed an excellent correlation with t
SiHn local bonding states observed in the ATR measurem
The combination of these real-time monitoring techniqu
provide an even greater ability to determine a depth-pro
of the hydrogen content for the different SiHn (n51;2)
bulk bonding modes. As a result, we confirmed that the f
mation ofa-Si:H islands consisting of SiH2 bonds is respon-
sible for the H-rich interface layer formation.

II. EXPERIMENT

We deposited ana-Si:H film by conventional paralle
plate rf plasma-enhanced chemical vapor deposi
~PECVD! using SiH4 source gas at a near-surface substr
temperature of 240 °C. We determined this temperature
SE using the reported temperature response of thec-Si di-
electric function.16,17 In this PECVD system, the electrod
spacing is 40 mm, and the diameter of each electrode is
cm. The rf power and pressure during thea-Si:H deposition
are 1 W and 50 mTorr, respectively. This deposition con
tion yields the relatively slowa-Si:H deposition rate of 0.35
Å/s. In order to confirm the existence of the interface lay
after the deposition of the 130 Å thicka-Si:H film, we per-
formed aD2 plasma treatment using rf power of 1 W, pre
sure of 50 mTorr,D2 flow rate of 100 sccm, and substra
temperature of 200 °C. Thea-Si:H film was deposited on a
c-Si ~100! substrate covered with a 30 Å-thick native oxid
We left this native oxide untreated to simulate the interfa
layer formation of ana-Si:H layer on oxide materials.

During the deposition of thea-Si:H film on the substrate
the real-time SE and ATR spectra were measured simu
neously. The SE was performed using a rotatin
compensator instrument~J. A. Woollam, M-2000! that en-
ables the measurement of ellipsometry parameters in the
range (D50;360°,c50;90°). The measured photon en
ergy in the SE spectra consists a total of 225 data po
ranging from 1.7 to 5.0 eV. For real-time SE, we used a d
acquisition time (ta) of 1 s, and the spectra were measur
continuously with a data repetition time (t r) of 3 s.
This measurement condition yields standard deviati
of 0.05 ~D! and 0.02~c! at 3.0 eV. In a simplified one
layer model~ambient/film/substrate!, these standard devia
tions correspond to a thickness sensitivity of;0.1 Å. For
the D2 plasma treatment experiment, we used the lon
ta and t r of 5 and 10 s, respectively. The analysis of the
data acquired during thea-Si:H deposition was performe
after the deposition using a two-layer model for the fi
consisting of @ambient/~surface roughness layer!/~bulk
layer!/substrate#.10,11 The dielectric function of the surfac
roughness layer was modeled as a 50/50 vol. % mixture
the bulk layer material and voids, applying the Bruggem
effective medium approximation. The overall analysis pro
dure is made selfconsistently under the assumption that
dielectric function of the depositing film does not chan
within the analyzing film thickness. This analysis allows
to obtain a time evolution of the surface roughness la
thickness (ds), bulk layer thickness (db), and the dielectric
function of the film.

The real-time ATR spectra were measured by employ
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a Fourier-transform infrared instrument~Nicolet, Magna
560!. The IR light is irradiated into the ATR prism throug
KRS-5 windows mounted on the deposition chamber at
incident angle of 45°, and detected by a HgxCd12xTe detec-
tor. We measured the real time ATR spectra us
p-polarized light, because an interference effect caused
the ambient/a-Si:H/c-Si multilayer structure can be elimi
nated in this configuration. In order to maximize the sen
tivity of the ATR measurement, we used the relatively lar
c-Si ATR prism~80 mm320 mm31 mm!. The total number
of reflection on the effective surface area of 60320 mm2 in
this ATR prism is 30. The measurement of the ATR spec
was performed using a spectra resolution of 8 cm21 in the
wavenumber range from 1500 to 4000 cm21. In our case, the
lowest measurable range in the ATR spectra is limited by
onset of the strong absorption of thec-Si ATR prism. The
real time ATR measurement during thea-Si:H deposition
was performed with ata of 6 and at r of 7 s, respectively.
This
ATR measurement condition leads to a thickness re
lution of ;3 Å in the a-Si:H deposition at 0.35 Å/s. During
the D2 plasma treatment, these values are increased
14.7 (ta) and 15 s (t r), respectively. The data analysis pr
cedure in the real time ATR spectra includes a deconvolu
analysis of the ATR absorbance spectra for the differ
SiHn (n51 – 2) bonding states, and a conversion of ea
absorbance peak to the total hydrogen density~in units of
cm22!. From the slope of the total hydrogen density over t
film thickness obtained from the SE analysis, we determin
the depth profile of the hydrogen content for each SiH a
SiH2 bulk mode in thea-Si:H bulk layer. In this calculation,
we used the atomic number density of 5.031022 cm23 and
the reported oscillator strength of 2.231020 and 9.031019

cm22 for the SiH2 bulk mode at 2100 cm21 and the SiH bulk
mode at 2000 cm21, respectively.18 In this ATR data analy-
sis, however, the thickness nonuniformity is expected to
duce the error, since the thickness determined by SE is m
sured at the center position on the substrate, while the wh
effective surface area on the substrate is detected in the A
measurement. From the obtained thickness non-uniformit
a thicka-Si:H film ~;3000 Å!, we estimated this error to b
;7%. The detail of the overall ATR data analysis procedu
will be reported in a future paper. In order to confirm th
validity of the ATR data analysis, we also measured theex
situ IR transmission spectra at room temperature and a
lyzed the data using the identical procedure repor
previously.18,19

III. RESULTS AND DISCUSSION

A. Initial growth process of a-Si:H

Figure 1 shows the real-time ATR spectra measured d
ing the first 4 min after initiating thea-Si:H deposition. In
this figure, the absorbance of the real-time ATR spectra w
obtained using the same IR transmission spectrum meas
just before thea-Si:H deposition. This reference spectru
includes the feature of SiH4 source gas absorption in th
range form 2070 to 2300 cm21 and most of the SiH4 absorp-
tion can be removed from the ATR spectra by simply us
this reference spectrum. Nevertheless, a small sharp s
with the absorbance of;0.001 at 2187 cm21 can be seen in



rti
e
on
h

in

e
e
y.

on

th

in

ov

in

is
e
nc-

ith a

ers.
’s

d
95
ft.
o-
o
the

s

ct;
in-
tive
s-
ime
ly-

t

ained

red

ing
n-
e
een

ment

d
the
e-
n
gh-
r-
the

be

com-
tion
TR
xis-

i

fte

13 600 PRB 60H. FUJIWARA, Y. TOYOSHIMA, M. KONDO, AND A. MATSUDA
the real-time ATR spectra due to the change in the pa
pressure of SiH4 by the plasma ignition. In the real-tim
ATR spectra shown in Fig. 1, we removed this feature c
sisting of three data points by a linear interpolation, for t
purpose of the deconvolution analysis.

In the real-time ATR spectra measured before 0.5 m
two peaks at 2136 and 2111 cm21 with the full width at half
maximum~FWHM! of ;27 cm21 can be seen. Based on th
studies of the H-terminatedc-Si surface,15 we assigned thes
two peaks to the SiH3 and SiH2 surface modes, respectivel
This observation indicates that the surface of thea-Si:H dur-
ing the deposition is covered with the SiH2 and SiH3 species
at the deposition temperature of 240 °C. This result is c
sistent with our previous studies using IRRAS.4,5 As the
growth of thea-Si:H proceeds, the peak absorbance of
SiH2 bulk mode at 2085 cm21 rapidly increases up to;1
min, followed by a gradual increase observed after 1 m
The absorbance peak of the SiH bulk model at 1995 cm21

also appeared at this time and increases almost linearly
the a-Si:H deposition time.

Figure 2 shows the real time ATR spectra correspond

FIG. 1. Real-time ATR spectra measured during the first 4 m
after initiatinga-Si:H deposition.

FIG. 2. Real-time ATR spectrum measured at 1.2 min a
initiating a-Si:H deposition~open circle!. The solid lines show the
absorbance calculated by five Gaussian functions.
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to 1.2 min in Fig. 1. At this deposition time, the SE analys
showsds and db of 16 and 12 Å, respectively. Here, w
analyzed all the ATR spectra assuming five Gaussian fu
tions as shown in Fig. 2. For the analysis of the SiH2 and
SiH3 surface modes, we used a single Gaussian peak w
fixed peak position at 2117 cm21 and FWHM of 57 cm21

because of the large correlation of the SiH2 surface mode at
2111 cm21 with the SiH2 bulk mode at 2085 cm21. In con-
trast, for the fitting of the SiH and SiH2 bulk modes, we
varied the peak positions and FWHM’s as free paramet
The analysis for the two bulk modes show that the FWHM
are almost independent of thea-Si:H film thickness. In the
initial stage of thea-Si:H deposition, however, we observe
the clear peak shift for the SiH bulk mode from 2015 to 19
cm21, while the SiH2 bulk mode shows no such peak shi
This result will be discussed later in detail. In the deconv
lution analysis of the ATR spectra, we also included tw
peaks at 2185 and 2250, which have been assigned to
SiH2~O2! and SiH~O3).

20,21 The peak shift of these mode
toward higher wave numbers, compared with the SiH~Si3)
and SiH2~Si2), has been explained by the induction effe
namely, the force constants of the IR atomic vibration
crease by the bonding of the SiH to more electronega
atoms.21 As shown in Fig. 2, the total sum of the five Gaus
ian peaks provides a good fitting to the measured real t
spectra, supporting the validity of the deconvolution ana
sis.

Figure 3 shows the time evolution of thea-Si:H growth
obtained from the analysis of SE~a! and ATR ~b!. In the
early stage of thea-Si:H deposition (t,0.7 min!, the SE
results show the rapid increase inds to ;20 Å without the
bulk layer formation (db;0 Å!. This result is consisten
with the three-dimensional island growth ofa-Si:H on c-Si
native oxide substrate, and sucha-Si:H island formation on
various substrates has been supported by the results obt
from scanning tunneling microscopy,22 atomic force
microscopy,23 and SE measurements.11 At the deposition
time of 0.7 min, the substrate surface is completely cove
by a-Si:H islands, and the formation of thea-Si:H bulk
layer occurs at the average growth rate of 0.35 Å/s. Dur
the coalescence ofa-Si:H islands, a clear surface smoothe
ing of the a-Si:H layer due to the surface diffusion of th
precursors can be seen. Similar behavior has already b
observed in an SE study ofa-Si:H deposition, and it has
been reported that the surface smoothening enhance
leads to better electrical properties in the resultinga-Si:H
films.11

Figure 3~b! shows the time evolution of the integrate
absorbance obtained from the deconvolution analysis of
real-time ATR spectra. For the time evolution of the int
grated absorbance of the SiH2,3 surface modes, we found a
excellent agreement with the variation in the surface rou
ness shown in Fig. 3~a!. This result indicates that the abso
bance intensity of the surface mode is proportional to
effective surface area or, in other words, that thea-Si:H
surface is covered uniformly with these species. It should
mentioned that the results shown in Figs. 3~a! and 3~b! were
obtained in completely separate measurements, and the
mon value in these measurements is only the deposi
time. The surface smoothening observed by SE and A
during the coalescence, therefore, strongly supports the e
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tence of the surface diffusion process that enables the s
tive adsorption of the precursors at valleys where the stick
probability is higher than other parts. For the time evoluti
of the SiH2~O2!, we found a clear saturation when the nati
oxide is covered witha-Si:H islands at 0.7 min. The resu
for the SiH~O3! showed a similar trend as the SiH2~O2! but
with smaller intensities. These results suggest that
SiH2~O2! and SiH~O3! are formed by the hydrogenation o
the native oxide surface and remain at the interface.

As evidenced in Fig. 3~b!, in the island formation regime
(t,0.7 min!, the integrated absorbance of the SiH2 bulk
mode is dominant, while that of the SiH bulk mode is almo
negligible. This result shows thata-Si:H islands on the sub
strate consists mainly of SiH2 bonds. In the following coa-
lescence regime (0.7,t,1.8 min!, in contrast, the absor
bance of the SiH bulk mode gradually increases, while
incorporation of SiH2 bonds decreases. After the end of co
lescence at 1.8 min (db528 Å!, the a-Si:H growth reaches
the steady-state and the integrated absorbance for each
mode increases almost linearly. From the results mentio
above, it is evident that a;30 Å-thick interface layer having
a large amount of SiH2 bonds is formed on the substrate
the early deposition process.

FIG. 3. Time evolution of the bulk layer thickness (db) and
surface roughness layer thickness (ds) determined by the SE analy
sis~a!, and the integrated absorbance for the SiHn (n51;3) bonds
determined by the ATR analysis~b! during a-Si:H deposition on
SiO2 /c-Si substrate. In~b!, the integrated absorbance for the S
bulk mode~solid square! is scaled down by half for clarity.
ec-
g
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Figure 4 shows the hydrogen content of thea-Si:H bulk
layer ~a! and the SiH peak position~b! plotted as a function
of the film mass thickness (df). Here,df is defined as the
total volume of thea-Si:H film and is calculated fromdb
10.5ds using the data shown in Fig. 3~a!. As mentioned
earlier, the hydrogen content for each SiH and SiH2 bulk
mode is determined from the slope of the total hydrog
density overdf . In this analysis, we obtained the slope
each point by performing a first-order regression analy
using five data points. From the number of the data po
used in the regression analysis, we estimated the depth r
lution in this analysis to be;10 Å. As shown in Fig. 4~a!,
the hydrogen content from the SiH2 shows a rapid increas
with a negligible amount of the SiH during thea-Si:H island
formation (df,10 Å!. During the coalescence process (
,df,35 Å!, the hydrogen content from the SiH2 decreases
gradually, while the SiH hydrogen content increases. Wh
the substrate is completely covered witha-Si:H islands (df
510 Å!, we obtained the maximum total hydrogen conte
of 37 at. %. This maximum value is, however, dept
resolution limited and increases further to 50 at. % upon p
forming the first-order regression analysis using two d
points~depth resolution is;3 Å!. By taking the average, we
determined the hydrogen content of the interface layerdf
535 Å or db528 Å! to be 17 at. %. In the steady-sta

FIG. 4. Hydrogen content of thea-Si:H layer for the SiH and
SiH2 bulk modes~a!, and the SiH peak position in the real tim
ATR spectra~b!, plotted as a function of film mass thickness (df).
The thicknessdf is calculated bydb10.5ds using the data shown in
Fig. 3~a!. In ~b!, the inset shows the SiH peak position plotted a
function of the total hydrogen content of the depositinga-Si:H
layer.
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a-Si:H deposition (df.35 Å!, the SiH2 hydrogen content is
only 1 at. % with the SiH hydrogen content of 9 at. %. T
average hydrogen contents in the 3000 Å thicka-Si:H film
measured by theex situ transmission measurement are
and 1 at. % for the SiH and SiH2 bulk modes, respectively
and agrees well with the ATR results.

The above results show that the interface layer forma
is primarily caused by the deposition of porousa-Si:H is-
lands in which SiH2 bonds are dominant. Furthermore, it
evident that a rapida-Si:H network formation occurs during
the coalescence ofa-Si:H islands. As shown in Fig. 3~a!, this
process is accompanied by the surface smoothening of
a-Si:H layer. This evidence is consistent with our idea th
the surface diffusion of the precursors on thea-Si:H surface
promotes a densea-Si:H network formation.24

As confirmed from Fig. 4~b!, the SiH peak position shifts
to lower wave numbers with increasingdf and reaches
;1995 cm21 after the end of the coalescence processdf
535 Å!. It should be mentioned that theex situIR transmis-
sion spectrum shows peak positions at 2000 and 2090 c21

for the SiH and SiH2 bulk modes, respectively. The pea
shift of ;5 cm21 observed in each bulk mode at room tem
perature is, therefore, due to the temperature effect
agreed well with the calculated peak shift of;7 cm21 using
the reported temperature coefficient of 0.035 cm21/K.25 The
peak shift of the SiH bulk mode shows a good correlat
with the rapid decrease in the total hydrogen content. In
dition, we found an almost linear dependence of the S
peak position on the total hydrogen content as shown in
inset of Fig. 4~b!. A similar dependence of the SiH pea
position on the hydrogen content of thea-Si:H film was also
reported previously.26 The above results are quite indicativ
that the observed large peak shift of;20 cm21 for the SiH
bulk mode is induced by a rapid change in the locala-Si:H
network structure surrounding the SiH bonds. Theoretica
the shift in the SiH peak position has been explained by
depolarization of the electric field in solida-Si:H,27 and is
given by

vSi2H5v02
e* 2

2mR3v0

«21

2«11
, ~1!

wheree* , m, R, and« are the dynamical charge of the dipol
the reduced mass equivalent to hydrogen, the spherical
ity radius, and the dielectric constant, respectively. In t
model, the peak position of the SiH stretching mode cal
lated by the valence force field model (v052100 cm21)
shifts to a lower wave number due to the depolarization
fect of the vibrating dipole in the solid. Assuminge*
50.4e, «512, andR51.17 Å, this model was used succes
fully to explain the peak position of the SiH stretching mo
at ;2000 cm21.

According to this model, the shift of the SiH peak towa
the higher wave number can be explained by the decrea
the dielectric constant. Nevertheless, this assumption is
proper in our case, because we have to assume the unrea
« of 4 to account for the observed peak shift of 20 cm21. In
the H-rich a-Si:H layer, theR value is also expected t
change, since the optical cavity for the depolarization fi
becomes larger in a porous film structure. As shown in
n
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~1!, R has a strong influence on the peak shift and theR
variation by;0.1 Å is sufficient to induce a peak shift of 2
cm21. The other possible explanation is the peak shift by
dynamical charge variation. As discussed previously,18 the
dynamical charge is comprised by the dynamic term and
static term, which are attributed to the atomic vibration a
electronegatively, respectively. Although the systema
study of each charge contributions has not been made,
expected that the static charge may change in the H-rich
network owing to the higher electronegativity of H than
~1.8 for Si, 2.1 for H!. As discussed above, it is difficult to
predict the possible peak position from Eq.~1! since the
formation of the H-rich Si network is considered to varye* ,
R, and« simultaneously. On the contrary, we can use the S
peak position itself as a good indicator to express the lo
environment of the SiH bonds, provided that the SiH pe
position always shifts to a higher wavenumber as thea-Si:H
network becomes more porous and H-rich.

B. D2 plasma treatment of a-Si:H layer

From the SE and ATR results shown above, the H-r
layer formation is evident during the initial nucleation
a-Si:H islands on the substrate. Nevertheless, there is a
sibility that the 35 Å-thick SiH2 layer on the substrate wa
divided into interface and surface layers in thea-Si:H depo-
sition process that occurred after the interface formation
order to verify the contribution of the SiH2 layer at the near-
surface, we performed aD2 plasma treatment of the depo
ited 130 Å-thicka-Si:H layer. This experiment is based o
the idea that, if most of the H-rich interface layer locates n
the surface, the integrated absorbance of the SiH2 bulk mode
should disappear more rapidly than that of the SiH b
mode having the uniform hydrogen content, since the H
exchange reaction takes place from the surface.

Figure 5 shows the analysis results obtained from SE~a!
and ATR ~b! during D2 plasma treatment. In this SE analy
sis, the dielectric function of thea-Si:H extracted during the
a-Si:H deposition is used. The SE result shown in Fig. 5~a!
reveals a strong etching behavior of thea-Si:H layer by the
D2 plasma even at the relatively low rf power of 1 W. W
found that this etching process is accompanied by surf
roughening from an initial value of 15 Å to a maximum o
30 Å. Figure 5~b! shows the variation in the integrated a
sorbance for the SiH2 and SiH bulk modes determined from
the deconvolution analysis. As shown in Fig. 5~b!, the SiH
integrated absorbance shows a rapid decay after initiating
D2 plasma treatment and reaches almost to zero at 10
(db575 Å!. This result indicates that the diffusion of deut
rium is much faster than the observed etching process
contrast, the integrated absorbance of the SiH2 bulk mode
showed a much slower decay compared with the SiH ca
Since the SiH2 hydrogen content in thea-Si:H bulk layer
~;1 at. %! is significantly lower than that of the interfac
layer ~;17 at. %!, it is obvious from above results that mo
of the H-rich layer remains at the interface region.

From the data shown in Fig. 5~b!, we further carried out a
quantitative analysis, assuming that a diffusion profile
deuterium can be calculated by the standard error-funct
complement~erfc! form. In this calculation, the native oxid
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of c-Si is treated as a diffusion barrier, and we include
etching effect of thea-Si:H layer. Under these assumption
the integrated absorbance at timet is expressed by

I ~ t !5I tot2F E I 0 erfcS z

2ADt
D dz1I 0rt G , ~2!

where I tot , I 0 , and r are total integrated absorbance, int
grated absorbance for unit thickness, and etching rate
spectively. We fit the data for the SiH by Eq.~2! using a
single-diffusion constantD as a free parameter. From th
fitting, we obtainedD51.6310215 cm2/s, and this calcula-
tion result is shown as a solid line in Fig. 5~b!. The obtained
diffusion constant falls within the reported values rangi
from 10214 to 10216 cm2/s at this substrate temperature.28

For the fitting of the SiH2 bulk mode, we modified Eq.~2!
slightly owing to the inhomogeneous SiH2 distribution for
the thicknessz. In this calculation, we used a multilaye
model consisting of a 35 Å-thick interface layer and a
Å-thick a-Si:H bulk layer that have differentI 0 . The loss of
the integrated absorbance by the H-D exchange reaction wa
determined by obtaining the area whereI 0(z) overlaps with

FIG. 5. Time evolution of the bulk layer thickness (db) and
surface roughness layer thickness (ds) determined by the SE analy
sis ~a!, and the integrated absorbance for the SiH and SiH2 bulk
modes determined by the ATR analysis~b! duringD2 plasma treat-
ment of the 130 Å-thicka-Si:H film. In ~b!, the solid lines show the
variations calculated by the deuterium diffusion profile assumin
error-function complement.
e

-
e-

the profile calculated by the erfc function. By settingD
51.3310216 cm2/s, we obtained a good fitting for the varia
tion of the SiH2 mode as shown in Fig. 5~b!. The obtainedD
for the SiH2 mode is one order of magnitude slower than t
one for the SiH, and it is rather strange to set the differ
diffusion constant for each bonding state. In thec-Si surface
studies, however, a slower H-D exchange rate for the surfac
SiH2 bonds than the surface SiH bonds was reported.29 This
effect has been attributed to the smaller cross section of
SiH2 for the exchange reaction,29,30 and a similar effect may
account for the slower diffusion coefficient of the SiH2 bulk
bonds in our study.

It should be emphasized that we could not obtain a r
sonable fitting with a model that the H-rich layer exists at t
near-surface even when a slower diffusion constant w
used. These results strongly support the H-rich interf
layer formation on the substrate. Nevertheless, a rapid d
of the integrated absorbance for the SiH2 mode observed a
t,2.5 min cannot be explained by the uniform distributio
of SiH2 bonds at the near-surface, and suggests the exist
of a surface SiH2 layer in a much thinner thickness than th
interface layer. In addition, when thea-Si:H bulk layer is
almost etched at 24 min, there is a small decay in the in
face region. This behavior indicates that the etching of S2
bonds, rather than the deuterium exchange reaction, ca
this change. The generation of the isolated SiH2 bonds at the
interface may be responsible for the observed variation.

IV. CONCLUSION

We have applied the real time spectroscopic ellipsome
~SE! and infrared attenuated total reflection spectrosco
~ATR! to observe the interface layer formation of ana-Si:H
film on a c-Si substrate covered with native oxide in a co
ventional rf plasma-enhanced chemical vapor deposit
From these real time monitoring techniques, we confirm
that the 35 Å-thick SiH2 layer having the average hydroge
content of;17 at % is formed on the substrate. We al
found the surface SiH2 layer but with lesser hydrogen con
tent and thickness compared with the interface layer. T
interface layer formation is primarily caused by the form
tion of the H-richa-Si:H islands deposited on thec-Si native
oxide substrate. During the coalescence of three-dimensi
islands, a significanta-Si:H network formation, accompa
nied by the surface smoothening, was found. This fact s
ports our idea that the surface diffusion of precursors p
motes a densea-Si:H network formation. In this study, a
capability to determine the depth-profile of hydrogen cont
for the SiH and SiH2 bulk bonds was presented by combi
ing real time SE and ATR and this capability is promisin
for obtaining a good correlation ofa-Si:H structural evolu-
tion with the SiHn local bonding states.
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