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Interface-layer formation mechanism in a-Si:H thin-film growth studied by real-time
spectroscopic ellipsometry and infrared spectroscopy
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Real-time spectroscopic ellipsometi$E) and infrared attenuated total reflection spectrosdd@mR) have
been applied to investigate interface layer formation mechanismsan&irH film on ac-Si substrate covered
with native oxide(~30 A) 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 griab8idihg
states, together with the microscopic structural evolution duringat®:H deposition. The analyses of these
real-time measurements show the formation of a 35-A-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-A-
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-€3itlt deposition
stage. In a following coalescence process, we found a significant reduction in the hydrogen coat&itHn
bulk layer, accompanied by a clear surface smoothening ofB8&H layer. The above results indicate that
surface diffusion of precursors promotes a deas®i:H network formation during the coalescence and con-
fines H-richa-Si:H islands at the film/substrate interface regi#0163-18209)01944-X

[. INTRODUCTION a perfect tool to obtain such microscopic structural informa-
tion during the interface formatiot?-*3 This technique has
The importance of the interface control @Si:H based been applied successfully to determine a nucleation and sub-
solar cells has long been recognized for the further optimisequent bulk layer formation in the Si:H depositiont®!in
zation of solar cell performance? Various attempts have addition, based on the change in the dielectric function at the
been made to contral/i interface structures by the introduc- interface, the characterization pfi interfaces has also been
tion of a thin buffer layet 2 or plasma treatmenritAlthough ~ made using SE?~** The combination of real time SE with
higher solar cell performances have been reported in thed® spectroscopy, therefore, gives us a new capability to de-
solar cells, a clear mechanism for such improvement has naérmine the correlation of the microscopic structural evolu-
been addressed in part owing to the lack of proper charactetion with the SiH, (n=1~3) local bonding states during the
ization techniques of very thin interface layg€rs50 A). The interface formation. Recently, this combination was adopted
characterization of such an interface structure is, therefore, dfi the real-time studies a&-Si:H growth by reactive magne-
significant importance for the further improvement of solartron sputtering and inductively coupled plasmé&$.
cell performance. For the structural characterization of the thin-interface
Recent developments in real time growth monitoringlayer, monolayer sensitivity is required in these real time
techniques including the spectroscopic ellipsomésfy) and  monitoring techniques. In general, the real time application
infrared spectroscopy enable us to characterize such thin imf IR spectroscopy is more difficult than that of SE in the
terface structures on the atomic scil¥ In the last decade, UV/visible region. This originates from the fact that the ex-
several articles have been devoted to the interface layer chatinction coefficient ofa-Si:H films in the IR region k<0.1
acterization in a-Si:H deposition using infrared(IR)  at 2000 cm?) is significantly smaller than that in the UV/
spectroscop§-® In our earlier works using infrared reflec- visible region k<3). Various approaches that have been
tion absorption spectroscopffRRAS), we obtained evi- used to increase the IR absorption signal include the appli-
dences of the H-rich interface layer formation on an Alcation of a metél® or optical cavity substratehigh-intensity
substraté:® Later, similar H-rich layer formations in the IR sources,and attenuated total reflectiéATR).®° For the
early stage ofa-Si:H deposition were reported on gldss, purpose of the-Si:H interface layer study, IR spectroscopy
native oxide-covered-Si,’ and a-Si;_,C,:H substrate&®  performed by ATR is most promising owing to the very high
In these reports, however, the interface layer formatiorsensitivity realized by the internal multiple reflection inside
mechanisms ima-Si:H deposition are still controversial. The an ATR prism and a linear behavior of the IR absorbance
difficulties in interface layer characterization using IR spec-over the film thicknes8.So far, in the ATR measurement,
troscopy mainly arise from the lack of detailed structuralmonolayer sensitivity for the SiH(n=1~3) surface mode
information on the depositing film. In addition, the problem on the H-terminated-Si surface has been achieved.
of obtaining an accurate thickness from the IR spectra some- In this study, we have performed real time SE and ATR
times induces an ambiguity for the data interpretation. simultaneously during the-Si:H deposition on the sub-
Real time SE performed in the UV/visible range providesstrate, in an attempt to determine the interface layer forma-
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tion mechanism. The microscopic structural evolution detera Fourier-transform infrared instrumeriNicolet, Magna
mined from SE showed an excellent correlation with the560). The IR light is irradiated into the ATR prism through
SiH, local bonding states observed in the ATR measuremenKRS-5 windows mounted on the deposition chamber at the
The combination of these real-time monitoring techniquedncident angle of 45°, and detected by a,8d, ,Te detec-
provide an even greater ability to determine a depth-profildor. We measured the real time ATR spectra using
of the hydrogen content for the different Siin=1~2)  P-polarized light, because an interference effect caused by
bulk bonding modes. As a result, we confirmed that the forthe ambient-Si:H/c-Si multilayer structure can be elimi-

mation ofa-Si:H islands consisting of Sijbonds is respon- nated in this configuration. In order to maximize the sensi-
sible for the H-rich interface layer formation. tivity of the ATR measurement, we used the relatively large

¢-Si ATR prism(80 mmx20 mmx1 mm). The total number
of reflection on the effective surface area o680 mnt in
this ATR prism is 30. The measurement of the ATR spectra
Il. EXPERIMENT was performed using a spectra resolution of 8 &rm the
] ) ] ] wavenumber range from 1500 to 4000 ¢min our case, the
We deposited ara-Si:H film by qonventlonal parallelll lowest measurable range in the ATR spectra is limited by the
plate rf plasma-enhanced chemical vapor depositiopnset of the strong absorption of tieeSi ATR prism. The
(PECVD) using SiH, source gas at a near-surface substratgea| time ATR measurement during tleSi:H deposition
temperature of 240°C. We determined this temperature byas performed with 4, of 6 and at, of 7 s, respectively.
SE using the reported temperature response ottiBedi-  This
electric function'®*’ In this PECVD system, the electrode ATR measurement condition leads to a thickness reso-

spacing is 40 mm, and the diameter of each electrode is 1Qition of ~3 A in the a-Si:H deposition at 0.35 A/s. During
cm. The rf power and pressure during #eSi:H deposition  the p, plasma treatment, these values are increased to
are 1 W and 50 mTorr, respect_ively. This_ _deposmon condi-j4 7 (t.) and 15 s {;), respectively. The data analysis pro-
tion yields the relatively slova-Si:H deposition rate of 0.35 cequre in the real time ATR spectra includes a deconvolution
AJs. In order to confirm the existence of the interface |ayeranalysis of the ATR absorbance spectra for the different
after the deposition of the 130 A.thiek-Si:H film, we per- SiH, (n=1-2) bonding states, and a conversion of each
formed aD, plasma treatment using rf power of 1 W, pres- gpsorbance peak to the total hydrogen denéityunits of
sure of 50 mTorrD, flow rate of 100 sccm, and substrate ¢m~2). From the slope of the total hydrogen density over the
temperature of 200 °C. The-Si:H film was deposited on a fjlm thickness obtained from the SE analysis, we determined
c-Si (100) substrate covered with a 30 A'th|Ck native oxide. the depth prof"e of the hydrogen content for each SiH and
We left this native oxide untreated to simulate the interfacesjH, pulk mode in thea-Si:H bulk layer. In this calculation,
layer formation of ara-Si:H layer on oxide materials. we used the atomic number density of 8.00%2 cm 2 and
During the deposition of tha-Si:H film on the substrate, the reported oscillator strength of X20%° and 9.0< 10
the real-time SE and ATR spectra were measured simultgsy=2 for the SiH, bulk mode at 2100 cit and the SiH bulk
neously. The SE was performed using a rotating-mode at 2000 cimt, respectively’® In this ATR data analy-
compensator instrumertd. A. Woollam, M-2000 that en-  sjs however, the thickness nonuniformity is expected to in-
ables the measurement of ellipsometry parameters in the fufce the error, since the thickness determined by SE is mea-
range A =0~360°,=0~90°). The measured photon en- syred at the center position on the substrate, while the whole
ergy in the SE spectra consists a total of 225 data pointgffective surface area on the substrate is detected in the ATR
ranging from 1.7 to 5.0 eV. For real-time SE, we used a datgneasurement. From the obtained thickness non-uniformity of
acquisition time {,) of 1 s, and the spectra were measuredy thicka-Si:H film (~3000 A), we estimated this error to be
continuously with a data repetition timet,Y of 3 s. 704 The detail of the overall ATR data analysis procedure
This measurement condition yields standard deviationgyi|| pe reported in a future paper. In order to confirm the
of 0.05 (A) and 0.02(y) at 3.0 eV. In a simplified one ygjidity of the ATR data analysis, we also measured gke
|ayer mOdel(ambient/film/substra)e these standard devia- Situ IR transmission Spectra at room temperature and ana-

tions Correspond to athiCkneSS. SenSitiVity'OO.l A For |yzed the data using the identica' procedure reported
the D, plasma treatment experiment, we used the longepreviously&*°

t, andt, of 5 and 10 s, respectively. The analysis of the SE
data acquired during tha-Si:H deposition was performed
after the deposition using a two-layer model for the film [ll. RESULTS AND DISCUSSION
consisting of [ambient(surface roughness layébulk
layen/substrat@!®!! The dielectric function of the surface
roughness layer was modeled as a 50/50 vol. % mixture of Figure 1 shows the real-time ATR spectra measured dur-
the bulk layer material and voids, applying the Bruggemaring the first 4 min after initiating the-Si:H deposition. In
effective medium approximation. The overall analysis proce+his figure, the absorbance of the real-time ATR spectra was
dure is made selfconsistently under the assumption that thebtained using the same IR transmission spectrum measured
dielectric function of the depositing film does not changejust before thea-Si:H deposition. This reference spectrum
within the analyzing film thickness. This analysis allows usincludes the feature of SjHsource gas absorption in the
to obtain a time evolution of the surface roughness layerange form 2070 to 2300 cm and most of the Siklabsorp-
thickness (), bulk layer thicknessdy), and the dielectric tion can be removed from the ATR spectra by simply using
function of the film. this reference spectrum. Nevertheless, a small sharp spike
The real-time ATR spectra were measured by employingvith the absorbance of£0.001 at 2187 cm' can be seen in

A. Initial growth process of a-Si:H
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to 1.2 min in Fig. 1. At this deposition time, the SE analysis
showsd, and d, of 16 and 12 A, respectively. Here, we
analyzed all the ATR spectra assuming five Gaussian func-
tions as shown in Fig. 2. For the analysis of the Siihd
SiH; surface modes, we used a single Gaussian peak with a
fixed peak position at 2117 c¢mh and FWHM of 57 cm*
because of the large correlation of the Satirface mode at
2111 cm ! with the SiH, bulk mode at 2085 cit. In con-
trast, for the fitting of the SiH and SiHbulk modes, we
varied the peak positions and FWHM'’s as free parameters.
The analysis for the two bulk modes show that the FWHM'’s
are almost independent of tlee Si:H film thickness. In the
initial stage of thea-Si:H deposition, however, we observed
the clear peak shift for the SiH bulk mode from 2015 to 1995
cm 1, while the Sib bulk mode shows no such peak shift.
This result will be discussed later in detail. In the deconvo-
lution analysis of the ATR spectra, we also included two

FIG. 1. Real-time ATR spectra measured during the first 4 minpeaks at 2185 and 2250, which have been assigned to the
after initiatinga- Si:H deposition.

SiH,(O,) and SiHO5).?%2! The peak shift of these modes
toward higher wave numbers, compared with the (Sik)

the real-time ATR spectra due to the change in the partiahnd SiH(Si,), has been explained by the induction effect;
pressure of Siil by the plasma ignition. In the real-time namely, the force constants of the IR atomic vibration in-
ATR spectra shown in Fig. 1, we removed this feature concrease by the bonding of the SiH to more electronegative
sisting of three data points by a linear interpolation, for theatoms?* As shown in Fig. 2, the total sum of the five Gauss-
purpose of the deconvolution analysis.
In the real-time ATR spectra measured before 0.5 mingpectra, supporting the validity of the deconvolution analy-
two peaks at 2136 and 2111 chwith the full width at half

maximum(FWHM) of ~27 cm ! can be seen. Based on the

ian peaks provides a good fitting to the measured real time

sis.
Figure 3 shows the time evolution of tleeSi:H growth

studies of the H-terminatedtSi surface'® we assigned these obtained from the analysis of S@&) and ATR (b). In the
two peaks to the Siland SiH surface modes, respectively. early stage of the-Si:H deposition {<0.7 min), the SE
This observation indicates that the surface ofah8i:H dur-
ing the deposition is covered with the SiEind SiH; species
at the deposition temperature of 240 °C. This result is conwith the three-dimensional island growth afSi:H on c-Si
sistent with our previous studies using IRRASAs the
growth of thea-Si:H proceeds, the peak absorbance of thevarious substrates has been supported by the results obtained

SiH, bulk mode at

2085 cmt rapidly increases up te-1

results show the rapid increasedyg to ~20 A without the
bulk layer formation @,~0 A). This result is consistent

native oxide substrate, and suahSi:H island formation on

from scanning tunneling microscop¥, atomic force

min, followed by a gradual increase observed after 1 minmicroscopy?> and SE measuremerlts.At the deposition

The absorbance peak of the SiH bulk model at 1995%tm time of 0.7 min, the substrate surface is completely covered

also appeared at this time and increases almost linearly ovéy a-Si:H islands, and the formation of the-Si:H bulk

the a-Si:H deposition time.
Figure 2 shows the real time ATR spectra correspondinghe coalescence @i-Si:H islands, a clear surface smoothen-
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layer occurs at the average growth rate of 0.35 A/s. During

ing of thea-Si:H layer due to the surface diffusion of the
precursors can be seen. Similar behavior has already been
observed in an SE study &-Si:H deposition, and it has
been reported that the surface smoothening enhancement
leads to better electrical properties in the results&i:H
films.**

Figure 3b) shows the time evolution of the integrated
absorbance obtained from the deconvolution analysis of the
real-time ATR spectra. For the time evolution of the inte-
grated absorbance of the Sikisurface modes, we found an
excellent agreement with the variation in the surface rough-
ness shown in Fig.(d). This result indicates that the absor-
bance intensity of the surface mode is proportional to the
effective surface area or, in other words, that H&i:H
surface is covered uniformly with these species. It should be
mentioned that the results shown in Fig&)3and 3b) were
obtained in completely separate measurements, and the com-

FIG. 2. Real-time ATR spectrum measured at 1.2 min aftermon value in these measurements is only the deposition
initiating a- Si:H deposition(open circlg. The solid lines show the
absorbance calculated by five Gaussian functions.

time. The surface smoothening observed by SE and ATR
during the coalescence, therefore, strongly supports the exis-
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SiH, bulk modes(a), and the SiH peak position in the real time
ATR spectra(b), plotted as a function of film mass thicknesk

The thicknessl; is calculated byd,+ 0.5d using the data shown in
Fig. 3(@. In (b), the inset shows the SiH peak position plotted as a
function of the total hydrogen content of the depositia¢gSi:H
layer.

FIG. 3. Time evolution of the bulk layer thicknesd,] and
surface roughness layer thicknestg)(determined by the SE analy-
sis(a), and the integrated absorbance for the Sikl=1~3) bonds
determined by the ATR analysi®) during a-Si:H deposition on
SiO,/c-Si substrate. Inb), the integrated absorbance for the SiH
bulk mode(solid squargis scaled down by half for clarity.

Figure 4 shows the hydrogen content of #i:H bulk
layer (a) and the SiH peak positiofb) plotted as a function
tence of the surface diffusion process that enables the seleof the film mass thicknessd¢). Here,d; is defined as the
tive adsorption of the precursors at valleys where the stickingotal volume of thea-Si:H film and is calculated frond,
probability is higher than other parts. For the time evolution+0.5d; using the data shown in Fig.(&. As mentioned
of the SiH,(O,), we found a clear saturation when the nativeearlier, the hydrogen content for each SiH and Sk
oxide is covered witha-Si:H islands at 0.7 min. The result mode is determined from the slope of the total hydrogen
for the SiIHO3) showed a similar trend as the Si@,) but  density overd;. In this analysis, we obtained the slope at
with smaller intensities. These results suggest that theach point by performing a first-order regression analysis
SiH,(0O,) and SiHO;) are formed by the hydrogenation of using five data points. From the number of the data points
the native oxide surface and remain at the interface. used in the regression analysis, we estimated the depth reso-
As evidenced in Fig. ®), in the island formation regime lution in this analysis to be-10 A. As shown in Fig. &),
(t<0.7 min), the integrated absorbance of the Sibulk  the hydrogen content from the Sildhows a rapid increase
mode is dominant, while that of the SiH bulk mode is almostwith a negligible amount of the SiH during tleeSi:H island
negligible. This result shows that Si:H islands on the sub- formation @;<10 A). During the coalescence process (10
strate consists mainly of SiHbonds. In the following coa- <d;<35 A), the hydrogen content from the Sildecreases
lescence regime (0<7t<<1.8 min), in contrast, the absor- gradually, while the SiH hydrogen content increases. When
bance of the SiH bulk mode gradually increases, while theéhe substrate is completely covered wiéhSi:H islands ¢
incorporation of SiH bonds decreases. After the end of coa-=10 A), we obtained the maximum total hydrogen content
lescence at 1.8 mindg,=28 A), the a-Si:H growth reaches of 37 at.%. This maximum value is, however, depth-
the steady-state and the integrated absorbance for each busolution limited and increases further to 50 at. % upon per-
mode increases almost linearly. From the results mentionefbrming the first-order regression analysis using two data
above, it is evident that &30 A-thick interface layer having points(depth resolution is-3 A). By taking the average, we
a large amount of Siklbonds is formed on the substrate in determined the hydrogen content of the interface laykr (
the early deposition process. =35 A or d,=28 A) to be 17 at.%. In the steady-state
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a-Si:H deposition @;>35 A), the SiH, hydrogen contentis (1), R has a strong influence on the peak shift and fhe
only 1 at. % with the SiH hydrogen content of 9 at. %. Thevariation by~0.1 A is sufficient to induce a peak shift of 20
average hydrogen contents in the 3000 A théelSi:H film cm L. The other possible explanation is the peak shift by the
measured by thex situ transmission measurement are 10dynamical charge variation. As discussed previot3ithe
and 1 at. % for the SiH and Sitbulk modes, respectively, dynamical charge is comprised by the dynamic term and the
and agrees well with the ATR resullts. static term, which are attributed to the atomic vibration and
The above results show that the interface layer formatio¢lectronegatively, respectively. Although the systematic
is primarily caused by the deposition of poroasSi:H is-  study of each charge contributions has not been madg, it i;
lands in which SiH bonds are dominant. Furthermore, it is €xpected that the static charge may change in the H-rich Si
evident that a rapi@- Si:H network formation occurs during Network owing to the higher electronegativity of H than Si
the coalescence @k Si:H islands. As shown in Fig.(8), this (1.8 for Si, 2.1 for H. As discussed above, it is difficult to
process is accompanied by the surface smoothening of tHedict the possible peak position from EQ) since the
a-Si:H layer. This evidence is consistent with our idea thafformation of the H-rich Si network is considered to vafy
the surface diffusion of the precursors on #Si:H surface R @nds simultaneously. On the contrary, we can use the SiH
promotes a dense-Si:H network formatior? pea_k position itself as a good |nd|ca_tor to express t_he local
As confirmed from Fig. %), the SiH peak position shifts env!rpnment of thg SiH borjds, provided that the S|H peak
to lower wave numbers with increasingy and reaches Position always shifts to a higher wavengmber asahsi:H
~1995 cm'* after the end of the coalescence proceds ( Network becomes more porous and H-rich.
=35 A). It should be mentioned that the situlR transmis-
sion spectrum shows peak positions at 2000 and 2090 cm
for the SiH and SiH bulk modes, respectively. The peak
shift of ~5 cm ! observed in each bulk mode at room tem-
perature is, therefore, due to the temperature effect and From the SE and ATR results shown above, the H-rich
agreed well with the calculated peak shift-e7 cm * using  layer formation is evident during the initial nucleation of
the reported temperature coefficient of 0.035 &#{.?° The  a-Si:H islands on the substrate. Nevertheless, there is a pos-
peak shift of the SiH bulk mode shows a good correlationsibility that the 35 A-thick SiH layer on the substrate was
with the rapid decrease in the total hydrogen content. In addivided into interface and surface layers in #Si:H depo-
dition, we found an almost linear dependence of the SiHgition process that occurred after the interface formation. In
peak position on the total hydrogen content as shown in therder to verify the contribution of the SiHayer at the near-
inset of Fig. 4b). A similar dependence of the SiH peak surface, we performed B, plasma treatment of the depos-
position on the hydrogen content of theSi:H film was also  ited 130 A-thicka-Si:H layer. This experiment is based on
reported previousl§® The above results are quite indicative the idea that, if most of the H-rich interface layer locates near
that the observed large peak shift-eR0 cmi ! for the SiH  the surface, the integrated absorbance of the, Bitk mode
bulk mode is induced by a rapid change in the logebi:H  should disappear more rapidly than that of the SiH bulk
network structure surrounding the SiH bonds. Theoreticallymode having the uniform hydrogen content, since the H-D
the shift in the SiH peak position has been explained by th@xchange reaction takes place from the surface.
depolarization of the electric field in sola-Si:H,?” and is Figure 5 shows the analysis results obtained from(@E
given by and ATR (b) during D, plasma treatment. In this SE analy-
sis, the dielectric function of tha-Si:H extracted during the
e*2 o1 a-Si:H deposition is used. The SE result shown in Fi@) 5
W§_H= W~ F—— (1) reveals a strong etching behavior of theSi:H layer by the
2mRwg 26 +1 D, plasma even at the relatively low rf power of 1 W. We
found that this etching process is accompanied by surface
wheree*, m, R, ande are the dynamical charge of the dipole, roughening from an initial value of 15 A to a maximum of
the reduced mass equivalent to hydrogen, the spherical cagd A. Figure §b) shows the variation in the integrated ab-
ity radius, and the dielectric constant, respectively. In thissorbance for the Sijfand SiH bulk modes determined from
model, the peak position of the SiH stretching mode calcuthe deconvolution analysis. As shown in Fighk the SiH
lated by the valence force field modeld=2100cm?) integrated absorbance shows a rapid decay after initiating the
shifts to a lower wave number due to the depolarization efD, plasma treatment and reaches almost to zero at 10 min
fect of the vibrating dipole in the solid. Assuming* (d,=75 A). This result indicates that the diffusion of deute-
=0.4e, e=12, andR=1.17 A, this model was used success-rium is much faster than the observed etching process. In
fully to explain the peak position of the SiH stretching modecontrast, the integrated absorbance of the,SiHlk mode
at ~2000 cm . showed a much slower decay compared with the SiH case.
According to this model, the shift of the SiH peak toward Since the SiH hydrogen content in tha-Si:H bulk layer
the higher wave number can be explained by the decrease (-1 at. %9 is significantly lower than that of the interface
the dielectric constant. Nevertheless, this assumption is ndayer (~17 at. %, it is obvious from above results that most
proper in our case, because we have to assume the unrealisticthe H-rich layer remains at the interface region.
& of 4 to account for the observed peak shift of 20 ¢min From the data shown in Fig(l), we further carried out a
the H-rich a-Si:H layer, theR value is also expected to quantitative analysis, assuming that a diffusion profile of
change, since the optical cavity for the depolarization fielddeuterium can be calculated by the standard error-function-
becomes larger in a porous film structure. As shown in Eqcomplementerfc) form. In this calculation, the native oxide

B. D, plasma treatment of a-Si:H layer
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the profile calculated by the erfc function. By settily
=1.3x10 16 cm?/s, we obtained a good fitting for the varia-
tion of the SiH, mode as shown in Fig.(B). The obtained
for the SiH, mode is one order of magnitude slower than the
one for the SiH, and it is rather strange to set the different
diffusion constant for each bonding state. In ta8i surface
studies, however, a slower B-exchange rate for the surface
SiH, bonds than the surface SiH bonds was repafiéchis
effect has been attributed to the smaller cross section of the
SiH, for the exchange reactidi;*° and a similar effect may
account for the slower diffusion coefficient of the Sibllk
bonds in our study.

It should be emphasized that we could not obtain a rea-
sonable fitting with a model that the H-rich layer exists at the
near-surface even when a slower diffusion constant was

150 -

100

Bulk layer thickness d, (A)

Etching rate
=0.1 Alsec

Surface roughness layer thickness d_ (A)

TN TSN NN T SR S i R

5 |-|-|-|-|-§| T

o SiH bulk |1 used. These results strongly support the H-rich interface
° ~:’in bulk layer formation on the substrate. Nevertheless, a rapid delay
it

of the integrated absorbance for the SiHode observed at
t<<2.5 min cannot be explained by the uniform distribution
of SiH, bonds at the near-surface, and suggests the existence
of a surface Sikllayer in a much thinner thickness than the
interface layer. In addition, when the Si:H bulk layer is
almost etched at 24 min, there is a small decay in the inter-
. face region. This behavior indicates that the etching of,SiH

: ] bonds, rather than the deuterium exchange reaction, causes
g — | this change. The generation of the isolated Sidnds at the

: interface may be responsible for the observed variation.

Integrated absorbance (arb. unit)

Time (min
( ) IV. CONCLUSION

FIG. 5. Time evolution of the bulk layer thicknesd,j and We have applied the real time spectroscopic ellinsometr
surface roughness layer thicknesig)(determined by the SE analy- PP P P P y

sis (a), and the integrated absorbance for the SiH and, Sitdk (SB and infrared att.enuated total reflectlpn Spec’[r_OSCOpy
modes determined by the ATR analyéis during D, plasma treat- (,ATR) to obs_erve the interface Iay_er forn_]atlon _Of &_IS':H
ment of the 130 A-thicla-Si:H film. In (b), the solid lines show the fIlM 0N @ c-Si substrate covered with native oxide in a con-
variations calculated by the deuterium diffusion profile assuming &/€ntional rf plasma-enhanced chemical vapor deposition.
error-function complement. From these real time monitoring techniques, we confirmed
that the 35 A-thick SiH layer having the average hydrogen

()=l

content of ~17 at% is formed on the substrate. We also
of ¢-Si is treated as a diffusion barrier, and we include thefound the surface Siflayer but with lesser hydrogen con-
etching effect of the-Si:H layer. Under these assumptions, tent and thickness compared with the interface layer. The
the integrated absorbance at tinis expressed by interface layer formation is primarily caused by the forma-
tion of the H-richa-Si:H islands deposited on theSi native
z oxide substrate. During the coalescence of three-dimensional
floerf dz+lort |, (2)  islands, a significant-Si:H network formation, accompa-
2Dt nied by the surface smoothening, was found. This fact sup-
. . ports our idea that the surface diffusion of precursors pro-
wherel, 19, andr are total integrated absorbance, inte- N . ;
S : motes a dens@-Si:H network formation. In this study, a
grated absorbance for unit thickness, and etching rate, re- . ; .

; . . ; Capability to determine the depth-profile of hydrogen content
spectively. We fit the data for the SiH by E() using a for the SiH and SiH bulk bonds was presented by combin-
single-diffusion constanD as a free parameter. From the . , H AS P nied by comb
s . - s . ing real time SE and ATR and this capability is promising
fiting, we obtainedd =1.6x10 ** cnt/s, and this calcula- for obtaining a good correlation @f-Si:H structural evolu-
tion result is shown as a solid line in Fig(®. The obtained tion with thg Si g local bondin stateé
diffusion constant falls within the reported values rangingI Wi I ng '
from 10" to 10716 cn/s at this substrate temperatife.

For the fitting of the SiH bulk mode, we modified Eq2)
slightly owing to the inhomogeneous SiHdistribution for ACKNOWLEDGMENTS
the thicknessz. In this calculation, we used a multilayer  The authors would like to thank Dr. R. W. Collins at the
model consisting of a 35 A-thick interface layer and a 95Pennsylvania State University for help in the SE analysis.
A-thick a-Si:H bulk layer that have differerit,. The loss of  The authors gratefully acknowledge Dr. M. Hirose and Dr. S.
the integrated absorbance by thelHexchange reaction was Miyazaki at the Hiroshima University for the helpful sugges-
determined by obtaining the area whég€z) overlaps with  tions concerning the ATR measurement.
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