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Optical characteristics of intrinsic microcrystalline silicon
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We studied the optical properties of intrinsic microcrystalline silicgrc{Si:H) deposited by very high
frequency plasma-enhanced chemical-vapor deposition system at different silane conceri8a)itysspec-
troscopy ellipsometry and photothermal deflection spectroscopy. The bulk property of the samples was probed
because the impact of the surface layer was significantly reduced by mechanical polishing. At high SC, we
extracted the optical characteristics of the disordered part by assuming a superposition af Sieahd
mathematically generated amorphous function. At low SC, we studied the reason for a large deviation of
absorption coefficient in the energy range between 1.6 and 3.2 eV from the value predicted by effective
medium theory. We considered the scattering loss by the inhomogeneitg-&i:H and introduce the dense
medium radiative transfer formalism to an optical scattering simulation. We simulated the Stokes veetor of
and s-polarized light at oblique incidence. From this formalism, we could predict depolarizatipraofl s
wave by scattered incoherent light. Further, we also suggested strain effect as the second possible reason for the
enhanced absorption near the onset of the indirect transition in highly crystatisfi:H.
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I. INTRODUCTION cannot account for the large enhancement of the light absorp-
tion.
The recent development of intrinsic microcrystalline sili-  uc-Si:H or polycrystalline silicon(poly-Si) shows the

con (uc-Si:H) enabled the successful incorporation of thiscritical points (CP), near 3.4 and 4.2 eV, broadened and
material as an active layer in thin-film solar cells. However,shifted to lower energies. Near and above the direct band-gap
the material characteristics remain yet to be betteedge (~3.4 eV), the feature is dominated by direct
understood:? The effect of the microstructure on the optical transitions'® For the CP in this regime, broadening used to
properties is an important issue for bothiarsitu character- be explained by the scattering at the small grain boundaries
ization of material growth and a clarification of electronic Imposing a short time for an excited carrier to reach and to
properties. The optical characteristics of structurally inhomoP€ scattered by the grain boundary, thus limiting the excited-
geneous semiconductor such ag-Si:H has been inter- state lifetime. Another major feature in the imaginary part of

preted simply as an effective medium of the two-phése the dielectric function £;) occurs clearly near 4.2 eV, where

three-phasematerial$~° although such a microstructure may an ObViOlOJS shift of the peak with respect .mSi s
cause internal light scatterirfg. observed® The reason for the deformation of this peak can

It is found that the silane concentration &§as flow ratio be more various b_ecagse_the featu_re is due to s_everal tr_ansi-

[SiH,]/[SiHa+ H,]) is the most common parameter to Ccm_t|onsilCP _broadenlng is discussed in more detail by_ Jellison
4 412 : et al!! (ellipsometry and Vira and Cardona (calculation.

trol the structure of the material prepared by plasma-ri o, have studied the influence of perturbed electronic
enhanced chemical-vapor depositietECVD) and the Crys-  gi;cture caused by the heavy-doping-effect on the change of
talline volume fraction {;) decreases with increasing SC. o cp's of uc-SizH.
However, near the transition to the amorphous growth re- Further, poly-Si(Ref. 10 or highly crystallinexc-Si:H
gime the highest solar cell efficiencies were achieved. (Refs. 2 and 18has shown a noticeable enhancement of

This paper presents studies of spectroscopic ellipsometiyght absorption in the indirect transition regimeE (
(SB) and photothermal deflections spectroscdPPS of in-  <3.4 eV), however, the reason is not clear yet. To explore
trinsic uc-Si:H at different SC. As an approach to separate Hhe reasons, a scattering loss term is incorporated into the
incorporation effect, the results of hydrogenated and dehyeonventional effective medium theofEMT) and depolar-
drogenateduc-Si:H samples are compared. Here the view-ization effects by scattered light are calculated through the
point is adopted that the changes in the band tails of poly-Silense medium radiative transfer the&ty'® In the past of
can be attributed to disorder that is induced by stfais,the  radiometry, considerable theoretical progress has been made
characteristic exponential tails observed in amorphous siliin elucidating and understanding the wave scattering pro-
con (a-Si:H) are commonly attributed to localized states ofcesses by random discrete scatters and rough surfaces. We
strained Si-Si bondIn the high-SC regime, we show the have simulated the Stokes vectormfands-polarized light
optical characteristics of the disordered part in a limited enscattered by a slab of homogeneous medium containing
ergy range (1.5 e¥E<3.2) by assuming the optical prop- spherical scatters using Rayleigh scattering md&tief
erties of ideak-Si. At low SC special attention is paid to the However, the dense medium radiative transfer theory needs
energy range of 1:.6E<3.2 eV, where the absorption coef- modification to be applied to semiconducfbfven though
ficient of uc-Si:H silicon is higher than that far-Si:H. The  the formalism is derived rigorously. The conventional radia-
small disordered fraction in a highly crystallinec-Si:H  tive transfer theory defines the angle of the scattered direc-
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tion for slightly absorptive medium and does not account for T 7
coherent wave such as interference from reflection giving
rise to interference fringes. To test the applicability of the
dense medium radiative transfer equation to the optical simu-
lation for such a nanostructured semiconductor, we took
rough modifications of the formalism for a limited energy A 20
range. We will show that in the energy range between 1.8 -~
and 3.2 eV the higher absorption jirnc-Si:H in comparison \%

to c-Si can be explained by scattering effects at the crystal-

line grains. However, for energies below 1.8 eV scattering
effects are not responsible for the higher absorption. For the
higher absorption, instead, we explain by strain. Possible
sources for strain will be discussed. 0 i . ; . .

20 25 30 35 4.0 45 5.0
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Il. EXPERIMENTS AND MEASUREMENTS . ) . .
FIG. 1. Imaginary part of the pseudodielectric functian) of

uc-Si:H layers were prepared by very high frequencySC=4% uc-Si:H with an initial thickness of 470 nm. The samples
plasma-enhanced chemical-vapor depositdHF-PECVD) were freshly measured right after each polishing step.
at 95 MHz from SiH and H, mixtures at different SG2—
7 %), a temperature of 230 °C, a pressure of 0.3 Torr, and aherep is the complex amplitude reflection ratig,, is re-
discharge power of 8 Warea 10x 10 cn?), yielding deposi-  flection coefficient of thep wave, andR; is reflection coef-
tion rate of 2-5 A/seé.Substrates were Corning 7059 glassficient of thes wave.
for SE and PDS measurements and oxidize8i for average To eliminate the surface layers, all the samples were Sy-
H concentration measurements. ton polished on a felt pad, solvent cleaned, and measured
In order to study the influence of H on the optical char-iteratively until the ellipsometric responsett-3.4 eV satu-
acteristics of uc-Si:H, we investigated the samples as-rates. As an example, Fig. 1 shows the evolution of the
deposited and after annealing at 600 °C for 1 h in a vacuunimaginary part of the pseudodielectric functi¢s;) as the
chamber(pressure~2x 108 Torr). The annealing tempera- surface was polished. The real and imaginary parts of
ture was raised gradually for 45 min and lowered for 3 h. pseudodielectric functione, ,e;), of the film/substrate is
The average H concentration of the film before annealing@xpressed as follows:
is determined by H evolution measurements. For average H
concentration measurements, the sample was subsequently
annealed in a vacuum furna¢eressure~2x 10 ° Torr) at

temperatures ranging from 200 to 550 °C for 4 h, in 50°C

increments from 200 up to 400 °C, and in 25°C incrementéA‘fter polishing each sample, we determined the remaining
for higher temperatures. Thermal desorption analysis wa pot-mean-square roughnesg(J of the surfaces by atomic

used to monitor the rate at which H effuses from a sampl orce mlcrosc_opy(AFM). The AFM measurements were
while the temperature increased at a constant rate. The erade by a D|g|tal I.nstruments Nr]anoScopg scanning p]rcobe
perimental setup is described elsewher¥. mlcrosczope Iln tappIPg hmOdeIWr';[ dscan wllndow size of 2
For the characterization of the optical properties in the><2"”n . Values of the polished samples werel.5
spectral range between 0.5 and 2.3 eV a conventional PD3 9-> "M
setup was used. A typical setup and the evaluation procedure
for the rough calculation of the absorption coefficiémt can lIl. DETERMINATION OF LAYER THICKNESS
be found elsewherf~?! Here « was calculated from the AND CRYSTALLINE VOLUME FRACTION
PDS signal and the synchronously measured transmission
signal based on an interferance free fornfdl&or homoge-
neous films with known refractive index and thickness, in-
terference free spectra efare obtained. Inhomogeneities of
the optical constants in the growth direction manifest them
selves in remaining fringes.
SE measurements were carried out over the spectral ran
of 1.5-5.0 eV in 0.05-eV steps using a system provided b
Jobin Yvon at an angle of incidenc#) of 70°. We ana-
lyzed (W, A) spectra, which are defined by

1-p
1e(52

2 1/2
tar? QOi} ] . (2)

(&, ,8i>:80{ S

We determined the film thickness, surface roughness, and
crystalline volume fractionf(;) of the samples by modeling
(W, A) spectra. Levenberg-Marquardt nonlinear regression
algorithm iteratively minimizedy? in fitting (¥, A) data??
wherey? represents the deviation between the simulated and
the measured values. We employed a four-layer stagk
%ﬁrface/bulk/substra)teThe surface layer was modeled using
¥he Bruggeman-tyé EMT consisting of 50% voids, and
50% bulk property. In order to incorporate more degrees of
freedom, a fit was attempted using the parametrization of the
optical functions of the disordered part from Tauc-Lorentz
(TL) equatiort® The fit range of the data was limited to the
p=—==tanWe'4, (1)  interference part of the spectrufh.5-3.2 eV, where fairly

Rs accurate parameter values can be obtained by assuming stan-

Py
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FIG. 2. As-deposited statke. of wc-Si:H deposited at different
SC’s determined by modeling df¥’, A) spectra. The minimized

fitting errors werey?=1.65, 0.61, 0.31, 0.25, and 0.35 at SC
=2%, 4%, 5%, 6%, and 7%, respectively. We drew a polynomial
curve to show the tendency. The error bar indicates the uncertainty
of f. by £0.1, which was deduced by considering the results from
the otherf estimation methods.

40

dard bulkc-Si for the crystalline phas®.The surface rough- “

ness determined by modeling was2.0+=0.5nm for all

samples, which is in good agreement with the AFM values. ] y

This approach cannot cover the high-energy range where the [ as depo.

broadened CP significantly affects the estimatiori of Fig- -0 . _° f’ehydrl‘" | %ctl’nc’ﬂﬁm
ure 2 displays the determindg of the w.c-Si:H deposited at 15 2.0 25 3.0 3.5 40 45 50
different SC. Houberet al. investigatedn-doped pc-Si:H Energy (eV)

samples from the same deposition systémhe deduced

from this study is higher than the direct amplitude ratio FIG. 3. @ and (, ,&;) of SC=7% uc-Si:H in the as-deposited
c-Si/(a-Si+c-Si) of the peaks of Raman specffaand  and the dehydrogenated statewas determined from SE and PDS,
lower than the estimated value from transmission electromnd (, ,s;) was determined from SE. Some data points scatter due
microscopy (TEM) at low SC?® which seems to be the to the numerical instability. We truncated some largely deviating
straightforward estimation. In spite of the doping effect indata points inx at the high-energy part of PDS and the low-energy
Ref. 25 and difference of the plasma power for depositiorpart of SE.

(Ref. 25 used 5 W, whereas we used 8, Wiis trend seems

to be valid in the highest crystalline case, becalisefrom  \when we assumed crystalline part for the standard bulk
any estimation, saturates to a value when we decrease S@ajye. This section will show that the main feature in this
For example, at S€2%, SE determine$ =0.87, while  regime is a drastic decrease of H concentratioa-8i:H and
amplitude ratio of the Raman peaks indicates 0.79 and TEMjevelopment ot-Si columnar structure in the film when SC
estimates over 0.9. We will discuss the reason Whipy the  gecreases. For simplicity, we adopt the word “H chemical
interpretation of SE data is still lower than TEM estimation 3||oy effect” which stands for the change of density of states
in a low-SC regime. in amorphous matrix induced by the incorporation of H. A

For the next step, the dielectric functiom,(e;) of the  widespread view of the active role of H is as a homogeneous
bulk nc-Si:H was determined using the thickness of the bulkajioy constituent® that is,a-Si:H might be a Si_,H, alloy

and the surface, which were obtained by the previous proceith a larger bandgap than puaeSi.

dure, and solving the ellipsometric equations fef ,e;) of Figures 3 and 4 display and (¢, ,&;) of wc-Si:H in an
the bulk layer. We used surface roughness value determinegs_geposited and an annealed state at 3@nd 6%, respec-
by the modeling. tively. In the energy range between 1.75 and 2 eV we got a
good agreement fowr using the different measurements in-
IV. pc-SitH WITH LOW- f, CHARACTERISTICS d_|cat|ng the_ high accuracy cz)f both PD_S and SE interpreta-
OF AMORPHOUS MATRIX tions. The fringes in the SE7% sample in the energy range

of 1.0-1.8 eV(see Fig. 3 can be attributed to the inhomo-
This section describes results pfc-Si:H with low f,  geneous growth of the film with higher amorphous volume
(<0.4). In this regime, an extraction of amorphous charac-raction in the initial growth region than in the bulk. At the
teristics from uc-Si:H by EMT would be hardly affected onset of crystalline growth condition, the film growth ap-
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FIG. 5. The average H concentrationue- Si:H films deposited
: _ at different SC's. We drew a exponential curve to show the ten-
40 ’ e dency. The error bar indicates0.5 at %.
<113 S S— (23 (&, ,¢;) of the dehydrogenatedc-Si:H at SG=7%
I "¢ changes largely from the as-deposited state. The changes are
20 B T G an enlargement of amplitudes and a strong shift to the lower-
= [*Z energy side. On the other hand;, (¢;) of the dehydroge-

nateduc-Si:H at SG=6% does not change largely from the
- i ! as-depositegic-Si:H as compared to SE7% uc-Si:H.
0 A s L (2b) Tails in « in both samples have been increased simi-

as depo. larly after dehydrogenation likely due to the increased de-
o] — o dehydro. | - fects and strained bonds in the amorphous part.
1.5 20 25 30 35 40 45 50 We attribute behavior&lb) and(2a) to an onset of colum-
Energy (eV) nar structure inuc-Si:H from SC=7% condition and an

. L ] accompanying reduction of H concentration in the film.
FIG. 4. a and (e, ,&;) of SC=6% nc-SiH in the as-deposited  pyom the TEM investigations, the spherical grain growth in
and the dehydrogenated stadewas determined from SE and PDS, high SC condition have been found to turn into more colum-

and (e ,&:) was d‘?tefm'f‘?d from SE. Some data points scatter _d”?lar structure parallel to the growth direction under a decrease
to the numerical instability. We truncated some largely deviating.

ks , in SC2>2” Figure 5 depicts the average H concentration in
S::?(E}O'Snés inx at the high-energy part of PDS and the low_energy,uc-Si:H films at different SC in an as-deposited state. The H

content increases drastically from 8.5 at. % at=3% to

pears predominantly amorphous over an initial layer, that ismore than 12 at.% for S€7%. Although SG=7%
there is an incubation layer for the formation of crystalline in#¢-Si:H has highera-Si:H volume fraction than 6%
contrast with the highly crystalline sampfsSince the film ~ #¢-Si:H, the a-Si:H network in SG=7% uc-Si:H has a
growth is homogeneous, no fringes are observed in Fig. 4. ,ngher_ H co_ntent which can be con5|dered as 0pt|cal_m|cro-
comparison of both figures allows us to discuss the differeny0ids ina-Si:H network. When the amplitude of the dielec-

optical properties of the films with o, . The main features tric functiona-Si:H is reduced by the amount of incorporated
are as follows. H, the effect of the amplitude enhancementuin-Si:H by

incorporatinga-Si:H is not proportional to the amorphous

(1@ The peaks of £, ,s;), namely, CP, in SE6%  volume faction. As a resulty in the energy range of 1.5-3.2
uc-Si:H are a bit sharper than 7%c-Si:H. For samples eV, the response from the amorphous phase dominates, has
with a low f; this feature cannot be attributed to the CPsimilar value in both samples, which is the explanation for
broadening effect of the crystalline part. (1b). In the dehydrogenated state, the=ST% wc-Si:H un-

(1b) In the energy range between 1.0 and 3.2 &Y, ;) dergoes a strong loss of H-chemical alloy effect, whereas, the
and « of both samples are similar in the as-deposited statechange of H-chemical alloy effect is relatively low in SC
That is an unexpected result since ST% uc-Si:H has  =6% uc-Si:H. This can account for the difference in peak
morea-Si:H volume fraction. Generallg-Si:H has a higher position shifts described in the first part @fa). An onset of
amplitude thanc-Si in this energy range and thus, the SCcolumnar structure can account for the second pakRaf.
=7% pc-Si:H should show a higher amplitude of,(,¢;) Thec-Si columns in SG& 7% uc-Si:H prevent the thickness
anda than SG=6% uc-Si:H. However, this is not found in reduction after dehydrogenation, the amorphous network in
these figures. this uc-Si:H cannot become denser after dehydrogenation.
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30 (4) Viewing the change of the amorphous part after dehy-
drogenation, S€ 7% uc-Si:H shows an increase of ampli-
25 tudes and a decrease Bf and SG-6% uc-Si:H shows a
20 [ decrease of amplitudes and an increasé’.oBoth samples
show a strong shift o, to the lower energy side after
15 dehydrogenation.

W 10 I The difference ofg, in the as-deposited state or strong
5 shift of E, after dehydrogenation can be explained by H
- .« N\ concentration in the film—H chemical alloying effect,

0 fm— SC =6 % —— asdepo. 1. uc-Si:H with higher H concentration must show higteg
[ , , -~ dehydro. g in its amorphous part. In SE7% uc-Si:H case, I is
'51_5 20 25 3.0 35 4.0 broader in the as-deposited state than the dehydrogenated

state due to local potential fluctuations induced by alloying

of a-Si with H. In support of this interpretation, one can
FIG. 6. (s, ,8;) of the amorphous part ipc-Si:H in the as- observe narrower width ofs( ,si)_ of a-Si in the dehydroge-

deposited and the dehydrogenated states. One should note that hdted state than the as-deposited state. contrast,I' has

TL parameters were determined in the energy range from 1.5 to 3.p€en increased in S€6% film after dehydrogenation. We

eV, however, &, ,¢;) is shown up to 4.0 eV for clear comparison. attribute this behavior to an enhanced strain in the amor-

For SC=7% uc-Si:H, I'=2.09 eV andE,=3.64eV in an as- phous network, occurring from the prevention of thickness

deposited state, and=1.90 eV andE,=3.42 eV in a dehydroge- reduction after dehydrogenation by tleSi columns. In

nated state. For S€6% uc-Si:H, '=1.79 eV ancE;=3.52eVin  other words, the surface arounesi column is reconstructed.

an as-deposited state, ahid=1.94 eV andE,=3.45eV in a dehy-  If the thickness cannot be decreased after dehydrogenation,

Energy (eV)

drogenated state. the amorphous part will undergo a strong strain in its matrix.
The decrease of amplitudes in S6% w.c-Si:H after dehy-
A. Characterization by TL parameters drogenation is attributed to the crystallization of the amor-

) ) phous part. We found thdt, is increased from 0.39 to 0.58

As was mentioned, we determined the parameters of Tlafier dehydrogenation in the sample. If the columnar struc-
equation for the amorphous part by fitting in the energyyre prevents the thickness reduction, the space generated in
range from 1.5 to 3.2 eV, where CP broadening effect okhe course of amorphous matrix transforming intesi,
crystallite can be negligible. We preclude the possible modiwhich is denser than amorphous matrix, cannot be compen-
fication of band structure in the crystallites (£E& sated.
<3.2eV) originating from three-dimensional quantum
confinemerff due to the large siz€>20 nm in diameterof
crystallites in theuc-Si:H of our study?® Figure 6 shows V. pc-Si:H WITH HIGH- f. ABSORPTION ENHANCEMENT
(&, ,¢&;) of the amorphous part gic-Si:H in an as-deposited

) . In this section, we discusgc-Si:H with high f. (>0.7).
state and E,l, dehydrogenated _stat_e. In this case, the aMYe attribute the large deviation effrom the value predicted
phous part” represents contributions from the amorph

. X ) . . Ou%y EMT in the energy range of 1.6—3.2 eV to the scattering
matrix, grain boundaries, and voids. We did not assume thg;ss arising from inhomogeneity of the material. This section
void fractlon separately'ln the bulk. Hence, th? amorphou%ddresses a way to evaluate the depolarization effect by scat-
part is also representative for the possible void fraction agereq light through dense medium radiative transfer formal-
another free parameter. For clear comparison, we display tWgm_ Also, strain effect in the crystallite and the grain bound-
TL parameters(i) oscillator width(I"), which is expected to ary is suggested as the second reason for the high

be inversely proportional to the excited-state lifetime forespecially near the onset of indirect transition. In definition
transitions of electrons and holes deep into the bands of thef strain, we exclude the two contribution§) external
disordered part; andli) peak transition energyEp), which  strain, which can be caused by substrate and film processing
indicates the energy position where transition is the stronand handling; andii) thermal strain, which arises from the
gest, therefore, allows us to discuss the H chemical-alloyisparity between the thermal coefficients of expansion of
effect by this parameter. For simplicity, we omit the word the substrate and film. Farc-Si:H, the problem is that, like
“amorphous part” in naming of each sample. For S€% in ¢-Si, a variety of defect states in the energy region of the
pnc-SiH, I'=2.09 eV andE,=3.64 eV in the as-deposited band gap can contribute to the absorption and some fraction
state, andl’=1.90 eV andE,=3.42 eV in the dehydroge- of the included amorphous phase will also contribute to the
nated state. For SE6% uc-Si:H, I'=1.79eV andE, absorption. Furthermore, a loss of periodicity in the crystal-

=3.52 eV in the as-deposited state, dhd 1.94 eV andg line phase can be the main obstacle in interpreting measured

=3.45 eV in the dehydrogenated state. optical phenomena due to the fact that it will show more or
(3) In the as-deposited state, the amorphous part in S@ss directlike transition.

=6% wuc-SitH has lowerE, and narrowerl” than SC Figures 7 and 8 displag and (g, ,&;) of uc-Si:H at SC

=7% pc-SiH. =4% and 2%, respectively. We do not show the results of
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FIG. 8. @ and (g,,&;) of the SG=2% wuc-Si:H in the as-
FIG. 7. « and (,,&;) of the SG=4% uc-Si:H in the as-  deposited and the dehydrogenatadvas determined from SE and

deposited and the dehydrogenated stateas determined from SE  PDS, and &, ,¢;) was determined from SE. Some data points scat-
and PDS, andg; ,¢;) was determined from SE. Some data pointster due to the numerical instability. We truncated some largely de-
scatter due to the numerical instability. We truncated some largelyiating data points ina at the high-energy part of PDS and the
deviating data points im at the high-energy part of PDS and the |ow-energy part of SEa of ¢-Si is shown as a reference.
low-energy part of SE« of c-Si is shown as a reference.

] ) o duce « from the value ofc-Si. Especiallye of SC=2%
SC=5%,uc'—S|:H which were similar to those. of SC uc-Si:H is even higher thao-Si.
=4% pc-Si:H. We also showy of standard bullc-Si (Ref.
30) as a reference. In both figures, an annealing step has no
significant effect on the optical properties pt-Si:H with
high f.. Only in the energy range in the vicinity of the band
gap ofc-Si (1.0-1.3 eV « is increased by annealing, which ~ To explain the effect described in ite(Bb), we incorpo-
could be attributed to the increased defect density. From thEate the scattering loss into the absorption coefficient calcu-
comparison of both figures, we describe the differences ifdted by Bruggeman-type EMT. Under independent scatter-
high-f. uc-Si:H from each SC: mg(jj_we have Rayleigh scattering coefficient for particles of

radiusa,

A. Scattering effects as a reason for higher absorption
for energies between 1.6 and 3.2 eV

(5a) CP of (g, ,¢;) of wc-Si:H remains largely unchanged
upon changes in SC. Only above the onset of columnar 2
growth (SG=7-6 %), noticeable changes ig,(e;) were as=2 fs(Tns
observed. Here, we do not focus on CP broadening effect
which has been studied elsewhété!3?The reason fof5a) ~ wherefg is the volume fraction of the scatterers, is the
is believed to be a short electron lifetime caused by graireal part of refractive index of the scatteremds&ng+ike

4
a

2

, ()

€sT €1
est2e,

3

boundary scattering. =\eJ), & is the dielectric function of scatteres, is the
(5b) In both samplesgq is excessively higher than the dielectric function of the matrix around the scatterers, and
value predicted by EMT in the range kX&<3.2 eV. is the wavelength of light in vacuum. We choose crystallites

(50) ais still high in 1.2<E< 1.8 eV where the incorpo- as the scatterer and amorphous matrix as the other part. Ef-
rated amorphous phase, on the contrary, is expected to réective absorption coefficient is obtained by
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ae= ATt As,s (4) I(7—6,¢,2z=0)
whereagyr is the absorption coefficient calculated by EMT. =T o1(00) L i( 7= b, o) + Roa(B)1( 6, ,2=0)
The effective refractive index is also changed correspond- (®)

ingly. We admit that this simple approach can only give a

rough approximate estimation. To consider the multiple scatand, atz= —d,
tering effect and the accompanying depolarization effect, we
employ the dense medium radiative transfer equation. A fully
polarimetric description of the intensity is provided by the
Stokes vector,

1(6,¢,2= —d) =Ry () (7m— 0,,z=—d), (9)

where |(7—6,¢,z) and 1(6,¢,z) represent downward-
going intensities and upward-going intensities, respectively,

lp (BEX) in region 1. We used the complex ang® for reflection and
e s (E,EY) g,  transmission coefficients. This interpretation of boundary
(6.4.2)= Ul | 2(ReELE))) | ) condition may be the major difference from the dense me-

\Y; 2(Im(E,E})) dium radiative transfer theory for radiometry. We adopted the

reflectivity and transmittivity matrices for plane waves

We consider the light incident from the dRegion 0,2>0),  To1(f0), Roa(#), andRy,(6) as in Ref. 33.

reflected by a thin slab ofic-Si:H (Region 1,—d<z<0), Conventionally solving the radiative transfer equation, the
and transmitted to the glass half plafRegion 2,z< —d). total scattered intensity is first decomposed into reduced in-
Therefore, the incident beam in region 0 assumes the formtensity and diffused intensity. The reduced intensity can be
obtained by solving the radiative transfer equation in the
absence of scattering. For the calculation of the coherent

1
1 Stokes vector, we took wave approach to calculate the reflec-
loi(m— 6, ¢o)= 5 8(cosfy—cosy) S pg), (6)  tivity (direct r.eﬂection.from the gurfaeetrgnsmissior_l of re-
duced intensity to region)(y using multiple-reflection and
0 transmission equations with the effective refractive index,
where the use of Dira@ function is made. We chose the + (47NN |2
Fo1Tl12€ ‘

parametergplane wave with amplitude 1 for each polariza- p.s= GaNd
tion and incident angle with 70° as in conventional) S& 1+Toirse€

simulate the depolarization effect in the specular reflection . . .
direction(6,= 6 andé,=0°). The dense medium radiative wherer ,,, is the Fresnel reflection coefficient pfmode ors

transfer equation that governs the propagation of intensitiegmd.e at the boundarg andb, N is relative value of refrac-
inside theuc-Si:H slab are, for & 9< 1 tive index of the slab. We can construct the coherent re-

sponse of the Stokes vector from Ed0).

, (10

cosedizl(z,a,@: —agl(2,0,0)+ fowde' sing’ l0.cohererdt o= Boi , #o=0°)
& e
X | dd'P(0,4:0",8")1(2,0,6), =| 2 RefR ) | 3OSt~ cOS00) ().
7) 2 Im(RyRY)

. . ) . 11
whereP(6,¢;0',¢') is a 4X4 scattering function matrix, (D

which is identical to the Rayleigh phase matfixelating  For the calculation of the incoherent Stokes vector, we re-

scattered intensities in the directiof ¢) from incident in-  write the equation to calculate the diffused intensity as, for
tensities in the directiond’,¢"). To satisfy the Rayleigh 0<g<,

limit, the wavelength should be significantly larger than the

size of the scatters, that i§27/\)Na|<1. The real angles -

of reflection and transmission at the boundary between theosd—14(6,¢,z) = — al 4( 0,¢,z)+f dé’ sing’
regions obey Snell’s law by using the real part of the effec- dz 0

tive refractive index N=n+ik). Henceng sin ,=n, sin 6, o

=n,sin#,, where subscript denotes the region. We have to X do'P(6,0;0",¢")14(0,0,2)
convert the real angle to a complex value to obtain Fresnel 0

reflection and transmission coefficients at the boundaries.

L 2
The relation between the real and complex angld! &n 6 + fo dé’ sin H'L do'P(8,4,0",¢")
=nsin# and N cosé=ncosé+ik. The boundary conditions
are, for 0< #<7/2, atz=0, X1,(6,¢,2), (12
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FIG. 9. a of SC=2% uc-Si:H measured by SE and PDS, amd Energy (eV)

of pc-Si:H from the Bruggeman-type EMT and considering Ray-
leigh scattering. Volume fraction of crystallite scatteferis 0.92,
volume fraction of surrounding@-Si:H matrix f, is 0.05, volume
fraction of voidf, is 0.03, and the radiu®) of the crystallite is 17
nm.

FIG. 10. Degree of polarization of incoherent and total Stokes
vectors in the specular reflection direction. The same parameters as
in Fig. 9 were used. The structureps ands-polarized plane wave
with unit intensity impinge from air towc-Si:H slab/glass half
plane. The thickness gic-Si:H slab(d) is 500 nm.
where 1 4(60,¢,2z) denotes diffused intensity anid(8, ¢,z)
denotes reduced intensity inside the random medium. For 8y adding the coherent and incoherent Stokes vectors, we
<O9<ml2, get total Stokes vector &= 6, direction. To demonstrate
the multiple scattering effect, we calculate the degree of po-

1,(6,¢,2)=exp — aez/cos6;)[U— Ry 6;) larization defined as

=17+ U+ V2
po! lot1s

Ry(6;)exp( — 2ad/cosb;)] 1

(16)

X exXp( — aed/c0s0;)Ryx(61) - T1o( 6p)
¢ R Figure 9 showsy of SC=2% uc-Si:H measured by SE and

“loi(m= 6o, b0o) (13  PDS, and the calculated of wc-Si:H with f,=0.92, f,
and =0.05, andf,=0.03. Here,f, denotes the amorphous vol-
ume fraction and, denotes the void volume fraction, from
_ - o~ the scattering simulation and from the Bruggeman-type
11(0,¢,2) =expl(+ ae,2/c0861)[U— Ry ) EMT. We can see the impact of Rayligh scattering on the
B B 1 effective calculated absorption coefficient. In Fig. 9, the ab-
Rz 01)exp(—2acd/cost, )] sorption coefficient from Eqg3) and (4) tends to be over-
XT10(00) - loi(7— o, bo), (149  estimated as the energy becomes higher and underestimated

as the energy becomes lower. To be more quantitative, we

where 6, (or B, for boundary conditionis the angle inside have to considefi) a new scattering model beyond the Ray-
the material corresponding to the incident angle by Snell'deigh limit and (i) clustering effect’ of the scatterers. The
law. Mie scattering formalism can give more realistic results in
The Fourier series expansions in azimuthal direction aréh€ higher energy range. In the lower energy range, the scat-
applied to the Stokes vector and scattering matrix in order téefing effect by crystallites are expected to disappear as the
eliminate the¢ dependence. The Fourier series expansion ofvavelength becomes larger. Thus we would attribute the dis-
the Rayleigh scattering matrix and incident vector is given infinct enhancement af to strain effect in the grain and grain
Refs. 14 and 15. We solve the integro-differential equatiorPoundary. This will be discussed later. o
using the Gaussian quadrature metfidd The consequent The major advantage of this scattering simulation is that
systems of first-order differential equations are then solvedve can obtain all the four Stokes parameters, where depolar-
by obtaining eigenvalues and eigenvectors and matching tHgation effect can be assessed. Figure 10 shows the degree of
boundary condition$**° polarization of incoherent and total Stokes vectors in the
In this paper, we simulate the incoherent Stokes vectopPecular reflection direction when unit plane waves im-

scattered to the direction of specular reflection by pinged. The parameters of the simulation are the same as
used for the calculation for the curves in Fig. 9. This quantity

lo.inconerert#o= 0oi » #=0°) cannot be calculated by the conventional wave approach. We

o can find that the depolarization effect diminishes as the pho-

=T1o(01)14(6=06,,6=0°,2z=0). (15  ton energy approaches lower enefdy6 e\).

115301-8



OPTICAL CHARACTERISTICS OF INTRINSCT . .. PHYSICAL REVIEW B 66, 115301 (2002

10% localized tail states. Haat al. reported the result of photo-
i - - - luminescencéPL) spectra of theuc-Si:H deposited by hot-
[ 72% -Si, 25 % a-SitH, 3 % void | —— A

wire chemical-vapor deposition at different $CAs we can
see from Ref. 36, redshift of the PL peak position KB
<0.84¢eV) is the dominant factor when an obviofig
emerges. They also attributed this effect to the ordering of
the lattice and bond length, that is, strain effect. We account
for (5¢) by different amount of strain in eaglc-Si:H. The
similarity in a for 1<E<1.5eV for the SG2% and 4%
samples after dehydrogenation imply that Si-Si network
/° [92% -Si, 5 % a-Si:H, 3%void] (withogt H) is similar iq bqth s_amples. We conc_ludf_e that
: , - ‘ - - ' strain is mostly tensilelike in higfi; xc-Si:H by viewing
1.2 1.4 16 18 20 the enhancement af. We introduce Volmer-Weber growth
in poly-Si (or high£, uc-Si:H) formation3’~**Tensile strain
is generated by a Volmer-Weber mechanism. As growing
FIG. 11. a of uc-Si:H calculated by Bruggeman-type EMT. For Crystallites contact each other at their bases, the sidewalls
the amorphous component, a device qualigi:H film was depos-  “zipped” together until a balance is reached between the
ited and measured by the authors. It should be noted that we useshergy associated with eliminating surface area, creating a
the bulkc-Si quantity for the calculation of crystalline phase. grain boundary and straining the film. In this process, strain
depends on interfacial free energies, elastic properties, and
B. Strain as a reason for higher absorption for energies between grain size. As two islands impinge and form a grain bound-
12and 1.8 eV ary at their intersection, sidewall of the free surface of each

As we have shown in Figs. 9 and 10, anothegnhancing island is eliminated, resulting in a significant energy reduc-
mechanism has to be incorporated in the lower energy randén. The second source of tensile strain is micropores that
(5¢). Since the scattering effect has no significant influencénduce an elastic strain in the anchored grains due to a con-
on « in this energy range, we show in Fig. &lof wc-Si:H strained relaxation. The third source of tensile strain is re-
calculated by Bruggeman-type EMT using ideal compositesmoval of H around thec-Si grains, either by extensive
We chose the bulk-Si value for crystallites and chose the chemical annealing or thermal annealing, in other words, sur-
measured value faa-Si:H which shows a high performance face reconstruction arises after removal of H bonds.
in an active layer for solar cells. We shawfor two different ~ H-induced strain may build up due to trappeg, lbtherwise,

f. uc-Si:H since we believe that the trdg of the compared H incorporation need not contribute to intrinsic stress since
nc-Si:H must lie between the two values. In the energyits incorporation occurs integrally with the formation of the
range ofE< 1.8 eV, the absorption of-Si is an upper limit  rigid silicon network at the growing surface. On the contrary,
for the absorption in the crystalline phase. By incorporatingf H incorporation is decreased with decreasing @€e Fig.
several percentage afSi:H and voids inc-Si, a reduction in  5), elimination of strained Si-Si bonds due to in-diffusion
optical absorption can be observed which is caused by thprocess can be decreased. In support of this, studies of glow
low absorption ofa-Si:H (e.g.,a=47 cm ! for E=1.4 eV) discharge deposition conditions include a demonstration that
anda=0 cm ! for voids. o at 1 cm™1is shifted of around the onset of columnar growth morphology is accompanied
0.08 and 0.13 eV to higher energies for the calculated curvely an abrupt drop in compressive stré&# porous silicon,
with f. of 92% and 72%, respectively, in comparison with the enhancement ok(,e;) was attributed to the change in
SC=2% uc-Si:H in Fig. 8. The amount of the energy shift the level of strain present in the cellular structure of the
represents how much the SQ% uc-Si:H is in contradic-  porous silicon film and which is induced by H desorption
tion to the theoretical prediction by the ideal compositesfrom the porous silicon filni* Recrystallization studies by
This result is based on the assumption of the optical propennealing of-Si:H have demonstrated that as the H concen-
ties for bulkc-Si for the calculation of the crystalline phase. tration decreases with increasing the anneal temperature, the
A loss of long-range periodicity in the crystalline phaseinitia”y compressive strain changes to a tensile stfaiBe-
causes a relaxation of the selection rules for optical transiside the higher absorption also the electronic properties are
tions in the indirect transition regime where the momentungaffect by strain. Solar cells from bulkSi have shown Y\,
conservation is essential, however, it is in contradiction to~0.65 V.** On the other hand, the solar cell incorporating
the experimental data at lower photon ener§<(1.8 eV), intrinsic wc-Si:H as an active layer has shown0.39 V
which shows more indirectlike transition. at SCG=2% and \,.~0.55V at SG=5%, where the latter

The variation of the band tails can be interpreted in termsondition shows an optimum performanceThe lower V.
of localized states associated with the disorder that would bef the wnc-Si:H solar cells has been usually attributed to the
induced by a disordered phase. Weraeal. mentioned that poor junction properties—high roughness and profile inho-
electronic properties of poly-Si films are primarily deter- mogeneity of thewc-Si:H active layer said to deteriorate the
mined by potential fluctuation®. Fluctuations in the bond interface quality ofp-i-n junction. This paper suggests that
length and angle distribution around grain boundaries inevithe tensile strain in the crystalline phaseuaf-Si:H can be a
tably first lead to potential fluctuations and then give rise tofactor lowering \,. of uc-Si:H solar cells.

Energy (eV)
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VI. SUMMARY wave approach in calculating the coherent Stokes vector in

the specular reflection direction and converted the real angle

. : o - ; to the complex value in calculating the transmission and re-

ggi@giayg?e) %I'Cgréﬂ;r;ds'ggsprg:arﬁgtg; de'frf]irre?éssge_flection coefficients. We found that the optical scattering ef-
0 °) Dy P 9 fect brings about depolarization sfandp waves while gen-

tween .1'0 and 5.0 eV. Mechanlcal pollshlng IMproves theerating incoherent waves. We also suggested strain effect as a
evaluation of the bulk properties of the microcrystalline ma-

terial significantly and reduce the impact of surface IayerspOSSIbIe reason for the enhanced absorption in the highly

) . L crystallinewc-Si:H by viewing the onset of the indirect tran-
A.t high SC, we extracteq t_he optical characteristics of thesition regime (1.ZE<1.8eV). We discussed the sources
disordered part in a limited energy range of 4B

<3.2 eV by assuming a superposition of the optical properlcor strain in puc-St:H.

ties of idealc-Si and the disordered part. At low SC, we paid

special attention to the energy range at<lE6<3.2 eV, ACKNOWLEDGMENTS
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