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We have performed real-time spectroscopic ellipsometry (SE) measurements over the photon-energy
range from 1.5 to 4.0 eV during the growth of microcrystalline silicon (uc-Si:H) by plasma-enhanced
chemical-vapor deposition on chromium at 250°C. We focus on the regime when the film consists of iso-
lated microcrystallites and intervening void volume. In this regime, the observed three-dimensional
growth behavior allows us to associate the crystallite size with the physical thickness of the film. The SE
measurements are self-contained in that they provide not only microstructural information, including
film thickness and void-volume fraction, but also the effective optical functions of the film. From this
combination of results, the optical functions of the Si crystallites, themselves, can be deduced by
mathematically extracting the influence of the void-volume fraction on the effective optical functions. A
critical-point (CP) analysis of the E, transitions visible near 3.3 eV in the crystallite optical functions
provides information on the electronic properties as a continuous function of crystallite size. Over the
physical thickness range accessible in these experiments (~200-250 A), the transition energy and phase
deduced in the CP analysis are constant at the single-crystal values, within experimental error, while the
broadening parameter decreases with increasing thickness. The latter behavior is consistent with a
finite-size effect in which electron scattering at surfaces modifies the optical response of the microcrystal-

15 JANUARY 1993-11

lites.

I. INTRODUCTION

The optical properties of microcrystalline silicon (uc-
Si:H) prepared by plasma-enhanced chemical-vapor
deposition are interesting, owing to applications of the
material in a number of amorphous silicon (a-Si:H)-based
multilayer devices.! For example, B-doped uc-Si:H has
been applied as the top layer in photovoltaic devices be-
cause of its higher electrical conductivity and weaker op-
tical absorption in comparison to doped a-Si:H.>3 Mi-
crocrystalline Si:H is also an interesting material from a
fundamental standpoint, because it can serve as a model
system for studying the effects of crystalline particle or
grain size on the optical and electronic properties of
semiconductor films.*

Previous research has shown that the near-ultraviolet
optical functions of both polycrystalline silicon (p-Si)
(Ref. 5) and uc-Si:H (Ref. 6) thin films can be simulated
accurately with the Bruggeman effective-medium theory
(EMT) using a model of the material as a three-
component, microscopic composite consisting of a-Si, c-
Si, and void. In such studies, spectroscopic ellipsometry
(SE) data collected on the films are subjected to linear-
regression analysis in order to extract the volume frac-
tions of the two independent components as well as the
thickness and composition of roughness and/or oxide
overlayers.” To assess the statistical significance and
overall quality of the fits, the procedure of Ref. 7 relies on
the 90% confidence limits as well as the unbiased estima-
tor of the mean-square deviation, computed between ex-
perimental and calculated values of the real and imagi-
nary parts of the amplitude reflection coefficient ratio (p-
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to-s). Recently, however, this fitting procedure has been
improved through use of the biased estimator, allowing
one to weight more strongly the parts of the spectra with
higher experimental accuracy.?

Although simulations of p-Si and uc-Si:H as three-
component composites yield excellent fits to the mea-
sured ellipsometric spectra, attempts to correlate the re-
sulting bulk-film structural information with that de-
duced from Raman spectroscopic analysis of the same
samples have revealed an ambiguity in the SE interpreta-
tion.’ Specifically, some films that exhibit a considerable
volume fraction of a@-Si from SE have shown no such
detectable phase from Raman spectroscopy. This result
suggests that the a-Si component in the SE analysis may
serve the additional role of simulating the broadening of
the optical transitions that arises from a reduction in the
excited-state lifetime of electrons due to scattering from
grain boundaries or defects within the grains. These
effects are not included in the EMT, which employs the
assumption that the optical functions of the ¢-Si com-
ponent in p-Si and uc-Si:H films are identical to those of
the single crystal.” More recent studies have qualitatively
supported a finite-size-effect interpretation of the optical
properties of these materials by drawing attention to a
correlation between the measured grain size and the
broadening parameter, the latter deduced from a
critical-point analysis of the E,—E, optical transitions
in the ¢-Si grains at room temperature.'%!!

We have exploited new opportunities made possible by
the recent development of real-time SE to study the opti-
cal properties of uc-Si:H in greater detail. Real-time SE
is advantageous for two reasons. Obviously, the real-time
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approach avoids artifacts due to oxidation or surface con-
tamination from the ambient atmosphere. More impor-
tantly, because the raw ellipsometric spectra can be ana-
lyzed to extract the physical thickness of the film as well
as its optical functions, measurements of the films in the
isolated crystalline particle regime versus time prior to
particle contact can provide information on the electron-
ic structure (from the optical transitions) as a continuous
function of the particle dimension (or physical thickness).
Thus, the power of the measurement approach is
matched by no other single, currently available tech-
nique.

II. EXPERIMENTAL DETAILS

The real-time spectroscopic ellipsometer used in this
study consists of a Xe arc source, collimator, rotating po-
larizer, sample in vacuum chamber, analyzer, spectro-
graph, 1024-pixel silicon photodiode detector array, and
detector controller, as described in greater detail else-
where.'>!® Using the detector controller, the array is
grouped by eight to increase the signal-to-noise ratio, but
at the expense of spectral resolution. Windows on the
vacuum chamber provide optical access to the pc-Si:H
film surface during growth. Real-time ellipsometric spec-
tra in (¥, A) are collected from 1.5 to 4.0 eV in 3.8 s as an
average of 80 polarizer optical cycles. Here, (y,A) are
defined, as usual, by tany exp(iA)= r,/ts, where r, and r,
are the complex amplitude reflection coefficients for p
and s polarization states. The elapsed time between one
measurement and the next is 21 s. This extended mea-
surement cycle includes background correction, raw data
reduction to (¢, A), video display, and permanent storage.

The wpc-Si:H thin films were prepared by plasma-
enhanced chemical-vapor deposition (PECVD) in the
parallel-plate configuration with the substrate mounted
on the grounded anode, as first reported in Ref. 14. The
following parameters were set: substrate temperature,
250°C; SiH,/H,  gas-flow ratio, 1/80 in standard
cm’/min; total gas pressure, 0.4 Torr; net rf power, 20 W;
and power flux at the film surface, 520 mW/cm2 Under
these conditions, the deposition rate is 16 A/mm, ex-
pressed in terms of physical thickness. At this rate, 1 A
accumulates during the (1,A) spectra measurement time,
and spectra are collected every ~6 A. The substrate was
Corning 7059 glass, overcoated with an opaque layer of
chromium, prepared by low-pressure magnetron sputter-
ing for optimum smoothness and density. Chromium
was used because it is a typical electrical contact for
thin-film devices based on a-Si:H and uc-Si:H. In addi-
tion, the use of a metallic substrate leads to real-time
spectra with 60° < A < 120° and for this range, systematic
errors are reduced in the rotating polarizer
configuration.?

ITI. RESULTS AND DISCUSSION

In this study, we focus on the regime of uc-Si:H growth
in which the film consists of isolated Si particles. In this
case, a one-layer optical model for the film is a realistic
approximation of the structure. In contrast, after the
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particles make contact, two layers are required in the op-
tical model, representing the underlying ‘“bulk” film and
the remaining surface roughness layer generated in the
nucleation process. '

In studies of discontinuous particle films, there are two
sets of optical functions of interest. The first is the
effective dielectric function (€,,€,) of the film that is mea-
sured directly and includes both the Si particles and in-
tervening void volume. The second is the dielectric func-
tion of the particles themselves (€,,,€,,) that can be in-
ferred from (€;,€,) by mathematically eliminating the
effect of the void-volume fraction using the EMT of
Bruggeman in this case. In Secs. III A, III B, and IIIC,
we describe the three-step sequence for determining the
evolution of first (€,€,), then the void-volume fraction,
and finally (€,,€,,), respectively, from real-time spectra
in (¢, A) obtained during uc-Si:H particle film growth.

A. Evolution of the effective dielectric function

In order to determine the effective dielectric function
(€,,€,) of the uc-Si:H film, we extract the correct physical
thickness d, by trial and error, as the one that minimizes
artifacts in (€;,€,) obtained by numerical inversion of
(1, A).'® Such artifacts arise from a feature in the Cr sub-
strate dielectric function at 2.7 eV, and are introduced
only when d is chosen incorrectly. An independent check
of this method requires that the inverted €, approach
zero asymptotically at the lowest measurement energy of
1.5 eV.

Figure 1 shows effective dielectric functions (¢€;,€,) de-
duced by this approach for selected pc-Si:H film
thicknesses over the range of 200 <d <262 A. It should
be kept in mind that since these spectra were collected
during deposition, they are appropriate for a film temper-
ature of 250°C. We can point out a number of qualitative
features in Fig. 1. First, the very low amplitudes of the
dielectric functions are attributed to well-spaced Si parti-
cles with a very high intervening void-volume fraction.
Second, the increasing amplitude with thickness reflects
the reduction in void-volume fraction as the particles in-
crease in size and approach one another. Third, the pres-
ence of the c¢-Si E, critical-point structure near 3.3 eV
and the lack of any significant absorption strength from
2.0 to 2.5 eV, relative to that at 4 eV, show that the parti-
cles are, in fact, Si microcrystallites without a significant
amorphous phase in the film. Buried beneath these dom-
inant features in Fig. 1 are more subtle effects due to
crystallite size. As we shall see in Sec. III C, the curva-
ture in (€;,€,) near the E; critical point provides infor-
mation on electron scattering at microcrystallite surfaces
and how it is reduced as the crystallites increase in size.

Two considerations confine the analysis of the (¢,A)
spectra collected during growth to the relatively narrow
range of film thickness in Fig. 1. First, for d <190 A, the
void-volume fraction in the film is so high (>0.82, see
Sec. III B) that the signal-to-noise ratio in (€, €,) becomes
unacceptable for the subsequent analysis described in Sec.
IIIC. For d>265 A, the void fraction becomes small
enough (~0.65) that a number of the closest microcrys-
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tallites in the statistical distribution may make contact.
If this occurs, then the association of crystallite size with
physical thickness, expected to be valid in the regime of
isolated nuclei, may begin to break down. Further com-
ment on this possibility will appear at the end of Sec.
111 B.

B. Evolution of thickness and void-volume fraction

The next step in the analysis is to extract the evolution
of the void-volume fraction from the (e;,€,) spectra
versus time. We have employed two different approaches
to do this, based on regression analysis. As the first ap-
proach, we adopt the procedure described earlier in
which (€,€,) is modeled with the Bruggeman EMT as a
composite of ¢-Si and void. This approach neglects any
possible finite-size effects in the c-Si component, but this
inadequacy does not appear to invalidate the void-
fraction determination.

In the second approach we employ a highly simplified
analytical expression for (€,,,€,,) from the study of Aoki
and Adachi,!” chosen to fit (€;,€,) over the energy range
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FIG. 1. Effective dielectric functions extracted from (,A)

spectra collected in real time during discontinuous pc-Si:H
thin-film growth at selected times, identified by the physical
thicknesses d, listed at the upper left. The substrate is an
opaque layer of chromium on glass, held at 250°C. A one-layer
model was used for the film in order to extract d. The solid
lines are three parameter fits to the effective dielectric function
for 2<hv =<3 eV using a two-component version of the Brugge-
man effective-medium theory. One component is c-Si, whose
dielectric function is calculated from a simple analytical formu-
la, and the other is void, whose volume fraction f, is the free
parameter of greatest interest here (listed alongside the corre-
sponding thickness).

2=hv=3 eV with an absolute minimum number of free
parameters. The expression assumes that the dielectric
function in this range is dominated by the onset of two-
dimensional M| characteristic associated with the E,
critical point (CP), namely,

€,(hv)=— A, [X0(hv)] 2 In{1—[x, (A ]*},
where
Xai(hv)=(hv+iT,)/E,, ,

and A,,, E,|, and T',, are the amplitude, energy, and
broadening parameter of the CP. We fix 4,, at the value
obtained from the corresponding fit to the single-crystal
dielectric function at 250°C. Then the (€,€,) spectra
such as those of Fig. 1 are fit by regression analysis using
three free parameters, E,;, I',,, f,, the void-volume frac-
tion. Typical results of the fitting procedure are shown in
Fig. 1 (solid lines). Our confidence in the validity of the
regression analyses for determination of the void-volume
fraction is strengthened by the fact that f, values ob-
tained by the two completely independent approaches
agree to within +0.01.

Although the second approach is an appropriate
method for determining f,, based on the reduction in the
amplitude of (€,,€,) for the uc-Si:H film relative to bulk
single-crystal Si, values of I';; and E,; are in error, as has
been noted by inspection of the high-energy extrapola-
tions of the fits (not shown). This problem results from
neglecting other known important contributions to the
analytical expression for the c-Si dielectric function over
the 2 <hv =<3 eV photon-energy range. These include the
excitonic contribution from the E; CP and a contribution
from the low-energy part of the E, CP,!” both expected
to be important at the higher energies of the fitted range,
as well as contributions from indirect transitions, impor-
tant at the lower energies. Thus, in such an analysis, we
have no hope of deducing accurate information on the
electronic structure directly from the effective dielectric
function of the uc-Si:H because of the complexity of the
physically meaningful model required to fit it.

Figure 2(a) shows the void fraction versus time during
deposition obtained by regression analysis using the
analytical expression for €, for thickness 190 <d <320 A
(open circles). The thicknesses obtained in the artifact
minimization procedure of Sec. III A are also given in
Fig. 2(a) (filled circles). When the thickness is fit to a
linear relationship, the d =0 intercept occurs at ¢ =0, in-
dicating that the Si microcrystallites increase in size
lmearly, characterized by a physical thickness rate of 16
A/min. For d <190 A, we assume that the values of d
are given by the extrapolated rate (broken line); then
(€,,€,) in this regime can be determined by mathematical
inversion of the (i,A) spectra. Finally, these dielectric
functions are fit by regression analysis using the first ap-
proach above, namely the EMT with a mixture of c¢-Si
and void. The resulting void-volume fraction also ap-
pears in Fig. 2(a) (open trlangles) The near continuity in
f, versus time in the region near d =190 A ¢=11.75
min), where the transition between the two modeling ap-
proaches is made, provides support for the validity of
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both. In Fig. 2(b), the mass thickness or Si volume per
unit area, defined in our case by d(1—f,), is plotted us-
ing the combined results from the top panel of the figure.
The results of Fig. 2 in the earlier stage of the deposi-
tion can be understood on the basis of simple three-
dimensional particle growth [see inset of Fig. 2(b)]. If the
physical thickness is a linear function of time ¢ and the
particles are assumed to nucleate on a square grid with
spacing s, then the mass thickness is given by
dmass=(cr3/s?)t3. Here, r is the physical thickness rate
(16 A/ min), and c is a unitless constant that depends on
the particle shape (assumed to be unchanging over time).
The expression ¢ =71 /6y? covers the simplest cases of
spheroidal (n=1) and hemispheroidal (=4) particles.
In this expression y=d /b is the axial ratio of the
spheroid, where b is the length of the major axis [parallel
to the substrate plane; see inset Fig. 2(b)]. The solid line
in Fig. 2(b) is the fit to this simple geometric model usmg
results for d <265 A to prevent potential biasing by mi-
crocrystallite contact. The void-fraction evolution corre-

T T T T
d=rt
350 | o j
r=16 A/min .- 1.0
300 o
.“/
250 F. . o Data
200 | 7= Fits
150

100

d (R)
Void Fraction

L 1

0 5 10 15 20

Time (min)

1

FIG. 2. Time evolution of the microstructure of the pc-Si:H
film of Fig. 1, deduced from an analysis of (1, A) spectra collect-
ed in real time during growth. The physical thickness d (solid
points) and the volume fraction f, (open points) are presented in
(a). The broken line is the best fit to d assuming a constant
deposition rate r. The values of f, denoted by open triangles
were derived using the effective-medium theory and the single-
crystal Si optical functions at 250°C; for the open circles, an
analytical formula for the c-Si optical functions was employed
(see fits in Fig. 1). The mass thickness, or Si volume per unit
area d(1—f,), is presented in (b). The solid line in (b)
represents the best fit to the data, assuming three-dimensional,
isolated particle growth, as shown schematically in the inset.
The solid line in (a) is derived from the fit in (b) in accordance
with f, =1—(d . /7t), where ¢ is the elapsed time.

sponding to this fit, assuming the linear deposition rate, is
given as the solid line in Fig. 2(a). Overall, the fits are
quite good in the crystallite growth regime, considering
the simplicity of the geometric model. The deviations in
the observed d,,, from the cubic time dependence above
265 A may result from the onset of partial crystallite ag-
gregation. If the crystallites are assumed to be spherical,
then the best fit provides a spacmg of ~325 A; for hemi-
spherical crystallites, the spacing would be twice as large.
The resulting range of possible nucleation densities for
these two simple geometries, (2—-9) X 10'° cm ™2, is a fac-
tor of 70-300 lower than that for a@-Si:H on similarly
prepared Cr substrates.

C. Evolution of the dielectric function
of the Si microcrystals

Next, the void-volume fraction results in Fig. 2(a) can
be used to extract the evolution of the dielectric function
(€1,,€,) Of the Si crystallites. These spectra are closely
similar in shape to those in Fig. 1, but with significantly
increased amplitudes. In order to characterize accurately
the evolution of the electronic structure of the crystal-
lites, we perform standard CP analysis on (€,,,€5,). To
be consistent with the study of Lautenschlager et al.'® for
bulk single-crystal Si, we assume a purely excitonic line
shape for the E| critical point, i.e.,

d%,/d(hv)*=2A4, expli¢. ) hv—E +iT.,) 7>,

where A4,,, ¢.,, E.;, and I',; are the amplitude, phase,
transition energy, and broadening parameter associated
with the E, optical transitions. Figure 3 shows second-
derivative spectra for single-crystal Si obtained on our
multichannel ellipsometer with a measurement time and
temperature of 3.8 s and 250 °C, respectively. In obtain-
ing these results, we employ standard numerical routines
for smoothing and differentiation. Although such an ap-
proach has been found to lead to systematic errors of
~0.01 eV in E_| (Ref. 19), it is suitable for our purposes,
given the intrinsically higher uncertainties in our data
arising from the short acquisition time. Figure 3 also
shows typical results for uc-Si:H at thicknesses of 191
and 250 A derived from real-time observations.
Significant broadening of the CP feature is observed in
the Si microcrystallites in comparison to the single-
crystal counterpart.

Figure 4 shows the transition energy, broadening pa-
rameter, and phase as a function of physical thickness
from 190 to 250 A. Error bars represent 90% confidence
limits (defined by analogy to those of Ref. 7), determined
from the regression analyses of the experimental second-
derivative spectra. As noted earlier, we do not analyze
data for later times in order to avoid the regime in which
crystalhtes make contact. In addition, for earher times
there is insufficient material (i.e., d i <35 A) to deduce
(€1p,€5,) spectra of the required quality for the CP-
analysis differentiations. To obtain the results in the
latter regime, a higher nucleation density would be re-
quired.

From Fig. 4, we find that the transition energy and
phase associated with the critical point is constant with
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thickness within our uncertainty due to systematic errors.
Furthermore, the average values for these two parame-
ters, (E.,¢.,)=(3.26 eV, —36°) [with a full data range of
(AE,;,Ad,)=(£0.015 eV, +6°)] are very close to the re-
sults obtained by Lautenschlager et al.!® on static single-
crystal Si at 250°C, wusing a higher-precision,
photomultiplier-based,  serial-scanning  ellipsometer
[(E.,¢.,)=(3.27 eV, —40°)]. The agreement in E,, and
¢, between this study and that of Ref. 18 provides sup-
port for the validity of our experimental results and CP
analysis, in spite of the expected loss in statistical
significance owing to the smoothing and differentiation
procedures. :

The broadening parameter in Fig. 4, on the other hand,
decreases from 0.37 to 0.32 eV versus thickness, and is
about a factor of 2 greater than that for single-crystal Si
obtained either by us under the same measurement condi-
tions (0.156 eV), or by Lautenschlager et al. (0.171 eV).
As will be seen next, this behavior is to be expected for a
finite-size effect in which electron scattering at microcrys-
tallite surfaces limits the excited-state lifetime. However,
the crystallites are large enough so that the nature and
optical-transition energy of the CP are not altered.

c—Si
T, =0.156£0.003 eV

Fuc—Si:H 250 A
I, =0.320+0.007 eV
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FIG. 3. Critical-point analyses applied to the E, transitions
of the dielectric function for Si microcrystallites at physical
thicknesses of 250 and 191 A (lower curves). The critical-point
amplitude, energy, broadening, and phase are determined from
the fit (solid lines) to the second-derivative spectra (broken
lines). Also shown are the corresponding results for bulk
single-crystal Si (upper curves). The second derivatives are
offset for clarity, and the ordinate is in units of 500 eV 2. In all
cases, the measurement temperature is 250°C, and an excitonic
line shape is assumed in accordance with Ref. 18.
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FIG. 4. Evolution of the electronic structure of the uc-Si:-H
thin film of Fig. 1 as a function of physical thickness at a mea-
surement temperature of 250°C. These results were obtained
from fits such as those in Fig. 3. From top to bottom, the
critical-point energy, broadening parameter, and phase are plot-
ted, and values for single-crystal Si from the work of Ref. 18 at
250°C are plotted at the far right. The broadening parameter
for single-crystal Si from Ref. 18 is 0.171 eV. The error bars are
the 90% confidence limits in the critical-point analysis.

The standard size-effect relationship is given by?%?!

C(d)=T puxTh[v/Ad)], (1)

where 4 is Planck’s constant, A(d) is the mean free path,
and v is the speed for electrons participating in the E,
transitions, i.e., those with wave vector near the A point
in the band structure. Here, all scattering mechanisms
are assumed to be independent. We have included an ex-
plicit particle-diameter (or film thickness d) dependence
in the mean free path, recognizing that the dominant
mechanism may be scattering at particle surfaces that
leads to the observed reduction in I';; from I} ., the
single-crystal value. We can substitute A=d /2 into Eq.
(1) as long as isotropic surface scattering is the only
mechanism and the particles are noncontacting and
spherical.?! If a number of particles make contact, then A
may increase, since the grain boundaries are expected to
be less effective than surfaces in scattering electrons.

To assess the relevance of Eq. (1), in Fig. 5 we plot T',;
from the CP analysis versus d ! for the set of data in
Fig. 4. Roughly linear behavior is apparent, which is not
unexpected, given the relatively narrow range in d '
However, the best-fit linear relationship extrapolates to
within ~0.01 eV of ',y ,, from Ref. 18 at the d — « in-
tercept, exactly as would be expected on the basis of Eq.
(1). As another check of the model, the electron speed
can be calculated from Fig. 5 as 4.7X 10’ cm/s. This is
reasonable, given that the speed, |#~ YdE/dk)|, is
2.6X 107 cm/s for electrons traveling in the {111) direc-
tion with k at the A point, as calculated from the Si band
structure.’? Similar agreement has been obtained be-
tween the electron velocity estimated from the GaAs
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FIG. 5. Broadening parameter for the E, optical transitions
of pc-Si:H at 250°C, replotted from Fig. 4 as a function of in-
verse physical thickness (open points). The solid line is a linear
fit to these results, suggesting agreement with a finite-size-effect
theory, in accordance with Eq. (1). The triangular point is the
broadening parameter for single-crystal Si at 250 °C (not includ-
ed in the fit). The broken line is calculated from Eq. (1), assum-
ing that the mean free path is d/2, the electron speed is
2.6X 10" cm/s, and the bulk broadening parameter is 0.171 eV
(Ref. 18).

band structure and that deduced experimentally from a
size-effect analysis of a set of static puc-GaAs materials
prepared from single-crystal GaAs by ion implantation.?
The discrepancy in our case may arise from features not
included in the analysis, such as a nonspherical micro-
crystallite shape, a distribution of sizes, or nondiffuse
scattering at the surfaces. In general, we conclude that
the film consists of high-quality Si crystallites; otherwise,
defects internal to the crystallites would limit the electron
lifetime and I';; would include a crystallite size-
independent contribution.

IV. SUMMARY

To summarize, real-time spectroscopic ellipsometry
provides a comprehensive picture of the evolution of mi-
crostructure, optical properties, and electronic structure
in microcrystalline silicon (uc-Si:H). The conversion of
raw ellipsometric spectra expressed by (¥,A) into physi-
cal information requires three major steps, outlined in
Secs. IITA-IIIC.

(1) First, the correct film thickness d is found by a
trial-and-error procedure that results in the minimization
of artifacts in the dielectric function of the uc-Si:H film,
deduced by inversion from (4,A). The resulting dielec-
tric functions (€,,€,), compared to those of single-crystal
Si, indicate a significant void-volume fraction in the film

to thicknesses of 300 A, but no significant amorphous
phase, under the film preparation conditions used here.

(2) The void-volume fraction f, is established by an
effective-medium theory whereby the dielectric function
of the film is fit to an analytical form below the E,
feature at 3.3 eV. Knowledge of the void fraction is im-
portant first because it allows us to calculate the evolu-
tion of the mass thickness d,,  or the volume of Si per
unit area. In the initial ~250 A in physical thickness,
d, . <t3, where t is the elapsed time during deposition.
This functional dependence is characteristic of three-
dimensional growth of isolated particles. Second, the
void fraction allows us to extract the dielectric functions
of the microcrystallites themselves, (elp,ezp ), from the
effective dielectric functions of the growing film, (€, €,).

(3) With the dielectric functions of the isolated Si mi-
crocrystallites (d <250 A), we can perform a critical-
point (CP) analysis of the E; optical transitions, to obtain
the CP parameters characterizing the amplitude, transi-
tion energy, broadening, and phase. In our case, this is
possible only over a relatively narrow range of thickness
190 <d <250 A, owing to the very smgll volume of ma-
terial at lower thicknesses (d,. <35 A), which reduces
the quality of the deduced (€,,,€,,). Over the accessible
thickness range, however, the results are quite clear.
Finite-size effects outside experimental uncertainties are
observed only in the broadening parameter, and these can
be readily accounted for by assuming that the excited-
state lifetime for electrons is limited by scattering at Si
crystallite surfaces. There is no indication that defects
within the crystallites themselves play a role in the opti-
cal properties under the preparation conditions used
here.

In concluding, we note that a reduction in the nu-
cleation density results in a larger volume of material in
the film for a given physical thickness. In theory, studies
of the size effect can be extended to thinner films using
this approach. In practice, higher nucleation densities
are achieved with higher plasma powers, which generate
substrate defects by high-energy particle impingement.
Our initial experiences have shown that under such con-
ditions, the resulting Si crystallites are also defective, but
future efforts will be directed toward solving this problem
and studying finite-size effects for smaller crystallites.
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