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Assessment of effective-medium theories in the analysis of nucleation and microscopic surface
roughness evolution for semiconductor thin films

H. Fujiwara,* Joohyun Koh, P. I. Rovira, and R. W. Collins
Materials Research Laboratory, Center for Thin Film Devices, and Department of Physics, Pennsylvania State University,

University Park, Pennsylvania 16802
~Received 30 September 1999!

Real-time spectroscopic ellipsometry~SE! data collected during the nucleation and growth of hydrogenated
amorphous silicon~a-Si:H! thin films have been analyzed by applying one and two layer optical models
incorporating different effective medium theories~EMT’s!. The purpose of the EMT’s is to simulate the
dielectric functions of the microscopically inhomogeneous nucleating and surface roughness layers used in the
models. Five one-parameter EMT’s have been considered in this study for the characterization of three classes
of microscopically inhomogeneous layers, including~i! 5–20 Å-thick nucleating layers consisting of isolated
a-Si:H clusters on the underlying substrate,~ii ! 10–15 Å-thick nucleation-induced surface roughness layers on
very thin~,200 Å! a-Si:H films, and~iii ! 40–80 Å-thick substrate-induced surface roughness layers on thicker
~.2500 Å! a-Si:H films. In all three applications, the Bruggeman effective medium approximation~EMA!
provides the best overall fits to the time evolution of the SE data, and complexities beyond the simple
one-parameter EMA cannot be justified in view of existing experimental limitations. Furthermore, many of the
general features of nucleation, coalescence, and bulk layer growth deduced in the SE analysis and used in
previous studies to understand and optimize materials and device fabrication, are found to be essentially
independent of the EMT used in the analysis.
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I. INTRODUCTION

Numerous approaches have been developed over
years to predict the effects of rough surfaces and interfa
on incident light waves.1 These approaches include, for e
ample,~i! diffraction theories,2,3 ~ii ! classical scattering theo
ries and perturbation theories applying expansions of M
well’s equations about a mean smooth surface,4,5 ~iii ! first-
principles theories of the electromagnetic response
systems having spatial fluctuations,6 and ~iv! effective me-
dium theories~EMT’s! with surface layer optical models.7,8

Approach~iv! has been widely employed when the dime
sions of the inhomogeneities and all correlation lengths
sociated with the roughness are smaller than the wavele
of the light, i.e., when the roughness is ‘‘microscopic.’’9 In
this case, the effect of the surface roughness on the pola
tion of the reflected light measured in the far field can
simulated by interposing one or more layers between a
fect substrate and the ambient.7,10 This simple approach is
ideally suited for surface characterization using optical me
ods such as reflectometry and ellipsometry since their an
sis procedures are based on models of light reflection f
one or more plane-parallel interfaces, as described by
Fresnel equations.11,12 Ellipsometric studies over the decad
starting from the late 1960s adopted such an approach fo
analysis of microscopic surface roughness, often in conju
tion with the Lorentz-Lorenz EMT to calculate the effectiv
optical properties of the roughness ‘‘layer’’@see, e.g., Eq.~1!
of Ref. 13#. Because such ellipsometric studies utilized o
or a few selected wavelengths, it was generally not poss
to assess the validity of the EMT or the relative effectiven
of different EMT formulations.

With the development of highly accurate instruments
PRB 610163-1829/2000/61~16!/10832~13!/$15.00
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spectroscopic ellipsometry~SE! starting in the mid-1970s,14

it became possible to assess the validity of the surface rou
ness layer optical model and to identify the EMT’s that yie
the best fits in the analysis of SE data over a wide spec
range. The first such study was performed on rough am
phous silicon~a-Si! thin films in 1979 by Aspnes, Theeten
and Hottier.15 In the study of Ref. 15, which compared thre
one-parameter EMT’s, the Bruggeman and the Maxw
Garnett EMT formulations were found to represent the
data adequately whereas the Lorentz-Lorenz theory yiel
much poorer results. Among all three EMT’s, that
Bruggeman provided the best overall fit to the SE data. T
study of Ref. 15 ona-Si films and a similar one on gold
films,16 entrenched the surface roughness layer optical mo
along with the Bruggeman effective medium approximati
as the accepted method for the analysis of SE data for b
materials and thin films having microscopically rough su
faces or interfaces.17

The motivations of such surface characterization by
have been twofold:~i! to measure the roughness in order
eliminate its effects and extract the true dielectric function
the underlying material or thin film, and~ii ! to deduce details
on the roughness itself~e.g., thickness, effective dielectri
function! and obtain insights into materials and thin fil
preparation.17 With the availability of scanning probe mi
croscopies such as atomic force microscopy~AFM!, power-
ful tools are now available to support surface character
tion by SE. As an example, the bearing ratio from
microscopic image analysis of a rough surface can be
cretized into a number of surface layers of defined thi
nesses whose optical properties are calculated from
EMT. With the surface structure fully quantified, the bu
material dielectric function can be deduced by numerical
version of the SE data.18 As a second example, paramete
10 832 ©2000 The American Physical Society
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from AFM image analyses can be correlated with the res
of SE data analyses to ensure that sample-to-sample v
tions in surface roughness layer thickness deduced on
basis of the EMT are supported by direct observations.19

Optical models for nucleating thin films consisting of is
lated, microscopic-scale clusters on the substrate sur
have been developed along the same lines as those fo
croscopic roughness, but with more extensive history.9 In the
1900s, Maxwell-Garnett derived the effective medium the
that bears his name, using it to explain the color observe
transmission through discontinuous, thin metallic films.20,21

In this approach, the thin film is modeled as a regular ar
of spherical particles embedded within the ambient mediu
Much later, in perhaps the most comprehensive ex situ st
of nucleating thin films to date, Norrmanet al. demonstrated
that a generalized form of the Maxwell-Garnett theory us
a distribution of ellipsoidal particles on the substrate surf
best-fit transmittance spectra at normal incidence for disc
tinuous gold films.22 The strength of this latter study reside
in its use of scanning electron microscopy to eliminate
but one free microstructural parameter in the optical analy
In contrast, Hottier and Theeten, relying on the SE study
Ref. 15, applied the Bruggeman effective medium appro
mation to deduce microstructural information from real-tim
ellipsometry data collected at one wavelength during
nucleation ofa-Si thin films on dielectric surfaces.23 Param-
eters such as the critical thickness at which nuclei make c
tact to form a continuous layer could be determined. W
the recent widespread use of AFM, the validity of run-to-r
variations in the nucleation parameters deduced in anal
of real-time ellipsometry data for thin films can be suppor
by direct microscopic studies of the films performedex situ
after terminating the deposition at different elaps
times.24,25

In spite of the increasing use of the Bruggeman effect
medium approximation over the last two decades for
analysis of microscopic roughness and discontinuous nu
ating films, further detailed assessments of EMT’s similar
that of Ref. 15 have been lacking. The more recent deve
ment of real-time SE~Ref. 26! has provided an opportunit
to reassess EMT’s. Real-time SE has the advantage of b
able to collect spectra during the full microstructural evo
tion of the film from the nucleation regime, when the fil
can be modeled as a single layer on the substrate, throug
the opaque regime when the film can be modeled as a
material with a roughness layer on top. The results of s
an analysis for polycrystalline aluminum film growth o
SiO2-covered silicon wafers led to the generalized Maxwe
Garnett theory for describing initial nucleation and to t
Bruggeman effective medium approximation for describ
the roughness layer evolution on the coalesced alumin
film.27 In the case of aluminum, however, the best EMT’s a
more difficult to identify owing to the particle and grain siz
effects on the dielectric functions of the aluminum clust
and coalesced films, respectively.

As a result, we have been motivated to reconsider
EMT assessment in the case ofa-Si:H nucleation, coales
cence, and roughness evolution. For this material, any
effects on the optical properties are significantly weaker t
for crystalline materials owing to the lack of long-rang
order.28 In addition, analyses of real-time data sets consist
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of several to a few hundred spectra in different sample st
is expected to provide a more definitive assessment of
EMT’s than the prior analyses of ex situ data from a fe
samples. In addition, although pioneering for its time, R
15 contains deficiencies that further motivate such a rec
sideration. First, the dielectric function«5«11 i«2 of the
a-Si reference film used by Aspneset al. exhibited a peak
value for«2 of ;21 near 3.5 eV in contrast to later studies
a-Si that showed a peak of;29 near 3.75 eV.29 Thus, the
reference film was likely to exhibit considerable roughne
itself. Second, the roughness layer on thea-Si used in the
EMT assessment was;230–270 Å, much thicker than mos
layers on the materials and films to which this approach
now being applied.17 In theex situanalysis of Ref. 15, it was
necessary to use such a thick layer in order to avoid am
guity that occurs when the native oxide layer thickness i
significant fraction of the roughness thickness. In the pr
ence of this ambiguity, no statement at all can be made
garding the most appropriate EMT. The native oxide
avoided in real time measurements, and EMT assessm
are possible for much thinner roughness layers.

II. EXPERIMENTAL PROCEDURES

A. Effective medium theories

In this study, we have applied three simple EMT’s f
isotropic composites along with two limiting EMT forms i
assessing which one~s! may be preferred for the determina
tion of the dielectric functions of nucleating and surfa
roughness layers. The three EMT’s selected for assessm
here, including the Bruggeman effective medium approxim
tion, the Maxwell-Garnett theory, and the Lorentz-Lore
theory, are those used most widely to model dielectric fu
tions of microscopic composite materials in the optical f
quency range.7,8 Other EMT’s for example those of Sen
Scala, and Cohen30 and McLachlan31 that have been applied
successfully to model the dc and low-frequency conducta
of composites, are not considered.

The general form that encompasses the five EMT form
lations for the two-component composite ofa-Si:H and void
encountered here is given by

«5
«a«v1k«h~ f a«a1 f v«v!

k«h1~ f a«v1 f v«a!
, ~1!

where k5(1/q)21 and q (0<q<1) is the screening
parameter.7 « is the dielectric function of the composit
layer, which in this case is either a discontinuous layer
nuclei or a surface roughness layer.«h is the host dielectric
function, «a and f a are the dielectric function and volum
fraction of the a-Si:H component, and«v and f v are the
dielectric function and volume fraction of the void comp
nent. The validity of the EMT rests on two key assumptio
as described in detail in the literature.7,8 First, the scale of the
compositional variation must be much smaller than the m
mum wavelength in the measurement, so that light scatte
is negligible. Second, in order to apply Eq.~1! directly, the
dielectric function of the components must be size and sh
independent. This latter restriction can be avoided in so
cases by using a size dependent dielectric response fo«a
explicitly in Eq. ~1!.22,27
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The choice«h5« in Eq. ~1! defines the Bruggeman effec
tive medium approximation, denoted hereafter as the EM
«h5«a defines the Maxwell-Garnett~MG! theory with the
host being thea-Si:H phase, and finally,«h5«v51 defines
the Lorentz-Lorenz~LL ! theory.7 Setting q5 1

3 so that k
52 in Eq. ~1! is appropriate for spherical inclusions an
leads to an isotropic dielectric function. Throughout th
study, the isotropic forms of the EMA, MG, and LL formu
lations are applied withk52. Settingq50 leads to a com-
posite dielectric function that is a volume-fraction weight
average of the component material dielectric functions,
«5 f a«a1 f v«v . This corresponds to no screening that o
curs when the optical electric fields are parallel to the ph
boundaries. Settingq51 leads to a composite dielectr
function given by«215 f a«a

211 f v«v
21. This corresponds

to maximum screening that occurs when the fields are n
mal to the phase boundaries. WhenqÞ1/3, the microscopic
structure is anisotropic, and this leads to anisotropy in
dielectric function.22 For the two limiting cases of the dielec
tric function, we ignore anisotropic effects in the analysis
the data. Thus, we assume that the fields are either parall
perpendicular to the phase boundaries, even though this
ation would hardly be expected when the angle of incide
is neither normal nor grazing.

Generally, it is anticipated that using a vacuum host a
the LL theory would be inappropriate for composites hav
two solid state components that are space-filling.15 The MG
theory is anticipated to be appropriate for dilute compos
in which a lower volume fraction material is embedded in
solid state host material, such as a low-volume fraction
voids ina-Si. The EMA is most likely to represent an aggr
gate microstructure in which neither component can
viewed as the host. The EMA, however, approaches the
theory in the limit of a dilute composite. Figure 1 shows t
composite dielectric functions of a 0.5/0.5a-Si:H/void vol-
ume fraction mixture at the deposition temperature of 200
for the MG, EMA, and LL formulations withq5 1

3 , and for
the two limiting forms corresponding toq50 andq51. In
this figure, theq51 limit and the LL theory exhibit behavio
similar to a dielectric material with«2'0 throughout the
energy range covered. In fact, if theq51 limit or the LL
were valid it would be virtually impossible to distinguis
between thin surface roughness and native SiO2 overlayers
on a-Si surfaces. This situation exists because the dielec
function of SiO2 and the effective dielectric functions o
a-Si:H/void composites from theq51 limit and the LL are
quite similar for selectedf a values of the composites. As
result, there is a strong motivation for performing the EM
assessments in situ and in real time since the presence o
SiO2 overlayers can be ruled out in this case. In contras
the LL andq51 limiting form in Fig. 1, the EMA, MG, and
q50 limiting form show dielectric functions that are simila
in overall shape toa-Si:H, but varying in magnitude.

B. Thin-film deposition and characterization

The a-Si:H thin films studied here were prepared
plasma-enhanced chemical vapor deposition using pure4
gas at a substrate temperature of 200 °C. The rf power flu
the grounded substrate electrode was 70 mW/cm2, the SiH4
pressure was 0.07 Torr, and the SiH4 flow was 5 stand.
.
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cm3/min ~sccm!. Under these conditions, the deposition ra
of the film is 1.3 Å/s. The relatively low flow of SiH4 used
here may lead to partial gas depletion in the discharge
short lifetime radicals such as SiH and SiH2 that limit coa-
lescence and generate a thicker roughness layer on the
surface.32

For studies of thick roughness layers~Sec. III A!, a-Si:H
was deposited on microcrystalline SnO2:F and Si (mc-Si:H)
substrate films, the latter films having root-mean squ
~rms! roughness values measured by AFM in the range
100-200 Å. The SnO2:F was prepared by chemical vapo
deposition to a thickness of 440 Å, which led to a fin
grained structure. Themc-Si:H was prepared by plasma
enhanced chemical vapor deposition to a thickness of 6
Å. For both substrates, the overdepositeda-Si:H films exhib-
ited 40-80 Å-thick roughness layers induced by the rou
ness on the substrates. Thesea-Si:H films were studied after
having reached opacity at the minimum photon energy
analysis~2.48 eV!. For studies of the thin roughness laye
that evolve during nuclei coalescence and bulk film grow
~Sec. III B!, the a-Si:H was deposited on a crystalline S
~c-Si! wafer with its native oxide intact. For studies of nucl
atinga-Si:H ~Sec. III C!, opaque Cr was used as the substr
in order to achieve higher sensitivity to the dielectric fun
tion of the ultrathin film. The Cr was prepared by low
pressure magnetron sputtering on ac-Si wafer in an attempt
to minimize roughness, which would then be imposed on
overdepositeda-Si:H film. A comparison of the real time SE
analyses of the 200 Åa-Si:H depositions onc-Si and Cr
yielded the same value for the final roughness layer thickn
~13 Å, using the EMA!. As a result, we conclude that th

FIG. 1. Dielectric function spectra at the measurement temp
ture of 200 °C for microscopic mixtures consisting of 0.5/0.5 v
ume fractions ofa-Si:H/void calculated using different EMT for
mulations (q50: zero-screening limit;q51: maximum screening
limit; MG: Maxwell-Garnett EMT witha-Si:H as the host medium
EMA: Bruggeman effective medium approximation; LL: Lorent
Lorenz EMT!. The dielectric function for thea-Si:H component in
the EMT was deduced from real-time SE measurements.
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roughness is controlled by the nucleation and coalesce
processes in both cases and is not influenced by subs
roughness.

In the studies of Secs. III B and III C, SE data were c
lected from the substrates immediately before plasma i
tion for a-Si:H deposition. These spectra provided the diel
tric function of the bulk substrate material at the deposit
temperature of 200 °C, as well as the characteristics of
overlayers on the substrate surface. This information w
needed for subsequent analysis of the real-time SE data
lected duringa-Si:H nucleation and growth on the substrate
For the case of the Cr substrate, silicide formation dur
a-Si:H deposition was assessed by preparing a thin;100 Å
layer ofa-Si:H on the substrate and then etching it away w
atomic hydrogen generated thermally with a hea
filament.33 Complete removal of thea-Si:H yielded the same
SE data for the uncovered Cr surface as was obtained pri
thea-Si:H deposition. As a result, no evidence of Cr silici
formation was found that would distort our interpretation
the a-Si:H nucleation and growth processes as presente
Sec. III C.

The real-time SE measurements were performed du
the a-Si:H depositions using a rotating polarizer multicha
nel ellipsometer. The design, calibration, and operation
this instrument are described in detail elsewhere.26,34,35With
this instrument, 128-point spectra can be collected from
to 4.5 eV with a minimum acquisition time of 40 ms. In th
analyses described in Sec. III, we focused on the 57 d
points from 2.48 to 4.00 eV, avoiding the low energy regi
where thea-Si:H films are weakly absorbing and the hig
energy region where the experimental precision and accu
are the lowest. For thea-Si:H depositions on SnO2:F and
mc-Si:H in which the roughness evolution is probed~Sec.
III A !, the acquisition and repetition times for such spec
were 3.2 and 15 s, respectively, the former correspondin
an average over 40 polarizer rotations. For the deposition
c-Si ~Sec. III B! and Cr~Sec. III C! substrates in which the
nucleation and coalescence processes are probed, the a
sition time was 0.16 s, corresponding to an average over
polarizer rotations. In these two cases, the repetition time
the collection of successive spectra was 0.8 s in the e
stages of growth, but was extended in the later stage
growth. During the 0.16 and 0.8 s acquisition and repetit
times, 0.2 and 1 Å of a-Si:H accumulated, respectively. Th
precision in~c, D! achievable on the Cr substrate at 2.48
for 0.16 and 3.2 s acquisition times is given by (dc,dD)
;(0.015°,0.03°) and (dc,dD);(0.003°,0.007°), respec
tively. The precision is defined as the standard deviation
the ~c,D! values obtained in 120 repetitive measurements
a stable surface over a period of 30 min.

In the analysis of the full real-time SE data, one and t
layer optical models for the growinga-Si:H are applied as
shown in Fig. 2. Here, we provide an overview of the
models. The one layer model is used to characterize the
lution of substrate-induced roughness on the opaquea-Si:H
films ~Sec. III A!. In this analysis, the unknowns are the d
electric function of the bulka-Si:H «sub5«b , the void vol-
ume fraction in the roughness layerf v , and the thickness o
the roughness layerds . The dielectric function of thea-Si:H
component in the surface layer is assumed to be the sam
that of bulka-Si:H, i.e.,«s5«b . The two layer model is used
ce
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to characterize thea-Si:H structural evolution onc-Si after
initial nuclei make contact~Sec. III B!. In this case, the un-
knowns include the bulk layer dielectric function«b , the
thicknesses of the surface roughness layerds and the bulk
layer db , and the void volume fractionf v in the roughness
layer. The dielectric function of thea-Si:H component in the
roughness layer is again chosen to be the bulk layer die
tric function «s5«b . In the complete analysis ofa-Si:H
nucleation and growth on Cr, a transition from the one la
to two layer model is used~Sec. III C!. For the one layer
model, the dielectric function of the substrate«sub is known,
and the unknowns include the dielectric function of t
a-Si:H clusters«s5«c , the void volume fraction in the
nucleating layerf v , and the thickness of this layerds . For
the two layer model, the unknowns are the same as in
case of growth on thec-Si substrate; however, the dielectr
function of thea-Si:H component in the roughness layer
chosen to be either the bulk layer dielectric function«s
5«b or the cluster dielectric function«s5«c .

It is important to re-emphasize that because all subst
surfaces were maintained at a stable temperature of
62 °C throughout deposition,36 all dielectric functions ex-
tracted and reported here are characteristic of the elev
temperature. As a result, it is not necessary to confine
analysis to a specific photon energy at which the dielec
function is only weakly dependent on temperature, as m
be done if the process temperature is changing or if a re
ence dielectric function is employed for the final bulk fil
that was obtained at a different temperature than the st
substrate temperature.37 In order to deduce the unknown in
formation in our study, a global error minimization schem
is used in the analysis of the real-time SE data sets, wh
consist of 8–200 pairs of 57 point~c,D! spectra. This
scheme involves numerical inversion to extract the unkno
dielectric function, applied in conjunction with least squar
regression analysis to extract the photon energy-indepen
microstructural parameters. Although the general proced

FIG. 2. One and two layer optical models applied in the analy
of real-time SE data. The one layer model is used to characte
discontinuous films during nucleation, as well as surface roughn
evolution during the growth of opaque films. The two layer mod
is used to characterize the growth of transmitting films hav
rough surfaces.
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10 836 PRB 61FUJIWARA, KOH, ROVIRA, AND COLLINS
is described elsewhere,38,39 abbreviated descriptions are pr
vided in Sec. III for the three specific cases relevant to t
investigation.

Finally, we note that for additionala-Si:H depositions on
SnO2 and Cr surfaces, the polarized reflectanceR was mea-
sured simultaneously with the~c,D! spectra as describe
elsewhere.40 In both cases,R can be closely fit using the
dielectric functions and microstructural parameters extrac
in best fits to the~c,D! spectra alone. As a result, we co
clude that non-specular scattering losses are undetect
This in turn shows that any macroscopic roughness com
nents are less than 10 Å in amplitude~full width of a Lorent-
zian distribution for the surface height profile!,41 and sup-
ports an interpretation of the data of Sec. III in terms
microscopic roughness alone. The overall consistency in
analysis of~c,D! andR also supports the surface roughne
layer optical model in which the Fresnel boundary conditio
are applied at the layer interfaces.

III. RESULTS

A. Effective medium theories of microscopic roughness
evolution on a-Si:H

In our first assessment of EMT’s, we have studied
evolution of the surface roughness layer on opaquea-Si:H
deposited on microscopically rough substrates. In this fi
growth process, the substrate surface is conformally cove
by the growinga-Si:H film. The substrate-induced roughne
on the a-Si:H decays exponentially with increasing bu
layer thickness for the in-plane spatial periods of the surf
profile that are shorter than the diffusion length of Si-bear
precursors on the growinga-Si:H surface.42,43 Measurement
of the decay constant has provided an estimate of the sur
diffusion length of the precursors.

Optical analysis of the film growth process involves so
ing the one layer problem described in Sec. II. In the o
layer problem, we must extract~i! the a-Si:H bulk layer di-
electric function«b5«1b1 i«2b , ~ii ! the time evolution of
the surface roughness layer thicknessds(t), and~iii ! the as-
sumed constant void volume fractionf v in the surface rough-
ness layer. The spectra in«b and the value off v are substi-
tuted into the selected EMT to generate the dielec
function of the roughness layer. Because the overall anal
is performed in the opaque regime, the bulk layer thickn
db(t) does not enter into the problem.

A time t8 is selected near the middle of the analysis ran
at a bulk layer thickness of;3500 Å. At t8 the ellipsometric
spectra~c,D! are analyzed to deduce«b , which is used in a
global error minimization procedure applied to the tim
dependent data set. This data set spans the bulk layer t
ness range where thea-Si:H is opaque for photon energies>
2.48 eV. We use the ranges of 2500–4300 Å and 2900–4
Å for a-Si:H growth on themc-Si:H and SnO2:F substrates,
respectively. The steps of this analysis procedure are
scribed as follows. First, initial guesses are made for
fixed void volume fractionf v and the roughness layer thick
nessds(t8) at the selected timet8. With these guesses, th
~c,D! spectra att8 are subjected to a numerical inversio
routine that yields a trial dielectric function for the bu
a-Si:H film. This trial dielectric function is utilized in a leas
squares regression analysis of the~c,D! data set to extrac
is
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ds(t) and the time dependence of the biased estimator of
mean square deviationx(t) between the experimental da
and the best fit.44 The value of the biased estimator averag
over time, denoted̂x&, provides a measure of the glob
goodness of the fit and, thus, allows one to assess the val
of the initial guesses$ds(t8), f v%. In the analysis, the initial
guesses are varied over a two-dimensional grid in an atte
to minimize ^x&. The values of the initial guesses that min
mize ^x& are assumed to be correct, and this in turn leads
the correct dielectric function by inversion, and the corre
ds(t) variation, along with the 95% confidence limits.

As described in Ref. 44, for the biased estimator form
lation of the error function, the individual squared deviatio
between the experimental and best-fit tanc and cosD values
at each photon energy are divided by an estimate of the c
bined random and systematic mean-square errors in the
perimental values at the corresponding photon energy. T
when^x& is on the order of unity, we can conclude that the
is as best as can be expected within consideration of
experimental errors and that the model leading to^x&51 is
acceptable.

Figure 3 shows results for̂x& corresponding to orthogo
nal cuts in the two-dimensional parameter space of the
$ds(t8), f v% values for the analysis ofa-Si:H growth on

FIG. 3. Illustration of the procedure applied to identify the be
fit surface roughness layer thicknessds and the roughness laye
void volume fractionf v in a one layer optical model at a selecte
time corresponding to the bulk layer thickness of;3500 Å during
the deposition of opaque a-Si:H on a roughmc-Si:H film. Here the
average biased estimator of the mean square deviation^x& is plotted
versus the trial value fords at fixed f v ~top! and versus the trial
value of f v at fixed ds ~bottom!. The fixed values are selected a
those that minimizêx&. Three different EMTs are employed t
determine the roughness layer dielectric function, theq50 limit
~triangles!, EMA ~circles!, and MG~squares!.
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mc-Si:H. These results are typical of the data obtained
growth on both types of substrates, roughmc-Si:H and
SnO2. The cuts chosen in Fig. 3 intersect at the$ds(t8), f v%
solution yielding minimum^x&. In this plot, data for only
three of the five EMT’s are shown, EMA~circles!, MG
~squares!, and the q50 limit ~triangles!. Well-defined
minima in two-dimensional parameter space are obtai
that allow one to identify the best choice of$ds(t8), f v%. This
in turn allows one to extract the dielectric function«b of the
bulk layer and the surface roughness thickness evolu
ds(t). For the other two EMT’s the LL and theq51 limit,
however, the minima in̂x& appear atds(t8)50 for deposi-
tions on both types of substrates. For these EMT’s, the^x&
values are;50% higher than the minima for the other thr
EMT’s in Fig. 3.

It is important to note that we observe precisely the sa
trends in the solutions fora-Si:H depositions on both roug
mc-Si:H and SnO2 substrates, thus supporting the signi
cance of the results. Specifically, the EMA yields the b
overall fit whereas the fits using the MG andq50 limit are
slightly worse. Although the improvement in^x& provided by
the EMA in Fig. 3 appears inconsequential~;1–3%!, it is
consistent as a function of the deposition time, with the la
est improvement inx occurring at the extremes of the anal
sis ranges. For example, 5–10% improvements in the fits
obtained when the EMA is used in place of theq50 limit
for the 40–80 Å surface roughness layers at the start and
of the analysis ranges for thea-Si:H depositions onmc-Si:H
and SnO2:F ~see, for example, Fig. 4!. The solutions forf v
also reveal similar trends for both depositions, namely,f v
50.33 for the EMA and the MG EMT, andf v50.36 for the
q50 limit. For both depositions, the EMA yields the large
roughness thicknesses, whereas the MG andq50 limit yield
successively lower thicknesses.

Figure 4 shows the surface roughness evolutionds versus
the extrapolated total film thickness duringa-Si:H growth on
the mc-Si:H substrate, for the three EMT’s that yield th
non-zero solutions of Fig. 3. For depositions on both s
strates, the best-fitting EMA provides the overall larg
roughness layer thickness, which decays from 80 to 60 Å
the mc-Si:H substrate~see Fig. 4! and from 50 to 44 Å for

FIG. 4. Evolution of the surface roughness layer thicknessds

versus the extrapolated total film thickness during the growth
a-Si:H on a rough substrate film ofmc-Si:H using the three EMT’s
that yield nonzero solutions fords and f v in Fig. 3. Over the thick-
ness ranges shown, the growinga-Si:H is fully opaque for photon
energies greater than 2.48 eV.
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the SnO2:F substrate. The maximum difference for th
roughness thickness solutions using the three differ
EMT’s is 7 Å for themc-Si:H substrate~see Fig. 4! and 3 Å
for the SnO2:F substrate. Figure 5 shows the best-fit diele
tric functions at 200 °C deduced from the data set obtai
for the SnO2:F substrate using the three different EMT’s
Figs. 3–4. Also included are the results deduced using
LL and theq51 limit, in which case the roughness thickne
that minimizes^x& is zero. Thus, the dielectric function fo
these latter two EMT’s is equal to the measured pseud
electric function. This solution can be ruled out, howev
because of the overall poorer fits, as noted above, and
because AFM reveals that the film surface is in fact cons
erably rough~see Sec. III D!. In Fig. 5, the largest overal
amplitude for the dielectric function is obtained for the EM
with a maximum«2b of 28.4.

B. Effective medium theories for the coalescence ofa-Si:H

In the second assessment of effective medium theor
we have studied the roughness layer evolution fora-Si:H
after initial nuclei make contact. In this case, the substrat
a c-Si wafer coated with a native oxide layer, a structu
having atomic level smoothness. As a result, the roughn
that forms on thea-Si:H is characteristic of the nucleatio
process and is not substrate induced. During nuclei coa
cence, the nucleation-induced roughness layer thicknes
rapidly damped to a stable value after;50 Å bulk layer
thickness. This behavior is in contrast to the very slow s
face smoothening that occurs over a bulk thickness rang

f

FIG. 5. Best-fit bulka-Si:H dielectric functions at 200 °C de
duced from real-time SE data collected during the growth of opa
a-Si:H on a rough film of SnO2:F using five different EMT formu-
lations. In all cases, a one layer optical model is used. For thq
51 limit and the LL EMT, the best-fit surface roughness lay
thickness is zero. Thus, the deduced dielectric function is equa
the measured pseudodielectric function.
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1000–2000 Å for the substrate-induced roughness~see Sec.
III A !. The shorter relaxation time for nucleation-induc
roughness is likely to arise from shorter in-plane spatial
riods for the surface profile.42,43 The degree of surface
smoothening during coalescence ofa-Si:H clusters onc-Si
substrates has been found to correlate closely with the e
tronic quality of the resulting material.45 For example, the
highest efficiency and highest stabilityp-i-n solar cells are
obtained under conditions in whicha-Si:H intrinsic-layer
growth is performed at the highest possible H2-dilution of
SiH4 while ensuring that the film does not develop micr
crystallinity. Under precisely these conditions, a maximu
smoothening effect occurs during coalescence as obse
from depositions onc-Si substrates.46

Because the bulka-Si:H layer in this second study is ver
thin and transmits light to the substrate, the two layer opt
analysis of Sec. II must be performed. In this analysis,
must extract~i! the bulk layer dielectric function«b5«1b
1 i«2b , ~ii ! the time evolution of the bulk layer thicknes
db(t), and ~ii ! the time evolution of the surface roughne
layer thicknessds(t). Because of the additional complexit
of this problem, the volume fraction of void in the roughne
layer is fixed atf v50.5. This is the value typically chose
for thin roughness layers in the absence of additional in
mation; however, further justification for this choice w
come from the results of Sec. III C.

A time t8 is selected at the end of the analysis range a
bulk layer thickness of;200 Å. At t8 the ellipsometric spec
tra ~c,D! are analyzed to deduce«b which is used in a globa
error minimization procedure applied to the time-depend
data set as described in Sec. III A. In this case, the data u
for error minimization were collected over the bulk lay
thickness range from 0 to 200 Å. First, initial guesses
made for the bulk and surface roughness layer thickne
db(t8) andds(t8), respectively. With these guesses, the~c,
D! spectra att8 are subjected to numerical inversion in ord
to generate a trial dielectric function for the bulka-Si:H film.
This trial dielectric function is utilized in a least squar
regression analysis of the time-dependent data set, yiel
db(t), ds(t), and x(t). As in Sec. III A, the value of the
time-averaged biased estimator^x& provides a measure of th
global goodness of the fit and allows one to assess the v
ity of the initial guesses$db(t8),ds(t8)%. The values of the
initial guesses that minimizêx& are assumed to be correc
This in turn leads to the correct dielectric function by inve
sion and the correctdb(t) and ds(t) variations, along with
the 95% confidence limits.

Figure 6 shows results for^x& obtained in the analysis o
a-Si:H growth on c-Si. Data in ^x& are shown along two
orthogonal cuts in the parameter space of the t
$db(t8),ds(t8)% values. In this plot, the results for the fiv
different EMT’s are shown, EMA~open circles!, MG ~open
squares!, theq50 limit ~open triangles!, LL ~filled squares!,
and theq51 limit ~filled circles!. All results in Fig. 6 show
well-defined minima that allow one to identify the be
choice of $db(t8),ds(t8)%, when each EMT is applied in
turn. The existence of the minimum allows one to extract«b ,
db(t), andds(t). The results of Fig. 6 show that the EM
yields the best overall fit to the full data set, with the LL a
MG a close second and third best. Considering the results
the five EMT’s the deduced bulk layer thickness ranges fr
-
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191 to 199 Å, and the deduced surface roughness layer th
nesses ranges from 13 to 19 Å.

Figure 7 shows the time evolution of the bulk and surfa
roughness layer thicknesses, and the quality of the fit du
the first minute ofa-Si:H growth on thec-Si wafer, obtained
by applying each of the five different EMT’s. This figur
shows that the dominant improvement in the fit for the EM
occurs over the time range of 5–30 s . In fact, the improve-
ment inx over this range is much larger than is indicated
the minimum ^x& values of Fig. 6. For example, whendb
510 Å and ds514 Å, the EMA provides a 20–30% im
provement in fitting over the MG, LL, andq50 limit and an
80% improvement over theq51 limit. With increasing bulk
layer thickness, however, the improvement provided by
EMA becomes much less significant and this reduces
differences between thêx& values.

For all EMT’s, the surface roughness characteristics
Fig. 7 are parallel. Even though the thickness at which nu
make contact~wheredb increases above one monolayer
;2.5 Å! ranges from a maximum of 23 Å for theq50 limit
to a minimum of 16 Å for the LL, the smoothening effe
during coalescence, defined asds(db52.5 Å)2ds(db
550 Å), is essentially independent of the selected EM
The time dependences of the bulk layer thickness are par
as well for all five EMT’s; only three are shown in Fig. 7 fo

FIG. 6. Illustration of the procedure applied to identify the be
fit bulk layer thicknessdb and surface roughness layer thicknessds

in a two layer optical model at a selected time, corresponding
db;200 Å during the deposition ofa-Si:H on a smoothc-Si sub-
strate. Here the average biased estimator of the mean square d
tion ^x& is plotted versus the trial value fords at fixeddb ~top! and
versus the trial value ofdb at fixedds ~bottom!. The fixed values are
selected as those that minimize^x&. Five different EMT’s are em-
ployed to determine the roughness layer dielectric function in
analysis.
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clarity. The slightly higher deposition rate in the first 10 s
bulk layer growth is attributed to the incorporation of th
surface roughness material as part of the bulk material u
smoothening during coalescence. After coalescencet
.30 s), the deposition rate is constant and independen
the chosen EMT. Figure 8 shows the bulka-Si:H dielectric
functions at 200 °C deduced using the EMA in the first a
second EMT assessments for the SnO2:F andc-Si substrates,
respectively. Considering the sensitivity of«b to the surface
correction procedure, the agreement is quite good. In f
the difference in Fig. 8 can be attributed to errors in t
deduced surface roughness thickness at the level of less
60.5 monolayer~61 Å!.

C. Complete analysis of nucleation and coalescence ina-Si:H

In a third assessment of the EMT’s, we consider the cl
ter stage ofa-Si:H nucleation when the one layer model
Sec. II is appropriate. This model is expected to be valid
the first ;20 Å of ‘‘surface roughness layer’’ growth~see
Fig. 7 results fords) prior to the formation of the bulk layer
For the deposition of this third assessment, however, thec-Si
substrate of Sec. III B is replaced by a metallic Cr substr
With such a substrate, higher sensitivity in the analysis of

FIG. 7. Time evolution of the bulk layer thicknessdb ~bottom!,
the surface roughness layer thicknessds ~center!, and the biased
estimator of the mean square deviationx ~top! during the first
minute ofa-Si:H growth onc-Si, obtained by applying each of th
five different EMT’s. In this case, the dielectric function of th
surface layer was obtained from the EMT assuming a 0.5/0.5
ume fraction mixture of bulka-Si:H/void.
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dielectric functions of ultrathin layers are obtained. In th
analysis, a global error minimization procedure is used
which we extract~i! the dielectric function«c of the cluster
component of the nucleating layer, i.e., excluding the v
component, for the thickness at which the nuclei make c
tact, ~ii ! the time dependence of the cluster layer thickn
ds(t), and the time dependence of the void volume fract
in the layerf v(t). Very poor sensitivity is expected in dete
mining f v independently due to correlations between t
parameter and«c . We also note that«c will be different in
general from the bulk layer dielectric function«b , because
of the differences in the concentrations of Si-Si and S
bonds within the clusters relative to the concentrations in
bulk film. In fact, measurements of the dielectric functio
continuously versus cluster film thickness has allowed us
extract the optical gap, which provides information on t
evolution of the composition of the clusters.28

The specific analysis procedure is essentially the sam
that of Secs. III A and III B. We seek a minimum in the err
function ^x& for guesses off v(t8);0.5 andds(t8);20 Å
wheret8 is selected to be the time at which the nuclei ma
contact. This contact point is obtained in a prelimina
analysis performed on the data set similar to that describe
Sec. III B for thec-Si substrate~see Fig. 7!. Fits to ellipso-
metric spectra~c,D! collected fort,t8 are used to establish
the time-averaged error function̂x&. Figure 9 shows the
minima identified in the error function̂x& based on orthogo-
nal cuts in parameter space~as in Figs. 3 and 6!. Well-
defined minima as a function ofds are observed from 16 to
17 Å using the EMA, MG, and theq50 limit. Much weaker
minima for f v are observed from 0.48 to 0.50 for the thr

l-

FIG. 8. Bulk layer dielectric functions at 200 °C fora-Si:H de-
duced using one and two layer models for the growth ofa-Si:H on
SnO2:F and c-Si substrates, respectively. These results were
tained at bulk layer thicknesses of;3500 Å for the SnO2 substrate
and;200 Å for thec-Si substrate. The EMA has been applied
the optical modeling to determine the sample microstructure.
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10 840 PRB 61FUJIWARA, KOH, ROVIRA, AND COLLINS
EMT’s. In contrast, no minima versusds or f v could be
identified using the LL andq51 limit formulations. Figure 9
also shows that the EMA provides a 20–25% overall i
provement in̂ x& over the MG andq50 limit, similar to that
obtained in the early stages ofa-Si:H growth onc-Si in Fig.
7.

The results for the best-fit evolution ofds , f v , and x
using the EMA are given in Fig. 10 as the open circles
each one of the panels for the one-layer time regime. For
two layer regime, we used an approach similar to that
scribed in Sec. III B. In this approach, we focus on the sp
tra collected when the bulk layer thickness is;200 Å, and
perform a three parameter (db ,ds , f v) error minimization
procedure at this selected time. Two differences are inco
rated into the analysis of Fig. 10 compared to the analysi
Fig. 7 in Sec. III B. First, the dielectric function of the su
face layer is modeled as a mixture ofa-Si:H and void, but
with the dielectric function for thea-Si:H component chosen
as«c from the analysis of Fig. 9~not «b as in Fig. 7!. Sec-
ond, f v is used as a free parameter in the error minimizat
at db5200 Å, and it is also used as a free parameter in
least squares regression analysis versus time. This bec
possible owing to the higher sensitivity provided by the
substrate. In Fig. 10~bottom!, f v is observed to increas

FIG. 9. Illustration of the procedure applied to identify the be
fit nucleating layer thicknessds and its void volume fractionf v in a
one layer optical model at a selected time, corresponding to a nu
ating layer thickness of 17 Å during the initial growth ofa-Si:H on
a Cr substrate. Here the average biased estimator of the m
square deviation̂x& is plotted versus the trial value fords at fixed
f v ~top! and versus the trial value off v at fixed ds ~bottom!. The
fixed values are selected as those that minimize^x&. Three different
EMT’s are employed to determine the nucleating layer dielec
function.
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from 0.4 to 0.5 during the coalescence and growth proces
Thus, the selection off v50.5 in the analysis of Sec. III B is
reasonable.

Also shown in Fig. 10 for comparison are the results
the full analysis when these two differences are not incor
rated into the analysis. First, the results given by the clo
circles are deduced assumingf v is fixed at 0.5 throughout the
one and two layer modeling regimes. Second, the res
given by the triangles are deduced assuming thatf v is fixed
at 0.5 and that the dielectric function of thea-Si:H compo-
nent in the surface layer is chosen as«s5«b . The latter
simplified version of the model is identical to that used
generate the results of Fig. 7 fora-Si:H growth on thec-Si
substrate. The incorporation of either one or both simpli
tions in the model leads to a significant increase inx(t) in
the first 20 s of the growth process. This behavior dem
strates that the cluster and surface roughnessa-Si:H compo-
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c

FIG. 10. Evolution of the nucleating and surface roughn
layer void volume fractionf v ~bottom!, the surface roughness an
bulk layer thicknessesds anddb ~center; left and right scales!, and
the biased estimator of the mean square deviationx ~top! obtained
in one and two layer analyses of real-time SE data collected du
the nucleation and growth ofa-Si:H on Cr. For the open circles, th
EMA was used to determine the dielectric function of the nucle
ing and roughness layers, using the dielectric function of thea-Si:H
clusters from Fig. 11. In this case, the void volume fractionf v is a
free parameter. For the solid circles, the same EMA approac
used, butf v is fixed at 0.5. For the triangles, the dielectric functio
of a-Si:H bulk material is used instead of that ofa-Si:H clusters,
and f v is fixed at 0.5.
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nents exhibit a different dielectric function than the bulk
the case of the nucleating and coalescinga-Si:H films. If this
feature is not included in the optical model, then the qua
of the fit degrades by;50% for films consisting ofdb
510 Å and ds515 Å. This problem also accounts for th
peak inx(t) for the EMA at;6 s in Fig. 7. In the later stag
of growth, i.e., for bulk layers greater than 50 Å, this pro
lem disappears and the quality of the fit depends much
strongly on thea-Si:H component dielectric function use
for the surface roughness layer.

Figure 11 depicts the dielectric function«c at 200 °C ob-
tained in the analysis of Fig. 9 using the EMA. Also show
is the dielectric function of the bulka-Si:H layer deposited
on c-Si, as reproduced from Fig. 8. The higher noise level
the nucleating layer component dielectric function arises
cause it was extracted for a 17 Å-thick cluster film with
void volume fraction of f v50.48, whereas the bulk laye
dielectric function was extracted from a 200 Å-thick film
The solid lines in the figure are best fits using the Ta
Lorentz model for the dielectric function of an amorpho
semiconductor.47 The free parameters of this model are giv
in the inset for thea-Si:H clusters. The parameterA is the
overall amplitude,C is the Lorentz oscillator broadening pa
rameter,E0 is the oscillator resonance energy,EG is the
Tauc optical gap, and«1c(`) is the constant contribution to
«1c . For both dielectric functions, excellent fits using th
model are obtained. The primary difference between
a-Si:H cluster and bulk dielectric functions is the overall 0
eV shift to higher energy for the former, attributed to

FIG. 11. The dielectric function of thea-Si:H clusters (ds

517 Å) deduced from real-time SE data collected duringa-Si:H
nucleation on a Cr substrate~open circles!. These results were ob
tained in the analysis of Fig. 9 using the EMA. Also shown is t
dielectric function of the bulk layer (db;200 Å) for a-Si:H depos-
ited on c-Si as reproduced from Fig. 8~closed circles!. The solid
lines are fits to the Tauc-Lorentz formula for the dielectric functi
of an amorphous semiconductor. The deduced parameters are
for the a-Si:H cluster dielectric function.
y
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higher H content in thea-Si:H clusters and surface layer. I
fact, using the correlation obtained for bulka-Si:H films of
different H contents, the observed increase in gap is con
tent with an increase in H content from;10 to 25 at. %.48

D. Correlations with atomic force microscopy

The a-Si:H films prepared onto smoothc-Si and rough
SnO2:F were studiedex situby AFM in the tapping mode.
Since thea-Si:H surfaces are expected to remain H term
nated even for a time after removal from the deposition s
tem and possibly during AFM measurement, the tapp
mode was used in order to avoid any modification of t
surface by a contacted probe tip. Figure 12 shows
535 mm2 image for thea-Si:H on SnO2:F whose final
roughness layer is 44 Å thick, as deduced from real-time
with the EMA analysis. The root-mean square~rms! rough-
ness computed from this image was found to be 31 Å, s
nificantly lower than the roughness thickness measured f
real-time SE at the end of deposition. Figure 13 shows
final roughness layer thickness from real-time SE studies
different amorphous semiconductor films obtained using

ven

FIG. 12. Atomic force microscopy image (535 mm2) for the
final 4300 Å-thicka-Si:H film deposited at 200 °C on a microscop
cally rough SnO2:F substrate.

FIG. 13. Final roughness layer thickness ona-Si:H films de-
duced from real-time SE measurements using the EMA analy
plotted versus the rms roughness deduced from 535 mm2 atomic
force microscopy images such as that in Fig. 12. The square
points were obtained in this study, whereas the open circles w
obtained in a previous study of different amorphous semicondu
films. Fords,40 Å the substrates were smoothc-Si wafers, and for
ds.40 Å the substrates were microscopically rough SnO2:F films.
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10 842 PRB 61FUJIWARA, KOH, ROVIRA, AND COLLINS
EMA in the data analysis, plotted versus the rms roughn
from 535 mm2 AFM images measuredex situ. An excellent
linear correlation is observed, and the data of this stu
~squares! follow the same trend as those reported ear
~circles!.19 The correlation is best fit by the relationshipds
51.5drms~AFM!14 Å.

The slope and intercept in this relationship have reas
able explanations.19 From an analysis of the AFM bearin
ratio profile, the slope of 1.5 is found to imply thata-Si:H
protrusions exist above the upper ambient/roughness in
face and void protrusions exist below the lower roughne
bulk interface, both at the level of 5–7% of the total volum
of the optically deduced roughness layer. This simply me
that the SE measurement is insensitive to the presenc
protrusions at this concentration level. The nonzero interc
on the other hand, may have two explanations. First, it m
represent the amplitude of roughness components below
spatial resolution of AFM. Alternatively, the 4 Å intercept
may represent the thickness of a more heavily hydrogen
surface layer that is interpreted as roughness by SE bec
of its lower Si-Si bond packing density, but not by AFM
because of its apparent homogeneity on the 50–100 Å la
resolution scale of the microscope. Evidence for such a la
also appears in the measured dielectric function for
a-Si:H clusters in Sec. III C.

IV. DISCUSSION

An important observation from the analyses of Figs. 3
and 9 is the consistent improvement in fitting provided
the EMA over the other one-parameter EMT’s for each
the applications in which EMT’s are traditionally use
These applications include nucleating layers consisting
discontinuous clusters and surface roughness layers ind
either by nucleation or by underlying substrate surfa
roughness. In general, the excellent correlation between
roughness layer thickness from real-time SE and AFM
Fig. 13 supports the validity of an EMT analysis approach
which the rough surface region is replaced by a layer hav
an effective dielectric function. The lack of SE-AFM corr
lations along with the poorer fits for the LL andq51 limit of
the EMT are sufficient to rule out these formulations. T
correlation of Fig. 13, however, cannot be used to supp
the EMA over the MG andq50 limit of the EMT, owing to
the uncertainties in the slope and intercept of the correlat
For example, similarly good correlations as in Fig. 13 can
obtained for the MG and theq50 limit, but the slope and
intercept are observed to decrease and increase, respect
in the order EMA, MG,q50. In the next three paragraph
we discuss the results and relative sensitivities of our th
different EMT assessments of Secs. III A–III C.

For substrate-induced surface roughness evolving on
opaque bulk film, as analyzed in Figs. 3–5, the LL andq
51 limit of the EMT can be ruled out whereas the thr
other simple EMT’s, namely the EMA, MG, and theq50
limit all provide relatively good descriptions of the data wi
minima in ^x& differing by no more than;3%. The origin of
this behavior can be understood on the basis of Fig. 1, wh
it can be seen that the LL EMT and theq51 limit yield
dielectriclike responses for the microscopic mixture that
fines the roughness layer. In contrast, the EMA, MG, anq
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50 limit yield responses paralleling that ofa-Si:H. It would
seem reasonable that if any one of the latter three respo
provided a good description of the data, the other two wo
as well. Only small adjustments in roughness layer thickn
or void fraction would be required to compensate for t
increasing magnitude of the effective dielectric function
the order EMA, MG, andq50. In fact, the tendency in Fig
3 for the best-fit void fraction to increase and the roughn
layer thickness to decrease in the order EMA, MG, andq
50 illustrates this compensation effect.

The analysis of the evolution of substrate-induced surf
roughness on an opaque film can narrow the range of p
sible EMT’s to the EMA, MG, and theq50 limit. Analysis
of the nucleation-induced roughness for the 200 Åa-Si:H
deposited onc-Si provides stronger support for the EMA
Although all EMT formulations yield minimum̂x& values
that are within;10% of one another, in the initial stages
growth, i.e., fordb,50 Å, the EMA provides as much as
20% improvement over the best alternative, which is theq
50 limit. In the later stages of growth, the dielectric natu
of the LL andq51 surface roughness responses can be c
pensated by erroneous increases in the bulk layer thickne
by 2–3 Å. Thus, in this regime all EMT formulations ca
provide satisfactory fits, and the larger data set here ha
tendency to suppress the differences in^x& arising in the
initial stage of growth.

The nucleation ofa-Si:H on Cr provides additional defini
tive evidence of the superiority of the EMA. The reason f
this is that the Cr substrate provides strong optical contras
the nucleating layer, and thus high sensitivity to the clus
dielectric function in the initial stages of growth. As noted
Sec. III~C! the EMA provides an average 20–25% improv
ment in^x& over the MG andq50 limit for reasonable best
fit values of f v in the range of 0.48 to 0.50. In this dat
analysis problem, the differing magnitudes of the compos
dielectric functions of Fig. 1 are compensated by differe
deduced dielectric functions for thea-Si:H clusters. The
similarity of the shapes of«c and«b in Fig. 11, together with
the fact that«c can be closely fit using the Tauc-Loren
model, provide support for the validity of the EMA analys
of Fig. 9. The Tauc-Lorentz model is one of the simple
Kramers-Kronig consistent descriptions found to fit the
electric functions of a wide variety of amorphou
semiconductors.47 In addition, the higher H content in th
nucleating layer component, as deduced from the shif
higher energies in the dielectric response and optical gap
qualitatively consistent with several studies based onin situ
infrared reflectance and SE measurements ofa-Si:H nucle-
ation and growth.49–51 In fact, recent quantitative real tim
infrared reflectance measurements of 16 Å-thicka-Si:H clus-
ter films onc-Si substrates show a total H content of;25
at. %, in comparison with 10 at. % for the bulka-Si:H.51 This
result is in agreement with our interpretation of Fig. 11 a
suggests that the shift in the dielectric function and opti
gap to higher energy for the clusters can be fully accoun
for by the increase in H content. Finally, the agreement
tween optical and infrared spectroscopic measurement
cluster composition provide additional support for a mod
of the discontinuous clusters in terms of a discrete laye
which the Fresnel boundary conditions are applied at
layer interfaces.
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Next, we discuss the significance of the best-fit volu
fractions used in the EMA. Fora-Si:H films ranging in bulk
layer thickness from 10 to 200 Å, the best-fit void volum
fractions in the nucleation-induced roughness range from
to 0.5. In contrast, for thicka-Si:H layers, the best-fit void
volume fractions in the substrate-induced roughness are
siderably lower, 0.30 to 0.35. Although AFM measureme
have revealed no significant differences in the shape or s
metry of the bearing ratio between nucleation-induced
substrate-induced roughness, the AFM measurement is
definitive since it may not detect the deepest voids in
surface structure whose spatial periods are the shortest.
differences in the nature of the nucleation-induced a
substrate-induced roughness layers may account for the
ferent void volume fractions. First, AFM does indicate d
ferences in the aspect ratio of the roughness for thin
nucleation-induced roughness~10–15 Å! and the much
thicker substrate-induced roughness~40–80 Å!. The latter
has a larger in-plane to out-of-plane feature size ratio. T
stronger dielectric function magnitude for the thick
substrate-induced roughness may reflect this difference in
pect ratio. Alternatively, for the thinner nucleation-induc
roughness layers~10–15 Å!, a significant component of th
roughness may be due to an incompletely-crosslinkeda-Si:H
layer in contact with the plasma.32 Such a transition layer is
estimated to be;4–5 Å thick, and its effect may lead to th
higher void fraction for the nucleation-induced roughne
layer. Changes in the geometry of the roughness and
nature of the transition layer may also account for
gradual increase inf v during coalescence in Fig. 10 from 0
at the onset of bulk layer growth to 0.5 atdb5100 Å.

We also comment on the extent to which microstructu
analysis by SE is model dependent. Such a claim can
made because the extraction of the microstructural par
eters and optical properties relies on the assumption o
effective medium model of uncertain validity. In the analys
of SE data to obtain the sample structure and optical pro
ties simultaneously, it is often difficult to overcome the co
relations that prevent one from identifying the correct EM
formulation, particularly with a limited data set. The prese
study, however, has shown that several important fi
growth features of scientific and technological interest
essentially independent of the chosen EMT. First, the gen
features of the substrate-induced surface roughness deca
Fig. 4 are not dependent on the selected EMT. Second
qualitative nucleation and coalescence sequence exhibite
ds in Fig. 7 is the same for all EMT’s. Third, and mor
importantly, the magnitude of the smoothening effect dur
coalescence that provides insights into the electronic qua
of the resultinga-Si:H film45,46 lies within a range of61 Å
for all EMT’s. Lastly, the bulk layer deposition rate in Fig.
is also independent of the EMT formulation. As a result,
conclude that the real-time SE features related to mate
quality assessment and device design are not significa
model dependent.

Finally, the present study has shown that when the o
and two-layer models for film nucleation and growth a
used along with the EMA to simulate the dielectric functio
of the nucleating and roughness layers,x remains near unity
and shows no significant increases with time. This dem
strates that the experimental spectra and the best fits to t
e
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spectra differ by no more than the random and system
experimental errors. As a result, it is not fruitful to consid
more sophisticated multiparameter EMT’s since a sim
one-parameter version is sufficient to explain the full re
time SE data sets and yield an excellent linear correla
with AFM. Reassessments of the one-parameter EMT’s m
be warranted in the future as instrumentation for real-ti
SE improves to yield higher precision or accuracy, or a wid
spectral range.52

V. SUMMARY

In numerous spectroscopic ellipsometry~SE! studies of
semiconductor and metallic materials and thin films, t
single-parameter Brugggeman effective medium approxim
tion ~EMA! has been used in data analysis for the charac
ization of sample properties.17 This reliance on the EMA
stems from work by Aspneset al. performed two decade
ago in which rough amorphous silicon thin film surfac
were characterized by SE.15 Since this original work, further
assessments of the suitability of the different effective m
dium theories have been rare. In the present study, we h
exploited the more recent advances in real time SE ins
mentation to revisit this problem with much larger data se
collected during the evolution of inhomogeneous layers.
have considered three types of hydrogenated amorphous
con ~a-Si:H! layers:~i! two opaque layers~.2500 Å thick!
on microcrystalline SnO2:F and Si:H with substrate-induce
roughness ranging from 40 to 80 Å in thickness,~ii ! a very
thin layer ~5–200 Å! on a c-Si substrate with nucleation
induced roughness ranging from 10 to 20 Å in thickness, a
~iii ! a nucleating layer on a Cr substrate described by clus
5 to 20 Å in thickness. One- and two-layer optical mode
were used for thea-Si:H films in which case the nucleatin
or surface roughness layers were simulated as single la
consisting of mixtures ofa-Si:H and void. Five different
one-parameter EMT’s were employed to calculate the die
tric functions of these mixtures from component mater
dielectric functions and their volume fractions.

In all cases, the prior result of Ref. 15 has been re
firmed, namely the EMA was found to provide the best d
scription for all sets of data, consisting of as few as 8 and
many as 200 pairs of~c, D! spectra~2.48 to 4.00 eV! col-
lected during materials preparation. For the surface rou
ness on opaquea-Si:H, theq51 limit and LL EMT formu-
lations provided unacceptable results whereas the data c
be acceptably described by the EMA, MG, and theq50
limit formulations. For the nucleation and growth ofa-Si:H
on c-Si and Cr, the EMA was much more strongly favore
over the other formulations. Measures of surface roughn
by atomic force microscopy and by SE analysis with t
EMA yield an excellent linear correlation over the ran
from ;5 to 100 Å in the SE-deduced roughness layer thi
nesses. This result provides support for the validity of
general SE-modeling approach in which surface roughnes
treated as a discrete layer with effective optical propert
and the lack of such a correlation for two of the five EM
formulations~LL and q51) provide further support for rul-
ing these out. A final important result of this paper is t
observation that many of the quantitative features used
characterize the nucleation, coalescence, and growth
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a-Si:H on smooth substrates for assessment of material
ability for devices are virtually insensitive to the choice
the EMT from theq50 to 1 limits. This result demonstrat
that the key information deduced from the SE measurem
is model-independent.
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