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Real-time spectroscopic ellipsomet$E) data collected during the nucleation and growth of hydrogenated
amorphous silicona-Si:H) thin films have been analyzed by applying one and two layer optical models
incorporating different effective medium theorié€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, includiig5—20 A-thick nucleating layers consisting of isolated
a-Si:H clusters on the underlying substraie, 10—15 A-thick nucleation-induced surface roughness layers on
very thin(<200 A) a-Si:H films, and(iii) 40—-80 A-thick substrate-induced surface roughness layers on thicker
(>2500 A) a-Si:H films. In all three applications, the Bruggeman effective medium approximéiiiA )
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.

[. INTRODUCTION spectroscopic ellipsometSE) starting in the mid-1970¥!
it became possible to assess the validity of the surface rough-
Numerous approaches have been developed over thess layer optical model and to identify the EMT'’s that yield
years to predict the effects of rough surfaces and interfaceie best fits in the analysis of SE data over a wide spectral
on incident light waves.These approaches include, for ex- range. The first such study was performed on rough amor-
ample,(i) diffraction theorie$; (ii) classical scattering theo- Phous silicon(a-Si) thin films in 1979 by Aspnes, Theeten,
ries and perturbation theories app|y|ng expansions of Maxand Hottleﬁs In the Study of Ref. 15, which Compared three
well's equations about a mean smooth surfa&éji) first: ~ One-parameter EMT's, the Bruggeman and the Maxwell-
principles theories of the electromagnetic response of@mett EMT formulations were found to represent the SE
systems having spatial fluctuatiohsnd (iv) effective me- data adequately whereas the Lorentz-Lorenz theory yielded

dium theories EMT’s) with surface layer optical model<. much poorer results. Among all three EMT's, that of

. : . _Bruggeman provided the best overall fit to the SE data. The
Approach(iv) has been widely employed when the dimen study of Ref. 15 ora-Si films and a similar one on gold

sions of the inhomogeneities and all correlation lengths 8571 ms 16 entrenched the surface roughness layer optical model
somateq Wlth the roughness are smal!er thgn the ngeleng oné with the Bruggeman effective medium approximation
of the light, i.e., when the roughness is “microscopit.in as the accepted method for the analysis of SE data for bulk

this case, the effect of the surface roughness on the polarizgssterials and thin films having microscopically rough sur-
tion of the reflected light measured in the far field can befgces or interface¥

simulated by interposing one or more layers between a per- The motivations of such surface characterization by SE
fect substrate and the ambiénif This simple approach is have been twofold(i) to measure the roughness in order to
ideally suited for surface characterization using optical metheljiminate its effects and extract the true dielectric function of
ods such as reflectometry and ellipsometry since their analythe underlying material or thin film, an@) to deduce details
sis procedures are based on models of light reflection fronan the roughness itselk.g., thickness, effective dielectric
one or more plane-parallel interfaces, as described by thiinction) and obtain insights into materials and thin film
Fresnel equations:*? Ellipsometric studies over the decade preparatiort! With the availability of scanning probe mi-
starting from the late 1960s adopted such an approach for theroscopies such as atomic force microscopiFM), power-
analysis of microscopic surface roughness, often in conjundul tools are now available to support surface characteriza-
tion with the Lorentz-Lorenz EMT to calculate the effective tion by SE. As an example, the bearing ratio from a
optical properties of the roughness “layeSee, e.g., Eq1) microscopic image analysis of a rough surface can be dis-
of Ref. 13. Because such ellipsometric studies utilized onecretized into a number of surface layers of defined thick-
or a few selected wavelengths, it was generally not possiblaesses whose optical properties are calculated from the
to assess the validity of the EMT or the relative effectivenes&€MT. With the surface structure fully quantified, the bulk
of different EMT formulations. material dielectric function can be deduced by numerical in-
With the development of highly accurate instruments forversion of the SE dat® As a second example, parameters
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from AFM image analyses can be correlated with the result®f several to a few hundred spectra in different sample states
of SE data analyses to ensure that sample-to-sample varits expected to provide a more definitive assessment of the
tions in surface roughness layer thickness deduced on tHeMT’s than the prior analyses of ex situ data from a few
basis of the EMT are supported by direct observatidns. samples. In addition, although pioneering for its time, Ref.
Optical models for nucleating thin films consisting of iso- 15 contains deficiencies that further motivate such a recon-
lated, microscopic-scale clusters on the substrate surfacgdderation. First, the dielectric function=¢;+ie, of the
have been developed along the same lines as those for nfi-Si reference film used by Aspnes al. exhibited a peak
croscopic roughness, but with more extensive hisfdrythe vaIL_Je fore, of ~21 near 3.5 eV in contrast to Igter studies of
1900s, Maxwell-Garnett derived the effective medium theory®S! that showed a peak 6f29 near 3.75 eV Thus, the
that bears his name, using it to explain the color observed iﬁeference film was likely to exhibit considerable roughness

transmission through discontinuous, thin metallic fighgt  ItSelf. Second, the roughness IaAyer on thei used in the
In this approach, the thin film is modeled as a regular array-MT assessment was230-270 A, much thicker than most

of spherical particles embedded within the ambient medium'@Y€rs on the materials and films to which this approach is

Much later, in perhaps the most comprehensive ex situ stud2OW being applied” In theex.5|tuanaly.5|s of Ref. 15, 't. was
of nucleating thin films to date, Norrmagt al. demonstrated €cessary to use such a thick layer in order to avoid ambi-
that a generalized form of the Maxwell-Garnett theory usingdUity that occurs when the native oxide layer thickness is a
a distribution of ellipsoidal particles on the substrate surface'dnificant fraction of the roughness thickness. In the pres-
best-fit transmittance spectra at normal incidence for discor€NC€ Of this ambiguity, no statement at all can be made re-
tinuous gold film€2 The strength of this latter study resided 9arding the most appropriate EMT. The native oxide is
in its use of scanning electron microscopy to eliminate al@v0ided in real time measurements, and EMT assessments
but one free microstructural parameter in the optical analysic2'® Possible for much thinner roughness layers.
In contrast, Hottier and Theeten, relying on the SE study of
Ref. 15, applied the Bruggeman effective medium approxi- [l. EXPERIMENTAL PROCEDURES
mation to deduce microstructural information from real-time
ellipsometry data collected at one wavelength during the
nucleation ofa-Si thin films on dielectric surfaces.Param- In this study, we have applied three simple EMT'’s for
eters such as the critical thickness at which nuclei make corisotropic composites along with two limiting EMT forms in
tact to form a continuous layer could be determined. Withassessing which of® may be preferred for the determina-
the recent widespread use of AFM, the validity of run-to-runtion of the dielectric functions of nucleating and surface
variations in the nucleation parameters deduced in analys¢gughness layers. The three EMT’s selected for assessment
of real-time ellipsometry data for thin films can be supportedhere, including the Bruggeman effective medium approxima-
by direct microscopic studies of the films performexdsitu  tion, the Maxwell-Garnett theory, and the Lorentz-Lorenz
after terminating the deposition at different elapsedtheory, are those used most widely to model dielectric func-
times?+2° tions of microscopic composite materials in the optical fre-
In spite of the increasing use of the Bruggeman effectivequency rangé?® Other EMT's for example those of Sen,
medium approximation over the last two decades for theScala, and Cohéfiand McLachlaf" that have been applied
analysis of microscopic roughness and discontinuous nuclesuccessfully to model the dc and low-frequency conductance
ating films, further detailed assessments of EMT’s similar toof composites, are not considered.
that of Ref. 15 have been lacking. The more recent develop- The general form that encompasses the five EMT formu-
ment of real-time SERef. 26 has provided an opportunity lations for the two-component compositeaBi:H and void
to reassess EMT'’s. Real-time SE has the advantage of beirgpcountered here is given by
able to collect spectra during the full microstructural evolu-
tion of the film from the nucleation regime, when the film €a8, t kep(faeat+ T e,)
can be modeled as a single layer on the substrate, through to &= ket (fae, +f,e0) @
the opaque regime when the film can be modeled as a bulk
material with a roughness layer on top. The results of suchvhere x=(1/g)—1 and q (0=qg<1) is the screening
an analysis for polycrystalline aluminum film growth on parametef. ¢ is the dielectric function of the composite
SiO,-covered silicon wafers led to the generalized Maxwell-layer, which in this case is either a discontinuous layer of
Garnett theory for describing initial nucleation and to thenuclei or a surface roughness layey,. is the host dielectric
Bruggeman effective medium approximation for describingfunction, ¢, and f, are the dielectric function and volume
the roughness layer evolution on the coalesced aluminurfraction of thea-Si:H component, and, and f, are the
film.2” In the case of aluminum, however, the best EMT’s aredielectric function and volume fraction of the void compo-
more difficult to identify owing to the particle and grain size nent. The validity of the EMT rests on two key assumptions
effects on the dielectric functions of the aluminum clustersas described in detail in the literaturFirst, the scale of the
and coalesced films, respectively. compositional variation must be much smaller than the mini-
As a result, we have been motivated to reconsider thenum wavelength in the measurement, so that light scattering
EMT assessment in the case &fSi:H nucleation, coales- is negligible. Second, in order to apply Ed,) directly, the
cence, and roughness evolution. For this material, any sizdielectric function of the components must be size and shape
effects on the optical properties are significantly weaker thaindependent. This latter restriction can be avoided in some
for crystalline materials owing to the lack of long-range cases by using a size dependent dielectric response,for
order?® In addition, analyses of real-time data sets consistingxplicitly in Eq. (1).22%’

A. Effective medium theories
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The choices,,= ¢ in Eq. (1) defines the Bruggeman effec- ' ' '
tive medium approximation, denoted hereafter as the EMA. 15 T7200°C 9=0 ]
ep= g, defines the Maxwell-GarnetMG) theory with the
host being thea-Si:H phase, and finallys,=¢,=1 defines
the Lorentz-Lorenz(LL) theory! Settinggq=3 so that 10 L
=2 in Eq. (1) is appropriate for spherical inclusions and g=1
leads to an isotropic dielectric function. Throughout this
study, the isotropic forms of the EMA, MG, and LL formu-
lations are applied withk=2. Settingq=0 leads to a com-
posite dielectric function that is a volume-fraction weighted
average of the component material dielectric functions, i.e.,
e="f,e,+f,e,. This corresponds to no screening that oc-
curs when the optical electric fields are parallel to the phase
boundaries. Settingj=1 leads to a composite dielectric
function given bys 1=f,e, 1+ f, e, 1. This corresponds
to maximum screening that occurs when the fields are nor-
mal to the phase boundaries. Whe# 1/3, the microscopic
structure is anisotropic, and this leads to anisotropy in the
dielectric functior?? For the two limiting cases of the dielec-
tric function, we ignore anisotropic effects in the analysis of
the data. Thus, we assume that the fields are either parallel or PHOTON ENERGY (eV)
perpendicular to the phase boundaries, even though this situ-
ation would hardly be expected when the angle of incidence FIG. 1. Dielectric function spectra at the measurement tempera-
is neither normal nor grazing. ture of 20.0 °C for microsgopic mixtures c.onsis.ting of 0.5/0.5 vol-

Generally, it is anticipated that using a vacuum host as iryme fractlons ofa-Si:H/void galcunlat_ed using dl_fferent EMT for-
the LL theory would be inappropriate for composites havingMulations =0: zero-screening limitg=1: maximum screening
two solid state components that are space—filﬁ%@he MG limit; MG: MaxweII-Garngtt EMT WIIha—SIZH as th_e host medium;
theory is anticipated to be appropriate for dilute compositeS™MA: Bruggeman effective medium approximation; LL: Lorentz-
in which a lower volume fraction material is embedded in a50"e"Z EMD. The dielectric function for the-Si:H component in
solid state host material, such as a low-volume fraction o%he EMT was deduced from real-time SE measurements.

voids ina-Si. The EMA is most likely to represent an aggre- cm®/min (scem). Under these conditions, the deposition rate
gate microstructure in which neither component can D& the film is 1.3 A/s. The relatively low flow of SiHused
viewed as the host. The EMA, however, approaches the MGere may lead to partial gas depletion in the discharge and
theory in the limit of a dilute composite. Figure 1 shows theghort lifetime radicals such as SiH and Sithat limit coa-

composite dielectric functions of a 0.5/028Si:H/void vol-  |escence and generate a thicker roughness layer on the film
ume fraction mixture at the deposition temperature of 200 °G; f5ce32

: e _ _ _
for the MG, EMA, and LL formulations witlg=3, and for For studies of thick roughness laydec. Il A), a-Si:H

the two limiting forms corresponding ©@=0 andq=1. In  \y45 deposited on microcrystalline Sy© and Si (c-Si:H)
this figure, theg=1 limit and the LL theory exhibit behavior g pstrate films, the latter films having root-mean square
similar to a dielectric material witle,~0 throughout the (rms) roughness values measured by AFM in the range of
energy range covered. In fact, if the=1 limit or the LL  100-200 A. The Sn@F was prepared by chemical vapor
were valid it would be virtually impossible to distinguish deposition to a thickness of 440 A, which led to a fine-
between thin surface roughness and native,Si@erlayers grained structure. The.c-Si:H was prepared by plasma-
on a-Si surfaces. This situation exists because the dielectrignhanced chemical vapor deposition to a thickness of 6000
function of SiG and the effective dielectric functions of A For both substrates, the overdeposige8i:H films exhib-
a-Si:H/void composites from thq=1 limit and the LL are jted 40-80 A-thick roughness layers induced by the rough-
quite similar for selected, values of the composites. As a ness on the substrates. Thes8i:H films were studied after
result, there is a strong motivation for performing the EMT having reached opacity at the minimum photon energy of
assessments in situ and in real time since the presence of aBMalysis(2.48 e\). For studies of the thin roughness layers
SiO, overlayers can be ruled out in this case. In contrast tqhat evolve during nuclei coalescence and bulk film growth
the LL andgq=1 limiting form in Fig. 1, the EMA, MG, and  (Sec. Il B), the a-Si:H was deposited on a crystalline Si
q=0 limiting form show dielectric functions that are similar (c-Sj) wafer with its native oxide intact. For studies of nucle-
in overall shape t@-Si:H, but varying in magnitude. atinga-Si:H (Sec. Il O, opaque Cr was used as the substrate
in order to achieve higher sensitivity to the dielectric func-
tion of the ultrathin film. The Cr was prepared by low-
pressure magnetron sputtering oo-&i wafer in an attempt
The a-Si:H thin films studied here were prepared by to minimize roughness, which would then be imposed on the
plasma-enhanced chemical vapor deposition using purg Sitbverdepositea@-Si:H film. A comparison of the real time SE
gas at a substrate temperature of 200 °C. The rf power flux atnalyses of the 200 A&-Si:H depositions orc-Si and Cr
the grounded substrate electrode was 70 m\i/¢he SiH,  yielded the same value for the final roughness layer thickness
pressure was 0.07 Torr, and the giHow was 5 stand. (13 A, using the EMA. As a result, we conclude that the

B. Thin-film deposition and characterization
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roughness is controlled by the nucleation and coalescence (a) ONE-LAYER MODEL
processes in both cases and is not influenced by substrate
roughness.

In the studies of Secs. IlIB and Il C, SE data were col-
lected from the substrates immediately before plasma igni-
tion for a-Si:H deposition. These spectra provided the dielec-
tric function of the bulk substrate material at the deposition
temperature of 200 °C, as well as the characteristics of any
overlayers on the substrate surface. This information was
needed for subsequent analysis of the real-time SE data col-
lected duringa-Si:H nucleation and growth on the substrates.
For the case of the Cr substrate, silicide formation during
a-Si:H deposition was assessed by preparing a thi90 A
layer ofa-Si:H on the substrate and then etching it away with
atomic hydrogen generated thermally with a heated
filament3® Complete removal of the-Si:H yielded the same
SE data for the uncovered Cr surface as was obtained prior to
the a-Si:H deposition. As a result, no evidence of Cr silicide FIG. 2. One and two layer optical models applied in the analysis
formation was found that would distort our interpretation of of real-time SE data. The one layer model is used to characterize
the a-Si:H nucleation and growth processes as presented ifiscontinuous films during nucleation, as well as surface roughness
Sec. llIC. evolution during the growth of opaque films. The two layer model

The real-time SE measurements were performed durin& used to characterize the growth of transmitting films having
the a-Si:H depositions using a rotating polarizer multichan-ough surfaces.
nel ellipsometer. The design, calibration, and operation of
this instrument are described in detail elsewtféré:3°with  to characterize the-Si:H structural evolution ort-Si after
this instrument, 128-point spectra can be collected from 1.4nitial nuclei make contactSec. Il B). In this case, the un-
to 4.5 eV with a minimum acquisition time of 40 ms. In the knowns include the bulk layer dielectric functian,, the
analyses described in Sec. lll, we focused on the 57 datthicknesses of the surface roughness laygeand the bulk
points from 2.48 to 4.00 eV, avoiding the low energy regionlayer d,, and the void volume fractiofi, in the roughness
where thea-Si:H films are weakly absorbing and the high- layer. The dielectric function of the-Si:H component in the
energy region where the experimental precision and accuraapughness layer is again chosen to be the bulk layer dielec-
are the lowest. For the-Si:H depositions on SnOF and  tric function eg=¢y. In the complete analysis od-Si:H
nc-Si:H in which the roughness evolution is probé8ec.  nucleation and growth on Cr, a transition from the one layer
[I1A), the acquisition and repetition times for such spectrao two layer model is usedSec. II1O. For the one layer
were 3.2 and 15 s, respectively, the former corresponding tmodel, the dielectric function of the substratg, is known,
an average over 40 polarizer rotations. For the depositions cand the unknowns include the dielectric function of the
c-Si (Sec. llIB) and Cr(Sec. Il © substrates in which the a-Si:H clusterse;=¢., the void volume fraction in the
nucleation and coalescence processes are probed, the acquicleating layeif,, and the thickness of this layelg. For
sition time was 0.16 s, corresponding to an average over twthe two layer model, the unknowns are the same as in the
polarizer rotations. In these two cases, the repetition time focase of growth on the-Si substrate; however, the dielectric
the collection of successive spectra was 0.8 s in the earlfunction of thea-Si:H component in the roughness layer is
stages of growth, but was extended in the later stages ahosen to be either the bulk layer dielectric functien
growth. During the 0.16 and 0.8 s acquisition and repetition=g,, or the cluster dielectric functioa,=¢..
times, 0.2 ad 1 A of a-Si:H accumulated, respectively. The It is important to re-emphasize that because all substrate
precision in(y, A) achievable on the Cr substrate at 2.48 eVsurfaces were maintained at a stable temperature of 200
for 0.16 and 3.2 s acquisition times is given b§y( 5A) +2 °C throughout depositioff, all dielectric functions ex-
~(0.015°,0.03°) and &, 5A)~(0.003°,0.007°), respec- tracted and reported here are characteristic of the elevated
tively. The precision is defined as the standard deviation inemperature. As a result, it is not necessary to confine the
the (,A) values obtained in 120 repetitive measurements ofinalysis to a specific photon energy at which the dielectric
a stable surface over a period of 30 min. function is only weakly dependent on temperature, as must

In the analysis of the full real-time SE data, one and twobe done if the process temperature is changing or if a refer-
layer optical models for the growing-Si:H are applied as ence dielectric function is employed for the final bulk film
shown in Fig. 2. Here, we provide an overview of thesethat was obtained at a different temperature than the stable
models. The one layer model is used to characterize the evaubstrate temperatuféln order to deduce the unknown in-
lution of substrate-induced roughness on the opag@&H  formation in our study, a global error minimization scheme
films (Sec. Il A). In this analysis, the unknowns are the di- is used in the analysis of the real-time SE data sets, which
electric function of the bulla-Si:H =€y, the void vol-  consist of 8-200 pairs of 57 poinfi,A) spectra. This
ume fraction in the roughness laykr, and the thickness of scheme involves numerical inversion to extract the unknown
the roughness layet,. The dielectric function of tha-Si:H  dielectric function, applied in conjunction with least squares
component in the surface layer is assumed to be the same segression analysis to extract the photon energy-independent
that of bulka-Si:H, i.e.,es=¢,. The two layer model is used microstructural parameters. Although the general procedure
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is described elsewher&?3° abbreviated descriptions are pro- 1.05 — . l . .
vided in Sec. Il for the three specific cases relevant to this a-Si:Hfuc-SiH
investigation. 1.04 - 7
Finally, we note that for additiona-Si:H depositions on
SnG, and Cr surfaces, the polarized reflectafeas mea- A B3 F \D\/ T
sured simultaneously with thé),A) spectra as described i
elsewherd? In both casesR can be closely fit using the 102 )
dielectric functions and microstructural parameters extracted 101 - ]
in best fits to the(y,A) spectra alone. As a result, we con- ‘
clude that non-specular scattering losses are undetectable. 1,00 Lt . | ) |
This in turn shows that any macroscopic roughness compo- 60 62 64 66 68 70
nents are less than 10 A in amplitu¢fall width of a Lorent- SURFACE ROUGHNESS THICKNESS, d_ (A)
zian distribution for the surface height proji# and sup- 105 : :
ports an interpretation of the data of Sec. Ill in terms of
microscopic roughness alone. The overall consistency in the 1.04 |- o EMA H
analysis of(,A) andR also supports the surface roughness S (=033
layer optical model in which the Fresnel boundary conditions L 10 _ :AS;G&M H
are applied at the layer interfaces. X £ 2033
Vo102 Nope” d=647A [
A =
lll. RESULTS o1l K&&/ ?v=%-36 |
A. Effective medium theories of microscopic roughness ds=62.4 A
evolution on a-Si:H 1.00 . .
. . 0.30 0.35 0.40 0.45
In our first assessment of EMT'’s, we have studied the VOID VOLUME FRACTION,

evolution of the surface roughness layer on opagt&i:H
deposited on microscopically rough substrates. In this film F|G. 3. lllustration of the procedure applied to identify the best-
growth process, the substrate surface is conformally coverefit surface roughness layer thickneds and the roughness layer
by the growinga-Si:H film. The substrate-induced roughnessvoid volume fractionf, in a one layer optical model at a selected
on the a-Si:H decays exponentially with increasing bulk time corresponding to the bulk layer thickness~e8500 A during
layer thickness for the in-plane spatial periods of the surfacéhe deposition of opaque a-Si:H on a roygb-Si:H film. Here the
profile that are shorter than the diffusion length of Si-bearingaverage biased estimator of the mean square deviggjda plotted
precursors on the growingSi:H surface’®*® Measurement versus the trial value fod, at fixed f, (top) and versus the trial
of the decay constant has provided an estimate of the surfag@lue off, at fixedds (bottom. The fixed values are selected as
diffusion length of the precursors. those that minimize(y). Three different EMTs are employeq to
Optical analysis of the film growth process involves solv- de_termine the rou_ghness layer dielectric function, de0 limit
ing the one layer problem described in Sec. II. In the ondtriangles, EMA (circles, and MG (squares
layer problem, we must extra¢i) the a-Si:H bulk layer di-
electric functione,=e1,+ieyp, (i) the time evolution of  dy(t) and the time dependence of the biased estimator of the
the surface roughness layer thicknegét), and(iii) the as- mean square deviatiog(t) between the experimental data
sumed constant void volume fractiépin the surface rough- and the best fit* The value of the biased estimator averaged
ness layer. The spectra in, and the value of, are substi- over time, denotedy), provides a measure of the global
tuted into the selected EMT to generate the dielectriggoodness of the fit and, thus, allows one to assess the validity
function of the roughness layer. Because the overall analysisf the initial guesse$d(t’),f,}. In the analysis, the initial
is performed in the opaque regime, the bulk layer thicknesguesses are varied over a two-dimensional grid in an attempt
dy(t) does not enter into the problem. to minimize (). The values of the initial guesses that mini-
Atimet’ is selected near the middle of the analysis rangeamize (x) are assumed to be correct, and this in turn leads to
at a bulk layer thickness 6£3500 A. Att’ the ellipsometric  the correct dielectric function by inversion, and the correct
spectra(y,A) are analyzed to dedueg,, which is used in a d((t) variation, along with the 95% confidence limits.
global error minimization procedure applied to the time- As described in Ref. 44, for the biased estimator formu-
dependent data set. This data set spans the bulk layer thiclation of the error function, the individual squared deviations
ness range where tlzeSi:H is opaque for photon energies  between the experimental and best-fit ¥aand cosA values
2.48 eV. We use the ranges of 2500-4300 A and 29004308t each photon energy are divided by an estimate of the com-
A for a-Si:H growth on theuc-Si:H and SnQ@:F substrates, bined random and systematic mean-square errors in the ex-
respectively. The steps of this analysis procedure are deserimental values at the corresponding photon energy. Thus,
scribed as follows. First, initial guesses are made for thavhen(y) is on the order of unity, we can conclude that the fit
fixed void volume fractiorf, and the roughness layer thick- is as best as can be expected within consideration of the
nessdy(t’') at the selected tim&'. With these guesses, the experimental errors and that the model leadingp=1 is
(,A) spectra att’ are subjected to a numerical inversion acceptable.
routine that yields a trial dielectric function for the bulk  Figure 3 shows results fdy) corresponding to orthogo-
a-Si:H film. This trial dielectric function is utilized in a least nal cuts in the two-dimensional parameter space of the trial
squares regression analysis of ify#A) data set to extract {dy(t'),f,} values for the analysis 0&-Si:H growth on
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FIG. 4. Evolution of the surface roughness layer thickésss | g mwm,
versus the extrapolated total film thickness during the growth of 20 -
a-Si:H on a rough substrate film @fc-Si:H using the three EMT’s wﬁ 15 |
that yield nonzero solutions fat; andf, in Fig. 3. Over the thick- .
ness ranges shown, the growiagsi:H is fully opaque for photon 10 T o
energies greater than 2.48 eV. 57 ' z |
. ) ) O 1 1 1
mc-Si:H. These results are typical of the data obtained for 25 3.0 3.5 4.0

growth on both types of substrates, rougft-Si:H and
SnQ,.. The cuts chosen in Fig. 3 intersect at flig(t’),f,}
solution yielding minimum(y). In this plot, data for only
three of the five EMT’'s are shown, EMAcircles, MG duced from real-time SE data collected during the growth of opaque
(squares and the q=0 limit (triangleg. Well-defined  a-Si:H on a rough film of Sn@F using five different EMT formu-
minima in two-dimensional parameter space are obtainethtions. In all cases, a one layer optical model is used. Foigthe
that allow one to identify the best choice{afy(t'),f,}. This =1 limit and the LL EMT, the best-fit surface roughness layer
in turn allows one to extract the dielectric functiep of the  thickness is zero. Thus, the deduced dielectric function is equal to
bulk layer and the surface roughness thickness evolutiothe measured pseudodielectric function.
ds(t). For the other two EMT'’s the LL and thg=1 limit,
however, the minima ify) appear atls(t')=0 for deposi- the SnQ:F substrate. The maximum difference for the
tions on both types of substrates. For these EMT's,(f)¢  roughness thickness solutions using the three different
values are~50% higher than the minima for the other three EMT’s is 7 A for theu.c- Si:H substratésee Fig. 4and 3 A
EMT's in Fig. 3. for the SnQ:F substrate. Figure 5 shows the best-fit dielec-
It is important to note that we observe precisely the sameric functions at 200 °C deduced from the data set obtained
trends in the solutions foa-Si:H depositions on both rough for the SnQ:F substrate using the three different EMT’s of
uc-SitH and Sn@ substrates, thus supporting the signifi- Figs. 3—4. Also included are the results deduced using the
cance of the results. Specifically, the EMA yields the best | and theq=1 limit, in which case the roughness thickness
overall fit whereas the fits using the MG ageF O limit are  that minimizes(y) is zero. Thus, the dielectric function for
slightly worse. Although the improvement ) provided by  these latter two EMT’s is equal to the measured pseudodi-
the EMA in Fig. 3 appears inconsequentiat1-3%), it is  electric function. This solution can be ruled out, however,
consistent as a function of the deposition time, with the larghecause of the overall poorer fits, as noted above, and also
est improvement iry occurring at the extremes of the analy- pecause AFM reveals that the film surface is in fact consid-
sis ranges. For example, 5-10% improvements in the fits argrably rough(see Sec. llID. In Fig. 5, the largest overall
obtained when the EMA is used in place of the-0 limit  amplitude for the dielectric function is obtained for the EMA
for the 40—80 A surface roughness layers at the start and eRgith a maximume »;, of 28.4.

of the analysis ranges for tl&eSi:H depositions omnc-Si:H
and SnQ:F (see, for example, Fig.)4The solutions forf,
also reveal similar trends for both depositions, namély,
=0.33 for the EMA and the MG EMT, anfl,=0.36 for the In the second assessment of effective medium theories,
g=0 limit. For both depositions, the EMA yields the largest we have studied the roughness layer evolution deBi:H
roughness thicknesses, whereas the MGagna@ limit yield after initial nuclei make contact. In this case, the substrate is
successively lower thicknesses. a c-Si wafer coated with a native oxide layer, a structure
Figure 4 shows the surface roughness evolutigmersus  having atomic level smoothness. As a result, the roughness
the extrapolated total film thickness duriagsi:H growth on  that forms on thea-Si:H is characteristic of the nucleation
the uc-Si:H substrate, for the three EMT's that yield the process and is not substrate induced. During nuclei coales-
non-zero solutions of Fig. 3. For depositions on both sub€ence, the nucleation-induced roughness layer thickness is
strates, the best-fitting EMA provides the overall largestrapidly damped to a stable value after50 A bulk layer
roughness layer thickness, which decays from 80 to 60 A fothickness. This behavior is in contrast to the very slow sur-
the uc-Si:H substratgsee Fig. 4 and from 50 to 44 A for face smoothening that occurs over a bulk thickness range of

PHOTON ENERGY (eV)

FIG. 5. Best-fit bulka-Si:H dielectric functions at 200 °C de-

B. Effective medium theories for the coalescence @&f-Si:H
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1000-2000 A for the substrate-induced roughrisse Sec. 15 . | . . T

lIIA). The shorter relaxation time for nucleation-induced a-Si:H/c-Si o EMA e g=1
roughness is likely to arise from shorter in-plane spatial pe- 14 - ° "’L% N
riods for the surface profil&*® The degree of surface :

smoothening during coalescence @5i:H clusters onc-Si A

substrates has been found to correlate closely with the elec- ST i
tronic quality of the resulting materi&?. For example, the

highest efficiency and highest stabilipri-n solar cells are 12 7
obtained under conditions in which-Si:H intrinsic-layer :

growth is performed at the highest possiblg-dilution of 11 L L . . L

SiH, while ensuring that the film does not develop micro- 10 12 14 18 18 20 22
crystallinity. Under precisely these conditions, a maximum SURFACE ROUGHNESS THICKNESS, d, (A)
smoothening effect occurs during coalescence as observed 125 — . | I .

from depositions ort-Si substrate®

Because the bulk-Si:H layer in this second study is very
thin and transmits light to the substrate, the two layer optical \_/
analysis of Sec. Il must be performed. In this analysis, we 120 \A\A__A/a/ ]
must extract(i) the bulk layer dielectric functior,=¢4, &
+ieqy, (i) the time evolution of the bulk layer thickness v
dp(t), and(ii) the time evolution of the surface roughness

layer thicknesddg(t). Because of the additional complexity

of this problem, the volume fraction of void in the roughness O\o\o,/

layer is fixed atf,=0.5. This is the value typically chosen 110 bbb bl L — 1L 1L

for thin roughness layers in the absence of additional infor- 188 190 192 194 196 198 200 202
mation; however, further justification for this choice will BULK LAYER THICKNESS, d, (A)

come from the results of Sec. lllC. FIG. 6. lllustration of the procedure applied to identify the best-

. L .
b Iﬁ Itlme tthllskselectggzaototr)&e 2??, Ct); the”'anaIyS|s .range at ?‘lt bulk layer thicknessl,, and surface roughness layer thickndss
ulk layer thickness ) e ellipsometric spec- in a two layer optical model at a selected time, corresponding to

tra(‘/”A)_ a_re_ an«_alyzed to dedueg W_hiCh is useq in a global d,~200 A during the deposition cd-Si:H on a smoottc-Si sub-
error minimization procedure applied to the time-dependeny ate Here the average biased estimator of the mean square devia-
data set as described in Sec. Il A. In this case, the data usg@, (y) is plotted versus the trial value fak, at fixedd, (top) and
for error minimization were collected over the bulk layer versus the trial value af,, at fixedds (bottom). The fixed values are
thickness range from 0 to 200 A. First, initial guesses areselected as those that minimizg). Five different EMT’s are em-
made for the bulk and surface roughness layer thicknessgsoyed to determine the roughness layer dielectric function in the
dp(t’) anddg(t’), respectively. With these guesses, tile  analysis.
A) spectra at’ are subjected to numerical inversion in order
to generate a trial dielectric function for the baSi:H film. 191 to 199 A, and the deduced surface roughness layer thick-
This trial dielectric function is utilized in a least squares nesses ranges from 13 to 19 A
regression analysis of the time-dependent data set, yielding Figure 7 shows the time evolution of the bulk and surface
dp(t), dg(t), and x(t). As in Sec. llIA, the value of the roughness layer thicknesses, and the quality of the fit during
time-averaged biased estimatg} provides a measure of the the first minute ofa-Si:H growth on thec-Si wafer, obtained
global goodness of the fit and allows one to assess the validy applying each of the five different EMT’s. This figure
ity of the initial guessegdy(t’),ds(t’)}. The values of the shows that the dominant improvement in the fit for the EMA
initial guesses that minimizéy) are assumed to be correct. occurs over the time range of 56-3 . Infact, the improve-
This in turn leads to the correct dielectric function by inver- ment inx over this range is much larger than is indicated by
sion and the correall,(t) and d¢(t) variations, along with the minimum(y) values of Fig. 6. For example, whet,
the 95% confidence limits. =10A andd,=14A, the EMA provides a 20—-30% im-
Figure 6 shows results fdy) obtained in the analysis of provement in fitting over the MG, LL, ang=0 limit and an
a-Si:H growth onc-Si. Data in(y) are shown along two 80% improvement over thg=1 limit. With increasing bulk
orthogonal cuts in the parameter space of the trialayer thickness, however, the improvement provided by the
{dy(t"),ds(t")} values. In this plot, the results for the five EMA becomes much less significant and this reduces the
different EMT's are shown, EMAopen circles MG (open  differences between thg) values.
squarey theq=0 limit (open trianglel LL (filled squares For all EMT’s, the surface roughness characteristics in
and theq=1 limit (filled circles. All results in Fig. 6 show Fig. 7 are parallel. Even though the thickness at which nuclei
well-defined minima that allow one to identify the best make contac{whered, increases above one monolayer or
choice of {d,(t"),ds(t")}, when each EMT is applied in ~2.5 A) ranges from a maximum of 23 A for theg=0 limit
turn. The existence of the minimum allows one to exteagt ~ to @ minimum of 16 A for the LL, the smoothening effect
dp(t), anddg(t). The results of Fig. 6 show that the EMA during coalescence, defined ady(d,=2.5A)—dy(d,
yields the best overall fit to the full data set, with the LL and =50A), is essentially independent of the selected EMT.
MG a close second and third best. Considering the results foFhe time dependences of the bulk layer thickness are parallel
the five EMT's the deduced bulk layer thickness ranges fromas well for all five EMT’s; only three are shown in Fig. 7 for
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0 L= tained at bulk layer thicknesses 8500 A for the Sn@substrate
0 15 30 45 60 and ~200 A for thec-Si substrate. The EMA has been applied in
TIME (s) the optical modeling to determine the sample microstructure.

FIG. 7. Time evolution of the bulk layer thicknedg (bottom), . . . . . .
the surface roughness layer thickneks(centey, and the biased dielectric functions of ultrathin layers are obtained. In this

estimator of the mean square deviatign(top) during the first ~2nalysis, a global error minimization procedure is used in
minute ofa-Si:H growth onc-Si, obtained by applying each of the Which we extracti) the dielectric functiore of the cluster
five different EMT's. In this case, the dielectric function of the cOmponent of the nug:leatlng Iayer,. le., eXC|Ud|D9 the void
surface layer was obtained from the EMT assuming a 0.5/0.5 volcomponent, for the thickness at which the nuclei make con-
ume fraction mixture of bulla-Si:H/void. tact, (ii) the time dependence of the cluster layer thickness
dg(t), and the time dependence of the void volume fraction

clarity. The slightly higher deposition rate in the first 10 s of in the layerf,(t). Very poor sensitivity is expected in deter-
bulk layer growth is attributed to the incorporation of the Mining f, independently due to correlations between this
surface roughness material as part of the bulk material upoR@rameter and.. We also note that. will be different in
smoothening during coalescence. After coalescente (@eneral from the bulk layer dielectric functiony, because
>30s), the deposition rate is constant and independent & the differences in the concentrations of Si-Si and Si-H
the chosen EMT. Figure 8 shows the bahSi:H dielectric bonds within the clusters relative to the concentrations in the
functions at 200 °C deduced using the EMA in the first andbulk film. In fact, measurements of the dielectric function
second EMT assessments for the SifGandc-Si substrates, continuously versus cluster film thickness has allowed us to
respectively. Considering the sensitivity of to the surface  €xtract the optical gap, which provides information on the
correction procedure, the agreement is quite good. In facgvolution of the composition of the clustéfs.

the difference in Fig. 8 can be attributed to errors in the The specific analysis procedure is essentially the same as

deduced surface roughness thickness at the level of less thif#ft of Secs. lll A and 1ll B. We seek a minimum in the error
+0.5 monolayer(+1 A). function (y) for guesses off(t')~0.5 anddg(t’')~20 A

wheret’ is selected to be the time at which the nuclei make
) ] o contact. This contact point is obtained in a preliminary
C. Complete analysis of nucleation and coalescence &Si:H analysis performed on the data set similar to that described in
In a third assessment of the EMT’s, we consider the clusSec. Il B for thec-Si substratgsee Fig. 7. Fits to ellipso-
ter stage ofa-Si:H nucleation when the one layer model of metric spectrd,A) collected fort<t’ are used to establish
Sec. Il is appropriate. This model is expected to be valid irthe time-averaged error functiofy). Figure 9 shows the
the first ~20 A of “surface roughness layer” growttsee  minima identified in the error functiofy) based on orthogo-
Fig. 7 results fod,) prior to the formation of the bulk layer. nal cuts in parameter spadas in Figs. 3 and )6 Well-
For the deposition of this third assessment, howeverciBe  defined minima as a function af; are observed from 16 to
substrate of Sec. Il B is replaced by a metallic Cr substratel7 A using the EMA, MG, and thg=0 limit. Much weaker
With such a substrate, higher sensitivity in the analysis of theninima for f, are observed from 0.48 to 0.50 for the three



10 840 FUJIWARA, KOH, ROVIRA, AND COLLINS PRB 61

1.1

T T T T T T 1-layer  2-layer
a-Si:H/Cr model model
<
o— EMA 25 T T2 .| — T
10 + ds=17 A [ EAA gs=gp (f,=0.5)
(f,=0.50) 20F a'a e &s=6 ({,=0.5)
A —1— MG AEA £ o gg=g¢ (f, free)
koot ds=16 A ] 15h g #
(fy=0.50) = .AQ Py .04% A °
—— =0 1.0 ¢ o 20 9. -
0.8 |- - - are)
ds=16 A g : .
(f,=0.48) 05 a-Si:H/Cr
: EMA
0.7 | 1 l ! 1 1 0.0 A ! [l { |
14 16 18 20 22 24 0 20 — ; . | - 200
9 :
SURFACE ROUGHNESS THICKNESS, d, (A) Uz A 3
0.756 — . . 1096 5o I % SRR 1 &
= 3: — o)
O® : g @
0.754 |- s xZ
- 0.94 035 2%
A A iy = @ I
¥ os2 | v X~ ~
-
w
4092
0.750 |- <
W s
="
0.748 — ! ' L1 0.90 23
0.46 0.48 0.50 0.52 g f
VOID VOLUME FRACTION, f, @] g
e}
. . . . S L i
FIG. 9. lllustration of the procedure applied to identify the best- 02 :
fit nucleating layer thickness; and its void volume fractiofi, in a 00" L ! | !
one layer optical model at a selected time, corresponding to a nucle- 0 15 30 45 60
ating layer thickness of 17 A during the initial growth @Si:H on TIME (s)
a Cr substrate. Here the average biased estimator of the mean . .
square deviatiody) is plotted versus the trial value fak, at fixed FIG. 10. Evolution of the nucleating and surface roughness

f, (top) and versus the trial value df at fixed dg (bottorm). The layer void volume fractiorf, (bottom), the surface roughness and
fixed values are selected as those that mininizeThree different ~ bulk layer thicknesseds anddy, (center; left and right scalgsand
EMT'’s are employed to determine the nucleating layer dielectricthe biased estimator of the mean square deviati¢top) obtained
function. in one and two layer analyses of real-time SE data collected during
the nucleation and growth @fSi:H on Cr. For the open circles, the
o EMA was used to determine the dielectric function of the nucleat-
EMT's. In contrast, no minima versuds or f, could be  j,qand roughness layers, using the dielectric function oftfSH
identified using the LL and=1 limit formulations. Figure 9 cjusters from Fig. 11. In this case, the void volume fractioris a
also shows that the EMA provides a 20—25% overall im-free parameter. For the solid circles, the same EMA approach is
provement in(x) over the MG andy=0 limit, similar to that  used, buff, is fixed at 0.5. For the triangles, the dielectric function
obtained in the early stages afSi:H growth onc-Si in Fig.  of a-Si:H bulk material is used instead of that @fSi:H clusters,
7. andf, is fixed at 0.5.
The results for the best-fit evolution af, f,, and x

using the EMA are given in Fig. 10 as the open circles infrom 0.4 to 0.5 during the coalescence and growth processes.
each one of the panels for the one-layer time regime. For th&hus, the selection df,=0.5 in the analysis of Sec. 1B is
two layer regime, we used an approach similar to that dereasonable.

scribed in Sec. 11l B. In this approach, we focus on the spec- Also shown in Fig. 10 for comparison are the results of
tra collected when the bulk layer thickness~+200 A, and  the full analysis when these two differences are not incorpo-
perform a three parametedy,d,f,) error minimization rated into the analysis. First, the results given by the closed
procedure at this selected time. Two differences are incorpazircles are deduced assumifigis fixed at 0.5 throughout the
rated into the analysis of Fig. 10 compared to the analysis ofne and two layer modeling regimes. Second, the results
Fig. 7 in Sec. llI B. First, the dielectric function of the sur- given by the triangles are deduced assuming thas fixed
face layer is modeled as a mixture @fSi:H and void, but at 0.5 and that the dielectric function of theSi:H compo-
with the dielectric function for the-Si:H component chosen nent in the surface layer is chosen @as=¢,,. The latter
ase, from the analysis of Fig. 9not ¢, as in Fig. 7. Sec-  simplified version of the model is identical to that used to
ond, f, is used as a free parameter in the error minimizatiorgenerate the results of Fig. 7 farSi:H growth on thec-Si
atd,=200A, and it is also used as a free parameter in theubstrate. The incorporation of either one or both simplica-
least squares regression analysis versus time. This becomiésns in the model leads to a significant increase(m) in
possible owing to the higher sensitivity provided by the Crthe first 20 s of the growth process. This behavior demon-
substrate. In Fig. 1@bottom), f, is observed to increase strates that the cluster and surface roughmeSsH compo-
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FIG. 12. Atomic force microscopy image ¥&% um?) for the
final 4300 A-thicka-Si:H film deposited at 200 °C on a microscopi-
T cally rough SnQ:F substrate.

€
I

higher H content in the@-Si:H clusters and surface layer. In

10 . fact, using the correlation obtained for budkSi:H films of
5 i different H contents, the observed increase in gap is consis-
tent with an increase in H content from10 to 25 at. %2
0 20 1 !
2.0 25 3.0 35 4.0

PHOTON ENERGY (eV) D. Correlations with atomic force microscopy

The a-Si:H films prepared onto smootttSi and rough
SnO,:F were studiecex situby AFM in the tapping mode.
Since thea-Si:H surfaces are expected to remain H termi-
nated even for a time after removal from the deposition sys-
tem and possibly during AFM measurement, the tapping
mode was used in order to avoid any modification of the

lines are fits to the Tauc-Lorentz formula for the dielectric functionSurface by a contacted probe tip. Figure 12 shows a

2 ’ . :
of an amorphous semiconductor. The deduced parameters are givgr%(5 pm |mage. for thea.'SI'H on SnQ:F whose f'.nal
for the a-Si‘H cluster dielectric function. roughness layer is 44 A thick, as deduced from real-time SE

with the EMA analysis. The root-mean squdrms) rough-

ness computed from this image was found to be 31 A, sig-
; S ; nificantly lower than the roughness thickness measured from

the case of the nucleating and coalesar8i:H films. If this X o .

feature is not included in the optical model, then the quality][i?]all't;me r?r:z at Ithe ??ﬁi cl)(fndepc;fltrlrc:nr. Fl'gtiL:Tr]e 1;"55203?3 thi

of the fit degrades by-50% for films consisting ofd, diffa;reonutgamifshgzg sen?icoiilsuctgr filrena'ls-obtginedsuginesthoe

=10A andds=15A. This problem also accounts for the P 9

peak iny(t) for the EMA at~6 s in Fig. 7. In the later stage
of growth, i.e., for bulk layers greater than 50 A, this prob-
lem disappears and the quality of the fit depends much less 100 | Ge(SE) = 1.5dmg(AFM) + 4 A
strongly on thea-Si:H component dielectric function used
for the surface roughness layer.

Figure 11 depicts the dielectric functien at 200 °C ob-
tained in the analysis of Fig. 9 using the EMA. Also shown
is the dielectric function of the bulk-Si:H layer deposited
on ¢-Si, as reproduced from Fig. 8. The higher noise level for
the nucleating layer component dielectric function arises be-
cause it was extracted for a 17 A-thick cluster film with a
void volume fraction off,=0.48, whereas the bulk layer
dielectric function was extracted from a 200 A-thick film.

FIG. 11. The dielectric function of the-Si:H clusters ¢
=17 A) deduced from real-time SE data collected duringi:H
nucleation on a Cr substratepen circles These results were ob-
tained in the analysis of Fig. 9 using the EMA. Also shown is the
dielectric function of the bulk layerd,~200 A) for a-Si:H depos-
ited onc-Si as reproduced from Fig. &losed circles The solid

nents exhibit a different dielectric function than the bulk in

T T T T T

80 -

dg (SE) (A)

O This study
O Previous study

. . . . . . 0 | | L L l L
The solid lines in the fl_gure are bes_t fits using the Tauc- 0 10 20 30 40 50 60 70
Lorentz model for the dielectric function of an amorphous 4 (AFM) (A)
semiconductof! The free parameters of this model are given rms

in the inset for thea-Si:H clusters. The parametér is the FIG. 13. Final roughness layer thickness aiSi:H films de-
overall amp”tUdeC is the Lorentz oscillator broade_ning P@- guced from real-time SE measurements using the EMA analysis,
rameter, Eo is the oscillator resonance enerdfig is the  piotted versus the rms roughness deduced fron5:m? atomic
Tauc optical gap, and;¢(=) is the constant contribution to  force microscopy images such as that in Fig. 12. The square data
e1c. For both dielectric functions, excellent fits using this points were obtained in this study, whereas the open circles were
model are obtained. The primary difference between th&btained in a previous study of different amorphous semiconductor
a-Si:H cluster and bulk dielectric functions is the overall 0.2 films. Ford,<40 A the substrates were smoat$i wafers, and for

eV shift to higher energy for the former, attributed to ad,>40A the substrates were microscopically rough SiECilms.
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EMA in the dg\ta analysis, plotted versus the rms roughness-0 limit yield responses paralleling that afSi:H. It would
from 5X5 um” AFM images measuree situ An excellent  seem reasonable that if any one of the latter three responses
linear correlation is observed, and the data of this Stl{derovided a good description of the data, the other two would
(squares follow the same trend as those reported earlieras well. Only small adjustments in roughness layer thickness
(circles.™ The correlation is best fit by the relationstiR  or void fraction would be required to compensate for the
=1.5d,,{AFM)+4 A. o o increasing magnitude of the effective dielectric function in
The slope and intercept in this relationship have reasonge order EMA, MG, andj=0. In fact, the tendency in Fig.
able explanationt’ From an analysis of the AFM bearing 3 for the best-fit void fraction to increase and the roughness
protrusions exist above the upper ambient/roughness intet=g jjustrates this compensation effect.
face and void protrusions exist below the lower roughness/ The analysis of the evolution of substrate-induced surface
bulk interface, both at the level of 5—7% of the total V°|Umeroughness on an opaque film can narrow the range of pos-
of the optically deduced roughness qu_er. This simply meangjpje EMT's to the EMA, MG, and thg=0 limit. Analysis
that the SE measurement is insensitive to the presence gf the nucleation-induced roughness for the 20Ga-&i:H
protrusions at this concentration level. The nonzero imerceﬂﬂeposited orc-Si provides stronger support for the EMA.
on the other hand, may have two explanations. First, it Maw|though all EMT formulations yield minimundy) values
represent the amplitude of roughness components below thgat are within~10% of one another, in the initial stages of
spatial resolution of AFM. Alternatively, th4 A intercept growth, i.e., ford,<50A, the EMA provides as much as a
may represent the thickness of a more heavily hydrogenatesyo, improvement over the best alternative, which is ghe
surface layer t.ha't is mterpret_ed as roqghness by SE becausey |imit. In the later stages of growth, the dielectric nature
of its lower Si-Si bond packing density, but not byAAFM of the LL andg=1 surface roughness responses can be com-
because of its apparent homogeneity on the 50-100 A laterglsnsated by erroneous increases in the bulk layer thicknesses
resolution scale of the microscope. Evidence for such a Iaye(5y 2-3 A. Thus, in this regime all EMT formulations can

also appears in the measured dielectric function for theyroyide satisfactory fits, and the larger data set here has a

a-Si:H clusters in Sec. Il C. tendency to suppress the differences(in arising in the
initial stage of growth.
IV. DISCUSSION The nucleation o0&-Si:H on Cr provides additional defini-

tive evidence of the superiority of the EMA. The reason for

An important observation from the analyses of Figs. 3, 6this is that the Cr substrate provides strong optical contrast to
and 9 is the consistent improvement in fitting provided bythe nucleating layer, and thus high sensitivity to the cluster
the EMA over the other one-parameter EMT’s for each ofdielectric function in the initial stages of growth. As noted in
the applications in which EMT’s are traditionally used. Sec. 11I(C) the EMA provides an average 20—25% improve-
These applications include nucleating layers consisting ofnent in(y) over the MG andy=0 limit for reasonable best-
discontinuous clusters and surface roughness layers inducéd values of f, in the range of 0.48 to 0.50. In this data
either by nucleation or by underlying substrate surfaceanalysis problem, the differing magnitudes of the composite
roughness. In general, the excellent correlation between thgielectric functions of Fig. 1 are compensated by different
roughness layer thickness from real-time SE and AFM indeduced dielectric functions for tha-Si:H clusters. The
Fig. 13 supports the validity of an EMT analysis approach insimilarity of the shapes af, andsy, in Fig. 11, together with
which the rough surface region is replaced by a layer havinghe fact thate, can be closely fit using the Tauc-Lorentz
an effective dielectric function. The lack of SE-AFM corre- model, provide support for the validity of the EMA analysis
lations along with the poorer fits for the LL amg=1 limitof ~ of Fig. 9. The Tauc-Lorentz model is one of the simplest
the EMT are sufficient to rule out these formulations. TheKramers-Kronig consistent descriptions found to fit the di-
correlation of Fig. 13, however, cannot be used to supporélectric functions of a wide variety of amorphous
the EMA over the MG andj=0 limit of the EMT, owingto  semiconductoré’ In addition, the higher H content in the
the uncertainties in the slope and intercept of the correlatiomucleating layer component, as deduced from the shift to
For example, similarly good correlations as in Fig. 13 can behigher energies in the dielectric response and optical gap, is
obtained for the MG and thg=0 limit, but the slope and qualitatively consistent with several studies basedrositu
intercept are observed to decrease and increase, respectivahfrared reflectance and SE measurementa-8i:H nucle-
in the order EMA, MG,q=0. In the next three paragraphs, ation and growt{>=>! In fact, recent quantitative real time
we discuss the results and relative sensitivities of our threifrared reflectance measurements of 16 A-thae®i:H clus-
different EMT assessments of Secs. Il A-I1lIC. ter films onc-Si substrates show a total H content-eR5

For substrate-induced surface roughness evolving on aat. %, in comparison with 10 at. % for the budkSi:H.5* This
opaque bulk film, as analyzed in Figs. 3-5, the LL apd result is in agreement with our interpretation of Fig. 11 and
=1 limit of the EMT can be ruled out whereas the threesuggests that the shift in the dielectric function and optical
other simple EMT’s, namely the EMA, MG, and tl(g=0  gap to higher energy for the clusters can be fully accounted
limit all provide relatively good descriptions of the data with for by the increase in H content. Finally, the agreement be-
minima in(y) differing by no more than-3%. The origin of tween optical and infrared spectroscopic measurements of
this behavior can be understood on the basis of Fig. 1, whereluster composition provide additional support for a model
it can be seen that the LL EMT and tle=1 limit yield of the discontinuous clusters in terms of a discrete layer in
dielectriclike responses for the microscopic mixture that dewhich the Fresnel boundary conditions are applied at the
fines the roughness layer. In contrast, the EMA, MG, gnd layer interfaces.
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Next, we discuss the significance of the best-fit volumespectra differ by no more than the random and systematic
fractions used in the EMA. Faa-Si:H films ranging in bulk  experimental errors. As a result, it is not fruitful to consider
layer thickness from 10 to 200 A, the best-fit void volume more sophisticated multiparameter EMT’s since a simple
fractions in the nucleation-induced roughness range from 0.@ne-parameter version is sufficient to explain the full real
to 0.5. In contrast, for thiclk-Si:H layers, the best-fit void time SE data sets and yield an excellent linear correlation
volume fractions in the substrate-induced roughness are coMth AFM. Reassessments of the one-parameter EMT’s may
siderably lower, 0.30 to 0.35. Although AFM measurements?® warranted in the future as instrumentation for real-time
have revealed no significant differences in the shape or sym2E Improves 9 yield higher precision or accuracy, or a wider
metry of the bearing ratio between nucleation-induced angPectral ranges
substrate-induced roughness, the AFM measurement is not
definitive since it may not dgtect t.he deepest voids in the V. SUMMARY
surface structure whose spatial periods are the shortest. Two
differences in the nature of the nucleation-induced and In numerous spectroscopic ellipsometi$E) studies of
substrate-induced roughness layers may account for the difemiconductor and metallic materials and thin films, the
ferent void volume fractions. First, AFM does indicate dif- single-parameter Brugggeman effective medium approxima-
ferences in the aspect ratio of the roughness for thinnetion (EMA) has been used in data analysis for the character-
nucleation-induced roughnes40-15 A and the much ization of sample properti€€. This reliance on the EMA
thicker substrate-induced roughne@9-80 A. The latter stems from work by Aspnest al. performed two decades
has a larger in-plane to out-of-plane feature size ratio. Th@go in which rough amorphous silicon thin film surfaces
stronger dielectric function magnitude for the thicker were characterized by SE Since this original work, further
substrate-induced roughness may reflect this difference in agssessments of the suitability of the different effective me-
pect ratio. Alternatively, for the thinner nucleation-induceddium theories have been rare. In the present study, we have
roughness layer€10—15 A), a significant component of the exploited the more recent advances in real time SE instru-
roughness may be due to an incompletely-crosslirk&tH  mentation to revisit this problem with much larger data sets,
layer in contact with the plasmi@.Such a transition layer is collected during the evolution of inhomogeneous layers. We
estimated to be-4—5 A thick, and its effect may lead to the have considered three types of hydrogenated amorphous sili-
higher void fraction for the nucleation-induced roughnesscon (a-Si:H) layers: (i) two opaque layer§>2500 A thick
layer. Changes in the geometry of the roughness and then microcrystalline Sn@F and Si:H with substrate-induced
nature of the transition layer may also account for theroughness ranging from 40 to 80 A in thicknegs) a very
gradual increase ifi, during coalescence in Fig. 10 from 0.4 thin layer (5—-200 A on ac-Si substrate with nucleation-
at the onset of bulk layer growth to 0.5 @=100A. induced roughness ranging from 10 to 20 A in thickness, and

We also comment on the extent to which microstructural(iii) a nucleating layer on a Cr substrate described by clusters
analysis by SE is model dependent. Such a claim can b to 20 A in thickness. One- and two-layer optical models
made because the extraction of the microstructural paranwere used for the-Si:H films in which case the nucleating
eters and optical properties relies on the assumption of aar surface roughness layers were simulated as single layers
effective medium model of uncertain validity. In the analysisconsisting of mixtures o&-Si:H and void. Five different
of SE data to obtain the sample structure and optical propelene-parameter EMT’s were employed to calculate the dielec-
ties simultaneously, it is often difficult to overcome the cor-tric functions of these mixtures from component material
relations that prevent one from identifying the correct EMT dielectric functions and their volume fractions.
formulation, particularly with a limited data set. The present In all cases, the prior result of Ref. 15 has been reaf-
study, however, has shown that several important filmfirmed, namely the EMA was found to provide the best de-
growth features of scientific and technological interest arescription for all sets of data, consisting of as few as 8 and as
essentially independent of the chosen EMT. First, the generahany as 200 pairs ofy, A) spectra(2.48 to 4.00 eV col-
features of the substrate-induced surface roughness decayd@eted during materials preparation. For the surface rough-
Fig. 4 are not dependent on the selected EMT. Second, theess on opaqua-Si:H, theq=1 limit and LL EMT formu-
gualitative nucleation and coalescence sequence exhibited fgtions provided unacceptable results whereas the data could
ds in Fig. 7 is the same for all EMT’s. Third, and more be acceptably described by the EMA, MG, and te 0
importantly, the magnitude of the smoothening effect duringimit formulations. For the nucleation and growth @fSi:H
coalescence that provides insights into the electronic qualitgn c-Si and Cr, the EMA was much more strongly favored
of the resultinga-Si:H film*>*®lies within a range of=1 A over the other formulations. Measures of surface roughness
for all EMT's. Lastly, the bulk layer deposition rate in Fig. 7 by atomic force microscopy and by SE analysis with the
is also independent of the EMT formulation. As a result, weEMA yield an excellent linear correlation over the range
conclude that the real-time SE features related to materidfom ~5 to 100 A in the SE-deduced roughness layer thick-
guality assessment and device design are not significantlyesses. This result provides support for the validity of the
model dependent. general SE-modeling approach in which surface roughness is

Finally, the present study has shown that when the onetreated as a discrete layer with effective optical properties,
and two-layer models for film nucleation and growth areand the lack of such a correlation for two of the five EMT
used along with the EMA to simulate the dielectric functionsformulations(LL and q=1) provide further support for rul-
of the nucleating and roughness layeysemains near unity ing these out. A final important result of this paper is the
and shows no significant increases with time. This demonebservation that many of the quantitative features used to
strates that the experimental spectra and the best fits to theskaracterize the nucleation, coalescence, and growth of
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a-Si:H on smooth substrates for assessment of material suit-
ability for devices are virtually insensitive to the choice of

the EMT from theg=0 to 1 limits. This result demonstrates
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