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The nucleation of thin-film amorphous silicon (a-Si), sputter deposited on oxidized c-Si, is investigated

by real-time spectroscopic e!lipsometry from 1.5 to 4.5 eV with a resolution of 3 s and a repetition period
of 15 s. Analysis of real-time spectra provides unprecedented sensitivity and quantitative information on

the microstructural evolution. Under preparation conditions resulting in a-Si of the highest bulk Si-Si
bond-packing density, an abrupt transition representing the onset of bulk film growth can be identified
unambiguously when nuclei reach a thickness of 13+' 1 A.

PACS numbers: 68.55.Jk, 07.60.Fs, 78.65.Gb, 81.15.Cd

Thin films prepared by vapor deposition have
numerous applications which demand precise control
over microstructural, electronic, and optical properties.
Empirical classification schemes for thin-film morpholo-

gy have been developed to provide insights into relation-
ships between the preparation parameters and resulting
properties. ' Continuum, molecular-dynamics, Monte
Carlo, and ballistic aggregation computational tech-
niques have also been applied to model film growth and
to elucidate the physical principles that underlie the ob-
served morphological development.

In early studies of amorphous Si (a-Si), micro-
structural features as small as 10 A have been revealed
in relatively thick () 100 A), porous films by electron
microscopy, ' but reports of nucleation-related morphol-

ogy in ultrathin films are not available owing to inade-
quate sensitivity. Scanning tunneling microscopy can
provide such information, but is difficult to perform on

poorly conducting a-Si. ' In any event, real-time probes
capable of application in adverse environments are desir-
able in order to deduce continuous, quantitative informa-
tion and to make connection with film-growth simula-
tions. Motivated by this goal, real-time spectroscopic el-
lipsometry (SE) from the near infrared to near ultravio-
let has been developed. '

We have chosen pure a-Si for our first study of thin-
film nucleation for a number of reasons. (1) The
Bruggeman eAective-medium approximation has been
applied successfully to calculate the dielectric function of
density-deficient a-Si, using mixtures of dense material
and void. ' (2) Dielectric functions from a number of la-
boratories agree closely once bond-packing density varia-
tions are considered. ' (3) Size efl'ects which influence
the optical functions of crystalline thin films are expected
to be small for a-Si. (4) Amorphous films grow uni-

formly in comparison to polycrystalline or microcrystal-
line materials as demonstrated by single-photon-energy
ellipsometry' and electron microscopy of multilayers. '

Thus, our experimental sensitivity is pushed to the limit,
in a situation where conventional probes have failed to

detect nucleation.
Single-photon-energy ellipsometry has been used ex-

tensively to study a-Si(:H) growth' ' " but the data
are often difficult to interpret. A geometrical model is
usually assumed, and fits to the pseudodielectric function
trajectory, swept out as a function of time during film

growth, provide model parameters such as the initial nu-

clei spacing. There is no redundant information avail-
able to check the uniqueness of the model. In a spectro-
scopic measurement, however, each full pair of pseudo-
dielectric function spectra can be interpreted indepen-
dently by linear regression analysis (LRA) to deduce
photon-energy-independent structural parameters, void
volume fractions and thicknesses, and their confidence
limits. ' Thus, uniqueness can be assessed and geornetri-
cal information can be established a posteriori,

In this study, a-Si was dc magnetron sputtered onto
c-Si substrates with intact 20-25-A native oxides. The
target-substrate spacing was 13.9 cm, and the base pres-
sure was 1.3x10 Pa. For films with the highest Si-Si
bond-packing density, the substrate temperature and
operating Ar pressure were 300'C and 6.7X10 - Pa.
The sputtering power could be varied from 5 to 50 W,
resulting in time-averaged deposition rates from 1.83 to
9.16 A/min, without influencing the nucleation features
discussed below. The film is optically accessible through
chamber windows, aligned for a 70' angle of incidence.

Real-time data were collected with a rotating-po-
larizer-type ellipsometer which employs multichannel
detection for a 1.49-4.64-eV spectral range. '' A 116-
point pair of spectra, fy(hv), A(hv)), can be obtained in
40 ms, corresponding to an optical period. Here y and h,

are given by r~/r, = tantitexp—(iA), where r~ and r, are the
complex amplitude reflection coeScients. ' To improve
the signal-to-noise ratio and achieve monolayer sensitivi-
ty, eighty periods were averaged for an acquisition time
of 3.2 s. In this time, the average a-Si accumulation is
0.098 A at 5 W. Complete lilt(hv), h(hv)j were ob-
tained every 14.5 s, corresponding to 0.44 A at 5 W.

Figure 1 shows raw pseudodielectric function data,
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F IG. 1. Pseudodielectric function obtained during the
growth of a-Si on c-Si.

I(sj (h v)), (s2(h v))I, for a-Si growth at 300'C, 6.7
x10 2 Pa, and 5 W, calculated from fy(hv), A(hv)1 us-

ing the Fresnel equations for a single interface. ' The
actual dielectric function for bulk a-Si at 300'C must be
determined in order to apply LRA to the raw data and
deduce photon-energy-independent parameters that
characterize the morphological development. ' As a re-
sult, another film was prepared under conditions that
maximize Si-Si bond-packing density, was cooled from
its deposition temperature to 25 C, and measured. The
results were interpreted by LRA using the well-known
a-Si dielectric function at 25'C, '

applying a two-layer
(roughness/bulk) model with variable Si-Si bond-
packing densities for the layers (relative to the refer-
ence). From the deduced thicknesses and the surface-
layer bond-packing density, {(sj(h v)), (e2(h v)) I at
300 C were inverted to obtain the desired bulk dielectric
function.

We applied the 300'C bulk dielectric function in

one-layer and two-layer models for the a-Si film of Fig. 1

in order to interpret f(ej(hv)), (e2(hv))j in the first 30
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I
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FIG. 2. Unbiased estimator of the mean-square deviation a
obtained in a LRA fit of the data of Fig. 1 for one-layer and
iwo-layer (roughness/bulk) models. Inset: Parameters ob-
tained from the one-layer model, appropriate for times less
than the vertical lines. Error bars denote selected 90%-
confidence limits.

min. For the one-layer model, the free parameters were
the a-Si film thickness and the Si-Si bond-packing densi-

ty (relative to the bulk). The initial two-layer model
simulated a (surface roughness)/(bulk) structure with
three independent parameters, the roughness and bulk
layer thicknesses and the roughness-layer bond-packing
density. Because a nearly constant value of 0.47 was ob-
tained versus time for the latter, it was fixed in subse-
quent analyses. Figure 2 provides a measure of the qual-
ity (0) of the LRA best fits for the two models. ' For
times greater than -5-6 min inclusion of the second
layer provides a definite improvement, whereas for ear-
lier times the data cannot support a two-layer model.
The low a value throughout the data set attests to the
validity of a simple model which includes a transition
from one to two layers.

The inset in Fig. 2 depicts the parameters of the one-
layer model in the first 6 min. The substrate coverage in

the first monolayer is -40%, and a weak linear
densification trend occurs in the first 15 A. The results
for thickness over this range imply a linear increase in

deposited mass versus time. Figure 3 includes the two-
layer model parameters over the —30-min deposition
time. An abrupt transition in the growth of the low-

density layer is evident at 5.5 min. Before the transition,
this layer is rapidly increasing and is identical in thick-
ness (within 0.2 A) to the nucleating film in Fig. 2
(inset). After 5.5 min, this layer is only gradually in-

creasing, and represents a true surface layer atop the
bulk film. The transition from nuclei growth to bulk film

growth occurs over an interval of & 1.5 min or (3 A.
At the transition, the bulk film is 2.5 A, which is inter-
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FIG. 3. Evolution of a-Si surface roughness and bulk layer
thicknesses for the deposition and two-layer model of Figs. 1

and 2. The 90%-confidence limits are smaller than the radii of
the data points.

FIG. 4. Pseudodielectric function trajectories at 3.0 eV for
a-Si depositions (300'C, 50 W) at diFerent Ar pressures.
Mean free paths for Ar at room temperature range from 11 to
3 cm for pressures from 0.067 to 0.27 Pa.

preted as the monolayer thickness; below the transition,
the bulk film is unphysical, being submonolayer. There-
fore the conclusion of Fig. 2 is corroborated: The two-
layer model is an overinterpretation of the data for
t & 5.5 min. After -8-9 min the bulk film thickness is
a linear function of time, extrapolating to zero at the
transition (broken line). All these features have been
observed reproducibly in two other depositions at 50 W.

The slope discontinuity in Fig. 3 indicates that the
transition to bulk film growth occurs over a thickness in-
crease of just one monolayer, suggesting abrupt
densification when nuclei reach a critical thickness of 13
A. Just prior to complete coverage, the average bond-
packing density through the film is -50%. We do not
call this phenomenon "coalescence" because the earliest
growth morphology remains on the film surface and does
not decay when the bulk a-Si monolayer is completed. If
the in-plane and out-of-plane scales of the initial growth
clusters are roughly equal, then continuum models of
film growth would suggest a surface diffusion length of
& 13 A for Si precursors on a-Si because the surface

roughness after the transition gradually increases in
thickness (see Fig. 3; t ) 5.5 min).

For a-Si:H prepared on c-Si at 250'C by plasma
chemical-vapor deposition (CVD) from SiH4, single-
photon-energy ellipsornetry has revealed an abrupt
feature in the pseudodielectric function trajectory, ' but
it was difticult to ascribe it uniquely to a specific micro-
structural event. Surface smoothening was proposed,
and the overall results suggested that morphology in-
duced by 40-50-A nuclei decay to a 6-A surface rough-
ness layer —true coalescence behavior. ' A surface
diffusion length of -80 A was estimated from these re-
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suits. Two possible models explain the differences in nu-
cleation scale for sputtered a-Si and plasma CVD a-
Si:H. Within a homogeneous nucleation model, the
higher surface diffusion length in plasma CVD may lead
to a lower density of critical-size nuclei. Within a
heterogeneous model, the higher impact energy in

sputtering may generate a higher density of nucleation
sites. Further work is required to distinguish between
these possibilities.

The data of Figs. 2 (inset) and 3 can be converted to
mass thickness, or the thickness of the equivalent mass of
bulk a-Si, versus time. The results indicate that the rate
of mass thickness increase is 28% less during nucleation
than after bulk film growth. From a coverage factor of
-40%, we find that the eff'ective sticking coefficien of
impinging Si on the native Si02 is at least 50% less than
that on a-Si. Presumably this leads to clustering on an
in-plane scale greater than the Si diffusion length on a-Si
and to an eventual enhancement of the microstructure.

Results for depositions at 300+ 5 C and 50 W under
different Ar pressures, presented in Fig. 4 as 3.0-eV tra-
jectories, demonstrate that the formation of the full-
coverage, bulk a-Si layer in the early growth stages is
driven by adatom surface mobility. Analysis of the
lowest-pressure data gives behavior identical to that in

Figs. 2 and 3 despite a higher deposition rate. The
abrupt slope change in the 0.067-Pa trajectory at
((s~),(s2)) =(27, 15) identifies the transition to bulk film
growth. In analyzing the full spectra for the two higher
pressures, we found that the two-layer o. increases well
above its initial value over time, showing that a bulk den-
sity monolayer is never generated and that the film
bond-packing density is graded without a sharp interface
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between surface and bulk layers. It is clear then that the
columnar film morphology well documented in the
classification schemes originates from microstructure
developed within the first atomic layers.

To summarize, real-time spectroscopic ellipsometry
from 1.5 to 4.5 eV has been applied for quantitative
analysis of sputtered a-Si film microstructure in the ini-
tial nucleation stage. For deposition conditions that lead
to material of the highest Si-Si bond-packing density, an
abrupt transition from the growth of nuclei to the growth
of a bulk film occurs after the nuclei reach 13 A. The
transition is observed in three features of the data
analysis, which was performed using one- and two-layer
models. This transition reflects the formation of a bulk
monolayer at the substrate interface and is not observed
when the incident species are thermalized and impact the
substrate at lower energies.
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