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The incorporation of nanosized voids during hydrogenated amorphous silicon film growth is studied
by measurements of the film mass density and the hydrogen present at the void surfaces. The
observed dependence of the density of nanosized voids on the growth flux and substrate temperature
is explained in terms of a surface-diffusion-controlled void incorporation model. From this analysis,
an activation energy for surface diffusion in the range of 0.77–1.05 eV has been found, a value
which is in agreement with the activation energy obtained from the analysis of the surface roughness
evolution during growth in a previous study. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1853508g

Nanosized voids are important in the morphology of op-
toelectronic materials as these voids are related to electronic
defects, while they also enhance optical losses. The void-
related properties have therefore negative effects on the per-
formance of these materials in devices such as solar cells1

and photonic waveguide structures.2,3 Since the incorpora-
tion of nanosized voids depends on the growth technique
employed, a good understanding of the film growth mecha-
nism and more specifically the incorporation of these nano-
sized voids is essential for manufacturing improved device
structures. A possible incorporation mechanism of nanosized
voids has been revealed by two-dimensional molecular dy-
namic sMDd simulations in which it was observed that sur-
face valleys or film roughness can finally evolve into nano-
sized voids in the bulk during film growth.4,5 This
incorporation mechanism of nanosized voids is illustrated
schematically in Fig. 1. The main outcome of the MD studies
is that void incorporation is controlled by the competition
between the diffusivity of surface species and the arrival rate
of the growth precursor at the surface. The importance of
these observations will be demonstrated by the growth of
hydrogenated amorphous siliconsa-Si:Hd for which typical
nanosized voids with a diameter of approximately 4 nm6,7

scorresponding to.103 “missing” silicon atomsd have been
reported. The void surfaces are covered by silicon-hydride
species.8 In this letter we will report on the study of the void
incorporation duringa-Si:H growth and its dependence on
substrate temperatureT and growth flux. In close analogy
with the aforementioned MD calculations,4,5 the experimen-
tal results will be analyzed by a model based upon the com-
petition between surface diffusion and growth flux.

Thea-Si:H films have been deposited using the expand-
ing thermal plasma deposition technique9 under conditions
where the SiH3 radical is the key growth precursor. This
growth can be considered as purely chemical in nature, i.e.,
the surface processes control the growth process in the ab-
sence of high-energy ion-bombardment. The growth of
a-Si:H under these conditions is well characterized in previ-
ous studies, which have revealed theT-independent SiH3

surface reaction probability and theT-dependent surface hy-
dride composition.10 Furthermore, the existence of a ther-
mally activated surface diffusion process duringa-Si:H
growth has been proven under these conditions by the study
of the T dependence of the scaling behavior of the surface
roughness evolution during film growth.11 An activation en-
ergy of the surface diffusion process of,1.0 eV has been
found.11 The mechanism of surface diffusion and/or the mo-
bile surface species or features have not been identified.

Two methods have been employed to study nanosized
void incorporation duringa-Si:H growth. In the first method
the hydrogen at void surfaces has been used as a measure of
the void density. The silicon hydrides Si-Hx sx=1 or 2d at
void surfaces has been determined by means of the high
stretching modesHSM, 2070–2100 cm−1d in infrared spec-
troscopy data as described in Ref. 8. For a hydrogen content
cH.14 at. %, hydrogen is dominantly located on void sur-
faces, whereas forcH,14 at. % hydrogen resides predomi-
nantly in divacancies as monohydrides, which contribute to
the low stretching modesLSM, 1980–2010 cm−1 in the in-
frared spectrumd. In the second method the void fraction has
been determined from the film mass deficiency defined as
fm=s1−ra-Si:H/ra-Sid with ra-Si:H and ra-Si the mass density
of a-Si:H anda-Si, respectively, as discussed in Ref. 8. The
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FIG. 1. Schematic two-dimensional representation of an amorphous surface
during deposition at timest0 and t0+Dt. The atoms deposited in the period
Dt are indicated as solid dots. A valley is incorporated as a nano-sized void
in the period Dt by overhangs that overgrow. The nano-sized voids in
a-Si:H are typically 4 nm in diameter corresponding to approximately
.103 missing silicon atoms.
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ra-Si:H is obtained from the Clausius–Mossoti relation8,12 us-
ing the infrared spectroscopy data. Sincefm includes the va-
cancy fractionfvac as well, we define the void fraction as
fvoid= fm− fvac. For compact film growth we findfvac
,0.015, in line with the reported values offvac=0.01–0.03
using other deposition methods and which have no HSM
signature.7

The void fraction has been studied for a large set of
samples, by varying the deposition rateRd from 2 up to
120 Å/s and theT from 100 up to 500 °C resulting in five
mass growth fluxesGa-Si:H=0.045, 0.11, 0.48, 1.5, and
2.7 mg cm−2 s−1, which are found to be independent ofT.13

Both the hydrogen contentcHSM contributing to HSM and
fvoid as a function of the substrate temperature are shown in
Fig. 2. Both parameters show that at high temperatures al-
most no voids are incorporated in the material. In these com-
pact films, H resides mainly at divacancies.8 A critical tem-
peratureTc can be defined, above which the growth can be
considered as compact. TheTc has been determined for the
five different mass growth fluxes and the results are shown in
an Arrhenius-type plot ofGa-Si:H vs Tc in Fig. 3. The Tc
increases for increasingGa-Si:H reflecting that a higherTc is
required at higher growth rates. The relation between both
parameters corresponds to an Arrhenius dependence and the
slope in Fig. 3 can be regarded as a measure of the activation
energy of the process responsible for the void incorporation.

A hypothesis that can explain Fig. 3 and which is in
agreement with the void incorporation observed in the MD
calculations4,5 is that surface diffusion is the process that
controls the incorporation of voids during film growth. A
similar incorporation mechanism has been suggested by
Thornton14 to describe the void incorporation in metallic
films deposited by sputtering inT/Tm,0.3 range, withTm
the metal melting point. In other words forTsub.Tc the dif-
fusion is effective, valleysswhen generatedd are filled and

less or no voids are incorporated, whereas if the diffusion is
ineffectivesTsub,Tcd voids can be incorporatedscf. Fig. 1d.
Tc can be considered as a measure of the activation of the
surface diffusion at a certain growth flux. The dependence in
Fig. 3 therefore implies that the surface diffusion process is
thermally activated. In analogy with the MD simulations,
this means that two competitive time scales determineTc:
one time scale related to the surface diffusiontD and one
time scale related to the arrival rate of the growing species
tR, with tR the characteristic time to grow one monolayer
with thickness tm: tR= tm/Rd= tmra-Si:H/Ga-Si:H with Ga-Si:H
the mass growth flux. The time scale for diffusion istD
=La

2/D, with D=D0 exps−Edif /kTd the diffusion coefficient
of the diffusing surface species, and withLa the lateral dif-
fusion length. At the critical temperatureTc we assume that
the two time scales are equal, which result in

Ga-Si:H =
D0tmra-Si:H

La
2 expS−

Edif

kTc
D . s1d

The lateral diffusion lengthLa in Eq. s1d also depends on
both Ga-Si:H andTsub. Das Sarmaet al.15 showed that in gen-
eral the diffusion lengthLa scales withD and the growth flux
G sfor a-Si:H growthG=Ga-Si:Hd according toLa=asD /Gdg

for compact solid on solid growth, wherea is a constant and
g a scaling exponent which can have the values 1/6øg
ø1/4 for surface diffusion on a two-dimensional surface.15

Note that on the basis of this scalingLa is much more weakly
activated thanD. Substitution ofLa in Eq. s1d results in an
Arrhenius-type relation:

Ga-Si:H = D0S tmra-Si:H

a2 D1/s1−2gd

expS−
Edif

kTc
D . s2d

If we apply Eq.s2d exclusively to the data based upon the
cHSM or fvoid results we obtain an activation energy for dif-
fusion of Edif =0.77±0.11 eV andEdif =1.05±0.13 eV, re-
spectively, whereas if we apply Eq.s2d to both data sets in
Fig. 3, we obtainEdif =0.85±0.11 eV.

The value range of the activation energy for surface dif-
fusion found, which is within the range 0.77–1.05 eV, is
very close to the,1.0 eV activation energy found from the
temperature-dependent scaling of the roughness evolution
under the same deposition conditions.11 Since the proposed

FIG. 2. sad The hydrogen content at nano-sized void surfacescHSM and sbd
the void fraction fvoid= fm− fvac vs the substrate temperatureT. Data are
given for five mass growth fluxesf0.049mg cm−2 s−1 shd, 0.11mg cm−2 s−1

sPd, 0.48mg cm−2 s−1 snd, 1.5 mg cm−2 s−1 s.d and 2.7mg cm−2 s−1 sLdg
while fvac=0.015. The lines are fits from which the critical temperatureTc is
deduced from the intercept with the temperature axis.

FIG. 3. The mass growth fluxGa-Si:H vs 1000/Tc, with Tc the critical tem-
perature as determined fromcHSM sPd and fvoid shd in Fig. 2. The lines
represent fits of Eq.s2d on the HSM datasdotted lined, fvoid data sdashed
lined, and the combination of the HSM andfvoid data ssolid lined, respec-
tively. The activation energies obtained areEdif =0.77±0.11 eV, Edif

=1.05±0.13 eV, andEdif =0.85±0.11 eV, respectively.
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model that void incorporation is controlled by diffusion re-
sults indeed in an activation energy that matches with the
activation energy of the surface diffusion and since the
model is in line with the void incorporation mechanism as
observed in MD calculations,4,5 we conclude that the void
incorporation is surface diffusion controlled.

Another study has also reported the empirical value of
an activation energy for surface diffusion ona-Si:H
surface.16 Bray et al. found a lower activation energy of
0.2 eV by means of the temperature dependence ofLa

2, with
La deduced from surface morphology scans measured by
atomic force microscopy. Note that this activation energy of
La

2 is an underestimation of the activation ofD, due to the
scaling relation between both parametersLa,sD /Gdg15 as
mentioned earlier. Furthermore, Bray’s results are hard to
compare with the activation energy for diffusion found in
this letter since in contrast to the deposition conditions used
by Bray et al.16 our deposition conditions are without high
ion bombardment and therefore any ion bombardment in-
duced enhancement of surface diffusion is absent.17

The relatively “high” activation energy values
s,1.0 eVd found are intriguing in the sense that it contra-
dicts the hypothesis, often proposed ina-Si:H literature, that
the a-Si:H surface diffusion is controlled by weakly ad-
sorbed radicals.16,18–21 The activation energies found
s0.77–1.05 eVd imply that the surface diffusing species dur-
ing a-Si:H growth may be chemical bounded or that for an
unknown reason the energy barrier to a diffusional state on
an amorphous surface is higher.

The fit in Fig. 3 also provides a prefactorG0
=D0stmra-Si:H/a2d1/s1−2gd, from which the absolute value for
the lateral diffusion length atT=Tc can be estimated. Using
La=asD /Ga-Si:Hdg=asD0/G0dg we can substitute outa and
get

La = SD0tmra-Si:H

G0
D1/2

. s3d

From Fig. 3 we obtain a prefactorG0 on the order of
104–106 mg cm−2 s−1. The prefactor of the diffusion coeffi-
cient is estimated byD0=L2/thop, with L the lattice site
distances,tmd andthop the “hopping time”s,h/2kTcd. Ap-
plying Eq. s3d on the experimentally determinedG0 value
and the assumedD0 value, we find that the lateral diffusion
lengthLa is in the range of 20–200 nm atTc=250 °C, im-
plying about 500–5000 hops for random walk diffusion. The
found La is roughly related with the averaged distance be-
tween the valleysLv, which ends up as voids in the material.
If we assume that the voids have a typical diameter of 4 nm
and usecHSM<1 at. % H atT=Tc ssee Fig. 2d, we can esti-
mated thatLv,22 nm, a value on the same order as theLa
values obtained.

Above Tc scH,14 at. %d compact films are grown in
which the hydrogen resides predominantly in divacancies.8

Therefore we would like to stress that the hydrogen incorpo-
ration of compact films is only ruled by the vacancy incor-
poration mechanism, whereas the hydrogen incorporation be-
low Tc is ruled by both the void and vacancy incorporation

mechanism. It is noteworthy that most hydrogen incorpora-
tion models are based upon random incorporation of Si–H
bonds in the matrix,21,22 and therefore not in agreement with
the observation that H is located at vacancies or voids.8

In summary, in this letter we have demonstrated that
nanosized voids are incorporated in the absence of sufficient
surface diffusion during SiH3 dominateda-Si:H growth with
negligible surface ion bombardment. The void incorporation
is explained in terms of a model in which the surface diffu-
sion competes with growth flux. This model has been applied
to the observed dependence of the void fraction on growth
flux Ga-Si:H andT and an activation energy for surface diffu-
sion of 0.77–1.05 eV is deduced, a value in agreement with
previous results from Ref. 11.
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