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Surface-diffusion-controlled incorporation of nanosized voids during
hydrogenated amorphous silicon film growth
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Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands
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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. Z)05 American Institute of Physics

[DOI: 10.1063/1.1853508

Nanosized voids are important in the morphology of op-surface reaction probability and tAiedependent surface hy-
toelectronic materials as these voids are related to electroniride compositiorjr.0 Furthermore, the existence of a ther-
defects, while they also enhance optical losses. The voidnally activated surface diffusion process duriagSi:H
related properties have therefore negative effects on the pegrowth has been proven under these conditions by the study
formance of these materials in devices such as solar'cell®f the T dependence of the scaling behavior of the surface
and photonic waveguide structufelSince the incorpora- roughness evolution during film growthAn activation en-
tion of nanosized voids depends on the growth techniquergy of the surface diffusion process of1.0 eV has been
employed, a good understanding of the film growth mechafound: ! The mechanism of surface diffusion and/or the mo-
nism and more specifically the incorporation of these nanobile surface species or features have not been identified.
sized voids is essential for manufacturing improved device Two methods have been employed to study nanosized
structures. A possible incorporation mechanism of nanosize®oid incorporation during-Si:H growth. In the first method
voids has been revealed by two-dimensional molecular dythe hydrogen at void surfaces has been used as a measure of
namic (MD) simulations in which it was observed that sur- the void density. The silicon hydrides Si;Hx=1 or 2 at
face valleys or film roughness can finally evolve into nano-void surfaces has been determined by means of the high
sized voids in the bulk during film growfi® This stretching modgHSM, 2070-2100 crit) in infrared spec-
incorporation mechanism of nanosized voids is illustratedroScopy data as described in Ref. 8. For a hydrogen content
schematically in Fig. 1. The main outcome of the MD studiesS+ > 14 at. %, hydrogen is dominantly located on void sur-
is that void incorporation is controlled by the competition faces, whereas for,; <14 at. % hydrogen resides predomi-
between the diffusivity of surface species and the arrival ratd@ntly in divacancies as monohydrides, which contribute to

of the growth precursor at the surface. The importance of€ low stretching modé.SM, 1980—2010 crmt in the in-

these observations will be demonstrated by the growth of/ared spectrum In the second method the void fraction has
been determined from the film mass deficiency defined as

hydrogenated amorphous silicéa-Si: H) for which typical , -
nanosized voids with a diameter of approximately 4°Am fm:(l__pa‘Si:H/pa'S_‘) with Pa:SiH and Pasi the mass density
(corresponding to>10? “missing” silicon atoms have been of a-Si:H anda-Si, respectively, as discussed in Ref. 8. The
reported. The void surfaces are covered by silicon-hydride

specie€ In this letter we will report on the study of the void t=1t, o o

incorporation duringa-Si:H growth and its dependence on o o9 R AR OO% OO%%% o 3

substrate temperature and growth flux. In close analogy OO0 c% 8000&0(% O%o

with the aforementioned MD calculatiofi$ the experimen- <§O%OOO§ é@ 3 Qo o0 8% P

tal results will be analyzed by a model based upon the com- valley

petition between surface diffusion and growth flux. t=1, +at L, LAt

Thea-Si:H films have been deposited using the expand- e i - &StH

. '~ ] = ..0. void .0 °® 0 o0

ing thermal plasma deposition techniduender conditions 0.0 0%% 0.°°¢0% o°° 0"1 %o
; L . ] 000 %% 900720 %e00 0% Og0

where the SiH radical is the key growth precursor. This 0e 0 007070 O 000 o e (o0, 0022

- . . ) 0285 ®) o e O%.Oo (34 )
growth can be considered as purely chemical in nature, i.e., 0“80 O %08088 %%%o
the surface processes control the growth process in the ab- cgoé%égg cg% Qs 2o 086% B S

sence of high-energy ion-bombardment. The growth of

a-Si:H under these conditions is well characterized in previ+IG. 1. Schematic two-dimensional representation of an amorphous surface

ous studies, which have revealed tﬂie'ndependent Si|3—| during deposition at timek andty+At. The atoms deposited in the period

At are indicated as solid dots. A valley is incorporated as a nano-sized void

in the periodAt by overhangs that overgrow. The nano-sized voids in

dauthor to whom correspondence should be addressed; electronic maif-Si:H are typically 4 nm in diameter corresponding to approximately
m.c.m.v.d.sanden@tue.nl >10° missing silicon atoms.
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FIG. 3. The mass growth fluK,.s;.y vs 10007, with T; the critical tem-
perature as determined fromygy (®) and f,.q ((J) in Fig. 2. The lines

8 represent fits of Eq(2) on the HSM datadotted ling, f,,y data(dashed
4 line), and the combination of the HSM arfg,y data(solid line), respec-
tively. The activation energies obtained afg;=0.77+0.11 eV, Ey;
(1) — ; - @ i =1.05+0.13 eV, andE;;=0.85+0.11 eV, respectively.
100 200 300 400 500
T(¢C)

less or no voids are incorporated, whereas if the diffusion is
FIG. 2. (a) The hydrogen content at nano-sized void surfageg, and (b) ineffective (TSUb<_ TC) voids can be mcorporate(«tf.. F'g' 1)'
the void fractionfoq=f-fuc VS the substrate temperatufe Data are  T¢ Can be considered as a measure of the activation of the
given for five mass growth fluxg®.049 ug cn2st (1), 0.11 ug cni2s? surface diffusion at a certain growth flux. The dependence in
(@), 0.48ugcm?s™ (A), 1L.5ugen?s™ (V) and 2.7ugcni?s™ (O)]  Fig. 3 therefore implies that the surface diffusion process is
while fvaC=0.015.T_he lines are fits from which the crlltlcal temperaflyés thermally activated. In analogy with the MD simulations,
deduced from the intercept with the temperature axis. . . .
this means that two competitive time scales deterniigie
one time scale related to the surface diffusignand one
Pasin IS obtained from the Clausius—Mossoti relafidhus-  time scale related to the arrival rate of the growing species
ing the infrared spectroscopy data. Sirfggincludes the va-  7r, With 7x the characteristic time to grow one monolayer
cancy fractionf,,. as well, we define the void fraction as With thicknessty 7r=tn/Rq=tmpasin/Tasin With Tysiy
fuoia=fm—fvac FOr compact film growth we findf,,, the mass growth flux. The time scale for diffusion s
~0.015, in line with the reported values &f,;=0.01-0.03 =L3/D, with D=D, exp(~Eq;/KT) the diffusion coefficient
using other deposition methods and which have no HSM the diffusing surface species, and with the lateral dif-
signature7. fusion length. At the critical temperatuiie we assume that
The void fraction has been studied for a large set ofthe two time scales are equal, which result in
samples, by varying the deposition ra®g from 2 up to
120 A/s and theT from 100 up to 500 °C resulting in five DotrPa-si:n exp(— @) (1)

1_‘a-Si:H: 2
mass growth fluxesl',g;;=0.045, 0.11, 0.48, 1.5, and L3 kT,

2.7 ng cn2s™L, which are found to be independent Bf* e ,
o The lateral diffusion length., in Eq. (1) also depends on
Both the hydrogen conterdysy, contributing to HSM and Both T, g and T, Das Sarmat al % showed that in gen-

fV.Oid as a function of the substrate temperature are shown | ral the diffusion lengtl., scales withD and the growth flux
Fig. 2. Both parameters show Fhat at hlgh.temperatures alk (for a-Si:H growth =T, &) according toL,= a(D/T)"
most no voids are incorporated in the material. In these com; . - asiH 0 -
! ) ; : L for compact solid on solid growth, whereis a constant and
pact films, H resides mainly at divacancfea. critical tem- i t which h th | 4
eratureT, can be defined, above which the growth can be? 2 Sc&INJ exponent Which can have the values 46
perat ¢ : g <1/4 for surface diffusion on a two-dimensional surfate
considered as compact. THg has been determined for the '

five different mass growth fluxes and the results are shown ir’1\|0te thaton the basis of this scalihgis much more weakly

an Arthenius-type plot off s Vs T, in Fig. 3. The T, 2ct|r:/at<_ad ttharD. Slutk_)stl.tqun ofL, in Eq. (1) results in an
increases for increasinh, s;.y reflecting that a higher, is frhenius-type retation.
required at higher growth rates. The relation between both topasiy | V12 Egi
parameters corresponds to an Arrhenius dependence and the I'asin=Do —2) Xp - E)
slope in Fig. 3 can be regarded as a measure of the activation ¢
energy of the process responsible for the void incorporationlf we apply Eq.(2) exclusively to the data based upon the
A hypothesis that can explain Fig. 3 and which is incygy or f g results we obtain an activation energy for dif-
agreement with the void incorporation observed in the MDfusion of Ey=0.77+£0.11 eV andEy;=1.05%£0.13 eV, re-
calculation$” is that surface diffusion is the process that spectively, whereas if we apply E(R) to both data sets in
controls the incorporation of voids during film growth. A Fig. 3, we obtairEy;=0.85+0.11 eV.
similar incorporation mechanism has been suggested by The value range of the activation energy for surface dif-
Thorntort* to describe the void incorporation in metallic fusion found, which is within the range 0.77-1.05 eV, is
films deposited by sputtering il/T,,<0.3 range, withT,,,  very close to the~1.0 eV activation energy found from the
the metal melting point. In other words fag,,> T, the dif-  temperature-dependent scaling of the roughness evolution

fusion is effective, valleygswhen generatedare filled and under the same deposition conditidnsSince the proposed
Downloaded 24 Oct 2007 to 131.155.108.71. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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model that void incorporation is controlled by diffusion re- mechanism. It is noteworthy that most hydrogen incorpora-
sults indeed in an activation energy that matches with théion models are based upon random incorporation of Si—H
activation energy of the surface diffusion and since thebonds in the matrix*?and therefore not in agreement with
model is in line with the void incorporation mechanism asthe observation that H is located at vacancies or vbids.
observed in MD calculatiors> we conclude that the void In summary, in this letter we have demonstrated that
incorporation is surface diffusion controlled. nanosized voids are incorporated in the absence of sufficient
Another study has also reported the empirical value ofurface diffusion during Sigidominateda-Si:H growth with
an activation energy for surface diffusion oa&Si:H  negligible surface ion bombardment. The void incorporation
surface.® Bray et al. found a lower activation energy of is explained in terms of a model in which the surface diffu-
0.2 eV by means of the temperature dependendg,ofvith  sjon competes with growth flux. This model has been applied
L, deduced from surface morphology scans measured by the observed dependence of the void fraction on growth
atomic force microscopy. Note that this activation energy offj;x .5y andT and an activation energy for surface diffu-

L is an underestimation of the activation bt due to the  sjon of 0.77-1.05 eV is deduced, a value in agreement with
scaling relation between both parameters- (D/I")?™ as previous results from Ref. 11.

mentioned earlier. Furthermore, Bray’s results are hard to

compare with the activation energy for diffusion found in The technical assistance of Ries van de Sande, Jo Jans-
this letter since in contrast to the deposition conditions useden, Bertus Hisken, and Herman de Jong is gratefully ac-
by Bray et al® our deposition conditions are without high knowledged. This work has been supported by the Dutch
ion bombardment and therefore any ion bombardment inFoundation for Fundamental Research on Maf&@M), the
duced enhancement of surface diffusion is abent. Dutch Organization for Energy and EnvironméNOVEM),

The relatively “high” activation energy values Technology for Sustainable DevelopmefitDO), and the
(~1.0 eV) found are intriguing in the sense that it contra- Economy, Ecology, and Technolog¢EET) “Helianthos”
dicts the hypothesis, often proposecai®i: H literature, that  project. The research of W.M.M. K. has been made possible
the a-Si:H surface diffusion is controlled by weakly ad- py a fellowship of the Royal Netherlands Academy of Arts
sorbed radicals®>'®**" The activation energies found and Science$KNAW).
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