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Two-domain model of light-induced structural changes in hydrogenated amorphous silicon
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A phenomenological model is proposed to explain an observed light-induced volume expansion in hydro-
genated amorphous silicon (a-Si:H). Reported evidence strongly suggests that device-qualitya-Si:H is het-
erogeneous on the nanometer scale. A heterogeneous network is considered here as a two-domain matrix
composed of high- and low-density amorphous domains. The boundaries linking domains are considered to be
structurally unstable during illumination due to the effect of light-induced hydrogen migration on the initial
distribution of lattice strain. The observed volume expansion can be explained by a decrease in the volume
fraction of the high-density domains due to the slight propagation of domain boundaries during illumination.
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I. INTRODUCTION

The light-induced electronic metastability in hydrog
nated amorphous silicon1 (a-Si:H) grown by chemical vapo
deposition is still a major obstacle to its application in so
cells despite significant improvements in material qual
such as the achievement defect state densities2 as low as
<1016 cm23 and microvoid contents as low as,0.1%.3 Re-
cently, it was reported that this effect, the so-called Staeb
Wronski effect~SWE!, is accompanied by a metastable vo
ume expansion of the order of 1025– 1026 that follows
kinetics similar to those of the SWE,4–6 and anneals out a
similar temperatures. Furthermore, neither the expansion
the photoinduced defects are detected in dehydrogenated
microcrystalline (mc-Si:H) samples. The global structura
changes implied by the volume expansion were not theo
cally anticipated ina-Si:H, and there is no existing model t
explain them. Here, we construct a phenomenological mo
of structural changes that could explain the observed volu
expansion. The proposed structural changes may also p
role in the SWE, although a detailed investigation in th
direction is beyond the scope of this work.

An overview of the heterogeneity of thea-Si:H network,
including the hydrogen distribution, is given in Sec. II.
Sec. III, the details of the phenomenological model
given. The paper is summarized in Sec. IV.

II. HETEROGENEITY OF a-Si:H AT NANOSCALE

A. Overview

There is much evidence to suggest that device-qua
a-Si:H film is inhomogeneous at the nanometer scale.7–10

Film growth by chemical vapor deposition~CVD! begins
with nucleation, which can be seen in scanning tunnel
microscope images of the first few nanometers of growth
a-Si:H on Si surfaces.11 These images reveal nanomete
scale islands that produce surface roughness~rms! of ;0.3–
0.5 nm. Ideal CVD conditions should lead to the disappe
ance of this nanostructure after the first few layers12

However, recent results of fluctuation transmission elect
microscopy ~TEM! applied to bulk device-qualitya-Si:H
~;20 nm thickness! suggest a high density~;20%! of ;1–3
nm sized domains dubbed ‘‘paracrystallites’’ that are top
0163-1829/2002/66~11!/115203~5!/$20.00 66 1152
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graphically crystalline, but highly strained, and embedded
an amorphous matrix.13 Furthermore, standard high
resolution TEM of high-quality;50-nm-thick film has led to
observations of unexpected nanoscale features in both s
dard and H2-dilution a-Si:H samples that indicate ordere
regions.14 Thus it appears that growth processes other t
initial nucleation lead to nanoscale fluctuations in configu
tional order ~and thus particle density!, which persist
throughout film growth. One possibility is that the large a
finity of Si for forming a topologically crystalline phas
causes continual ‘‘nucleation’’ of such paracrystallites on
growth surface. The network then tends to minimize its str
energy by accumulating strained bonds in the interfacial
gions between the paracrystallite edge and the amorph
matrix, forming domain boundaries similar in nature to gra
boundaries in microcrystalline material, though probably le
distinct. H2 dilution of the reaction gas is known to increa
the volume fraction of ordered regions14,15 and narrow the
electronic band tail ofa-Si:H.16,17H2 dilution may reduce the
paracrystallite strain by eliminating many of the weak bon
A large reduction in this strain could promote the growth
microcrystallites from a fraction of the precursor paracryst
lites as the film grows thicker. Hence, high H2 dilution yields
a microcrystalline material (mc-Si:H) characterized by coni
cal crystallites oriented in the growth direction.14 We note
that a-Si:H-based solar cells fabricated with the intrins
layer deposited with optimal H2 dilution are typically the
most stable against SWE-type degradation.5

We will use the term ‘‘domain’’ to emphasize that all re
gions in a-Si:H are effectively amorphous~e.g., as far as
x-ray and Raman spectroscopy detection!, but may exhibit
different local structural order and/or topologies. The mo
ordered domain type—suggested by Gibsonet al. ~Ref. 13!
to be paracrystalline—is identified as having higher aver
particle density than the less ordered domain. This is in
cated schematically in Fig. 1~a!. In this two-domain~TD!
picture, film to film differences in mass density wou
mainly reflect differences in the relative volume fractions
the two domain types.

There is evidence that both the electronic and structu
metastabilities ofa-Si:H involve hydrogen~H!.12,18–20How
is the incorporation of H affected by network heterogenei
It is well known that H is inhomogeneously distributed
©2002 The American Physical Society03-1
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a-Si:H. All proton (1H) nuclear-magnetic-resonance~NMR!
studies to date have confirmed that there exist both clust
and isolated phases of Si bonded H, in similar amoun7

Moreover, the clustered H is more weakly bound than
isolated H.21 Proton NMR also indicates that there exist vo
ume fractions from;20–70 % that contain little or no iso
lated bonded H.7,9 Small-angle neutron scattering~SANS!
has recently detected heterogeneity of the H distribution
device-quality plasma-enhanced chemical vapor depos
~PECVD! and hot-wire chemical vapor depositio
~HWCVD! films;8 similar SANS data were previously inte
preted to indicate either a shell-like~two-dimensional! or a
filamentary~one-dimensional! H distribution.22 We suggest
that the hydrogen distribution follows the spatial fluctuatio

FIG. 1. ~a! Schematic illustration of a spatially modulated ma
density profile~in one dimension! as a model ofa-Si:H. The dense
domain size of;2 nm is based on the fluctuation TEM resu
reported in Ref. 10.~b! Schematic of an idealized ‘‘crystal lattice
of high-density domains embedded in a low-density matrix up
which the calculations in Sec. III A are based. A 10% volume fr
tion of high-density domains could be represented by a ‘‘unit-ce
dimension ofL'3.5 nm and domain diameterD'2 nm. Note that
there is one dense domain per unit cell. A domain boundary
approximately one atomic layer is indicated in the figure.
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ed
.
e

n
n

s

of the a-Si network. As mentioned above, lattice strain
built up in the interfacial shells surrounding the ordered d
mains during the film growth. Weak bonds serve as relativ
abundant low-energy sites for H,23 and significant strain can
be relieved by hydrogenation of the interfacial region
Hence, the majority of the hydrogen incorporated beyond
concentration necessary for passivation of dangling bo
~;2 orders of magnitude lower than typical H concentratio
of device-quality film! would be absorbed by the interfacia
regions in this TD picture. This would produce a filamenta
or a shell-like H distribution consistent with the SANS da
The ordered regions would contain very little H, and t
majority of the ‘‘boundary H’’ would be in the clustere
phase according to the1H-NMR spectra.

B. Estimate of density fluctuations

An upper estimate of the magnitude of nanometer-sc
density fluctuations may be obtained by comparing fil
grown by PECVD and HWCVD, respectively. These tw
types of device-quality films exhibit differences in overa
microstructure that have been well studied. For exam
HWCVD films24 typically have much higher surfac
roughness,5 lower H content, and are more dense25 compared
to PECVD films, and have likewise been reported to exh
differences in the metastable behavior of electro
properties.5 Mass densities for both types of films have be
measured by optical methods25 and the flotation method.3,26

Low void content~,0.1%! PECVD a-Si:H has a density
;2.24 g cm23, whereas HWCVD material is as dense
2.29 g cm23, with similarly low void content. The H-poor
volume fractions of each detected by1H NMR are about
10–30 % in PECVD and 70–80 % in HWCVD.9 The aver-
age mass density of a TD network is~neglecting the bound-
ary regions!

r'rhighnhigh1r lown low , ~1!

whererhigh, r low and nhigh, n low are the densities and vol
ume fractions of high- and low-density domains, resp
tively. Assuming that only the domain volume fractions va
from film to film, the valuesrhigh>2.31 g cm23 and r low
>2.23 g cm23 are estimated from Eq.~1! and from the mea-
sured mass densities of the HWCVD and PECVD film
These values give an upper bound on the average de
fluctuation of (rhigh2r low)/^r&;3%. However, because
they occur at nanoscale, even such large fluctuations
nearly impossible to detect experimentally, and we stress
device-quality films are quiteuniform at the length scales
commonly probed, e.g., by standard TEM.

C. Metastable site density

The most simple and straightforward physical explanat
of the volume expansion is that there exists a density
structurally metastable atomic-scale sites, two-level syste
in the simplest case, with annealing energy barriersEann.
The metastable configurations are excited by some pro
related to illumination and are on average less dense~in-
creased volume! compared to the initial configurations; th
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-
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low densities of the metastable states are correlated
their increased structural disorder. Once the light is turn
off, all occupied excited states for which the annealing
ergy barrierEann@kBT will be frozen in. The local@left side
of Eq. ~2!# and global~right side! changes can be related b

Nmeta

^DNSi&
NSi

;NSiIDV

V I , ~2!

where NSi is the average density of Si atoms (
31022 cm23), ^DNSi& is the average local density change
a metastable site,Nmeta is the density of metastable sites a
iDV/Vi;1025– 1026 is the volume expansion a
saturation.4,5 The upper limit of̂ DNSi&/NSi is of the order of
the density fluctuation estimated in Sec. II B, i.e.,;3%.
Hence,Nmeta>13(1018– 1019) cm23, which is about 1–3
orders of magnitude larger than the typical light-induced
fect density associated with the SWE. In fact, Stratakiset al.
~Ref. 6!, using a scanning probe microscopy technique, m
sured a larger volume expansioniDV/Vi;1024 that corre-
sponds to;1020 cm23 metastable sites. We conclude, as
Refs. 4 and 6, that the volume change is not caused by
SWE defect creation, but appears to occur in conjunct
with it or as a precursor~or possibly, is unrelated!. In the
following section we propose that the nanoscale heterog
ity of a-Si:H could give rise to a light-induced structur
metastability consistent with the density of metastable s
obtained in this section.

III. MODEL

A. Domain boundaries and their motion

Figure 1~a! is a schematic illustration of a spatially mod
lated mass density profile~in one dimension! as a model of
a-Si:H. The dense domain size of;2 nm is based on fluc
tuation TEM results.10 The interfacial region is also indicate
in the figure, as well as the dominant type of hydrogenat
in the three regions. Figure 1~b! is a three-dimensional sche
matic of an idealized ‘‘crystal lattice’’ of high-density do
mains embedded in a low-density matrix. A 10% volum
fraction of high-density domains—suggested as typical
PECVD films ~see Sec. II B!—could be represented by
‘‘unit-cell’’ dimension L'3.5 nm and domain diameterD
'2 nm. A domain boundary roughly one atomic layer thic
4 Å, would yield a volume fraction of boundaries;15% for
these values ofL andD. Explicitly, the total cell volume is
L3542 nm3, the volume of the dense domain isVhigh
'D3/254 nm3, and the domain boundary volume isVB
'3D2d16Dd257 nm3 for boundary thicknessd50.4 nm.
Hence, the unit-cell volume of the low-density matrix is
this caseL32Vhigh2VB'31 nm3. Let us assume for the mo
ment that the boundary regions are unstable under illum
tion and tend to encroach on the high-density domains,
fectively decreasing the volume fraction of high-dens
domains. The following shows that a very slight encroa
ment will lead to the observed magnitude of the volum
expansion. The global volume change can be expressed
11520
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V
'S rhigh2r low

^r& D S Vhigh2Vhigh8

L3 D , ~3!

whereVhigh8 is the average volume of the dense domains a
illumination, and we have assumed that the density of
encroaching boundary region is equal tor low . Given DV/V
;1025 from experiment and an estimate of (rhigh
2r low)/^r&;1% consistent with Sec. II B, we find tha
Vhigh2Vhigh8 '0.04 nm3, or a 1% decrease inVhigh. This cor-
responds to anaveragedisplacement of the domain bound
ary interface ofDx'DVhigh/3D250.003 nm, an exceedingly
small motion. The density of metastable sites associated
this domain boundary motion isNmeta'(DVhigh/L3)NSi55
31019 cm23, consistent with the quantity estimated in Se
II C. Hence, a small fraction~<1%! of these metastable site
could generate the typically observed density of Staeb
Wronski defects (;1017 cm23). We note that the number o
metastable sites~e.g., net increased-volume sites after lig
soaking! per dense domain is roughly onlyNmetaL

3

'2 per 1025 volume expansion.

B. Phenomenological arguments

Why would we suppose that the aforementioned bou
aries would be unstable under illumination? There are t
main reasons. First is the enhancement of phonon crea
and absorption in the domain boundary regions. We h
supposed that the domain boundaries contain the majorit
highly strained bonds in the material, and are therefore wh
the majority of the electronic band tail states are located. T
fraction of all bonds that are weak bonds in typical devic
quality a-Si:H varies from 0.1% to 1% depending on th
values one uses for the density of states at the conduc
band edge~see, for example, Ref. 12!. Since the volume
fraction of domain boundaries is;10%, then roughly
1–10 % of the boundary-associated bonds are weak bond
the TD model. Electronic carriers excited by illuminatio
tend to thermalize into the band tail states prior
recombination;12,27 hence the nonradiative recombinatio
that produce phonons will mostly take place near the dom
boundaries. Furthermore, the phonons are more likely to
absorbed by the lattice where the electrons are m
localized,28 again the domain boundaries. The second fac
is the role of hydrogen. We have discussed how the het
geneity of the H distribution ina-Si:H appears to follow the
backbone heterogeneity of thea-Si network. When excessive
free energy is available in the form of phonons due to n
radiative carrier recombination~;1.4 eV per event!, Si-H
bonds are susceptible to being broken.12 This is particularly
true for paired configurations like Si-H H-Si, in which wea
Si-Si bonds can reform upon the removal of both H’s, lo
ering the effective energy barrier to H emission.23 Since the
bulk of this weakly bound, clustered hydrogen is thought
be associated with domain boundaries in the TD picture
lumination will cause H to migrate out of the boundaries
into the amorphous matrix as well as into the dense, orde
domains. It has been suggested23 that the pairwise insertion
of H into a strained weak bond can transport the weak b
to neighboring atoms, whereas the reverse reaction can
3-3
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take place. This provides a mechanism by which the dis
bution of lattice strain can be altered by the motion
hydrogen.23 This mechanism was proposed to explain
marked decrease in the crystalline phase in H-plasma tre
mc-Si:H that was found to require the presence of gr
boundaries~hence, their motion!.29 The authors of that work
propose that the motion of the grain boundaries in their
periment is driven by minimization of lattice strain energ
We suggest the possibility that light-induced H migrati
causes similar motion, albeit slight, of the domain boun
aries in a TDa-Si:H network. In this case, the driving forc
for the structural changes is the excess free energy u
illumination due to carrier recombination. The localize
non-thermal-equilibrium deposition of phonon energy ten
to cause the out diffusion of hydrogen, and therefore str
from the domain boundaries, leading the domain bounda
to shift toward the dense domains. This process is identi
with a decrease in the volume fraction of dense domains
therefore with the global volume expansion. Both the to
configurational disorder and the disorder of the strain dis
bution are increased in this process.

The redistribution of strain~e.g., boundary motion! de-
scribed above is not a relaxation process, but rather incre
the compressive stress of the film4,5 and raises the total lat
tice strain energy. On the other hand, the total Si-Si bond
energy~e.g., configurational energy! of the material should
only fluctuate about a nearly constant value, going throu
maxima and minima as the boundary motion occurs. T
strain energy, increasing more sharply with boundary m
tion, adds to this so that on average the total energy incre
as the motion proceeds. In this way the local minima of to
energy, which occur as the boundaries move, are raise
energy relative to the initial state, and are thus metasta
a

o

n

t
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This explains the observation that the volume expansion
verses upon annealing.4,6 The fact that the annealing tem
perature is only 200 °C~Ref. 4! suggests that thermal activa
tion of hydrogen motion12 is sufficient to surmount the
energy barriers back to lower-energy structural states.

IV. SUMMARY

We have proposed a phenomenological model that yie
a straightforward connection between the heterogeneity
a-Si:H, its hydrogen distribution, and its light-induced me
stable structural changes. The main feature are:~1! the ma-
jority of strained, weak Si-Si bonds are associated with
main boundaries in a two-domain network;~2! light-induced
phonon creation and absorption is therefore enhanced in
domain boundaries;~3! the clustered H found ina-Si:H is
also a characteristic of the domain boundaries;~4! light-
induced migration of H transports the strain associated w
the domain boundaries into the dense domains, causing
volume expansion; and~5! the changes are metastable due
the increase in total lattice strain energy.

Comparing measurements of the volume expansion
pure a-Si:H and mixed-phasea-Si:H would be worthwhile,
since recent observations30 suggest that light-induced struc
tural changes could be significantly larger in some of
latter films. Also, detailed theoretical investigation v
molecular-dynamics simulations could provide a rigoro
test of the feasibility of the model.
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