PHYSICAL REVIEW B 76, 085201 (2007)

Modeling of light-induced defect creation in hydrogenated amorphous silicon
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Light-induced defect creation in hydrogenated amorphous silicon (a-Si:H) is discussed in terms of a model
based on the breaking of weak Si—Si bonds by self-trapping of holes under illumination. In this model, two
separate dangling bonds, i.e., a normal dangling bond and a hydrogen-related dangling bond that is a dangling
bond having hydrogen at a nearby site, are created under illumination. Further, we take into account dissocia-
tion of hydrogen atoms from hydrogen-related dangling bonds, termination of two types of dangling bonds by
dissociated hydrogen atoms (metastable hydrogen atoms), insertion of dissociated hydrogen atoms into nearby
weak Si—Si bonds, and formation of hydrogen molecules by collision of dissociated hydrogen atoms. Taking
into account these processes, rate equations governing the kinetics of two types of dangling bonds and meta-
stable hydrogen atoms under illumination are numerically solved for the case of continuous illumination. The
calculated results are compared with experimental results taken from literature. Furthermore, we discuss the
case of low-temperature illumination, the kinetics of light-induced dangling bonds given by stretched expo-

nential function, and saturated density of light-induced dangling bonds in a-Si:H.
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I. INTRODUCTION

The Staebler-Wronski effect! that band gap illumination
on hydrogenated amorphous silicon (a-Si:H) causes photo-
conductivity and dark conductivity to decrease with 1 order
of magnitude and 3 orders of magnitudes, respectively, com-
pared to those in the dark has been elucidated for the last
three decades. This effect has been clarified to be associated
with light-induced creation of dangling bonds, but the
mechanism for light-induced creation of dangling bonds is
still a controversial issue. Until now, a number of models for
light-induced defect creation in a-Si:H have been reported
on the basis of breaking of weak Si—-Si bonds under
illumination.>”® Other models based on charged defects
and/or impurities have also been reported so far.”~8

In the following, we summarize the models based on
breaking of weak Si—Si bonds under illumination. Hiraba-
yashi et al.® pointed out for the first time that a weak Si-Si
bond adjacent to a Si—-H bond may be broken under illumi-
nation, while Pankove and Berkeyheiser'” suggested that a
weak Si—Si bond located far from Si—H bonds may be bro-
ken under illumination. After then, Dersch et al.'! pointed
out that after weak-bond breaking, the Si—-H bond switches
toward the broken weak Si—Si bond to stabilize light-induced
two close dangling bonds. Stutzmann et al.'?> developed fur-
ther this weak-bond breaking model using rate equations and
compared between theory and experiment on the
illumination-time dependence of light-induced dangling
bond density with good agreement. In models of Dersch et
al.'! and Stutzmann et al.,'” a weak Si-Si bond adjacent to a
Si—H bond is broken under illumination as a result of nonra-
diative electron-hole pair recombination in the weak Si—Si
bond. As mentioned above, Hirabayashi et al.” suggested that
a Si-Si bond adjacent to a Si-H bond becomes weak on the
basis of considerations on differences in bond strength be-
tween the Si—Si bond and the Si—H bond and in electronega-
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tivity between Si and H atoms. This has been demonstrated
by ab initio molecular dynamics computer simulations by
Yonezawa et al.'3 that this is the case in a-Si:H. Morigaki'*
showed that two close dangling bonds created by a weak-
bond breaking are separated by further Si-H bond switching
and H hopping and tunneling, and eventually two types of
dangling bonds, i.e., a normal dangling bond and a dangling
bond having hydrogen at a nearby site, so-called hydrogen-
related dangling bond, are formed. Further, he'>~!7 developed
this model taking into account self-trapping of a hole in a
weak Si—Si bond adjacent to a Si—H bond and nonradiative
recombination of this hole with an electron, triggering the
weak-bond breaking, as described above, and considered the
temperature dependence of light-induced dangling bond den-
sity in a-Si:H. Recently, this model has been extended!'8-2?
by taking into account dissociation of hydrogen atoms from
Si—H bonds located nearby hydrogen-related dangling bonds
as a result of nonradiative recombination of electrons and
holes in the hydrogen-related dangling bonds, the termina-
tion of normal dangling bonds and hydrogen-related dan-
gling bonds by these dissociated hydrogen atoms, i.e., meta-
stable hydrogen atoms, and the insertion of these metastable
hydrogen atoms into nearby weak Si—Si bonds in a-Si:H.
A breaking of a Si-H bond by hole trapping was first
suggested by Carlson,?® particularly in the Si:H bonds on
internal surfaces of microvoids. He also suggested that after
a Si—H bond is broken, the hydrogen atom moves to a nearby
weak Si—Si bond and breaks it and the resulting dangling
bonds reconstruct aided by the trapping of an electron. Fur-
ther, a breaking of a Si—H bond in the (Si-H), configuration
and in the single Si—H configuration associated with nonra-
diative electron-hole pair recombination has been postrated,
respectively, by Godet and Roca i Cabarrocas’®® and
Godet,?>? and by Branz.?’-3° Godet and Roca i Cabarrocas®*
and Godet® considered hydrogen movements through three-
center bonds, while Branz?’° considered them through
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FIG. 1. Atomic configurations involved in the formation of two
types of dangling bonds, i.e., normal dangling bonds and hydrogen-
related dangling bonds, under illumination: (a) self-trapping of a
hole in a weak Si-Si bond (WB) adjacent to a Si-H bond, (b)
electron-hole recombination at a weak Si-Si bond, (c) switching of
a Si-H bond toward the weak Si-Si bond, leaving a dangling bond
behind, and (d) formation of two separate dangling bonds after
hydrogen movements and repeating of processes shown in (a)—(c).
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sion. Recently, Longeaud et al.3! proposed a model in which

a local configuration containing two Si—H bonds and an in-
terstitial hydrogen molecule transforms to other configura-
tion containing two dangling bonds and two interstitial hy-
drogen molecules through intermediate stages involving
hydrogen in the bond-center (BC) site or the antibonding site
after breaking of Si—H bonds as a result of nonradiative
electron-hole pair recombination.

In this paper, we present a detailed account of our model
along with comparisons with experimental results of light-
induced creation of dangling bonds at room temperature as
well as at low temperatures under continuous illumination.
We have already reported in Refs. 21, 22, and 32 the case of
intense pulsed illumination.

II. MODEL

A new model'®?? for light-induced defect creation in
a-Si:H, extending a previous model,'*!7 takes into account
the following processes: After a hole is self-trapped in a
weak Si-Si bond adjacent to a Si-H bond [Fig. 1(a)], the
weak bond is broken as a result of nonradiative recombina-
tion between an electron and a self-trapped hole [Fig. 1(b)].
Followed by switching of the Si—H bond and movement of
hydrogen by hopping and/or tunneling [Fig. 1(c)], two sepa-
rate dangling bonds [Fig. 1(d)], i.e., a normal dangling bond
and a hydrogen-related dangling bond, are created under il-
lumination. In the new model, the following processes are
further taken into account: Hydrogen is dissociated from a
Si—H bond located near a hydrogen-related dangling bond as
a result of nonradiative recombination between an electron
and a hole at the hydrogen-related dangling bond [Fig. 2(a)].
A dissociated hydrogen atom (metastable hydrogen atom)
has a destiny in the following three ways. (1) Insertion pro-
cess: It is inserted into a nearby weak Si—Si bond to form a

Si—

AN

FIG. 2. (a) Insertion of a hy-
drogen atom into a nearby weak
Si-Si bond following the forma-
tion of a hydrogen-related dan-
gling bond. (b) Two separate dan-
gling bonds and dissociation of a
hydrogen atom from a hydrogen-
related dangling bond. (c¢) Termi-
nation of a normal dangling bond
by a dissociated hydrogen atom.
(d) Termination of a hydrogen-
related dangling bond by a disso-
Si ciated hydrogen atom and forma-
tion of a hydrogen pair.
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hydrogen-related dangling bond [Fig. 2(a)]. (2) Termination
process: It terminates either a normal dangling bond [Fig.
2(c)] or a hydrogen-related dangling bond [Fig. 2(d)]. (3)
Hydrogen-molecule-formation process: A dissociated hydro-
gen atom has a chance to form a hydrogen molecule by
meeting together. In this new model, metastable hydrogen
atoms dissociated from Si—H bonds located near hydrogen-
related dangling bonds also play an essential role in light-
induced defect creation in @-Si:H. Such a dissociation of
hydrogen atoms was first suggested for thermal annealing
processes of dangling bonds* and after then light-induced
annealing processes of dangling bonds were recognized in
which annihilation of light-induced dangling bonds is en-
hanced under illumination.®* Direct evidence for light-
induced annealing of dangling bonds has been observed for
a-Si:H samples containing a large amount of hydrogen, in
which, after illumination is turned on, the dangling bond
ESR signal decays in intensity instead of its increase corre-
sponding to the light-induced creation of dangling bonds.>*

In the following, the light-induced defect creation is con-
sidered in terms of a rate-equation model, taking into ac-
count the processes mentioned above. Rate equations are
given as follows:

dNa/dt = Cdnp(NW/NWO) - C2N,nNa, (1)

dNb/dt= Cdl’lp(NW/Nw()) - Clnpr + C3NmNSi - C4NmNb,
2)

de/dt = Clnpr - CszNa - C3NmNSi - C4NmNb - CSNan,
3)

de/dt == Cdnp(Nw/NwO) + CZNmNa + C4NmNb’ (4)

where N,, N,, N,,, Nsi, N,,, N0, n, and p are densities of
normal dangling bonds, hydrogen-related dangling bonds,
metastable hydrogen atoms, Si—Si bonds, weak Si—Si bonds
adjacent to a Si—H bond, N,, at r=0, free electrons, and free
holes including band-tail electrons and holes, respectively,
and Cy, Cy, C», C3, Cy, and Cs are reaction coefficients of the
following processes. These processes are illustrated in Figs.
3(a) and 3(b): C, the light-induced creation of two separate
dangling bonds, C; the dissociation of a hydrogen atom from
a Si—H bond located near a hydrogen-related dangling bond,
C, the termination of a normal dangling bond by a meta-
stable hydrogen atom, C; the insertion of a metastable hy-
drogen atom into a Si-Si bond, C, the termination of a
hydrogen-related dangling bond by a metastable hydrogen
atom, and Cs the formation of a hydrogen molecule by two
metastable hydrogen atoms, respectively. In Eq. (4), the den-
sity of weak Si—Si bonds decreases with the formation of
dangling bonds and increases with the termination of dan-
gling bonds by hydrogen atoms because a Si—Si bond adja-
cent to a Si—H bond is considered to become a weak bond.
For high-quality a-Si:H, the C; term is neglected because
the density of weak Si—Si bonds is relatively small compared
to low-quality a-Si:H containing a large amount of hydro-
gen. In numerical calculations, the Cs term is also neglected
for simplicity.
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FIG. 3. Tllustrations for reactions (a) C; and (b) C;, C5, Cs3, Cy,
and Cs. See the text for definitions of these parameters.

In the following section, we consider the case of weak
(continuous) illumination, so that we may neglect change in
N,, with illumination, i.e., N,, is assumed to be equal to N,
in Egs. (1), (2), and (4). This is the case considered in pre-
vious publications.'®2° The case of intense pulsed illumina-
tion has been considered, taking into account Eq. (4) in Refs.
21 and 22.

III. CALCULATION AND EXPERIMENT
A. Continuous illumination
1. Calculation

The carrier densities n and p are assumed to be deter-
mined by their steady-state values and by trapping of carriers
(electrons) at neutral dangling bonds followed by rapid re-
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combination with holes. They are proportional to G/N,,
where G and N, are the generation rate of free carriers and
the total density of neutral dangling bonds, respectively, be-
cause the trapping process at neutral dangling bonds of car-
riers in the conduction band and its tail states occurs faster
than the kinetics of light-induced creation of dangling bonds.
The steady-state values of n and p are approximately

n=p=Gl(aN,), &)

where « is the trapping coefficient of free carriers by neutral
dangling bonds. Then, in order to solve the rate equation
numerically, the rate equations (1)—(3) are rewritten using
normalized densities of N, Ny, and N,, to Ny, [=N,(t=0)],
ie., r, g, and s, respectively, as follows:

drldt = Al(r + q)* - Assr, (6)
dqldt=Al(r + 9)* = A1ql(r + q)* + Ass — Aysq, (7)

dsldt=A,q/(r + q)* — Aysr — Ays — Aysq — Ass®,  (8)

r=N,/Ngy, 9)
q=Ny/N . (10)
s=N,/N o, (11)
Ny=N,+ Ny, (12)
A=C,GHa’Ny, (13)
A, = C,G*a*N?), (14)
Ay =GNy, (15)
Az =C5Ny;, (16)
Ay=CyNy, (17)
As=CsNy,. (18)

In the following, we estimate the values of parameters
except for As in the rate equation for high-quality a-Si:H
samples. First, we estimate the value of A, assuming C;=2
X108 em?s7!,  a=1x10% cm®s™!, N (t=0)=N,=1
X 10'® cm™, and G=1X10*2 cm™3s~!. The value of C, is
obtained from the estimate by Vignoli et al.>> The value of «
has been estimated by Godet.?® Using these values, we ob-
tain A=2 X 1073 s~! which represents the formation of a nor-
mal dangling bond and a hydrogen-related dangling bond.
The value of A, is estimated by using the following equation
given by Takeda et al.;**

A1=b2, (19)

by =By(GINy)*, (20)

where b, and B, are defined by Egs. (2) and (10) in the paper
of Takeda et al.,* respectively. The estimated values of b, by
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FIG. 4. Illustration for the trapping level and transport level of
hydrogen.

Takeda et al.>* range between 0.25 and 11.5 h™! for various
samples of a-Si:H with dangling bond density of 10'® cm™
and hydrogen content of 22-33 at. %, depending also on il-
lumination intensity (0.7—1.5 W cm™). We take 1 h™' (
=2.78X10™*s7!) as the values of A, for Ny=1
X 10" cm™ and then we obtain A, of 2.78 s™! for N,,=1
% 10' cm= using Eq. (20). However, the value of b, is not
available for high-quality samples. For these samples, we
expect the value of A to be much smaller than those for the
low-quality samples mentioned above. We assume A;=3
X107 57!

For the estimate of A, related to C, which represents the
termination of dangling bonds by a metastable hydrogen
atom, we use two different values estimated by Godet?® and
Branz.”’ The value of C, of 3X 1072 cm®s™! is obtained
from Godet, in which C, corresponds to «j in his paper.
Then, we obtain A,=3X107*s™! using Eq. (15) and the
value of Nyy=1X 10'¢ cm™3. Branz gives the range of C, (k,
in his paper) to be 2X1077cmPs!'>C,>1
X102 cm?s!. For Ny,=1X10'"cm™, this gives 2
X107 s7'>A4,>1X107s7!.  The value of A,=1
%1073 57! is taken here.

Aj is the reaction coefficient of the insertion of a meta-
stable hydrogen atom into a Si-Si bond. For high-quality
samples, there are few weak Si-Si bonds, so that the prob-
ability of a metastable hydrogen atom to find a nearby weak-
bond site is very small. For simplicity, we assume A;=0 for
high-quality samples. However, for low-quality samples con-
taining a large number of hydrogen, we assume A;# 0. For
this case, the value of A; is estimated to be taken as the
transition rate of hydrogen from a transport level into a trap-
ping level in a Si-Si bond across the barrier height W (Fig.
4). Then, the value of A5 is given by

A3= Yy exp(— W/kBT), (21)

where v, and kp are the attempt-escape frequency and the
Boltzmann constant, respectively.

The value of W is estimated as follows: The binding en-
ergy of a trapped hydrogen at the BC site is about 1 eV.3
Thus, W is expected to be smaller than 1 eV. A value of the
transition energy has been theoretically obtained as 0.44 eV
(Ref. 37) below the vacuum level. Since a more precise value
of W is not available for a-Si:H, we take W=0.85 and
0.95 eV as examples, and then, we obtain A;=5 X 1072 and
1X 1073 s7!, respectively, at 7=300 K, assuming v,=1
X 1013 s~!. We use these values later for low-quality a-Si:H
samples.

Concerning the value of A, related to C, which represents
the termination of hydrogen-related dangling bonds by a
metastable hydrogen atom, we take a tentative value in com-
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parison with the value of A,. Discussion on this point will be
given later.

2. Comparison between calculation and experiment

In the following, we present calculated results on illumi-
nation time dependences of normal dangling bond density r,
hydrogen-related dangling bond density ¢, total dangling
bond density r+¢, and metastable hydrogen density s, rela-
tive to the total density of dangling bonds before illumination
for two cases which correspond to typical examples of ex-
perimental results taken by Stutzmann et al.'? (case I) and
Godet®® (case II). Differences in the values of parameters
between two samples will be discussed in the light of char-
acterization of samples and their physical quantities. For case
I, r(t=0)=1, ¢(t=0)=0, C,=2X10B cm’®s™!, C,=3
X103 emls™!,  C,=1Xx10cm’s™, C3=0, Cy=1
X107 cm?s7!, C5=0, a=1x10"% cm’s™!, and N,(t=0)
=1X10' cm™. For case II, r(t=0)=1, ¢(r=0)=0, C,=4
X 10715 ecm? 57, C,=3x1073" cm®s7!, Cr=1
X107 em?s™!, C3=C,=Cs5=0, a=1x10"%cm’s™!, and
N,(t=0)=1X10' cm™. These values of the parameters are
determined by fitting the experimental curves of r+g¢ vs il-
lumination time to the calculated ones, taking into account
the values of the parameters discussed in Sec. IIT A 1, as will
be discussed below.

First, we present the calculated results of the light-
induced dangling bond density as a function of illumination
time in a high-quality sample used by Stutzmann et al.'> and
compare them with their experimental results which were
obtained under illumination by a krypton-laser light at
1.9 eV and at 700, 400, 200, 100, and 50 mW/cm?. The
experimental points for 700 mW/cm? are first fitted to the
calculated curve obtained by taking appropriate values of
parameters shown above, as shown in Fig. 5(a). In order to
estimate G, we used 1 X 107 cm™! as the absorption coeffi-
cient for 1.9 eV in the sample of Stutzmann et al., and then
we obtain G=2.3X10*2 cm™s~!. The values of A and
A|—Ajs are obtained as follows: using Eqgs. (13)—(18) for the
values of C; C,—-Cs, a (=1x10%cm’s™), N, (=1
% 10' cm™) and Ng;, r(t=0)=ry=1, q(t=0)=¢,=0, A=1.1
X 1072 571, A,=1.6X1072 s7! (a different value from Ref. 18
is used for A;), A,=1X107*s7!, A;=0, A;=1X1072 57",
As=0, and N, (t=0)=1X10' cm™. Then, we obtain calcu-
lated curves as functions of illumination time for other illu-
mination intensities, i.e., 400, 200, 100, and 50 mW/cm?, as
shown in Figs. 5(b)-5(e), where the values of A and A, are
obtained by Egs. (13) and (14), using the same values of
parameters as those for 700 mW/cm? except for G and the
same values of A,—A5 are used as well. Although agreements
between calculation and experiment are not good for 400,
200, 100, and 50 mW/cm?, as seen in Figs. 5(b)-5(e), they
seem satisfactory in a sense that the same values are used for
the parameters except for G to obtain these calculated
curves.

Next, we compare the experimental results obtained by
Godet?® with the calculated ones. Two different samples pre-
pared at 250 °C by plasma-enhanced chemical vapor depo-
sition (PECVD) from pure silane at a low power and a low
pressure (standard PECVD «-Si:H) and by PECVD from
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silane diluted to helium at a high power (He-diluted PECVD
a-Si:H) were used by Godet,”® which were light soaked at
100 °C using a continuous xenon-arc lamp with the wave-
lengths below 570 nm (G=1X 10?* cm™ s7!). Their experi-
mental points are shown in Figs. 6(a) and 6(b) along with the
calculated curves for each sample, respectively. The values
of parameters used for the calculated curves are given as
follows: For the standard PECVD a-Si:H [Fig. 6(a)], r(z
=0)=1, ¢(t=0)=0, A=4X 1073 57!, A;=3X 1073 57!, A,=1
X103 57!, A;=0, A,=0, As=0, and N, (1=0)=1
X 10'® cm™3. For the He-diluted PECVD a-Si:H [Fig. 6(b)],
r(t=0)=1, ¢(t=0)=0, A=7.28X107s"!, A,=3.46
X107 571 Ay=1X107 57!, A;=A,=A5=0, and N, (t=0)
=3.8X 106 cm™3. The fit of the calculated curve to the ex-
perimental points is excellent for the standard a-Si:H [Fig.
6(a)], while the calculated curve is not well fitted to the
experimental points for the He-diluted a-Si:H [Fig. 6(b)].
Further, we attempted to fit the experimental points for the
He-diluted @-Si:H in the long illumination time using Ay
=1X107 s7! and the same values of other parameters as
above. The result is more satisfactory than that shown in Fig.
6(b), as shown in Fig. 6(c).

For the standard PECVD a-Si:H, the above values of A
and A;—Ajs correspond to case II mentioned above, i.e., C,
=4x10"" cm?s7!, C,=3x1073" ecm®s7!, Co=1
X 107" em™ 57!, and C3=C,=C5=0, respectively, taking
=1x10®% cm?®s™! and G=1X10>? cm™s~!. For the He-
diluted PECVD a-Si:H, the above values of A and A{—A5 in
Fig. 6(c) correspond to C,=4.39 X101 cm?s7!, C€,=5.31
X 1073 em®s7!, C,=C4=2.63 X102 cm™s7!, and C;=C;5
=0, taking a=1x10"8 cm®s™' and G=1X 10> cm™ s,

The He-diluted PECVD sample contains more dangling
bonds and more hydrogen than the standard PECVD qa-Si:H.
This fact suggests that the He-diluted a-Si:H shows higher
values of C,; and C, than the standard a-Si:H, being consis-
tent with the experimental results. The hydrogen content in
this sample is similar to that of the sample of Stutzmann et
al., so that it is plausible that C, # 0. Furthermore, we con-
sider differences in the values of parameters A, and A4 be-
tween the standard a-Si:H and the He-diluted a-Si:H. The
typical features of two types of samples are quantities of
bonded hydrogen content, structural factor R, and drift mo-
bility at room temperature, i.e., 6.5 and 12.5 at. %, 0.06 and
0.4, and 1.7 and 0.3 cm?> V™! 57!, respectively,®® where R is
the ratio of [2090]/([2090]+[2000]), in which [2090] and
[2000] are the intensity of the stretching IR band centered at
about 2090 cm™!, attributed to IR absorption of SiH, and
(SiH,),, and that of the stretching IR band centered at about
2000 cm™!, attributed to IR absorption of SiH, respectively.
Furthermore, it has been suggested that the hydrogen diffu-
sion is slow compared to that in the standard a-Si:H owing
to the existence of nanovoids that has been evidenced from
small-angle x-ray scattering.’®4° The latter result is consis-
tent with the difference in the value of parameter A, between
two types of samples, namely, when the hydrogen diffusion
is slow, this value becomes small. This is the case for the
He-diluted a-Si:H.

We compare the values of parameters obtained for two
cases of Stutzmann et al.'> and Godet®® (standard a-Si:H). A
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FIG. 5. (Color online) Calculated densities of total dangling bonds, r+¢, normal dangling bonds, r, hydrogen-related dangling bonds, ¢,
and metastable hydrogen atoms, s, relative to Nyy=1X 106 cm™ as functions of illumination time for the case of Stutzmann et al. (Ref. 12)
as well as their experimental points for illumination intensities of (a) 700 mW cm™2, (b) 400 mWcm™, (c) 200 mW cm™2, (d)
100 mW cm™2, and (e) 50 mW ecm™2. The calculated curves are shown by solid lines except for  shown by a dotted line. For the values of

parameters used in the calculation, see the text.

significant difference between the two cases is the values of
A4, which are 0.01 s™' and 0 for Stutzmann et al.'> and
Godet,? respectively. This arises from a difference in prepa-
ration conditions, although both samples are prepared at
nearly the same temperatures, i.e., 230 and 250 °C by
PECVD, respectively, using pure silane. Stutzmann et al.

used normal condition for rf power and gas pressure at
230 °C, but Godet used low power and low pressure. The
hydrogen content is >10 and 6.5 at. % for both, respectively.
Since the dangling bond density is the same as 1
X 10'6 cm™3, the difference in A, comes from the value of C,
that is the termination coefficient of a hydrogen atom to a
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FIG. 6. (Color online) Calculated densities of total dangling
bonds, r+¢, normal dangling bonds, r, hydrogen-related dangling
bonds, ¢, and metastable hydrogen atoms, s, relative to Ny =1
% 10'® cm™ as functions of illumination time for the case of Godet
(Ref. 26) as well as his experimental points for (a) standard PECVD
a-Si:H and [(b) and (c)] He-diluted PECVD a-Si: H. The calculated
curves are shown by solid lines except for » shown by a dotted line.
For the values of parameters used in the calculation, see the text.
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FIG. 7. (Color online) Calculated densities of total dangling
bonds, r+¢, normal dangling bonds, r, hydrogen-related dangling
bonds, ¢, and metastable hydrogen atoms, s, relative to Ny =3.4
X 10'"® ecm™ as functions of illumination time for the case of a
PECVD a-Si:H No. 1538 (Ref. 34) as well as the experimental
points. The calculated curves are shown by solid lines except for r
shown by a dotted line. For the values of parameters used in the
calculation, see the text.

hydrogen-related dangling bond. It seems to us that, judging
from the hydrogen content and other structural information,
the sample of Stutzmann et al. has a more flexible network
than Godet’s sample. The value of C, seems to be related to
local distortion around the hydrogen-related dangling bond,
so that the above difference in the value of C, seems reason-
able to us. On the other hand, the value of A, (C,) is opposite
to that of A, (Cy), i.e., the value of A, is 0.0001 s~ for
Stutzmann et al. and 0.001 s~! for Godet. This quantitative
difference should be accounted for in terms of a quantitative
calculation of the termination coefficient of a hydrogen atom
to a normal dangling bond. This is beyond the scope of this
paper, so it is left behind as a future problem.

In the following, we present the calculated result on a
PECVD sample No. 1538 prepared at 100 °C, using pure
silane.* This sample contains a large amount of hydrogen
with [H]>32 at. %. A similar sample exhibits a local
electron-nuclear double resonance (ENDOR) signal due to
hyperfine interaction of the dangling bond electron with a
nearby hydrogen.*'=#** Further, light soaking results in the
creation of almost equal number of two types of dangling
bonds, i.e., normal dangling bonds and hydrogen-related
dangling bonds.*'*> The deconvolution of the ESR spectrum
in the dark for a-Si:H No. 1538 is also consistent with this
result,*® that is, two types of dangling bonds almost equally
exist in the dark. An example of the fit of the dangling bond
density normalized to that in the dark (Ny,=3.4
% 10" ¢cm™) is shown in Fig. 7, where experimental points*
are shown by open circles and the values of parameters used
for the fit are A=1X107s7!, A=1X10*s7!, A,=1
X 1073 71, Az=5X 1072 571, As=1X 1073 57!, and As=0.
The values of rq and g, before illumination by a xenon-arc
lamp at 0.7 W/cm? are taken to be 0.6 and 0.4, respectively.
From the values of A and A;, we obtain C,;=3.9
X 1079 cm?s™! and C;=1.2X 1072 cm®s™!, respectively,
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taking a=1X10"% cm?s™!, G=1X10* cm™s7!, and Ny
=3.4Xx 10" cm™3. The values of C, and C, are reasonable as
those for low-quality samples such as Sample No. 1538, as
discussed in Sec. III A 1. For low-quality samples, C; has a
finite value, i.e., A5 is expected to be finite, as mentioned in
Sec. II, where two values of A; are estimated to be 5
X 1072 and 1 X 1073 s7!. Here, we take A;=5X 1072 s™!. The
overall fit is good, as seen in Fig. 7. The values of the pa-
rameters used for the fit are reasonable as those for low-
quality samples, as discussed above and in Sec. III A 1.

In the following, we discuss the ratio of r to ¢ for the
above-considered cases. For high-quality a-Si:H samples,
the ratio of r to ¢ is equal to or more than 5 for the case of
Stutzmann et al. (case 1) and 2 for Godet’s case (case II),
depending on illumination time. In the case of Stutzmann et
al., the above ratio of r to ¢ (=5) can be seen at =500 s in
Fig. 5(b). In the Godet case, the above ratio of r to ¢ can be
seen in the saturated dangling bond density [Fig. 6(a)]. In the
above case, all of the dangling bonds before illumination,
i.e., in the dark, are assumed to be normal dangling bonds.

The ESR signal is usually given by a derivative of the
ESR line, so that if the peak-to-peak separation gets twice,
then the peak intensity of the derivative curve becomes four
times smaller than before even for the same integrated inten-
sity as before. The peak-to-peak separation of the ESR signal
due to hydrogen-related dangling bonds is about twice larger
than that due to normal dangling bonds* because the hyper-
fine dipolar interaction with hydrogen nucleus gives rise to
the line broadening associated with the hyperfine doublet.
These facts indicate that the peak intensity of the ESR signal
due to hydrogen-related dangling bonds becomes 8 times
smaller than that due to normal dangling bonds for the Godet
case. For the case of Stutzmann et al., the peak intensity of
the ESR signal due to hydrogen-related dangling bonds be-
comes 20 times smaller than that due to normal dangling
bonds. Thus, even if the hydrogen-related dangling bonds are
created after prolonged illumination, change in the line shape
with the ESR signal due to hydrogen-related dangling bonds
is subtle. This is the case for high-quality a-Si:H samples.
This is the reason why the line shape has been reported not
to change after prolonged illumination except for the case of
intense pulsed illumination. Very recently, Astakhov et al.¥’
observed a broadening of the line shape, particularly in the
high magnetic field side of the ESR line after 2 MeV elec-
tron irradiation at 100 K in a-Si:H. This broadening can be
accounted for by superposition of an additional line coming
from hydrogen-related dangling bonds as a result of the de-
convolution of the ESR line into two components due to
normal dangling bonds and hydrogen-related dangling
bonds.

For low-quality a-Si:H samples, the observation of
hydrogen-related dangling bonds has been done from ESR
and ENDOR measurements in a-Si:H*'=%® and a-Si:D.48

Further, it is interesting to note that a similar defect to the
hydrogen-related dangling bond, i.e., so called vacancy-
hydrogen complex, has been observed by Nielsen et al.* in
H-implanted crystalline silicon (c-Si). The hyperfine interac-
tion constants with a hydrogen nucleus estimated by them
are similar to those deduced from ENDOR measurements on
a-Si:H.44

PHYSICAL REVIEW B 76, 085201 (2007)

3. Thermal annealing mechanism

In the following, we consider the thermal annealing
mechanism for light-induced dangling bonds in terms of the
model for light-induced defect creation in a-Si:H presented
in this paper. When a hydrogen atom is thermally dissociated
from a Si-H bond located near a hydrogen-related dangling
bond, it moves to a normal dangling bond site and then it
terminates a normal dangling bond. As a result, both dan-
gling bonds are annihilated. For high-quality a-Si:H
samples, however, normal dangling bonds are normally pho-
tocreated much more than hydrogen-related dangling bonds.
Therefore, we must consider other annealing processes. The
following two processes are considered: First, we consider
hydrogen dissociation from two closely located Si-H bonds
created from the termination of a hydrogen atom to a
hydrogen-related dangling bond under illumination. The dis-
sociation energy of a hydrogen atom from a Si-H bond
within a closely located Si-H bond pair has not been esti-
mated, but it seems to be smaller than that of an isolated
Si-H bond.?* Second, we consider hydrogen dissociation
from a hydrogen molecule. Hydrogen atoms are created un-
der illumination whose density strongly depends on illumi-
nation time, as shown in Figs. 5(a) and 6(a). We have ne-
glected the formation process of hydrogen molecules from
hydrogen atoms in the calculation to be compared with ex-
perimental results. However, hydrogen atoms are encoun-
tered to form hydrogen molecules under illumination. Recent
NMR measurements suggest that there are present hydrogen
molecules at 10% (Ref. 50) and 2-40% (Ref. 51) of total
hydrogen content in PECVD samples. The dissociation en-
ergy of hydrogen molecules in crystalline silicon has been
calculated by Van de Walle and Tuttle’” to be 1.74 eV for
dissociation to two hydrogen atoms and 1.34 eV for disso-
ciation to positively and negatively charged hydrogen ions (a
hydrogen cation and a hydrogen anion). These values of dis-
sociation energy are higher than the activation energy of
thermal annealing, i.e., ~1 eV (see, e.g., Ref. 5), but they
seem reasonable to us if distribution of activation energy
extending toward higher than 1 eV is taken into account. For
the first annealing process mentioned above, this consider-
ation is also applied. As the third annealing process, the re-
construction of silicon network may be taken into account, as
was pointed by Zukotynski et al.>? Their annealing measure-
ments on photoluminescence spectra in a-Si:H containing
hydrogen and tritium also indicate that the dissociation of
hydrogen from monohydride (Si-H) clusters and its termina-
tion with dangling bonds (the formation of Si-H bonds) are
involved in the annealing process as well as the reconstruc-
tion of silicon network. This result also suggests that the
reversible equilibrium reaction between dangling bonds
+hydrogen and Si-H bonds takes place in the amorphous
network of a-Si:H.

B. Saturated light-induced dangling bond density

It has been reported that saturation of the light-induced
dangling bond density occurs with increasing the illumina-
tion time for some of high-quality a-Si:H samples.?®*=7 In
the present model, this is the case for C,=0 in which hydro-
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FIG. 8. Atomic configurations of two pairs of a normal dangling
bond and a hydrogen-related dangling bond: [(a) and (b)] before
dissociation of hydrogen and [(c) and (d)] after termination of a
hydrogen-related dangling bond by a dissociated hydrogen.

gen atoms dissociated from hydrogen-related dangling bonds
terminate normal dangling bonds with some probability and
otherwise they remain as free hydrogen atoms becoming
eventually hydrogen molecules as a result of their collision.
After dissociation of hydrogen atoms from hydrogen-related
dangling bonds, the dangling bonds are annihilated, and if
they terminate normal dangling bonds, these two separate
dangling bonds are annihilated, so that saturation of dangling
bonds occurs with increasing illumination time and the dan-
gling bond density reaches the steady-state value. If C;#0,
two normal dangling bonds are left behind when dissociated
hydrogen atoms terminate nearby hydrogen-related dangling
bonds, as illustrated in Fig. 8.

The saturated light-induced dangling bond density can be
obtained as follows: The right-hand sides of Egs. (1)—(3) are
set equal to zero. The following relationship deduced from
considerations that normal dangling bonds are equally pho-
tocreated with hydrogen-related dangling bonds and that a
metastable hydrogen atom is photocreated from a hydrogen-
related dangling bond is used:

AN,=AN, + AN, (22)

where A means “photocreated.” Equation (4) is neglected
because we deal with the situation that weak bonds exist
enough to create dangling bonds by prolonged illumination
corresponding to the continuous illumination. Further, we
treat the case of high-quality a-Si:H samples, so that we
have C5;=0. For simplicity, we assume Cs5=0, as was men-
tioned before.

In the following, we treat two cases, i.e., (1) monomo-
lecular recombination case [Eq. (5) is held] and (2) bimo-
lecular recombination case,
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FIG. 9. (Color online) Calculated saturated densities of total
dangling bonds, r+¢, and normal dangling bonds, r, relative to
Nyp=1x10" cm™ as a function of generation rate relative to
1020 ecm™3 571, g, for the monomolecular recombination case.

n=p=(GIB)", (23)

where S is the recombination coefficient of free electrons (or
tail electrons) and free holes (or tail holes). The bimolecular
recombination case occurs under intense illumination.

For the monomolecular recombination case, we obtain the
following relationship of the saturated densities of light-
induced normal dangling bonds and hydrogen-related dan-
gling bonds AN,; and AN,,,:

AN, = (C,2C){1 +[1 + 4(CIG*a*ANA.C,C)) ],
(24)

ANy =CilCy, (25)

where AN =AN,+AN,, and we assume N,(t=0)=N,,
N, (t=0)=0, and N,,(t=0)=0, so that we have AN, =N,
—N9, AN,,=N,,, and AN,,=N,,. Reminding us that the right-
hand side of Eq. (24) includes AN, (=AN,,+AN,,), Eq. (24)
is solved numerically as a function of G for a case that C,
=4X 107" cm’s7!, C,=3X 1073 ecmfs7!, Cr=1
X 10719 cm? 571, C3=C4;=C5=0, and a=10"8 cm’s~!. The
result is shown in Fig. 9, where r (=N,,/Ny) and r+gq (
=N,,/Ny) are plotted against G relative to 10* cm=s7!, g,
and Ny is 1 X 10'® cm™3. The value of C, corresponds to that
for high-quality a-Si:H samples. The above values of param-
eters are the same as those used previously for the case of
Godet. From Eq. (25), we note that AN, is independent of
G.

The approximate solution of N is obtained for two ex-
treme cases: For weak illumination, N, is approximately by

N = (CJCy) + Ny. (26)

Then, we obtain
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FIG. 10. (Color online) Calculated saturated densities of total
dangling bonds, r+¢, and normal dangling bonds, r, relative to
Ny=1x10" cm™ as a function of generation rate relative to
102 cm™3 571, g, for the bimolecular recombination case.

Ny =2(Cy/Cy) + Nyo. (27)

Equations (26) and (27) show that N,, and N, tend to a
constant value, i.e., 2.33 X 10'° and 3.67 X 10'® cm™3, re-
spectively, with decreasing the carrier generation rate, as
seen in Fig. 9, where dangling bond densities relative to
10'® cm™ are shown as functions of carrier generation rate
relative to 10 cm™ 5! and the initial value of N, at r=0(
=N, is 1X10' cm™. For strong illumination, N, is ap-
proximately by

N = (Cj/C) " (Gla)"* + N . (28)

Equation (28) shows that N, has a square-root dependence
on G for large G, as seen in Fig. 9.

As seen in Fig. 9, N, tends to reach a certain value with
decreasing G. This means that even if illumination intensity
is very low, dangling bonds with a certain density may be
created by prolonged illumination. The kinetics of light-
induced creation of dangling bonds is considered in the next
section, where it is shown that it takes a long time for dan-
gling bonds to reach a saturated density, N,,, when illumina-
tion intensity is very low. This is quite reasonable.

For the bimolecular recombination case, we obtain

N = (C2C){1 +[1 +4(CTG/BC,C)]} + Ny,
(29)

Ny =(C,/Cy). (30)

N, is obtained numerically as a function of G for a case that
C=4Xx1075 cm? 571, C,=3x1073" cm®s7!, C,=1
X107 em?s7!, C3=C,=Cs=0, and B=3X10% cm’s7!,
where we use a relation of S=3a found by Stutzmann et
al.*® The result is shown in Fig. 10, which is almost similar
to that for the monomolecular recombination case. As shown
in Figs. 9 and 10, the light-induced dangling bond density

PHYSICAL REVIEW B 76, 085201 (2007)

exceeds 10'® cm™ for intense illumination such as pulsed
illumination, being consistent with the observation by Stutz-
mann et al.>® We treat more exactly the case of pulsed in-
tense illumination in which the density of weak bonds is also
taken into account.?’??> From Eq. (30), we note that N, is
independent of G similarly to the monomolecular recombi-
nation.

In the following, we consider the experimental results on
the illumination-intensity dependence of the saturated light-
induced dangling bond density cited from the literature. For
weak illumination, the value of N, is almost independent of
the carrier generation rate, i.e., illumination intensity. Two
data are cited from the literatures, one of them®-¢ shows
N,*G" with =024 in the range of 4X10>'-3
X 10?> cm™ 57! and the other’” with y=0.41 in the range of
5.2X10?2-9.4x 10?2 cm™ s~!. Both data have been taken
for high-quality a-Si:H samples. For these generation-rate
ranges, the monomolecular recombination case is taken, so
that we compare those results with the calculated slope y of
logN, vs G, ie., y=046 between 5X10* and 1
X10% cm™s™' and a smaller slope for less than 5
X 10?* cm™ s~! from Fig. 8. These values are consistent with
the observations mentioned above.

Concerning the hydrogen-content dependence of the satu-
rated light-induced dangling bond density, we cite a report by
Godet et al.® that the value of N, is proportional to dilute
phase Si-H bond density. For the carrier generation rate be-
low 10" cm™ s7!, the value of N, is almost determined by
Eq. (27), i.e., 2C,/ C,. Vignoli et al. reported that the value
of C, is linearly correlated with the structural factor R indi-
cating the clustered hydrogen content percentage relative to
total hydrogen content. The value of C; seems to us to in-
crease with increasing hydrogen content, but this hydrogen-
content dependence may be weaker than that of C,, particu-
larly in the high-quality samples. Taking into account that
dilute phase Si-H bond density is obviously correlated with
densities of Si-H, bonds and clustered Si-H bonds, the ob-
served result on N, vs Si-H bond density is consistent with
the above prediction.

The illumination-temperature dependence of N, is also
discussed from Eqs. (27) or (28). According to Wu et al.,”’
the value of N, decreases with increasing illumination tem-
perature between 21 and 120 °C with an activation energy of
0.046 eV. According to Isomura et al.’> it decreases
slightly from 25 to 100 °C and then decreases up to 130 °C
with an activation energy of 0.14 eV. In these temperature
ranges, the value of C; has a weak temperature dependence,
namely, it increases with increasing illumination tempera-
ture. On the other hand, the value of C; should also be acti-
vated, i.e., it increases with increasing illumination tempera-
ture. The activation energy of C; in the dark corresponds to
that for thermal annealing of dangling bonds, i.e., 1 eV, but
under illumination, it decreases as a result of the
recombination-enhanced reaction associated with nonradia-
tive recombination between an electron and a hole at a
hydrogen-related dangling bond. The activation energy of
illumination-temperature dependence of N, is determined by
the competition between the activation energies of C,; and
C,. At present, however, a quantitative consideration on the
activation energy of C| is beyond the scope of this paper, but
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the values of 0.046 and 0.14 eV estimated by the above two
groups suggest that C| has a stronger temperature depen-
dence than C,. The difference between the above two values
seems to arise from those in samples and illumination inten-
sities as well as C,, depending on hydrogen content, etc.

In summary, a model presented here accounts for the ob-
servation that the saturated light-induced dangling bond den-
sity exceeds 10'® cm™ under intense illumination. The de-
pendences of saturated light-induced dangling bond density
on illumination intensity, illumination temperature, and hy-
drogen content are also understood semiquantitatively or
qualitatively in terms of the present model.

C. Stretched exponential function

The illumination-time dependence of light-induced dan-
gling bond density, AN, in a-Si:H has been fitted to a

stretched exponential function as follows:%0-63

Ny(1) = Ny = [Ny = Ny(0) Jexp[~ (1/7)F], (31)

where N, B, and 7 are the saturated dangling bond density
(steady-state dangling bond density), a dispersion parameter,
and a characteristic time, respectively. The stretched expo-
nential function is usually derived from dispersive relaxation
phenomena, e.g., the relaxation process associated with dis-
persive motion of hydrogen.®® Our model shown in Sec. II
involves several complex processes, in some of which dis-
persive motion of hydrogen plays an important role.®’” Thus,
it is interesting how the calculated curve of N, vs t is fitted to
the stretched exponential function and to estimate the values
of B and 7 for various values of N. The calculation was
performed using N,(0)=1X10'® cm™ and the same values
of parameters C,, C, C,, C3, Cy4, and Cjs as those for case 11
(Godet) in Sec. IIT A 2, except for C, in the case of G=5
X108 ecm™ 57!, ie., C,=1X10"2' cm®s™!. The obtained
values of N, B, and 7 are given as follows: (1) N,,=3.67
X 10'® cm™, B=0.625, and 7=5.58 X 10" s, (2) N,=3.78
X 10 cm™, B=0.632, and 7=1.34X10°s, (3) N,,=3.67
X 10" cm™, B=0.618, and 7=5.02X 10*s, (4) N,,=5.12
X 10 cm™, B=0.631, and 7=7.36X10s, (5) N,=9.88
X 10 cm™, B=0.538, and 7=1.55X10s, and (6) N,
=2.21%x10" em™3, B=0.494, and 7=4.92 s, in which three
examples of the fit of the calculated curve to the stretched
exponential function for cases (2), (4), and (5) are shown in
Figs. 11 (curves ¢, b, and a, respectively). The obtained val-
ues of B and 7 are plotted as functions of N, in Figs. 12(a)
and 12(b), respectively. The relationship between N and G
is shown in Fig. 13. As seen in the figure, N, for the weak G
limit is 3.67 X 10'® cm™3, which corresponds to case II (Go-
det) in Sec. IIT A 2. For all curves, the fit of the stretched
exponential function to the calculated curves is good, except
for the short-time tail region.

In the following, we discuss the 8 vs N, curve and the 7
vs N, curve shown in Figs. 12(a) and 12(b), respectively. In
these figures, the values of 3 and 7 obtained by Godet? are
also shown, where Godet’s results® are calculated ones, ex-
cept for one point for N, =3.75X 10'® cm™ for which the
experimental NV, vs ¢ curve is fitted to the stretched exponen-
tial function, as shown below. Godet presented a model for
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FIG. 11. (Color online) Fitting of calculated curves of r+g vs
illumination time (solid lines) by a stretched exponential function
given by Eq. (31) (dotted line). Curves a, b, and ¢ correspond to
different illumination intensities, i.e., different generation rates as
well as different values of parameters, i.e., cases (5), (4), and (2)
(see the text for details).

light-induced defect creation in a-Si:H that metastable hy-
drogen atoms are created from doubly hydrogenated (Si-
HHSi) configurations as a result of recombination of
electron-hole pairs under illumination and then they are
trapped either at broken bonds or at Si-H bonds, correspond-
ing to light-induced annealing and light-induced defect cre-
ation reactions, respectively. He considered his experimental
result in terms of this model, i.e., metastable hydrogen trap-
ping model and obtained the results of $=0.52, 7=1.5
X 103 s, and N,,;=3.75% 10'® cm™. For this sample, our re-
sult of the fit is 8=0.63, 7=1.3X10%s, and N,=3.78
X 10'® cm™. These values are almost in agreement with
those obtained by Godet.?> However, as shown in Figs. 12(a)
and 12(b), there are some disagreements between these two
models, particularly, the N dependence of 7 is completely
opposite and there are great disagreements for high N,,.
The N, dependences of 3 and 7 obtained from our model
are reasonable, explained as follows: The increase in N cor-
responds to the increase in the generation rate of electron-
hole pairs. For high N, we obtain small 8 and short 7. The
value of 8 mainly determines the growing curve in the initial
stage, i.e., when S is small, N, initially grows up rapidly,
while 7 determines the characteristic of the growing curve in
the long term, i.e., when 7 is short, N; grows up rapidly in
the long term. Small 8 means that the distribution function of
the inverse of lifetime of light-induced dangling bonds de-
duced from the Fourier transform of N,(z) in Eq. (31) is
broadened (see Fig. 11.14 in Ref. 5). The value of 7 corre-
sponds to a time how the balance between light-induced de-
fect creation and light-induced defect annealing goes on, so
that it is related to (1) the creation of two separate dangling
bonds, (2) the dissociation of hydrogen atoms from
hydrogen-related dangling bonds, and (3) the termination of
hydrogen atoms to normal dangling bonds. Items (1) and (3)
are also related to the movement of hydrogen atoms when
they separate two dangling bonds with their movement and
when they terminate normal dangling bonds. Under intense

085201-11



K. MORIGAKI AND H. HIKITA

08
07|

0.6 [

beta

05| o

04

03 [ i | L L L L L PR |
10" 10"

() N (em™)

10" o
1015
1014
1013
1012
1011
1010
10°
10°
107 o
10°
10° o °
10*
10° 8
107 o
10’ © °
100 P | " " " " " " P |
1016 1017

(b) Ngy(em )

tau (s)

FIG. 12. (Color online) Calculated results of (a) 8 vs N, (satu-
rated dangling bond density) and (b) 7 vs N, by Godet (Ref. 25)
(closed circles) and by the present work (open circles). See the text
for details.

illumination, these reactions occur at many sites, namely,
many hydrogen-related dangling bonds are created during
illumination and many nearby hydrogen atoms are dissoci-
ated, so that the lifetime of light-induced dangling bonds
distributes over a wide range from a short lifetime to a long
lifetime. Then, 7 becomes short compared to the case of
weak illumination. On the other hand, as N, decreases under
weak illumination, 8 tends to unity. This means a sharp dis-
tribution of the lifetime. When B=1, the stretched exponen-
tial function becomes a single exponential function with a
well-defined characteristic time 7.

On the other hand, the Godet model? predicts a different
tendency for 7 against Ny from our model, i.e., 7 decreases
with decreasing N, as shown in Fig. 12(b). From the Godet
model,” the metastable hydrogen atoms are generated di-
rectly by illumination from doubly hydrogenated (SiHHSI)
sites, while in our model they are generated from hydrogen-
related dangling bonds, i.e., their indirect generation by illu-
mination. Thus, they easily terminate dangling bonds in the
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FIG. 13. (Color online) Calculated results of (a) Ny, vs genera-
tion rate using the following values of parameters: (closed circles)
C=4Xx1071 cm?s71, C,=3x1073" cm®s7!, C=1
X107 em?s™!, and C3=C,=Cs=0; (open circle) C, =4
X107 cm? 71, C=3X 1073 em® s, Cry=1X 1072 cm? 57!, and
C3=C4=C5=0. See the text for details.

Godet model® in comparison with our model. In the Godet
model, this causes the enhancement of the termination of
light-induced dangling bonds by metastable hydrogen atoms,
so that the growing rate of light-induced dangling bonds be-
comes slow, i.e., 7 becomes long.

In comparison with the stretched exponential function, the
case of Stutzmann et al.'”> being fitted to a power-law func-
tion is considered as follows. The following values of param-
eters are used: r(r=0)=1, ¢(r=0)=0, A=1.1X1072 57", A,
=6X 1073 571, A,=1 X107 57!, A3=0, A,=1X 1072 57!, A4
=0, and N,(t=0)=1X10"cm™>. The calculated
illumination-time dependence of the dangling bond density is
fitted to a power-law function given by

Ny(1) = N40)(1 +ar”), (32)

with a=0.154 and »=0.397, as shown in Fig. 14. The fit of

10' -

r+aq

Time (s)

FIG. 14. (Color online) Fitting of calculated curves of r+¢q vs
illumination time (solid lines) by a power-law function given by Eq.
(32) (dotted line) for the case of Stutzmann et al.
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the N, vs t curve is not too bad in the limited range of ¢.
Thus, the case of A, # 0 (C,# 0) leads us to nonsaturation of
the light-induced dangling bond density, as was mentioned
before. The above value of b in Eq. (32) is close to that
predicted from the weak-bond breaking model by Stutzmann
etal. "2 ie., b=1/3.

D. Low-temperature illumination

The light-induced defect creation at low temperatures and
its illumination-temperature dependence in a-Si:H are very
important to elucidate the mechanism underlying in the light-
induced defect creation at room temperature.

The luminescence fatigue, Al;/I; <0, i.e., the relative
change in the luminescence intensity Al;/I;, at 4.2 K asso-
ciated with prolonged illumination by argon-ion laser light at
2.41 eV suggests that dangling bonds are created after pro-
longed illumination, because they act as nonradiative recom-
bination centers.%® Further measurements showed that the ab-
solute value of Al /I;, i.e., 0.6, obtained after illumination
by laser light of 8 W/cm? for 1 h at 7 K is comparable to
that at 300 K, i.e., 0.4, in standard GD a-Si:H prepared at
300 °C.%% After then, the optically detected magnetic reso-
nance (ODMR) measurements were done at 2 K in standard
GD a-Si:H samples prepared at 300 °C using an argon-ion
laser of 360 mW at 2.41¢eV.” To our knowledge, the
ODMR measurement presented direct evidence for the light-
induced creation of dangling bonds at low temperatures, i.e.,
the dangling bond signal observed as an ODMR signal, i.e.,
the so called quenching signal, decreasing the luminescence
intensity at resonance, was increased after the illumination
by the argon-ion laser light for 30 min at 2 K, monitoring the
intensity of emitted light of 1.16 eV. As such, it was con-
cluded from the ODMR measurements at 2 K that a number
of dangling bonds being more than native dangling bonds are
created by illumination at 2 K. However, the ODMR mea-
surement is inadequate for estimating the spin density. After
then, detailed ESR measurements have been carried out to
estimate the dangling bond density created by prolonged il-
lumination at low temperatures and its dependence on illu-
mination temperature for high-quality a-Si:H samples.”!7?
The ESR measurement after illumination at 77 K has been
done for low-quality @-Si:H samples containing a large
amount of hydrogen such as hydrogen content of 30 at. %."*
The light-induced defect creation at low temperatures has
been investigated from the sub-band-gap absorption deduced
from the constant photocurrent method.” The light-induced
defect creation has also been investigated from the lumines-
cence measurements, as mentioned above.

First, we discuss how our model described in Sec. II can
be applied to the low-temperature illumination. The hydro-
gen movement should be slow at low temperatures compared
with at room temperature. In our model, the distance be-
tween two separate dangling bonds, i.e., a normal dangling
bond and a hydrogen-related dangling bond, may be shorter
than that for the room temperature illumination, i.e.,
~13 A% as will be shown in the Appendix. Hydrogen is
dissociated from a hydrogen-related dangling bond and then
terminates a nearby hydrogen-related dangling bond, and
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consequently two normal dangling bonds are left behind, as
illustrated in Fig. 8, where configurations of (a) and (b)
transform to those of (c) and (d). A dissociated hydrogen
atom moves at a short distance to find a nearby hydrogen-
related dangling bond. This means that the distance between
those two normal dangling bonds should be short, as shown
in Fig. 8. If two hydrogen atoms are dissociated from two
nearby hydrogen-related dangling bonds, a hydrogen mol-
ecule would be created by collision of those two hydrogen
atoms.

The probability that two separate normal dangling bonds
are created by illumination depends on the probability that a
metastable hydrogen finds a nearby hydrogen-related dan-
gling bond, and on the termination coefficient Cy4, as illus-
trated in Fig. 8. For room temperature illumination, the prob-
ability that a metastable hydrogen finds a nearby hydrogen-
related dangling bond may be higher than that for low-
temperature illumination because the movement distance of a
metastable hydrogen atom at room temperature becomes
longer than that at low temperature. For low-temperature il-
lumination, hydrogen movement is slow, but the same situa-
tion as mentioned above occurs, so that two separate normal
dangling bonds of short distance apart are created even for
low-temperature illumination. As far as the creation effi-
ciency of two separate dangling bonds, i.e., a normal dan-
gling bond and a hydrogen-related dangling bond, is con-
cerned, it depends on illumination temperature, as will be
discussed below.

Second, we discuss the experimental results on the light-
induced defect creation at low temperatures and its depen-
dences on illumination temperature obtained so far. Schultz
and Taylor’>73 measured the light-induced dangling bond
density as a function of illumination temperature in the range
of 65-340 K for high-quality a-Si:H samples using an
argon-ion laser of 500 mW/cm? at 2.41 eV. From this de-
pendence, the activation energy of 10 meV has been ob-
tained in this temperature range. This activation energy may
correspond to that for potential barriers of hydrogen atom
associated with its movement necessary for separating two
dangling bonds, i.e., a normal dangling bond and a
hydrogen-related dangling bond. According to previous
studies,’ the tunneling motion of hydrogen may be dominant
below 60 K, while its hopping motion may be dominant
above 60 K. Thus, below 60 K, the creation efficiency would
be reduced from that at 65 K, considering that the tunneling
motion of hydrogen should be slower than the hopping mo-
tion of hydrogen. So far, the ESR measurement has not been
done to estimate the activation energy below 65 K, although
it has been done only at 40 K in the temperature range below
65 K.7!

However, the illumination-temperature dependence of the
light-induced sub-band-gap absorption at 1.25 or 1.35 eV,
Aa/ oy, relative to that before illumination «, has been mea-
sured in the range of 4.2—-300 K.”> The value of A/« ex-
hibits a broad minimum around 80-150 K. This result dis-
agrees with that obtained from the ESR measurements above
65 K. The sub-band-gap absorption involves ionized dan-
gling bonds as well as neutral dangling bonds, so that the
creation efficiency obtained from Aa/ ¢ is not uniquely de-
termined by neutral dangling bonds. Thus, the creation effi-
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ciency obtained from the ESR measurement is considered to
be more precise than that obtained from the sub-band-gap
absorption measurement.

In a previous model,'*~!” we take into account only the
light-induced creation process of two separate dangling
bonds, i.e., a normal dangling bond and a hydrogen-related
dangling bond. However, in the present model, the dissocia-
tion process of hydrogen atoms from the hydrogen-related
dangling bonds and their termination process to those two
types of dangling bonds are taken into account as well.
Therefore, the calculated result of Cgyy defined in Eq. (10) of
a paper by Stutzmann et al'’> and given in a previous
publication'*!” should be corrected, taking into account the
above dissociation and termination processes. Here, it is
noted that C,; in Refs. 14 and 17 is given by CgyA,, where A,
is the rate for recombination of tail electrons with trapped
holes in normal and specific weak bonds (weak bond adja-
cent to a Si-H bond) and is estimated to be 1
% 1078 cm? s~!. Further, the illumination-time dependence of
light-induced dangling bond density, AN, is determined by
C,, C,, and C, as well as C, for high-quality a-Si:H samples
for which Cj is neglected as mentioned before. Thus, the
illumination-time dependence of AN, at low temperatures
cannot be discussed uniquely in terms of only one or two
parameters such as shown in previous papers.!*~!7 It is worth
noting that AN, is experimentally proportional to " where
the values of m are 0.55 and 1.5 at 340 and 65 K,
respectively.”> The value of m has also been reported to be
0.33 at room temperature.'”> Quantitative considerations on
the illumination-time dependence of AN, at low temperatures
are beyond the scope of this paper, so they remain as a future
problem.

IV. CONCLUSIONS

It is concluded that a model of light-induced defect cre-
ation in a-Si:H presented in this paper can account for most
of the aspects of experimental results on the kinetics of light-
induced dangling bonds under continuous illumination as
well as for the qualitative aspects of experimental results for
low-temperature illumination. Further investigations on the
dispersive parameters of the light-induced defect creation
process are useful in elucidating detailed aspects of mecha-
nism for light-induced defect creation in a-Si:H.
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APPENDIX: DISTANCES BETWEEN HYDROGEN AND
DANGLING BOND AND AMONG DANGLING
BONDS

Isoya et al.”’ and Yamasaki and Isoya’® concluded that
their experiments using electron-spin-echo-envelope modu-
lation (ESEEM) and an instantaneous diffusion of pulsed

PHYSICAL REVIEW B 76, 085201 (2007)

electron spin resonance (ESR) technique have revealed the
following facts: (i) The light-induced dangling bonds as well
as the native dangling bonds exist, isolated more than 100 A
apart from other dangling bonds, and (ii) they are formed in
the hydrogen-depleted region, being separated from the clos-
est hydrogen atom by a distance of 4.2 A. We have already
pointed out** that the proximity of a hydrogen atom to the
dangling bond site of the hydrogen-related dangling bond
results in a rapid decay of the modulation of ESEEM within
the dead time of the spectrometer, so that the presence of
hydrogen-related dangling bonds cannot be detected in their
ESEEM measurements.

The number of the hydrogen atom located near the dan-
gling bond site is 1 in a hydrogen-related dangling bond,
while that of hydrogen atoms increases with increasing their
distance from the dangling bond site. This means that the
amplitude of the modulation of ESEEM arising from the
hydrogen atom located near the dangling bond site becomes
weak compared to that arising from hydrogen atoms located
far from the dangling bond site. This is also the reason why
the former signal (amplitude of ESEEM) is weaker than the
latter signal.

Yamasaki and Isoya’® measured the phase memory curves
corresponding to the Fourier transform of the spin packet
obtained  from the two-pulse Hahn echo (
90°-7-180°-7-echo: 7 is scanned) measurement. They ob-
tained 3.8X 1072 G as the local magnetic field from the
phase memory curves for an a-Si:H sample containing dan-
gling bonds of 8.4X 10" cm™. The value of 3.8X 102 G
corresponds to the average distance of dangling bonds of
100 A. On the other hand, the value of 1.8—1.9 G for a half
of full width at half maximum (FWHM) has been estimated
from the deconvolution of ESR spectra’® measured at
434 MHz by Brandt et al.” For a high-quality a-Si:H
sample of N;=2X 10" and 2 X 10'® cm™ corresponding to
before and after light soaking, Yamasaki and Isoya’® further
concluded that the dangling bonds are separated from each
other by more than 100 A on the average. Such a large dis-
crepancy in the value of the local magnetic field seems to us
to arise from different types of measurements. According to
Yamasaki and Isoya,’® the instantaneous spin diffusion due
to dipolar interaction determines the phase memory curve for
low-quality samples, while the spin diffusion via hyperfine
interaction between the dangling bond electron spin and the
matrix nuclear spin does the phase memory curve for high-
quality samples. For both cases, the spin diffusion process
should be treated, taking into account the distribution of dan-
gling bond electron spins. This is a sort of stochastic pro-
cesses in a disordered system, pursuing the time evolution of
dangling bond electron spin. Yamasaki and Isoya’® took the
average value of the dipolar field taking into account random
distribution of dangling bonds. We think that this procedure
may not be justified in such a dynamical process.

For the static process, e.g., the linewidth due to the dipo-
lar interaction between dangling bond electron spins, one can
employ the moment method by Van Vleck® to treat the line-
width. Kittel and Abrahams®! calculated the linewidth due to
the dipolar interaction of spins distributed at random. The
average second moment of dipolar interaction, (AH?),,, is
given by
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(AH?),, =[S(S+ 1)3N1X' B}, (A1)
J.k

where N is the actual number of magnetic species and the
summation is performed over all occupied sites (j # k). Bj is
given by

B =~ (3/2)gupry (3 cos? 0 — 1), (A2)

where g and ujy are the g value of dangling bonds (the dif-
ference in the g value between two types of dangling bonds
is neglected) and the Bohr magneton, respectively, and 6 is
the angle between the vector r; and the static magnetic field.
However, it is not guaranteed that dangling bond electron
spins are distributed homogeneously at random.

Now, we take a model of light-induced defect creation in
a-Si:H described in this paper, i.e., there is a close pair of a
normal dangling bond and a hydrogenrelated dangling bond
or two neighboring normal dangling bonds. The intradistance
within a close pair, r, and the site of a dangling bond, e.g., a
normal dangling bond, are fixed, and then it is assumed that
the site of another dangling bond, i.e., either a normal dan-
gling bond or a hydrogen-related dangling bond, is randomly
distributed over the spherical surface of radius r, but only
one magnetic species, i.e., either a normal dangling bond or
a hydrogen-related dangling bond exists on this spherical
surface. Based on the above distribution of magnetic species,
FWHM due to dipolar interaction between magnetic species
has been calculated’® using the moment method by Van
Vleck.® The result is summarized below. The average sec-
ond moment of dipolar interaction, (AH?),,, is calculated by
performing the statistical average on the spherical surface of
radius r. Then, we obtain

(AH?) 4, = (9120)g° ur© = (9/20)A%, (A3)

A=gupr (in gauss). (A4)

The fourth moment of dipolar interaction is given by Eq.
(21) in Ref. 80. Its average is calculated as follows:

(AHY,, = (3627/2800)A*. (A3)

As shown below, we take a Lorentzian line shape with cutoff
fields Hy+ « and half-width at half maximum I". The second
and fourth moments are given by

(AH?),, =2Tal, (A6)
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(AH*Y,, =2l a’/3r. (A7)

The ratio of the average second moment to the average
fourth moment is

(AH?, J(AHY),, =3a72. (A8)

In our case, this ratio is 0.347/A2, so that we obtain «
=2.94A. Then, the FWHM is given by

FWHM = 2T = (AH?), m/a = (9/20)Am/2.94.  (A9)

If we take the values of I', 1.8 and 1.9 G, obtained from the
deconvolution of ESR spectra’® measured at 434 MHz for
glow-discharge a-Si:H samples ((H]=10 at. %) by Brandt
et al.,”® we obtain r=13.5 and 13.3 A, respectively.

According to Abragam® and Kittel and Abrahams,3! if the
conditions f<<0.01 (the fraction of the occupied site) and
(AHY,,/{AH?),,2>3 are satisfied, the line shape is approxi-
mated by a truncated Lorentzian curve. Although the condi-
tion has been applied to the case of a magnetically diluted
system in the regular cubic crystal lattice, we assume that
this condition is also applicable to our case. In our case, f is
estimated as follows: A magnetic species occupies a site on
the spherical surface of radius r, i.e., 13 A. The total number
of the sites on the sphere is estimated from dividing the
surface area by the area occupied by one site, i.e., (2.35 A)2,
that is 384 sites. Thus, we obtain f=2.6 X 1073. Further, we
obtain (AH%), /(AH?),,2=6.38 from Eqs. (A6) and (A7).
Thus, the above conditions are satisfied, so that the line
shape is approximated by a truncated Lorentzian curve. As
such, the truncated Lorentzian curve that we use in the above
consideration is justified.

In the above consideration, we neglected a distribution of
r. The value of r is obviously distributed over some range.
However, the distribution is considered to be narrow in the
light of our model, so that the value of r is approximately
fixed.

From the above consideration, it is concluded that the
close pairs of dangling bonds 13 A apart reasonably account
for the spin-packet width of 1.8—1.9 G. Furthermore, it is
noted that the existence of close pairs of dangling bonds is in
contrast with the assumption of randomly distributed dan-
gling bonds by Isoya et al.”” and Yamasaki and Isoya.”® Fi-
nally, we would like to add that the inhomogeneous distribu-
tion of light-induced dangling bonds has been suggested
from frequency-resolved spectroscopy measurements on lu-
minescence in a-Si:H by Ogihara et al.®3
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