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Defect formation during deposition of undopeda-Si:H by rf glow discharge

Keiji Maeda, Ikurou Umezu,* and Hotaka Ishizuka
Department of Materials Science and Technology, Science University of Tokyo, Noda, Chiba 278, Japan

~Received 10 November 1995; revised 9 September 1996!

Dependence of the as-grown defect concentration in undopeda-Si:H deposited by rf glow discharge on the
deposition parameters is investigated. It is found that the defect density behaves similarly to the concentration
of SiH2 configuration in the films deposited at substrate temperatures below 300 °C. The defect concentration
varies proportionally to about the third to fourth power of the SiH2 concentration depending on the deposition
conditions. The Urbach energy increases in samples deposited under the condition where SiH2 concentration
increases. An additional energy is necessary to convert the weak bond in the valence-band tail into the defect.
The observed characteristics are analyzed by a model in which this additional energy is produced by the
surface reaction of SiH3 incorporating the SiH2 configuration into the network. These characteristics are
compared with those of the Staebler-Wronski effect. The increase of weak bond density contributes to the
increase of defect creation efficiency. The analyses give a quantitative explanation of the observed character-
istics and estimation of some parameters involved in the conversion process. Similarities in the mechanisms are
pointed out between the as-deposited defect formation and the Staebler-Wronski effect.
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I. INTRODUCTION

Hydrogenated amorphous silicon~a-Si:H! is usually de-
posited as a thin film by rf glow discharge of SiH4 gas on a
substrate kept at temperatures below 400 °C. Defects in
dopeda-Si:H film are considered to be the Si dangling bon
~DB!, although a controversy with the floating bond mod
has not been completely settled.1 The concentration of Si DB
in undopeda-Si:H film depends on the preparation cond
tions including heat treatment after deposition. Numerous
vestigations have been made to understand the correla
between the DB densityNs and the preparation conditions
In an early stage of research on plasma-depositeda-Si:H, it
was revealed that there is a rapid increase of the defect
sity with an increase of hydrogen content as the coup
SiH2 configuration.

2

For the explanation of a decrease ofNs with decreasing
equilibrium temperature by annealing, the idea thata-Si:H
network is in a quasithermal equilibrium condition that
frozen during the cooling process has been successful3 A
configuration involving the dangling bonds corresponds t
high-energy state. However, it has been observed experim
tally that the as-deposited defect density increases with
creasing substrate temperatureTs during the deposition by
two or three orders of magnitude with its minimum value
a temperature of about 250 °C.4 It is considered that the de
fect density in the as-deposited state at low temperatur
primarily determined by the deposition reaction.

A correlation has been found to exist betweenNs and the
Urbach energyEU of the valence-band tail state.5,6When the
Urbach energy becomes large, the density of states in
valence-band tail of comparable energy with the dangl
bond increases. The thermal equilibrium relation between
weak bond and the defect seems to have been accep5

However, as for the mechanisms of this correlation betw
Ns andEU there remain several ambiguities. As discuss
later, an additional energy seems necessary to create de
550163-1829/97/55~7!/4323~9!/$10.00
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by breaking the weak bond. This energy is to be suppl
from one of the surface reactions. This reaction has to p
sess some special characteristics: it must be dominant at
deposition temperatures and produce enough amount en

Recently, we proposed a mechanism of the surf
reactions.7 We investigated the H atom concentration
a-Si:H films deposited under various conditions. It was se
rated into the SiH concentrationS1 and the SiH2 concentra-
tion S2 by decomposition of the IR absorption spectra. Sin
the release of H atoms is an essential part of the sur
reaction of incident SiH3 radicals, the configurations of hy
drogen atoms retained in the network are a clue to und
standing how the reactions proceed. There are two kind
surface reactions; one is incorporating SiH and the othe
incorporating SiH2 into the network. The latter become
dominant at low deposition temperatures.

In this paper, we measured the defect densityNs in these
films by electron spin resonance~ESR!. We found similar
behavior of log10Ns andS2 with changes in the depositio
parameters;Ns varies exponentially withS2 . We also mea-
sured the Urbach energyEU in these samples.EU increases
with the increase ofS2 andNs at deposition temperature
below 250 °C. We discuss ambiguities involved in two pr
viously proposed models5,6 on the temperature dependen
of as-grown defect atTs below 250 °C. We propose a
mechanism of the defect formation during deposition ba
on our surface reaction mechanism. First, the cause of
relation betweenNs andS2 is considered. According to ou
surface reaction mechanism, the bimolecular reaction of
sorbed radicals leading to the incorporation of the SiH2 con-
figuration is expected to accompany a reaction energy la
enough to break a weak Si—Si bond. The observed charac
teristics of the DB formation during deposition are compar
with those of the Staebler-Wronski~SW! effect.8 The abso-
lute value of the defect formation efficiency is in agreeme
with that of the SW effect. As for the exponential variatio
of Ns with S2 , analyses are made in terms of the Urba
4323 © 1997 The American Physical Society
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4324 55KEIJI MAEDA, IKUROU UMEZU, AND HOTAKA ISHIZUKA
energyEU leading to satisfactory results: the defect form
tion efficiency is proportional to the weak bond density. T
configurational coordinate treatment is introduced in
analyses. Some parameters involved in the conversion
cess can be estimated.

The previously proposed mechanism of surface reactio
briefly described in Sec. II, since it forms the basis of t
paper, but is quite different from the mechanisms so
reported.9,10 Our experimental results onNs andEU are pre-
sented in Sec. III. Discussion on the previously propo
models5,6 and proposal of our model on the as-grownNs are
made in Sec. IV. The observed characteristics are quan
tively analyzed by a comparison with those of the Staeb
Wronski effect and determination of some parameters
volved in the defect formation process are made based on
mechanism in Sec. V. The conclusion is given in Sec. V

II. MECHANISM OF SURFACE REACTION

It is known that the precursor of SiH4 plasma contributing
to deposition is an SiH3 radical in low rate depositions usin
low rf power density with a sufficient SiH4 gas supply.

11 It is
believed that an incident SiH3 radical is first adsorbed an
then migrates on the H atom terminated surface until it for
a Si-Si bond with the bulk.12

The a-Si:H films used in the experiments to investiga
the surface reaction mechanism were prepared by PECV
a SiH4 and H2 gas mixture in a capacitively coupled reacto
The gas pressure was 0.5 Torr in the reaction chamber
the rf power density was 0.07 W/cm2. The conditions for the
series of depositions varying either the substrate tempera
Ts or the SiH4 partial pressurePs were as follows. For the
variation ofPs , the total gas flow rate@SiH4#1@H2# was kept
constant at 100 sccm andTs was 250 °C.Ps was varied from
0.25 to 0.50 Torr by varying the SiH4 flow rate from 50 to
100 sccm. It was reported that the SiH3 production frequency
in a rf plasma of a H2/SiH4 gas mixture is independent of H2
dilution.13 Therefore,Ps of the gas mixture is proportional t
the SiH3 precursor density in the plasma. For the variation
Ts , the flow rate was fixed at 50 sccm for each SiH4 and H2
gas, andTs was varied from 120° to 360 °C.

The deconvolution of the IR-absorption spectra for det
mining the H atom density was made using a personal c
puter under the assumptions that~1! the peaks in the spectra
region from 2000 to 2090 cm21 are due to the stretchin
mode of the Si—H configuration having a peak at aroun
2000 cm21 and the SivH2 configuration having a peak a
around 2090 cm21; and ~2! the component spectrum has
Gaussian shape.14 As for the proportional constantA con-
verting the integrated absorption intensity to the atomic c
centration, the values given by Langfordet al.15 were used;
A~SiH!50.931020 cm22 andA~SiH2!52.231020 cm22.

Figure 1 shows the results. The concentrations of SiH
SiH2 thus obtained are shown for the variation ofPs in Fig.
1~a!, and for the variation ofTs in Fig. 1~b!. The variation of
S1 and S2 is in opposite directions under the variation
Ps andTs .The variation of total H atom concentration wit
the deposition parameters is dominated by the variation
S2 in samples prepared atTs,250 °C andPs.0.3 Torr.

There has been a large discrepancy in the concentra
ratio of SiH to SiH2 determined by IR and by nuclear ma
-
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netic resonance~NMR!.4 The concentration ratio by IR wa
obtained using an equal proportional constantA for SiH and
SiH2. The large H density with broad spectral component
NMR ~Ref. 16! was attributed to the clustered SiH on inte
nal surfaces of microvoid.17 The concentration ratio obtaine
by IR using Langford’s constant agrees quite well with th
obtained by NMR. Therefore, an ambiguity involved in th
previous analyses of H atom concentrations is remarka
decreased by reducing a large contribution of the indefinit
defined microvoid.

The dependence of the deposition rateR on Ps and Ts
was measured.R increases linearly withPs whenTs is kept
constant. This result coincides with the interpretation t
only SiH3 radicals derived from SiH4 contribute to the
growth ofa-Si:H and thatPs is proportional to the precurso
flux density incident upon the growing surface. The variati
of S2 as a function ofPs andTs is plotted against the depo
sition rateR in Fig. 2. S2 increases in both cases with in
creasingR, but quantitatively at a different rate depending
whetherPs or Ts is varied. This result, together with th
result thatS1 andS2 have opposite dependencies onPs and
Ts, can be understood if it is assumed that two differe
reaction processes are involved in the growth, and the va
tion of Ps andTs has different effects on each reaction pr
cess.

For the analysis of the above experimental results, sim

FIG. 1. H-atom densities ina-Si:H films.S1 is SiH density~s!
andS2 is SiH2 density ~n!. Films were~a! deposited by varying
Ps , and~b! deposited by varyingTs .
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55 4325DEFECT FORMATION DURING DEPOSITION OF . . .
phenomena treated by two well-known theories are recal
One is the kinetics of crystal growth at different supersa
ration, and the other is the kinetics of chemical reactio
While the lateral growth by single nucleation takes place
the crystal growth at low supersaturation, the vertical grow
by multinucleation takes place at high supersaturation.
cording to the kinetic theory of chemical reactions, elem
tary reactions of different reaction order lead to differe
dependence of the reaction rate on the reaction param
such as temperature and pressure.

We proposed the mechanism of surface reaction to
plain the results of IR absorption.7 These results cannot b
explained by hitherto presented mechanisms.9,10 There is a
first-order, monomolecular process and a second-order
molecular process in the reaction of adsorbed SiH3 radical. It
is reasonable to associate the SiH2 incorporation with the
bimolecular reaction process of SiH3 radicals, sinceS2 is
enhanced at highPs , i.e., for high incident precursor flux
density. The SiH incorporation is associated with the mo
molecular process of SiH3 radical, sinceS1 becomes larger a
higherTs , where the diffusion of the adsorbed radical on t
surface becomes active and it takes little time to arrive a
favorable site to form a Si—Si bond.

These two processes coexist and compete with each o
under the conventional deposition conditions and a proc
with a short reaction time becomes the dominant proc
While the bimolecular process becomes dominant at lowTs
and under highPs , the monomolecular process becom
dominant at highTs and under lowPs . The deposition reac
tion by the bimolecular process incorporates an SiH2 con-
figuration for each Si atom in agreement with the H cont
in the film deposited at low temperatures.2 The probability of
incorporating an SiH configuration is small for a Si—Si bond
formation by the monomolecular process at a steplike site
the growing surface.

By the analyses of the observed variation ofS2 with Ts
and Ps based on this model, the activation energy of t
surface diffusion of adsorbed SiH3 radical on the growing

FIG. 2. SiH2 densityS2 against deposition rateR. Films depos-
ited varyingPs ~s! and films deposited varyingTs ~n!.
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surface is obtained to be 0.3 eV. This value is close to
previously estimated value of 0.2 eV.18 The jumping fre-
quency in the diffusion is a reasonable value. The data
S1 variation are also analyzed and the minimum concen
tion of H atoms is found to be about 10 at. % in agreem
with experiment.7

III. EXPERIMENTAL RESULTS

The defect concentrationNs was measured by ESR usin
an X-band apparatus in the dark at room temperature.
dangling bond has an ESR absorption band atg52.0055.
The same kinds of samples were used as in the IR abs
tion. For several samples with small ESR signal intensity,
thickness dependence of the ESR signal intensity was m
sured to obtain the bulk defect density excluding possi
surface contributions. The variation ofNs with Ps andTs is
shown in Fig. 3.Ns decreases rapidly with increasing tem
perature up to 250 °C, where it has a minimum value. Th
Ns increases slowly with increasing temperature. The te
perature dependence ofNs is in agreement with reported
results.2,4 Ns increases with increasingPs . log10Ns behaves
similarly to S2 shown in Fig. 1 in the samples deposited
Ts,250 °C. While the temperature dependence atTs
.300 °C can be explained by an assumption of therm
equilibrium at the deposition temperature, the temperat
dependence atTs,250 °C cannot be explained by the sam
assumption.

While the variations ofNs and S2 with the deposition

FIG. 3. Variation of defect densityNs with deposition condi-
tions. ~a! Films deposited varyingPs and ~b! films deposited vary-
ing Ts .
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4326 55KEIJI MAEDA, IKUROU UMEZU, AND HOTAKA ISHIZUKA
parameters are qualitatively similar, the greatest differenc
thatNs is plotted on a logarithmic scale in Fig. 3 andS2 is
plotted on a linear scale in Fig. 1. It has been reported
the Urbach energyEU of the valence-band tail state is co
related withNs in the films deposited atTs below 250 °C.5,6

It is plausible that a variation ofEU is associated with an
exponential variation ofNs . We measuredEU in our
samples by the photothermal deflection spectroscopy~PDS!
method.19

In Fig. 4, EU is plotted against the variations ofPs and
Ts in the preparation condition. TheEU value in the samples
deposited atTs5250 °C varies linearly withPs and extrapo-
lates to 45 meV atPs50 in agreement with the variation o
EU with the deposition rate by rf power density.20 For the
variation with Ts , reported values ofEU are also
plotted.21–24 The variation ofEU with Ts below 250 °C is
large compared with that above 250 °C. While the pres
results in the sample deposited atTs.250 °C agree with the
reported values, the results in the samples deposited aTs
,250 °C do not agree. This seems to indicate thatEU is
determined in thermal equilibrium atTs.250 °C butEU de-
pends on the preparation conditions atTs,250 °C.

FIG. 4. Variation of Urbach energyEU with deposition condi-
tions. ~a! Films deposited varyingPs and ~b! films deposited vary-
ing Ts . In addition to our data~s!, published data are also show
in ~b!: Kida et al. ~Ref. 21,n!, Nonomuraet al. ~Ref. 22,* !, Roxlo
~Ref. 23,3!, and Yamasaki~Ref. 24,h!.
is

at

nt

Yamasaki24 measuredEU by the photoacoustic spectroscop
~PAS! technique. He prepared his samples shown in Fig
under low SiH4 pressure of 50 mTorr at low rf power densi
of 30 mW cm22. The H atom content in his sample prepar
at Ts5100 °C is only 24 at. %. Kidaet al.21 reported rather
smallEU values shown in Fig. 4. They obtained their resu
by the primary photocurrent technique. It is considered t
their data may underestimate the value ofEU .

5

It is considered thatEU reflects disorder broadening i
a-Si:H. The increase ofEU in our samples is larger in the
Ts variation than in thePs variation for nearly equal in-
creases ofS2 in the two variations. However, it was reporte
that the increase ofEU with decreasingTs is rather small in
the sample of lowNs and hydrogen contents24 as shown in
Fig. 4. These results seem to imply thatS2 is one of the
major factors determining the disorder in the samples dep
ited at temperatures below the freezing temperature.

IV. MECHANISM OF DEFECT FORMATION

Two models have been proposed to explain the incre
of Ns with increasingEU at Ts below 250 °C.5,6 A state
containing a DB has an energyUB higher than the state
without DB. When a weak bond in the tail state of hig
energy is considered as the initial state of bond break
UB becomes small. The state density distributionNT(E) in
the valence-band tail is given by

NT~E!5Nv
m exp@2~E2Ev!/EU#, ~1!

whereNv
m is the tail state density at the mobility edge of th

valence band of energyEv .Therefore, there are many initia
states with smallUB for the bond breaking in samples o
largeEU .

Smith and Wagner5 proposed a model for the depositio
at Ts,250 °C in which the tail states of equal energy to t
dangling bond are guaranteed to convert to the dang
bond. They setNs equal to the tail-state density given b
integrating Eq.~1!,

NTD5E
ED

`

NT~E!dE5Nv
mEU exp@2~ED2Ev!/EU#. ~2!

Since the observedEU increases with decreasingTs , Ns in-
creases exponentially with decreasingTs . However, such a
conversion is only possible in thermal equilibrium, if there
a potential-energy barrier between the tail state and the
state as is usually the case. The freezing temperatureTF of
undopeda-Si:H is known to be about 200 °C.3,25 At tem-
peratures belowTF it is difficult to reach thermal
equilibrium.6 The increase ofEU at low temperatures implies
that an increasing number of constituent atoms are becom
trapped in the small and disordered potential. In such a s
ation it is not guaranteed to consider the thermal equilibri
between the weak bond and the defect.

Stutzmann6 ignored the potential-energy barrier and pr
posed a model in which the bonding states of the valen
band tail break spontaneously when the tail states are in
energy level equal to the energyED of DB. The value of
ED2Ev in Eq. ~2! is important for the propriety of the
model. It was determined to be 0.55 eV by fitting Eq.~2!
with experimental data.6 This value seems to be muc
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55 4327DEFECT FORMATION DURING DEPOSITION OF . . .
smaller than the generally accepted value.1 The band gap
between the conduction band and the valence band is
proximately 1.85 eV in undopeda-Si:H. The gap state en
ergy of the native defect inn-type a-Si:H is 0.8–0.9 eV
below Ec . While the correlation energy in the DB is no
known accurately, it is considered to be positive and 0.1–
eV. Therefore,ED2Ev is estimated to be about 0.8 eV.

Furthermore, a following ambiguity arises for this mod
which assumes the existence of the tail state of den
NT(E)expressed by Eq.~1! up toE.ED . If we consider the
dehydrogenation of a SiH3 precursor radical in the networ
formation process, such a sequence of unstable Si—Si bond
formation and spontaneous breaking, i.e., a reaction of
Si—H bonds leading to spontaneous production of a H2 mol-
ecule and two dangling bonds, is very unlikely to take pla
on account of the reaction energy estimated from the b
energies given below; enthalpy increase by this reactio
estimated to be 33.6 kcal/mol51.6 eV. It seems likely tha
the tail state that breaks spontaneously does not exten
energies higher thanED .

It is inferred from the above discussions that an additio
energy supply is needed to break a Si—Si bond in the tail
state. This additional energy can be produced by the hea
reaction, i.e., the enthalpy change in the deposition react
In order for the reaction to proceed spontaneously, a cha
in the Gibbs free energy should be negative for the react
Since a contribution of the entropy term is not considered
be important in the deposition reaction, the Gibbs free
ergy change can be approximated by the enthalpy chang
Ref. 7, the enthalpy change or heat of reaction was calcul
for the monomolecular and the bimolecular reactions. It w
noted that the enthalpy change accompanying the bimol
lar reaction is much larger than the monomolecular react

The following bond energies were given by Pauling26

Si—H bond 70.4 kcal/mol, Si—Si bond 42.2 kcal/mol, and
H—H bond 104.2 kcal/mol. The adsorption energy of a S3
radical on an H atom terminating the growing surface,•
H—Si, was assumed to be 10 kcal/mol, which is reasona
in comparison with the activation energy 0.3 eV of the s
face diffusion coefficient.7 As an example of the monomo
lecular reaction of an adsorbed radical, the reaction at a s
like site shown in Fig. 5~a! is considered in an analogy wit
the crystal growth. The steplike site in amorphous mate
does not mean a site linearly aligned on the growing surfa
The Si atom in a diffusing radical assumes a stable posi
of low potential energy by forming two Si—Si bonds simul-
taneously with the network at this site. In this reaction, th
Si—H bonds, and an adsorption of Si on H, Si•H—Si, dis-
appear and two Si—Si bonds and 3/2 H—H bonds are
formed. The enthalpy change2DHM by this monomolecular
reaction is calculated to be 20 kcal50.87 eV.

For the bimolecular reaction, clustering of two SiH3 radi-
cals on a flat surface is considered in analogy with the cry
growth. Each Si atom in SiH3 radicals becomes stabilized b
simultaneously forming two Si—Si bonds to the network. I
is difficult to illustrate the reaction precisely, but one of t
reactions incorporating the SiH2 configuration is presumably
represented by Fig. 5~b!. By this reaction, four Si—H bonds
and two adsorptions of Si on H disappear. Three Si—Si
p-
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bonds are formed and two H2 molecules are released. Th
enthalpy change in this bimolecular reaction is2DHB534
kcal51.48 eV.

Although the exact enthalpy change depends on the r
tion involved, the enthalpy change in the bimolecular re
tion2DHB is larger than that in the monomolecular reacti
2DHM . The reason is that the number of bonds, which
broken and formed in the reaction, is larger in the bimole
lar reaction than in the monomolecular reaction and that
average enthalpy change by bond rearrangement, i.e.
breaking two Si—H bonds and forming a Si—Si bond and a
H—H bond, is negative,26 kcal.

V. COMPARISON WITH STAEBLER-WRONSKI EFFECT

A. Defect creation efficiency

For a discussion on the mechanism of the Si—Si bond
breaking, comparison with a similar phenomenon is ind
pensable. While there has been some debate about the
pretation of the Staebler-Wronski~SW! effect, the bond
breaking model is considered to be the most reliable on
this time.1,27 According to the Si—Si bond breaking model
this effect is understood as follows.8 Figure 6~a! shows the
energy band diagram of undopeda-Si:H. As described in the
preceding section, the energy level of the Si DB in undop
a-Si:H is about 0.8 eV above the valence-band mobility ed
Ev in the band gapEg of 1.85 eV. The valence-band tail i
broadened by the Urbach energy due to the irregularity of
amorphous network.

When an electron-hole pair produced by light illuminatio
radiatively recombines, the excess energyU is emitted as a
luminescent photon. Weak Si—Si bonds in the Urbach tai
are broken if the excess energy is enough to raise electron
the valence-band tail over the potential-energy barrier to
dangling bond level as illustrated in Fig. 6~b!. Since a weak
Si—Si bond is comprised of two electrons, the energy d
ference between the two minima in the potential energy
twice the energy differenceDEs between the DB energy
ED and the Urbach tail energyEo . An extra energya is
expected to be necessary to surmount the potential-en
barrier separating the two minimum positions in the config

FIG. 5. Examples of surface reaction of adsorbed SiH3 radical.
~a! Monomolecular reaction at steplike site, and~b! bimolecular
reaction on flat surface. Growing surface is indicated.
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rational coordinate diagram. Thus, the excess energyUb nec-
essary to break a weak bond becomesUb52DEs1a.

The energy for breaking a weak bond of 2DEs1a is
usually considered to be 1.3–1.4 eV from the tail-to-tail
minescence energyU.28 This energy is a little smaller tha
the enthalpy change by the bimolecular reaction2DHB but
is larger than the enthalpy change by the monomolec
reaction2DHM ; i.e.,

2DHB.U.2DHM . ~3!

Therefore, it can be considered that the breaking of a w
bond occurs by the energy of a bimolecular reaction but
by the energy of a monomolecular reaction. This is in agr
ment with the experimental result thatNs increases with in-
creasingS2 , which is incorporated by the bimolecular rea
tion for either variation ofPs or Ts in the deposition
parameters.

Since the Frank-Condon principle applies in this case,
the optical energy difference in light emission process
smaller than the energy difference in equilibrium, the su
plied energy in the SW effect is expected to be larger thanU.
ThenUb is set equal to2DHB . The relation among severa
energies discussed above becomes

2DHB52~ED2Eo!1a. ~4!

While there are many uncertainties, Eq.~4! becomes unde
the assumption2DHB51.5 eV andED2Dv50.8 eV

Eo2Ev5~a10.1 eV!/2. ~5!

FIG. 6. ~a! Energy band diagram of undopeda-Si:H. U is the
energy emitted by tail-to-tail recombination,DEs is the energy dif-
ference between dangling bond DB and Urbach tailEo andN is the
state density.~b! Configurational coordinate diagram of tail sta
and defect state separated by a potential-energy barrier.
-

ar

k
ot
-

.,
s
-

The exponential dependence of tail state density on energy
observed over the range of (E2Ev)50.2–0.5 eV.29 The
above relation is reasonable with regard to the value ofa in
the situation where the tail state density is closely correlate
with the defect creation efficiency.

The defect creation efficiency in the SW effect by the
energy of tail-to-tail recombination of an electron-hole pair
was defined by Stutzmann, Jackson, and Tsai as the ener
transfer efficiency.8 They described the rate of DB creation
with the illumination timet ill by

dNs /dtill5cSWAtnp. ~6!

Here,Atnp is the number of tail-to-tail recombination per
unit time and volume, andcSW is a constant describing the
average efficiency of these transitions for the creation of new
DB. They evaluatedcSW experimentally to be 531025.

TheNs versusS2 relation in our study is shown in Fig. 7
for the two series of samples, one deposited at variousTs and
the other deposited under variousPs . The variation ofNs
with Ts is larger than that withPs . From the gradient of the
experimental points,Ns is proportional to the 4.4th power of
S2 whenTs is varied and is proportional to the 2.9th power
of S2 whenPs is varied. This results also indicates that the
defect creation efficiency by energy transfer is correlated
with the density of weak bond since the variation of Urbach
energy was observed. The ratioNs /S2 in our experiment is
in a range of 531024 to 631026 as can be obtained from
Fig. 7. A defect is considered to be created by a bimolecula
reaction process incorporating fourS2 hydrogen atoms.
Then, cSW in the present evaluation is equal to 4Ns/S2
52.031023 to 2.431025. The value ofcSW is associated
with the tail state density expressed by Eq.~1!. It becomes
larger for largerEU and smallerEo2Ev . Hence,cSW be-
comes larger in our study using samples of largerEU . From
the above discussion it becomes clear that the absolute ma

FIG. 7. Dependence of defect densityNs on SiH2 densityS2 .
Films deposited varyingPs ~s! and films deposited varyingTs ~n!.
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nitude of the defect creation efficiency is in agreement w
the SW effect. The dependence ofNs on S2 is discussed in
the following.

The energy transfer process from chemical reaction t
weak bond has to be considered. An excited bonding sta
conceivable to be produced due to the excess energy a
reaction site. This excited state can migrate some distanc
the network as an electron-hole pair, but is unable to m
around through the network since the energy is less than
band gap energy. The depth of the defect formation is c
sidered to be only a few atomic layers thick. The weak bo
satisfying the condition given by Eq.~5! within this region
can be converted to the defect by the energy supply.

The variation ofNs with higher power ofS2 than the
linear is considered to be due to the variation of this we
bond density with deposition conditions. The ratioNs /S2 is
expected to be proportional to the weak bond density
tained by integrating Eq.~1! betweenEo and infinity simi-
larly to Eq.~2!. In order to estimate the variation of the wea
bond density, the value of (Eo2Ev) is needed. We plotted
the calculated values of lnEU2@(Eo2Ev)/EU# against lnEU
in Fig. 8 for various values of (Eo2Ev) as a parameter. Th
observed ranges of Urbach energy,D lnEU , are indicated
horizontally in this figure for the variation ofTs ~120–
250 °C! andPs ~0.25–0.50 Torr! for increasingEU from its
minimum value shown in Fig. 4. The logarithmic ranges
observed variationD ln(Ns/S2) are also indicated vertically in
this figure for the variations ofTs andPs . The hypotenuse
making a rectangular triangle withD ln(Ns/S2)and D lnEU
can be drawn in the figure for the variation ofTs andPs ,
respectively. Since the variation of ln(Ns/S2) has a meaning
for this purpose, the triangles can be shifted vertically in t
figure.

The (Eo2Ev) value can be determined of which curv
has the same gradient to the hypotenuse of theTs and Ps
triangle, respectively. The curve ofEo2Ev50.2 eV gives

FIG. 8. lnEU2@(Eo2Ev)/EU# plotted against lnEU for various
Eo2Ev values. The ranges of lnEU with variations ofTs andPs are
indicated horizontally. The ranges of variation of ln(Ns /S2) with
variations ofTs and Ps are indicated vertically. The gradient o
hypotenuse in the triangles withD lnEU and D ln(Ns /S2) is com-
pared with the calculated curves.
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the best fit for bothTs andPs variations as shown in Fig. 8
This value is small compared withED2Ev values in the
previous models; 0.85 eV by Smith and Wagner5 and 0.55
eV by Stutzmann.6 The difference has the numerical effect
compensating the smallness of the defect creation efficie
introduced into the present model. The potential barr
heighta in the configurational coordinate diagram shown
Fig. 6~b! is then estimated to be approximately 0.3 eV by E
~5!. Therefore, the characteristics of as-deposited defect d
sity can be quantitatively represented by

Ns5CsS2EU exp@2~Eo2Ev!/EU#, ~7!

whereCs is a proportional constant, which involves the d
fect creation efficiency by energy transfer.

B. Similarity and difference in characteristics

The dependence of DB densityNSW introduced by the
SW effect on the hydrogen atom density indicates the si
larity in the mechanism between the defect formation dur
deposition at lowTs and the SW effect. It was reported30 that
the light-induced degradation of photoconductivity decrea
when the SiH2 bond density decreases ina-Si films depos-
ited at Ts5200 °C with a low impurity content of around
1018 cm23. There is no strong relationship between the lig
induced degradation and the SiH bond density.

Bhattacharya and Mahan31 reported that the logarithm o
the PDS signal intensity due to defects induced by the
effect is correlated with the 2070-cm21 IR absorption of the
film. They defined the microstructure fractionFm by

Fm5@2070#/$@2000#1@2070#%,

where the brackets denote the integrated band intensitie
the respective IR absorption. Since the proportional cons
converting the absorption intensity to the atomic concen
tion is different for the 2000- and the 2070-cm21 absorption
bands,15 their definition of the microstructure fraction relate
with the density deficiency byFm becomes ambiguous. Ac
cording to their data,EU varies proportionally toFm . Their
data of theNSW versusEU relation are plotted in Fig. 9. The
light soaking was made for 22 h under an ELH lamp ca
brated to 100 mW/cm2 on a-Si:H films of 1–2mm thick
deposited at Ts>250 °C. There is a correlation tha
log10NSW varies proportionally toEU .Therefore, their data
seem to indicate that the bond breaking by the SW eff
occurs preferentially at the weak bond induced by the int
duction of SiH2 configuration into the network.

SinceNSW under the same light soaking in the SW effe
is proportional to Ns /S2 of as-deposited defects, th
ln(Ns/S2) versus lnEU plot in Fig. 8 is expected to be als
applicable in this case. A plot of the variation of lnNSW with
EU shown by the straight line in Fig. 9 is made in the sam
way as in Fig. 8. The curve ofEo2Ev50.10 eV gives the
best fit to the data. The weaker dependence ofNSW onEU in
the SW effect compared with the as-deposited defects le
to the smaller value ofEo2EU .

The most important difference between the as-grown
fects and the Staebler-Wronski defects is the thermal sta
ity. The defects due to the SW effect are usually produce
room temperature and disappear by thermal annealing
temperatures between 150 and 200 °C.8 On the other hand,
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the defect density in the as-deposited state decreases
slowly by annealing at temperatures below 250 °C.32 An ap-
preciable annealing occurs at temperatures of about 300
and above.

A cause of this difference is considered as follows. T
defect produced by the Staebler-Wronski effect is subjec
constriction in the bulk due to a deviation from the initi
network. Although some local atomic relaxations are ma
avoiding instantaneous restoration, the restoring force to
initial low-energy state is still operating. Therefore, the D
produced by the Staebler-Wronski effect disappears by
annealing at relatively low temperatures. On the other ha
the restoring force is weak for the defect introduced dur
deposition at a few atomic layers of depth under the grow
surface at deposition temperature. The surrounding netw
has not yet become completely rigid for the DB. The rest
ing force to the initial state is largely relaxed during th
succeeding deposition process on the strained surface.

By the above comparison with the Staebler-Wronski
fect it becomes most likely that the as-grown defects
formed during deposition at temperatures below 300 °C o
ing to the enthalpy change accompanying the bimolecu
reaction. The present simplified model is developed on
basis of our assumptions that the H atom concentration

FIG. 9. Logarithm of defect densityNSW produced by the SW
effect vs Urbach energyEU for different a-Si:H samples.~See
Bhattacharya and Mahan, Ref. 31!.
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the surface of a microvoid can be neglected and that
surface reaction is described by the two kinds of proces
However, a very largeS2 in films deposited at very lowTs
might produce the microvoid. The IR absorption spectra
the Si—H bond terminating the growing surface33 revealed
that the dominant bonding configuration changes with
creasing temperature from SiH at 315 °C to SiH2 and to
SiH3 at 25 °C. Such a change of H atom configuration
the surface termination might be related with a change of
surface reaction at very lowTs .

The mechanisms of the Staebler-Wronski effect and
as-deposited defect formation at low temperatures are
similar. The reason they have not been compared close
considered as follows. In the studies of the Staebler-Wron
effect, the energy source, i.e., light illumination, has be
emphasized. On the other hand, in the studies of as-depo
defect density at low temperatures, the material condit
i.e., the Urbach energy, has been emphasized; but both
cessity and the presence of the energy source to break
weak bond have been disregarded.

VI. CONCLUSION

The dependence of the as-deposited defect density in
doped a-Si:H deposited at substrate temperatures be
300 °C by rf discharge is found experimentally to be simi
to that of SiH2 concentration. An additional energy supp
seems necessary to create defect by breaking the weak b
Based on the surface reaction mechanism proposed p
ously the characteristics of defect formation during depo
tion are compared with those of the Staebler-Wronski eff
Since the analyses give a quantitative explanation of the
served characteristics, it is concluded that the as-depo
defects are most likely formed near the growing surface d
ing deposition owing to the enthalpy change accompany
the bimolecular reaction of adsorbed SiH3 radicals incorpo-
rating a SiH2 configuration into the network. The exponent
increase of defect density with the increase of SiH2 concen-
tration is due to the associated increase of the weak b
density in the valence-band tail, which is converted to
defect. Finally, similarities in the mechanisms are poin
out between the as-deposited defect formation and
Staebler-Wronski effect.
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