
PHYSICAL REVIEW B, VOLUME 63, 245204
In situ ESR study to detect the diffusion of free H and creation of dangling bonds
in hydrogenated amorphous silicon

U. K. Das,* T. Yasuda, and S. Yamasaki
Joint Research Center for Atom Technology, 1-1-4 Higashi, Tsukuba, Ibaraki 305 0046, Japan

~Received 23 October 2000; published 6 June 2001!

In situ electron spin resonance~ESR! was studied during exposure of hydrogenated amorphous silicon
(a-Si:H) films to atomic hydrogen~H! generated by a remote plasma. A high diffusion coefficient of free
atomic H (.10210 cm2 s21) is observed ina-Si:H films at the very initial stage of H treatment. The H creates
additional dangling bonds (;1013 cm22) during in-diffusion. The diffusion mechanism of such free H is a
self-limiting process. The dangling bonds created at the very initial stage of H exposure act as the trapping sites
for the impinging H atoms. Consequently, the effective diffusion coefficient (Deff) reduces with H treatment
time. TheDeff for plasma in-diffusion of H with a relatively wide time span reported in literature is considered
to be the resultant of the diffusion coefficient of free H and the bonded H. The characteristic depth of
dangling-bond distribution decreases with increasing H treatment temperature. The activated rate constants of
db creation reactions dominate over the activated free-H diffusion to determine the distribution of additional
dangling bonds at different treatment temperatures.

DOI: 10.1103/PhysRevB.63.245204 PACS number~s!: 61.43.Dq, 52.77.Bn, 76.30.2v, 66.30.Ny
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I. INTRODUCTION

Hydrogen and its isotopes are known to play import
roles in modifying the optical, electrical, and structural pro
erties of various semiconductors. In many cases, hydro
appears as an undesirable contamination in crystalline s
conductors~Si, GaAs, etc.! and passivates the shallow acce
tors and donors.1–3 Such a passivation of the intended ele
trical activity of dopants is detrimental to the performance
devices based on these semiconductors. On the other h
hydrogen and its isotopes are intentionally used to passi
the electrical activity of many deep defects. Some of
beneficial properties of hydrogen or deuterium~H/D! are the
passivation of Si/SiO2 interface defects to improve the qua
ity of metal-oxide-semiconductor~MOS! transistors,4,5 pas-
sivation of grain boundary defects in polycrystalline Si f
improving its electrical properties,6 and the passivation of S
dangling bonds~db’s! in amorphous silicon (a-Si).7–9 Ow-
ing to the large reduction of deep db’s (.103 orders of mag-
nitude! in hydrogenated amorphous silicon (a-Si:H), the
materials immediately found many applications in thin-fi
transistors, solar cells, image sensors, and many other o
electronic devices. Thus the various effects of hydrogen
semiconductors have a profound impact on devices. Th
fore, studies on the interaction of atomic hydrogen with
and the dynamic changes of Si matrices are of relevanc
various Si technologies. In this work we confine our disc
sions to the role of hydrogen ina-Si:H thin films.

The saturation of host db’s in amorphous Si, amorph
Ge, and related alloys by H enables such hydrogenated
terials to contain 10–20 at. % bonded hydrogen and less
1016cm23 db defects in the films.10–12 It was soon realized
that H not only passivates the db’s ina-Si:H but also may
completely change the macroscopic structures of
materials.13 Excessive admixture of hydrogen with SiH4 in a
plasma-enhanced chemical-vapor deposition~CVD! system
results in the ordering of an amorphous network and
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formation of microcrystallites in the amorphous matrix.14,15

Alternate deposition ofa-Si:H films and the H plasma treat
ment ~commonly known as hydrogen ‘‘chemical annea
ing’’ ! changes thea-Si:H film structure in a wide range.16–19

The optical gap ofa-Si:H films ~in the range 1.7–2.1 eV!
and the formation of crystallinity can be controlled only b
varying the ratio of H plasma treatment time to film depo
tion time.19 So all these experimental results suggest the c
cial role of H in tailoring the structure of silicon-hydroge
alloy films. On the other hand, H is suggested to be resp
sible for the creation of metastable defects under light il
mination or current injection. The motion of H is suspect
to cause the generation of light or carrier-induced defect
some models.20–23 The diffusion of hydrogen in thea-Si:H
films may also anneal out the metastable defects at a t
perature higher than 150 °C. The region over which hyd
gen will have an influence and cause all the above-mentio
phenomena is obviously related to its diffusion depth in
materials. Therefore, much research has focused on the
of hydrogen and its diffusion process ina-Si:H films.

The state and amount of bonded hydrogen ina-Si:H films
is often quantitatively estimated by the nuclear magne
resonance~NMR! measurement,24 infrared-absorption~IR!
spectroscopy,25–28 and hydrogen effusion measure
ments.29–31 On the other hand, the diffusion of hydrogen
a-Si:H films is generally studied by secondary-ion ma
spectroscopy~SIMS!.31–34 The concentration profile o
hydrogen/deuterium in multilayers ofa-Si:D/a-Si:H can be
obtained by studying the SIMS depth profile. The SIM
depth profile for the thermally annealeda-Si:D/a-Si:H layer
shows that the total concentration of D plus H remains
most the same, whereas their individual concentrations~c!
vary in the a-Si:H/a-Si:D layer with the distance~x! and
time ~t!, according to

c5c0 erfcH x

2~Defft !
1/2J , ~1!
©2001 The American Physical Society04-1
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wherec0 andDeff are the initial concentration of D/H in th
a-Si:D/a-Si:H layer and the diffusion coefficient of D/H
respectively. Their respective bond-switching processes
describe the diffusion mechanism of D/H in such cas
However, this layer diffusion process of H~D!, which origi-
nates internally from the solid, does not adequately exp
the diffusion of mobile H~D! when it is introduced from a
plasma at the surface. In fact, the plasma deuteration
a-Si:H films results in a several orders of magnitude hig
diffusion coefficient in the low-temperature range~,400 °C!
with a significantly lower diffusion barrier.33,34 Several at-
tempts have been made to observe the effect of hydroge
deuterium plasma treatment ona-Si:H films in real time by
in situ ellipsometry andin situ IR studies. Thein situ ellip-
sometry results suggest that the diffusion coefficient
atomic hydrogen generated by a filament heated in H2 gas
may be much higher than 3310215cm2 s21 at 250 °C.35 The
in situ IR studies show the formation of a Si-H plateletlik
structure during H exposure in variousa-Si:H films.36

The mechanism of H incorporation and its influence
the microscopic defects ofa-Si:H films remains unknown
The kinetics of the creation, termination, and annihilation
the db duringa-Si:H film growth and H2 plasma treatmen
have recently been successfully realized byin situ electron
spin resonance~ESR! studies using the remote plasma m
crowave CVD method.37–40 Our earlier experiments showe
that hydrogen creates additional db’s ina-Si:H films during
H exposure.39 Moreover, it was observed that these exce
db’s were created not only at the top surface but also at s
regions below the surface, unlike the Ar plasma treatmen
a-Si:H films.39 Recently, we found an unusually high diffu
sion coefficient of H ina-Si:H films at the very initial stage
of H2 plasma treatment ofa-Si:H films.41 In this paper we
report in detail on the depth of the distribution of addition
db’s @Dns(x,t), wherex is the depth of thea-Si:H film and
t is the H treatment time# due to H exposure, and the effect
H treatment temperature on the distribution ofDns . The D
plasma treatment ona-Si:H films and the subsequent SIM
depth profile for D has been recorded to understand the
ference betweenin situ ESR and previously reported result
The kinetics of the various reactions of H with the Si n
work are discussed based on the experimental results.

II. EXPERIMENTAL DETAILS

A remote plasma microwave~2.45 GHz! CVD method
was used to deposit thea-Si:H films inside anX-band ~9
GHz! ESR cavity. Hydrogen plasma was generated ab
the ESR cavity in aT-shaped high-purity vitreous silic
~HPVS! tube using microwave~MW! power. The atomic H
formed in the plasma was admitted into the ESR cav
through theT-shaped tube~outer diameter of 6 mm!. The
source gas silane (SiH4) was introduced through another c
axial HPVS tube with a larger diameter~inner diameter of 8
mm! and reacted with atomic H (H1SiH4→SiH31H2) in the
ESR cavity for a-Si:H deposition. The flow of SiH4 was
stopped for H treatment of the depositeda-Si:H film. The
experimental setup has been described elsewhere.37,38A flow
of hot N2 gas was used to raise the substrate tempera
24520
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~wall temperature of the 8-mm HPVS tube! from room tem-
perature up to 200 °C. A cylindrical ESR cavity with an inn
diameter of 20 mm was used to allow enough space for
N2 gas to flow. The typical experimental conditions were
H2 flow rate of 100 SCCM and a SiH4 flow rate of 10 SCCM
for deposition~where SCCM denotes cubic centimeter p
minute at STP!. A H2 flow rate of 100 SCCM was used for H
treatment. Other parameters were the microwave power
sustaining H2 plasma of 50 W and the pressure of;1.5 Torr.
The flux of atomic hydrogen during H treatment under t
above plasma conditions was estimated to be;3
31016cm22 s21 from the measurements of gas-phase ES
The flux of atomic H to the film surface can be varied
changing the flow rate of H2 and the microwave power. In
our present experimental setup, the flux of H can be var
by about one order of magnitude. Thein situ ESR measure-
ments were performed during deposition and H treatmen
different temperatures using a BRUKER ESP 300E sp
trometer. To obtain the time evolution of Si db’s, the ma
netic field for ESR was set at the peak position of the fi
derivative spectrum due to neutral Si db’s (g52.0055).42

To realize the spatial distribution of db’s ina-Si:H films
during H treatment, we performed a thickness depende
study of H treatment at different temperatures. If the db’s
created only at the film surface, the resulting additional d
@i.e., the total db’s created in the film of thicknessd due to H
exposure;DNs5*0

dDns(x,`)dx, where Dns(x,`) denotes
the value of the equilibratedDns at film depthx# will be
independent of film thickness. Otherwise, for a deeper spa
distribution of the db’s,DNs should increase with the film
thickness. H plasma treatment for 3 min was repeated a
each deposition~namely, at each film thickness!. We did not
observe any significant etching ofa-Si:H film during 3 min
of H treatment under our plasma conditions. The ESR int
sities were averaged over 1024 data accumulated during
to increase the signal-to-noise ratio. TheDNs at each film
thickness were estimated from the ESR intensities durin
treatment, which were performed after 15 min of each de
sition. Also, we performed separate deposition and sub
quent H treatment to check for any influence of the repea
deposition and H treatment on theDNs value, but theDNs
value was almost the same in both cases. For the SIMS d
profile study, we deposited ana-Si:H film ~thickness;165
nm! at room temperature~RT!. The film deposited at the
same run was cut into four pieces. Three of the pieces w
subsequently treated by D2 plasma at RT for 10, 100, an
1000 s, respectively, while the remaining piece was
treated and used as a reference sample. The SIMS d
profile of deuterium was recorded using Cs1 as a sputtered
beam with a width of 1403224 mm2 and a sputtering rate o
0.4 nm/s.

III. RESULTS

A typical time evolution of ESR intensity duringa-Si:H
deposition and its subsequent exposure to a flux of H (FH
5331016cm22 s21) at 150 °C is shown in Fig. 1. In this
case, the H treatment was performed after a long ti
~;1500 min! of deposition. The deposition temperature (Td)
4-2
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In situ ESR STUDY TO DETECT THE DIFFUSION . . . PHYSICAL REVIEW B63 245204
was the same as the H treatment temperature (Tp). The ESR
intensity rises sharply at the initial stage of deposition, wh
may be attributed to the formation of a film surface with hi
db’s. After the formation of the film surface, the ESR inte
sity ~in other words, the number of db’s! increases continu
ously due to the growth of the bulk film. The ESR intens
decays with time after stopping the film deposition due to
structural relaxation. The details of the deposition proces
and the mechanism of the db decay after deposition will
discussed elsewhere. The ESR intensity rises sharply as
as the film is exposed to atomic H. The decrease of the E
intensity after H treatment is quite similar to the decay of
ESR intensity observed after film growth~Fig. 1!. The inset
of Fig. 1 shows the time evolution of the Si db signal at t
initial stage of H exposure. A rapid increase of ESR intens
~with time constant less than 1 s! followed by the saturation
of the ESR signal is observed during H exposure to
a-Si:H film. We estimate the amount of additional db’s,DNs
due to H exposure, which were performed after 15 min
deposition, by subtracting the ESR signal during H expos
to the ESR signal before H treatment, as shown in the in
of Fig. 1.

To observe the dependence ofDNs on the flux of H, we
deposited a film of thickness;400 nm at 150 °C and treate
it by different incident flux of H. Figure 2 shows the varia
tion of DNs with FH . Interestingly, we observed that th

FIG. 1. Time evolution of the ESR intensity duringa-Si:H film
deposition and the subsequent H treatment of the deposited fil
150 °C. The inset shows the time evolution of the ESR intensit
the very initial stage of the H treatment.

FIG. 2. Dependence of additional db’s (DNs) that are created
during H treatment at 150 °C on the incident flux of atomic H. T
flux of H was varied by changing the MW power and the flow ra
of H2.
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value of DNs is almost independent ofFH in the range of
831015cm22 s21 to 731016cm22 s21.

Figure 3 shows the variation ofDNs as a function of film
thickness for thea-Si:H films treated at 120 °C and 150 °C
The incident flux of atomic H was 331016cm22 s21. The
figure shows thatDNs increases up to a film thickness o
;100 nm and remains constant for the thicker films. Th
the thickness dependence ofDNs suggests that the impingin
H on the film surface can diffuse into the bulk of the film an
indeed create additional db’s. It is worth mentioning he
that we did not observeDNs at temperatures below 80 °C i
our present experimental conditions. Failure to observeDNs
at lower temperatures~,80 °C! might be due to the follow-
ing reason. The relaxation of the db’s after deposition
comes slower at lower temperature.40 Therefore the large
number of db’s, which remain even after 15 min from t
deposition-off time, masks the creation of additional db
due to H exposure.

In all the experiments mentioned above, the substr
temperatures during film deposition (Td) and during H treat-
ment (Tp) were the same. Therefore, the different amou
and spatial extent ofDNs at temperatures of 120 °C an
150 °C ~Fig. 3! may be argued to be an effect of a differe
film structure caused from the differentTd and not an effect
of Tp . To clarify the effect of the film structure on theDns
distribution, we performed the film deposition and H trea
ment at different temperatures. In one case, we deposit
film at 200 °C (Td) and treated it by H at 100 °C (Tp). In
another case, the film was deposited at 150 °C and treate
100 °C. Figure 4~a! compares the data of the films withTd
5200 °C, Tp5100 °C, and the data of the films with th
same temperature of deposition and H treatment~viz., Td ,
Tp5200 °C, andTd , Tp5100 °C.) On the other hand, Fig
4~b! compares the films withTd5150 °C, Tp5100 °C and
the films withTd , Tp5150 °C andTd , Tp5100 °C. Figure
4~a! shows that the data ofTd5200 °C, Tp5100 °C ~open
circles! closely resemble the data ofTd5100 °C, Tp
5100 °C ~filled circles!. Figure 4~b! shows the resemblanc
of Td5150 °C, Tp5100 °C ~open circles! with the data of
Td5100 °C, Tp5100 °C ~filled circles!. Thus Figs. 4 sug-

at
t

FIG. 3. Variation of total additional db’s (DNs) created in the
a-Si:H films due to H exposure as a function of film thickness
treatment temperatures of 120 °C and 150 °C. Note that the dep
tion temperature was the same as the treatment temperature.
4-3
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gest that the amount and the spatial distribution ofDns

mainly depend on the H treatment temperature (Tp). There-
fore, any possible change in film structure due to differentTd

has a negligible effect onDNs in the temperature range o
80 °C–200 °C.

Until now, we have described the results ofin situ ESR
during H treatment which illustrates the evolution of Si da
gling bonds due to the in-diffusion of free H into thea-Si:H
films. The amount of bonded hydrogen would also be
pected to increase in the film during H treatment. To obse
the change of the amount of hydrogen in the film due
in-diffusion, we performed a D2 plasma treatment ona-Si:H
films and observed the SIMS depth profile for deuteriu
Figure 5 shows the SIMS depth profile of D in thea-Si:H
film deposited and treated by D2 plasma at RT for 10, 100
and 1000 s. The depth profile of D for an untreated film h
also been included in the figure as a reference, which ex
its the background concentration of deuterium in oura-Si:H
films is ;1018cm23. Even for the 10 s D2 plasma treatment
the film contains greater than 1020cm23 D at the film surface
and deuterium is detected~greater than 1018cm23) at a film
depth of;12 nm. The concentration of D atoms at the fil
surface increases to;331021cm23 for 1000 s treatment
while the distribution of D atoms extends up to a film dep
of ;20 nm. Therefore, it is evident from Fig. 5 that the to
concentration of D in the film increases with the D2 plasma
treatment time. Therefore, the concentration of in-diffus
D does not attain a steady state within a short treatment t

FIG. 4. Comparison of the thickness dependence ofDNs for
different deposition and treatment temperatures.~a! Deposition
temperature (Td) of 100 °C, H treatment temperature (Tp) of
100 °C ~filled circles!; Td of 200 °C,Tp of 200 °C ~filled squares!;
Td of 200 °C,Tp of 100 °C~open circles!. ~b! Td of 100 °C,Tp of
100 °C ~filled circles!; Td of 150 °C,Tp of 150 °C ~filled squares!;
Td of 150 °C,Tp of 100 °C~open circles!. The solid lines are the fits
of the data points to Eq.~10!.
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unlike the generation of additional db’s due to in-diffusion
free H ~inset of Fig. 1!.

The concentration profile of D with film depth does n
exactly follow Eq.~1! for our short-time deuterium plasm
treatment case. The depth profiles rather decrease expo
tially with the film depth from the top surface~decays almost
linearly in the semilogarithmic plot as shown in Fig. 5!.
However, a deliberate attempt to fit the SIMS data to Eq.~1!
is shown by dashed lines in Fig. 5. From the fitting, t
values of the effective H diffusion coefficient (Deff) are
roughly estimated. The effective diffusion coefficients
deuterium for 10, 100, and 1000 s plasma treatment ap
to be 1.4310214cm2 s21, 1.4310215cm2 s21, and 1.7
310216cm2 s21, respectively. Therefore, it appears from th
SIMS depth profile that the amount of incorporated D in t
film and the diffusion coefficient,Deff , both strongly depend
on the plasma treatment time.

IV. FREE H DIFFUSION AND CREATION OF DANGLING
BONDS IN a-Si:H

The in situ ESR studies during H treatment ofa-Si:H
films suggest that the additional db’s are created not only
the film surface but also in the bulk region of the films~Fig.
3!. Primarily, a H atom can create a db ina-Si:H films by a
number of competitive processes.

~i! The creation of dangling bonds,

H1[Si2Si~s!→H2Si[~s!1[Si2~s!, ~2!

H1[Si2H~s!→H2~g!1[Si2~s!. ~3!

~ii ! The termination of dangling bonds,

H1[Si2~s!→[Si2H~s!, ~4!

where g, s, H, and [Si2(s) denote the gas phase, sol
phase, free hydrogen, and a Si db, respectively.

~iii ! The annihilation of two nearby db’s mainly by the
mal reconstruction. Although it is not directly related to th
interaction of H, it contributes toDNs ,

[Si2~s!12Si[~s!→[Si2Si[~s!. ~5!

FIG. 5. The deuterium~D! depth profiles as seen by secondar
ion mass spectroscopy~SIMS! in the a-Si:H films treated by D2
plasma at RT for 10, 100, and 1000 s. The D depth profile for
untreateda-Si:H film is also shown for reference~solid line!.
4-4
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~iv! The effusion of molecular H2 from two nearby Si-H.
Although it does not control the evolution of the db, it is a
important process for stabilizing thea-Si:H matrix,43

[Si2H~s!1H2Si[~s!→[Si2Si[~s!1H2. ~6!

A net increase in the ESR intensity during H treatme
~inset of Fig. 1! suggests that processes~2! and/or~3! domi-
nate over processes~4! and ~5! during H exposure of the
a-Si:H films. The reverse reaction of Eqs.~3! and~4! may be
argued to be significant to terminate or create db’s. The
verse reaction of Eq.~3! suggests the termination of Si db
by a H2 molecule to form an atomic H and an Si-H bon
However, it is well known that molecular H2 hardly reacts
with Si db’s in a Si~111! 737 surface unlike the case o
reactive atomic H. Actually, we observed much less reac
ity of H2 with the Si db’s~adatom db’s! on the crystalline
Si~111! 737 surface in our ultrahigh vacuum~UHV! ESR
during molecular H2 exposure. Therefore, we think that th
reverse reaction of Eq.~3! will not play an important role in
determiningDNs during H treatment ona-Si:H films. On the
other hand, the reverse reaction of Eq.~4! implies the ther-
mal desorption of hydrogen from a Si-H bond to create a
However, we believe that the desorption of H is negligib
for our temperature range~<200 °C! of studies and on the
time scale of our interest.

The relaxation processes~5! and ~6! may occur even in
the absence of the flux of H, i.e., after stopping the H tre
ment. The processes are strongly dependent onTp and their
rates increase withTp as observed after switching off th
plasma.40 Process~6! should have a large influence on equi
brating the H concentration in the film during H treatme
and on determining the amount of bonded H in the film af
H treatment.

The spatiotemporal variation of additional db
@Dns(x,t)# due to the in-diffusion of H can be described
follows. The densities of[Si-Si[ and [ Si-H are consid-
erably larger than the concentration of free H (H f) and Si
db’s. Therefore, these densities are considered as cons
The H f diminishes as H diffuses from the surface into t
bulk due to the reactions~2!–~4!. The rate of change o
H f(x,t) and the variation ofDns(x,t) due to the reactions
~2!–~5! can be simultaneously expressed as

]H f

]t
5D f

]2H f

]x2 2H f@kinsNSi-Si1kabsNSi-H#2H fktDns

~7!

and

]Dns

]t
5H f@kinsNSi-Si1kabsNSi-H2ktDns#22ka~Dns!

2,

~8!

wherekins, kabs, kt , andka are the reaction rates for the d
creation by the ‘‘insertion’’ of H into Si-Si bonds@reaction
~2!#, the db creation by ‘‘abstraction’’ of H from Si-H bond
@reaction~3!#, the db termination@reaction~4!#, and the db
annihilation@reaction~5!#, respectively. TheNSi-Si andNSi-H
are the concentrations of[Si-Si[ and[ Si-H, respectively.
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We tentatively assume that the square term of Eq.~8! de-
scribes the annihilation of two db’s due to thermal reco
struction. The dominating terms in Eq.~7! and ~8! will be
determined by the reaction rate constants and the local
sities of the reacting species. At steady state,]H f /]t
5]Dns /]t50. We categorize the following two regions.

Region I~near the vicinity of film surface!: when Hf(x) is
large, the reaction rates of the db creation and termina
@reactions~2!–~4!# are large and therefore the annihilation
two nearby db’s will be negligible. In such a case,Dns will
be independent ofH f . From Eq.~8! we get

Dns5
k1NSi-Si1k2NSi-H

k3
. ~9!

Therefore,DNs will increase linearly with the depth of the
film ~x! in the vicinity of film surface~low-x region!, andH f
will diminish exponentially from the surface@from Eq. ~7!#.

Region II ~at a finite depth of the film!: when the db
creation and termination term in Eq.~8! becomes comparabl
to the db annihilation term, theDns distribution appears to
be much more complicated. We assume that the value oH f
reduces significantly and the annihilation rate becomes do
nant over the termination term@reaction~5! dominates over
reaction~4!# to make the steady state between the db crea
and the db annihilation. ThenDns will be proportional to the
square root ofH f , which decays exponentially with the film
thickness~d!. Reasonable fits of the experimental data a
obtained~solid lines in Figs. 3 and 4! using

DNs5~DNs!satF12expS 2
d

l D G , ~10!

where (DNs)sat is a constant that depends onTp andl is the
characteristic depth of theDns distribution. Note that the
characteristic diffusion depth ofH f will be l/2, sinceDns is
proportional to the square root ofH f . The expression forl
can be approximated from Eqs.~7! and ~8!,

l52A D f

k1NSi-Si1k2NSi-H
. ~11!

The values ofl are estimated from the fitting and plotte
as a function ofTp in Fig. 6. The values ofl are very sen-
sitive to Tp , which reduce with increasing H treatment tem
perature~Fig. 6!. Thus, from Eq.~11! and Fig. 6 we conclude
that the activation energy of either or both ofkins andkabs is
larger than the activation energy of the free H diffusion c
efficient (D f). The denominator term of Eq.~11! is denoted
by the average rate constants for db creation@given by reac-
tions ~2! and ~3!# times the average density of thea-Si:H
network (kc3Nm) for the sake of simplicity. We estimate
the difference of activation energies for the rate constant
the db creation (kc) and for the free H diffusion coefficien
(D f) using Eq.~11!. The inset of Fig. 6 shows the variatio
of 1/l2 as a function of 1000/Tp . The fitting of the curve to
an exponential function gives an estimate of (DEk2DED) as
;0.4 eV, whereDEk andDED are the activation energy fo
kc andD f , respectively.
4-5



t o
ds
is

er
ce

,
d

e
.
e

n

-

-
SR

n

n

n

re

co-
-

f
de
ion

rgy

um

at-

-

-
nts

u

U. K. DAS, T. YASUDA, AND S. YAMASAKI PHYSICAL REVIEW B 63 245204
V. DISCUSSION

In this work we recorded the ESR signal~presumably, the
isolated Si dangling bonds! during H exposure toa-Si:H
films and we attempted to discuss the diffusion coefficien
free H. The creation of some extra dangling bon
;1013cm22 ~referred to as additional dangling bonds in th
paper! during H exposure, is evident from our result. Aft
stopping the H treatment, the db density in the films redu
due to the db annihilation given by reaction~5!. Also the
reaction ~6!, i.e., the effusion of hydrogen from the film
takes place after H treatment to determine the bonde
content.43

The additional db’s are created within a very short tim
~with a time constant less than 1 s; see the inset of Fig!
due to the in-diffusion of atomic H and its reaction with th
a-Si:H network@reactions~2!–~5!#. The value ofDNs for a
fixed film thickness is almost independent of the incide
flux of H (FH), as predicted from Eq.~9! and shown in Fig.
2. However, the time evolution ofDNs ~hence the time con
stant for theDNs creation! should depend onFH @Eq. ~8!#.

FIG. 6. Variation of the characteristic depth of the db distrib
tion ~l! as a function of treatment temperature (Tp). The inset
shows the Arrhenius plot for 1/l2. The activation energy is the
resultant of the activation energy for the db creation (DEk) and the
activation energy of the free H diffusion coefficient (DED).
24520
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The time constant for the evolution ofDNs is too small~pos-
sibly, much less than 1 s! to be resolved in our present ex
perimental conditions and the time resolution of the E
setup.

The thickness dependence ofDNs ~Fig. 3! suggests that H
diffuses to some depth~;100 nm! of the a-Si:H film and
results in the additional db’s~with the time constant less tha
1 s!. Therefore, considering the fast saturation of db’s~the
time constant is less than 1 s! during H treatment~the inset
of Fig. 1! and theDNs distribution of;100 nm~Fig. 3!, the
diffusion coefficient of free H (D f) appears to be larger tha
10210cm2 s21 @L5(D ft)

1/2, whereL is the diffusion length
andt is the diffusing time#. This result is in contrast with the
usual activated type of H diffusion ina-Si:H films observed
by thermal/plasma treatment and SIMS measurements.31–34

Table I shows typical values of the effective H diffusio
coefficient (Deff) in c-Si and a-Si:H materials reported in
the literature. Most of the earlier diffusion experiments we
done at much higher temperatures~.200 °C! compared to
the present study. Therefore, the values ofDeff shown in
Table I are extrapolated to 200 °C for comparison. The
efficient for interdiffusion of H and D in a layered hydroge
nated and deuterated a-Si is very low
(;10219cm2 s21).32,45,46 For the plasma hydrogenation o
a-Si:H films, Deff increases by several orders of magnitu
with a subsequent decrease in the diffusion activat
energy.31,33,34 Beyer et al. observed a value ofDeff
;10215cm2 s21 in a-Si:H films after 2 h of deuterium
plasma treatment at 250 °C with a diffusion activation ene
of 0.77 eV at temperatures less than 400 °C.34 Abeleset al.
observed plasma in-diffusion activation energy for deuteri
of less than 1 eV with diffusion coefficient of 10214cm2 s21

at 160 °C.47 An et al. suggested from theirin situ ellipsom-
etry studies during hot filament generated atomic H tre
ment on a-Si:H films that Deff may be higher than 4
310214cm2 s21.35 From all these prior reports, it is sug
gested that the value ofDeff for plasma in-diffusion is much
larger than that for layer diffusion. Also a range ofDeff
(.10214210216cm2 s21) for plasma in-diffusion was con
jectured from various types and duration of experime

-

TABLE I. Diffusion coefficients of hydrogen inc-Si anda-Si:H films measured by various techniques.

Material Measurement technique
Diffusion coefficient

~cm2 s21! Refs.

c-Si Mass spectrographic detection of hydrogen ;731028

~extrapolated to 200 °C!
44

a-Si:H Interdiffusion of H and D by SIMS in layered
structure ofa-Si:H/a-Si:D

;6310219

~extrapolated to 200 °C!
32, 35, 46

a-Si:H D plasma treatment ona-Si:H and subsequent
SIMS depth profile study

10215– 10216

~extrapolated to 200 °C!
33, 34

a-Si:H D plasma treatment ona-Si:H and SIMS
depth profile study

;1310214

at 160 °C
47

a-Si:H Diffusion coefficient of mobile H studied
by in situ ellipsometry

.4310214

at 250 °C
35

a-Si:H Diffusion coefficient of free H speculated
from theoretical model

;1026

at 200 °C
48
4-6
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~Table I!. The activation energy for such plasma in-diffusio
of H varies in a wide range from 0.2 to 0.8 eV.31,33,34,49,50

It is generally observed that ‘‘post hydrogenation’’
a-Si:H films often increases the bondedH content in the film
and changes the film structure significantly. Therefore,
deeperDns distribution ~;100 nm! observed in this study
may be argued to be due to large modification of the fi
structure during H treatment. Thea-Si:H film surface region
may expand due to the presence of much H during treatm
and free H may penetrate into the deeper region of the b
film through the modified and expanded network. The SIM
depth profile for the short-time D2 plasma treatment~Fig. 5!
shows that the incorporated amount of D increases w
treatment time~which is the usual observation for this kin
of SIMS experiment!. Therefore, it is expected that the ne
work expansion~or structural modification! due to hydroge-
nation is a continuous process as long as H~D! treatment
continues. Consequently, a continuous increase of additi
dangling bonds is expected during H treatment with ti
unlike the saturation ofDNs within a short time~,1 s!. Thus
the fast saturation ofDNs cannot be the result of the networ
expansion during H treatment. Rather, the macroscopic
work modification is the result of the db creation, termin
tion, and annihilation due to in-diffusion of H.

In order to correlate our presentin situ ESR results with
those of earlier reports, we carried out the D2 plasma treat-
ment for a short time~for 10, 100, and 1000 s! on a-Si:H
films at room temperature and studied the SIMS depth p
files ex situ. The following important information was foun
from the SIMS depth profile study.

~i! The number of incorporated H~D! (.1020cm23 for 10
s of D2 treatment! at the surface region is higher than th
observed additional dangling bonds (,1019cm23) created
by H ~D! treatment at the temperatures in the present stu
In fact, the creation of db’s by H is a competitive proce
between the creation, termination, and annihilation of
dangling bonds~as discussed in Sec. IV!. So, effectively the
number of dangling bonds created by H can be much lo
than the incorporated amount of H.

~ii ! A small amount of H (,1018cm23), however, may
diffuse into the bulk region~;100 nm! and create sufficien
dangling bonds (;1017cm23) to be detected in ESR. Figur
3 shows that the increase of additional db from 50 to 100
is ;1012cm22.

Therefore, the conjecture regarding fast saturation ofDNs
is that, when H treatment starts on an as-depositeda-Si:H
film ~which has a low dangling-bond density!, H diffuses
very fast and creates additional dangling bonds that hav
particular spatial distribution~i.e., exponential decrease from
the film surface!. In this case, perhaps almost each H at
creates a dangling bond. After the creation of dangling bo
within a very short time~,1 s!, the film contains a large
amount of dangling bonds near the surface. Then the H
fusion will be impeded by the increased trapping probabi
at the dangling bonds in the vicinity of the surface. Th
such a free H diffusion process is self-limiting and reduc
with treatment time~as estimated from Fig. 5!. The steady
state in the dangling-bond creation might occur due to eit
or both of the following two reasons.
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~i! A small amount of H may have a high diffusion coe
ficient even for the films with high surface dangling bon
and permeate into the deeper region ofa-Si:H films. Those
small amounts of hydrogen (,1018cm23) are perhaps suffi-
cient to make a steady state between the annihilation term
reaction~5! and the creation term of reactions~2! and~3! to
maintain the deep db distribution in the film@region II#.

~ii ! The H cannot diffuse in to the deeper region~;100
nm! after the creation of a large amount of dangling bonds
the film surface. However, the dangling bonds that are c
ated in the deeper region at the initial stage~,1 s! take a
long time~much longer than our treatment time of 3 min! at
our experimental temperature range to be annihilated or
minated by another hydrogen. Actually, we observed a s
decrease of dangling bonds for a longer H treatment t
~;30 min! ~Fig. 2 in Ref. 39!. However, that decay does no
confirm our above argument, since for longer treatme
there might be some etching of the film~which can reduce
the number of dangling bonds as well!. We believe that rea-
son~i! is more probable than reason~ii ! because Fig. 5 show
that D can diffuse into the film even at RT for the film
deposited at RT~which are expected to contain a large num
ber of db’s!.

The creation of metastable dangling bonds by break
the weak or normal Si-Si bond is perhaps the first step for
modification of film structure due to H treatment ona-Si:H
films. However, a small amount of H, which is below th
detection limit for most of the practical cases and SIMS e
periment, may have a high diffusion coefficient and perme
into the deeper region ofa-Si:H films. Those small amount
of hydrogen (;1017cm23) are sufficient to create a detec
able amount of dangling bonds in ESR.

Therefore, considering all the above experimental resu
we distinguish two different steps in which H interacts wi
the a-Si:H matrix. In step I, free H diffuses very fast (D f
.10210cm2 s21) into the film and creates db’s during in
diffusion by reacting with the Si:H network according
processes~2!–~5!. Such a high diffusion coefficient
(.10210cm2 s21) of H is indeed reported in crystalline Si.44

In step II, after the creation of db’s within a short time,1 s,
the diffusion coefficient of H decreases due to the prese
of a large number of db’s. Then the effective diffusion coe
ficient of H ~mixture of H in-diffusion and H diffusion by
bond switching! might be less than 10214cm2 s21 through
the modified network following the usual H diffusion pro
cesses explained elsewhere.31,33–35

The fast diffusion of H and the creation of db’s ina-Si:H
films may have a correlation with the light-induced degrad
tion processes ina-Si:H, since the motion of atomic H is
assumed to be responsible for light-induced degradation
various models.20–23 In fact, Branz speculated such a hig
diffusion coefficient (;1027 cm2 s21) of mobile H to ex-
plain the metastable degradation ofa-Si:H films by pulsed
illumination.48

Regarding the interaction~more specifically, the trapping
of H in weak or normal Si-Si bonds! of H in a-Si:H films,
we observed that the dangling bonds are created at a s
lower depth at higher treatment temperature~Fig. 6!. Figure
4 confirmed that the db formation at a deeper place~film
4-7
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depth of;100 nm! is not due to any possible poor~void-
rich! structure of the as-deposited film caused by lowerTd .
Thus Fig. 6 and Eq.~11! imply that the trapping probability
of free H ~in other words, the reaction rate between H a
the Si-Si network! increases with the increase of treatme
temperature. The increase of rate constants for the db
ation reactions at higherTp result in the higher trapping den
sity of free H and the formation of db closer to the fil
surface. The process thereby shortens theDns distribution at
higher temperatures. Also, the values ofDNs will be higher
at the near-surface region~region I! at higherTp . However,
our present ESR signal-to-noise ratio for a small film thic
ness~;10 nm! is not enough to discuss the rate of initi
increase ofDNs .

The difference of activation energies of db creation r
and the free H diffusion coefficient (DEk2DED) is esti-
mated to be 0.4 eV~inset of Fig. 6!. The value of the acti-
vation energy for free H diffusion (DED) can be written as

DED5kT lnS D0

D f
D , ~12!

wherek andD0 are the Boltzmann constant and the diffusi
prefactor, respectively. Considering the theoretical value
D0 (;1023 cm2 s21) ~Ref. 29! and D f of greater than
10210cm2 s21, the value ofDED appears to be less than 0
eV. Thus the activation energy of free H diffusion is mu
less than the activation energy~;1.5 eV! for the layer dif-
fusion of H observed by Carlsonet al.32 and the activation
energy~;0.8 eV! for the plasma in-diffusion of H observe
by Beyeret al.34 The relatively high activation energy an
low diffusion coefficient observed by Beyeret al.34 and by
Jacksonet al.33 for the plasma in-diffusion of H by SIMS
could be due to the combined effect of the free H diffusi
and the layer diffusion~possibly through a bond-switchin
process!. For the case of long-time~2 h! D2 plasma treatmen
at greater than 200 °C, the contribution of the bonded D
fusion ~similar to the layer diffusion! might be significant. In
fact, that combined effect of two kinds of H diffusio
~namely, the diffusion of free H and the diffusion of bond
H! may also explain the reported substantial variation of
coefficient and activation energy for H plasma in-diffusion
various types and duration of measurements~Table I!. A low
activation barrier of free H diffusion is, however, estimat
from theoretical calculation and speculated from the D tra
diffusion by Branz.48 It may also be pointed out that th
usual Meyer-Neldel rule for the H diffusion coefficient an
activation energy observed for thea-Si:H films31 deviates
significantly for such a case of free H diffusion. This esse
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tially means that the diffusion mechanism for free H is p
haps different from the diffusion of H usually reported in t
literature.

Considering the activated type of free H diffusion a
DED,0.5 eV, we estimate that the activation energy for
db creation rate is within 0.4 to 0.9 eV. Leeet al. estimated
the activation energy of less than 0.6 eV for the db creat
in a-Si:H films from ESR measurements.51 The formation
energy of 0.5–0.7 eV for Si db’s ina-Si:H films was esti-
mated from theoretical calculations by several authors.52–54

Therefore, the range ofDEk values (0.4 eV,DEk,0.9 eV)
estimated in this study is in reasonable agreement with
reported values of the formation energy of Si db’s ina-Si:H
films.

VI. CONCLUSION

In conclusion, we observed an unusually high diffusi
coefficient (D f.10210cm2 s21) of free atomic H ina-Si:H
films during H treatment. The activation energy for such fr
H diffusion coefficient is less than 0.5 eV, which gives
estimate for the db creation energy of 0.4–0.9 eV. At
very initial stage~,1 s!, the fast diffusion of H results in
additional db’s that are spatially distributed in the bu
~;100 nm! of a-Si:H films. Such a fast diffusion of free H i
a self-limiting process as db’s created near the surface~in
less than 1 s! act as trapping centers of the impinging H
Consequently, the effective diffusion coefficient of H r
duces drastically (Deff,10214cm2 s21) for longer treatment.
The usual long-time D2 plasma treatment and subseque
SIMS depth profile study give an estimate of the result
diffusion coefficient for free H and bonded H. Thus the d
fusion coefficient of H for plasma in-diffusion reported in th
literature appears to be less than the free H diffusion coe
cient but more than the H-layer diffusion coefficient. T
depth of the db distribution due to the fast diffusion of
reduces with an increase of treatment temperature. There
it is suggested that the activation energy for a db creatio
higher than the activation energy for a free H diffusion c
efficient. The activated type of rate constant for the creat
of db’s determines the spatial distribution of db’s.
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