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Fast Diffusion of H and Creation of Dangling Bonds in Hydrogenated Amorphous Silicon
Studied by in situ ESR
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The interaction of atomic hydrogen with a-Si:H films was studied by means of in situ ESR during H
plasma treatment. H diffuses into the a-Si:H film and creates additional Si dangling bonds ��1013 cm22�.
We observed a high diffusion coefficient �.10210 cm2 s21� at the very initial stage of H treatment �,1 s�.
The resulting additional dangling bonds are spatially distributed ��100 nm� into the bulk film. The char-
acteristic depth of dangling bond (db) distribution decreases with increasing H treatment temperature.
The activated rate constants of db creation and annihilation reactions determine the distribution of addi-
tional dangling bonds at different treatment temperatures.

PACS numbers: 61.43.Dq, 52.75.Rx, 66.30.Ny, 76.30.–v
The high mobility and amphoteric nature of hydrogen
and its isotopes have long been verified to play a key
role in modifying the optical and electrical properties
of various semiconductors such as crystalline Si, poly-
crystalline Si, and hydrogenated amorphous Si (a-Si:H).
H exhibits many intriguing phenomena such as the
passivation of shallow impurities in crystalline Si [1,2],
Si�SiO2 interface defects to improve the quality of metal-
oxide-semiconductor (MOS) transistors [3,4], passivation
of grain boundary defects in polycrystalline Si for im-
proving its electrical properties [5], and the passivation
of Si dangling bonds (dbs) in a-Si:H. Hydrogen reduces
the db density from �1019 cm23 for a-Si to �1015 cm23

for device quality a-Si:H prepared by the chemical vapor
deposition (CVD) method. So studies on the interaction
of atomic hydrogen with Si and the dynamic changes of
Si matrices are important subjects in various aspects of Si
technology. The mechanism of H incorporation and its
influence on the microscopic defects of a-Si:H films still
remains uncertain. The kinetics of the creation, termina-
tion, and annihilation of db during a-Si:H film growth
and H2 plasma treatment have recently been successfully
realized by in situ ESR studies using remote plasma
microwave CVD [6–8]. Our earlier experiments showed
that hydrogen creates additional db in a-Si:H films during
H exposure [8]. Moreover, it was observed that these
excess dbs are created not only at the top surface but also
at some regions below the surface, unlike the Ar plasma
treatment on a-Si:H films [8]. In this paper, we addressed
two issues: (1) the depth of the distribution of additional
dbs [Dns�x, t�, where x is the depth of the a-Si:H film and
t is the H treatment time] due to H exposure, and (2) the
effect of H treatment temperature on the distribution
of Dns. The interactions of H with the Si network are
discussed based on the experimental results. We found a
high diffusion coefficient of H in a-Si:H films at the very
initial stage of H2 plasma treatment of a-Si:H films.

The deposition of a-Si:H films and their treatment by a
flux of H were carried out using a remote hydrogen plasma
24 0031-9007�00�85(11)�2324(4)$15.00
as described elsewhere [6,7]. A flow of heated N2 was used
to raise the substrate temperature from room temperature
to up to 200 ±C. The typical experimental conditions were
H2 flow rate of 100 SCCM (cubic centimeters per minute
at standard temperature and pressure) and SiH4 flow rate of
10 SCCM for deposition. An H2 flow rate of 100 SCCM
was used for H2 plasma treatment. Other parameters were
the microwave power for sustaining H2 plasma of 50 W
and the pressure of �1.5 Torr. The flux of atomic hydro-
gen during H2 plasma treatment under the above plasma
conditions was estimated to be �1016 cm22 s21 from the
measurements of gas-phase ESR. To obtain the time evo-
lution of Si dbs, the magnetic field for ESR was set at the
peak position of the first derivative spectrum due to Si dbs.

To realize the spatial distribution of dbs in a-Si:H films
during H treatment, we performed a thickness dependence
study of H treatment at different temperatures. If the dbs
are created only at the film surface, the resulting additional
dbs [i.e., the total dbs created in the film of thickness d due
to H exposure; DNs �

Rd
0 Dns�x, `� dx, where Dns�x, `�

denotes the value of the equilibrated Dns at film depth x]
will be independent of film thickness. Otherwise, in the
case of some spatial distribution of dbs in the deeper re-
gions, DNs should increase with the film thickness. H
plasma treatment for 3 min was repeated after each depo-
sition (namely, at each film thickness). We did not observe
any significant etching of a-Si:H film during 3 min of H
treatment under our plasma conditions. The values of DNs

at each film thickness were obtained by averaging 1024
data procured during 84 s. The interval of 15 min between
each deposition and H treatment was maintained constant.
Also, we performed separate deposition and subsequent H
treatment to check for any influence of the repeated de-
position and H treatment on the DNs value, but the DNs

value was almost the same in both cases.
Figure 1 shows the variation of DNs as a function of

film thickness for the a-Si:H films treated at 120 ±C and
150 ±C. The deposition temperature �Td� was the same as
the plasma treatment temperature �Tp�. The figure shows
© 2000 The American Physical Society
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FIG. 1. Variation of total additional dbs �DNs� created in the
a-Si:H films due to H exposure as a function of film thickness
at treatment temperatures of 120 ±C and 150 ±C (note that the
deposition temperature was the same as the treatment tempera-
ture). The inset shows a typical time evolution of ESR intensity
at the very initial stage of H treatment at 150 ±C.

that DNs saturates at a film thickness of �100 nm. The in-
set of Fig. 1 shows a typical time evolution of Si db signal
at 150 ±C. A rapid increase of ESR intensity (with time
constant ,1 s) followed by the saturation of ESR signal
is observed during H exposure to the a-Si:H film. It is
worth mentioning here that we did not observe DNs at
the temperatures below 80 ±C in our present experimental
condition, because the relaxation of dbs after deposition
becomes slower at lower temperature [9]. The large num-
ber of dbs, which remain even after 15 min from the de-
position off time, masks the creation of additional db due
to H exposure.

The different amount of DNs at different treatment tem-
peratures (Fig. 1) may be argued to be an effect of dif-
ferent film structure caused by the different Td and not
an effect of Tp . In order to check the effect of film
structure on the Dns distribution, we deposited a film at
200 ±C �Td� and treated it by H at 100 ±C �Tp�. The
data are compared with the films treated by H at the
same temperature of deposition (viz. Td , Tp � 200 ±C and
Td , Tp � 100 ±C) in Fig. 2. The figure shows that the
data of Td � 200 ±C, Tp � 100 ±C [curve (c)] closely re-
semble the data of Td � 100 ±C, Tp � 100 ±C [curve (b)].
Therefore, we conclude that the possible change in film
structure due to different Td has a negligible effect on DNs

in the temperature range of 80 ±C 200 ±C.
Primarily, an H atom can create a db in a-Si:H films by

a number of competitive processes:
(i) Creation of dangling bonds:

H1 �Si-Si��s� ! H-Si��s�1 �Si-�s� , (1)

H1 �Si-H�s� ! H2�g�1 �Si-�s� . (2)
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FIG. 2. Thickness dependence of DNs for the three different
deposition and treatment temperatures: (a) deposition tempera-
ture �Td� of 200 ±C, H treatment temperature �Tp� of 200 ±C,
(b) Td of 100 ±C, Tp of 100 ±C, and (c) Td of 200 ±C, Tp of
100 ±C.

(ii) Termination of dangling bonds:

H1 �Si-�s� !�Si-H�s� , (3)

where (g), (s), H, and � Si-�s� denote the “gas phase,”
“solid phase,” free hydrogen, and a Si db, respectively.

(iii) The annihilation of two nearby dbs primarily
due to the thermal reconstruction, albeit not directly
related to the interaction of H, contributes to the value
of DNs:

�Si-�s� 1 2Si��s� !�Si-Si� �s� . (4)

(iv) The H2 effusion from two nearby Si-H, although it
does not control the evolution of db, is also an important
process for stabilizing the a-Si:H matrix [10]:

�Si-H�s� 1 H-Si��s� !�Si-Si� �s� 1 H2 . (5)

A net increase in the ESR intensity during H treatment
(inset of Fig. 1) suggests that processes (1) and (2) domi-
nate over processes (3) and (4) during H exposure to the
a-Si:H films. Relaxation processes (4) and (5) are strongly
dependent on Tp and the rate of relaxation processes (4)
and (5) increases with Tp as observed after switching off
the plasma [9]. Process (5) should have a large influence
on equilibrating the H concentration in the film during H
treatment and on determining the amount of bonded H in
the film after H treatment.

The spatiotemporal variation of additional dbs
�Dns�x, t�� due to the in-diffusion of H can be de-
scribed as follows. The densities of �Si-Si� and �Si-H
are considerably larger than the concentration of free H
�Hf� and Si dbs. Thus we can consider these densities
as constants. The Hf diminishes as H diffuses from
the surface into the bulk due to the reactions (1)–(3). The
rate of change of Hf�x, t� and the variation of Dns�x, t�
due to the reactions (1)–(4) can be simultaneously
expressed as
2325
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≠Hf

≠t
� Df

≠2Hf

≠x2 2 Hf�k1NSi-Si 1 k2NSi-H 1 k3Dns�

(6)
and

≠Dns

≠t
� Hf�k1NSi-Si 1 k2NSi-H 2 k3Dns�

2 2k4�Dns�2, (7)

where Df and x are the diffusion coefficient of free H and
the depth of film from the surface, respectively; k1, k2, k3,
and k4 are the reaction rates of processes (1), (2), (3), and
(4), respectively; NSi-Si and NSi-H are the concentrations of
�Si-Si� and �Si-H, respectively. We tentatively assume
that the square term of Eq. (7) describes the annihilation
of two dbs due to thermal reconstruction. At steady state,
≠Hf�≠t � ≠Dns�≠t � 0. Now we can categorize two
regions.

Region I.—(Near the vicinity of film surface): When
Hf�x� is large, the rates of reactions (1)–(3) are large
and therefore the annihilation of two nearby dbs will be
negligible. So Dns will be independent of Hf �Dns �
�k1NSi-Si 1 k2NSi-H��k3 from Eq. (7)]. Therefore, DNs

will increase linearly with the depth of the film �x� in
the vicinity of film surface (low x region), and Hf will
diminish exponentially from the surface [from Eq. (6)].

Region II.—(At a finite depth of the film): When the db
creation and termination term in Eq. (7) becomes compa-
rable to the db annihilation term, the Dns distribution will
be much more complicated. Assuming Dns decays expo-
nentially from the top film surface, the reasonable fits of
the experimental data are obtained (solid lines in Figs. 1
and 2) using

DNs � �DNs�sat�1 2 exp�2d�l�� , (8)

where �DNs�sat is a constant that depends on the Tp , d is
the film thickness, and l is the characteristic depth of the
Dns distribution and can be approximated from Eqs. (6)
and (7) as

l ~

s
Df

k1NSi-Si 1 k2NSi-H
. (9)

From the fitting, the characteristic depths of the Dns

distribution �l� are estimated and plotted as a function of
Tp in Fig. 3. The depth of dangling bond distribution is
very sensitive to Tp , which reduces with increasing H treat-
ment temperature (Fig. 3). Thus, from Eq. (9) and Fig. 3
we conclude that either or both of k1 and k2 are more
strongly activated than Df . We estimated the difference
�DEk 2 DED� of activation energies for the rate constants
of db creation �DEk� and for the free H diffusion coeffi-
cient �DED� using Eq. (9). The inset of Fig. 3 shows the
variation of 1�l2 as a function of 1000�Tp . The fitting
of the curve to an exponential function gives an estimate
of �DEk 2 DED� as �0.4 eV. The increase of rate con-
stants for the db creation reactions at higher Tp result in
2326
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FIG. 3. Variation of characteristic depth of db distribution �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 db creation �DEk� and the activation
energy of free H diffusion coefficient �DED�.

the higher trap density of free H and formation of db closer
to the film surface. The process thereby shortens the Dns

distribution at higher temperatures. Also, the values of
DNs will be higher at the near-surface region (Region I)
at higher Tp . However, our present ESR signal-to-noise
ratio for a small film thickness ��10 nm� is not enough to
discuss the rate of initial increase of DNs.

The thickness dependence of DNs (Fig. 1) suggests
that H diffuses into some depth ��100 nm� of the a-Si:H
film and results in an additional dbs (with time constant
,1 s) according to processes (1)–(4). Therefore, consid-
ering the fast saturation of dbs (time constant ,1 s) during
H treatment (inset of Fig. 1) and the DNs distribution of
�100 nm, the diffusion coefficient of free H �Df� appears
to be larger than 10210 cm2 s21 [L � �Dft�1�2, where
L is the diffusing distance and t is the diffusing time].
This result is in contrast with the usual activated type of
H diffusion in a-Si:H films observed by thermal/plasma
treatment and secondary ion mass spectroscopy (SIMS)
[11–13].

The effective diffusion coefficient of H is expected
to reduce after the initial creation of a large number of
dbs, because the Dns created (time constant ,1 s) in the
vicinity of the film surface will then act as the trapping
center for H. Beyer et al. observed a low value of effective
deuterium diffusion coefficient �Deff � 10215 cm2 s21�
in a-Si:H films after 2 h of deuterium plasma treatment at
250 ±C with a diffusion activation energy of 0.77 eV at low
temperature range �,400 ±C� [13]. For a long H treatment
time ��1 h�, a small amount of H can permeate deep into
the film, which is enough to make a steady state between
the annihilation term of Eq. (4) and the creation term of
Eqs. (1) and (2) to maintain the deep db distribution in
the film [Region II]. This is reasonable because the DNs

created by H treatment (�1018 cm23 for 100 nm of
a-Si:H film) is much less than the incorporated H
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(.1020 cm23 as observed by SIMS even for 10 s deu-
terium plasma treatment). The details of our SIMS
experiment will be reported elsewhere.

Therefore, considering all the above experimental
results, we distinguish two different steps in which H
interacts with the a-Si:H matrix. In step 1, free H diffuses
very fast �Df . 10210 cm2 s21� into the film and creates
dbs during in-diffusion by reacting with the Si:H network
according to processes (1)–(4). Such a high diffusion
coefficient �.10210 cm2 s21� of H is indeed reported in
crystalline Si [14]. In step II, after the creation of dbs
within a short time �,1 s�, the diffusion coefficient of H
decreases drastically due to the presence of a large number
of dbs. Then the H diffuses with Deff , 10214 cm2 s21

through the modified network following the usual H
diffusion processes explained elsewhere [11–13].

The fast diffusion of H and the creation of dbs in
a-Si:H films may have a correlation with the light induced
degradation processes in a-Si:H, since the motion of
atomic H is assumed to be responsible for light induced
degradation in various models [15,16]. In fact, Branz spec-
ulated such a high diffusion coefficient ��1027 cm2 s21�
of mobile H to explain the metastable degradation of
a-Si:H films by pulsed illumination [17].

In conclusion, we observed a remarkably high diffu-
sion coefficient �Df . 10210 cm2 s21� of atomic H in
a-Si:H films during H treatment. At the very initial stage
�,1 s�, the fast diffusion of H results in additional dbs
that are spatially distributed in the bulk ��100 nm� of
a-Si:H films. Such a fast diffusion of free H is a self-
limiting process as dbs created near the surface (in ,1 s)
act as a trapping center of the impinging H. Consequently,
the effective diffusion coefficient of H reduces drastically
�Deff , 10214 cm2 s21� for longer treatment. Such a low
diffusion coefficient of H in a-Si:H films has usually
been observed in SIMS depth profile studies [11–13].
The depth of db distribution due to the fast diffusion of
H reduces with the increase of treatment temperature.
An activated type of rate constant for the creation of dbs
determines the spatial distribution of dbs.
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