
PHYSICAL REVIEW B VOLUME 46, NUMBER 8 15 AUGUST 1992-II

Trap-limited hydrogen diffusion in a-Si:H
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Hydrogen transport in a-Si:H was investigated by deuterium diffusion experiments where the deuteri-
um source was either a remote atomic deuterium plasma or a deuterated amorphous silicon layer. An
enhanced hydrogen diffusion and a considerably lower diffusion activation energy (0.5 eV instead of
1.2-1.5 eV) is observed for diffusion from a plasma. This behavior is attributed to saturation of hydro-
gen configurations with high binding energy, which act as deep hydrogen traps and control hydrogen
transport in diffusion experiments from a deuterated layer, by deuterium atoms injected from the plas-
ma. Diffusion from a plasma is then dominated by hopping through states with low binding energy. A
density-of-states distribution is derived for the hydrogen configurations controlling diffusion consisting
of (i) a shallow state where hydrogen is weakly bonded and can diffuse with a small activation energy of
0.5 eV and (ii) deep states with binding energy larger than 1.2 eV and a total density of -10 cm '. In
glow discharge a-Si:H, hydrogen is bonded to deep states and only a relatively small fraction (20-60%)
of these states are empty.

I. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H} has a high
hydrogen concentration, and its structural and electronic
properties are expected to depend on hydrogen transport.
The a-Si:H structure has been described as a network of
silicon atoms where hydrogen can move relatively easily
at low temperatures. ' Hydrogen diffusion plays a fun-
damental role during glow-discharge deposition of a-Si:H
when a considerable amount of hydrogen is eliminated
from the growing film. ' In addition, since the low spin
density found in electronic quality a-Si:H is due to hydro-
gen passivation of silicon dangling bonds, metastable
changes in defect concentration are expected to be closely
related to hydrogen motion. 5

In this paper we investigate hydrogen transport in a-
Si:H by analyzing deuterium and hydrogen difFusion
profiles measured by secondary-ion-mass spectrometry
(SIMS}. In the diffusion experiments, the deuterium
source was either a remote D2 plasma (gas-phase source)
or a deuterated a-Si:H layer (solid diffusion source}. In
agreement with previous investigations, hydrogen
diffusion properties were found to be significantly
different in the two cases: difFusion from the plasma is a
faster process, with an activation energy E, =0.5 eV
much smaller than for diffusion from a deuterated layer
(E,=1.2 —1.5 eV). We attribute the differences to a
strong dependence of the diffusion coefficient on hydro-
gen concentration. In the case of diffusion from a layer,
the total concentration of hydrogen plus deuterium is
kept approximately constant during difFusion, since both
species difFuse in opposite directions with approximately
the same difFusion coefficient. The hydrogen concentra-
tion profile is a complementary error function, indicating
that the diffusion coefficient is concentration indepen-
dent. For diffusion from the plasma, the total concentra-
tion of the two species increases during diffusion, as deu-

terium atoms are injected from the gas source. The extra
deuterium atoms saturate silicon-hydrogen binding
configurations with high binding energy, which control
diffusion under constant concentration conditions.
Diffusion then proceeds through other hydrogen
configurations with low binding energies and smaller tem-
perature activation. The diffusion profiles deviate
significantly from the case of diffusion from a layer and
exhibit a sharp cutoff, indicative of a concentration-
dependent diffusion coefficient. The results are used to
derive the energy distribution of silicon-hydrogen
configurations controlling hydrogen transport in device
quality a-Si:H.

This paper is organized as follows. Section II briefly
describes sample preparation and the procedure followed
in the diffusion measurements. Experimental results on
the concentration profiles for hydrogen and deuterium
after diffusion obtained by SIMS are presented in Secs.
III A and II!B. In Sec. III C we summarize results on
hydrogen and deuterium bonding obtained by Raman
spectroscopy. The experimental results are used in Sec.
IV A to construct a model for hydrogen transport
through the silicon network based on a distribution of sil-
icon hydrogen binding energies. The hydrogen and deu-
terium profiles expected from the diffusion model are
compared to the experimental results in Sec. IVB. Sec-
tion IVC discusses the connection between hydrogen
transport and the growth process, and Sec. V summarizes
the main conclusions of this work.

II.EXPERIMENT

The a-Si:H samples used in the diffusion studies were
grown by glow-discharge decomposition of pure silane on
crystalline silicon substrates at 230 C. Hydrogen trans-
port in these samples was investigated by analyzing deu-
terium concentration profiles after deuterium diffusion at
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different temperatures between 150 and 400'C. Two
sorts of deuterium sources were used. In the first case,
single a-Si:H layers exposed to monatomic deuterium
produced in an optically isolated, remote deuterium plas-
ma at a constant pressure of 2.0 torr. ' The deuterium
plasma was generated in a microwave cavity upstream
from the samples. Before (and also after} each deutera-
tion, the samples were rinsed in diluted HF to remove
any surface oxide that could form a barrier to deuterium
incorporation.

Diffusion experiments were also performed using a
solid deuterium source. In this case, the a-Si:H layers
were capped in situ with a 200-nm-thick a-Si:H:D layer,
obtained by diluting silane with a 20% volume fraction of
deuterium, followed by a 100-nm-thick a-Si:H top layer.
Both capping layers were deposited at 130'C in order to
reduce hydrogen diffusion during sample growth. The
samples were then annealed either in vacuum or in air,
for different temperatures and times.

The concentration profiles of deuterium and hydrogen
after diffusion were determined by SIMS using Cs+-ion
bombardment and monitoring negative secondary ions.
The conditions for the SIMS measurements were adjusted
to yield a depth resolution of x, —8 nm for each factor of
e of concentration decay at profiling depth of -200 nm.
The hydrogen and deuterium concentrations were cali-
brated using a standard crystalline silicon sample with a
hydrogen implantation dose of 1X10' crn . The abso-
lute concentration values reported here are accurate to
within a factor of 2, but the relative precision of the
SIMS measurements when comparing two different
profiles is much better than that. The depth scales in the
concentration profiles were obtained by measuring the
depth of the craters formed during the ion bombardment
with a stylus profilometer and are accurate to within
10%.

III. RESULTS

A. Diffusion from the plasma and a deuterated layer
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FIG. 1. SIMS concentration profile for deuterium in a-

Si:H/a-Si:H:D/a-Si:H structures (thin solid lines) after diffusion

at different temperatures. In (c) and {d) the heavy lines are com-

plementary error function profiles fitted to the experimental

data. The diffusion temperature and diffusion time are indicat-

ed for each curve and the vertical line marks the interface be-

tween the a-Si:H:D and a-Si:H layers.

The thin lines in Fig. 2 show corresponding profiles for
diff'usion from a deuterium plasma. Even for tempera-
tures as 1ow as 175 C there is considerable deuterium in-

corporation from the plasma. In order to compare
different diffusion profiles, we define an effective diffusion

length xo as the depth where the deuterium concentra-
tion profile in the a-Si:H layer falls to 16% of the concen-
tration at the boundary of that layer. At a given temper-
ature, the diffusion length for diffusion from the plasma
(Fig. 2) is considerably larger than for diffusion from a
layer (Fig. 1). This is especially true for diffusion temper-

atures below 200'C, where negligible diffusion from a lay-

er is observed. (Note the different diffusion times in Figs.
1 and 2.}

For a constant surface concentration and a

Typical D concentration profiles of the multilayer
structures used in diffusion experiments from a-Si:H:D
layers are illustrated by the thin line in Fig. 1. The deu-

terium concentration decays from —5 —7 X 10' cm in

the a-Si:H:D layer, corresponding to 1 —2 at. % relative
to the concentration of silicon atoms, to -5 X 10' cm
in the a-Si:H layer. The latter concentration corresponds
to the natural D abundance in a-Si:H films with 10% hy-

drogen. Diffusion is negligible for temperatures below
200 C, and the deuterium concentration profiles are in-

distinguishable from those in unannealed samples. The
exponential concentration profile at the interface between
the a-Si:H:D and a-Si:H layers is determined in this case
by the depth resolution of the SIMS measurements. The
resolution is limited by material intermixing during ion
bornbardrent" to a minimal concentration decay length
of 8.0 nm at a profiling depth of 200 nrn. Above 200 C
rcurves (c) and (d) in Fig. 1] difFusion becomes apprecia-
ble, and the concentration profiles at the interface be-

tween the two layers deviate from an exponential.
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FIG. 2. SIMS concentration profile for deuterium diffused

from a remote D2 plasma in a-Si:H films at different tempera-
tures. The thick lines are complementary error function profiles
fitted to the experimental data.
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FIG. 3. Arrhenius plots for the deuterium diffusion
coe%cient from a solid source (circles, dashed line) and from a
deuterium plasma (squares, solid line). The activation energies
obtained from the slope of the lines are, respectively, 1.2+0. 1

and 0.5+0.1 eV for the two diffusion processes. Also shown in
the figure is the diffusion coefBcient measured by Carlson and
Magee for diffusion from a deuterated layer (triangles, dot-
dashed line) with an activation energy of 1.53+0.15 eV (Ref.
14).

concentration-independent effective diffusion coefficient
D,l,the diffusion profile is a simple complementary error
function (erfc), and the diffusion length is related to the
diffusion time tz by x0=2[(D,&tz)]'~. ' This is valid
even if the diffusion coefficient is time dependent; in this
case, D,l is an average diffusion coefficient given by
D,tt=(1/tz) fD,z(t'}dt'. As will be discussed in detail
later, this effective diffusion coefficient in a-Si:H takes
into account both diffusion in mobile states and capture
and release by hydrogen traps. The diffusion length for
the low-temperature diffusion profiles in Figs. 1 and 2 is
only a few times larger than the SIMS resolution x, . By
assuming the response function for the SIMS measure-
ments ${x) to be a simple exponential function with a
characteristic decay distance x„=8.0 nm, i.e.,"

$(x)=exp( —x/x„}/x„,
the SIMS profiles are expected to follow a functional
dependence given by

C{x}=C,$(x)eerfc(x/xo),

where C, is the concentration at x=0 and the asterisk

stands for the convolution operation. Analytic expres-
sions for C (x ) are given in the Appendix.

The thick lines in Figs. 1 and 2 were obtained by fitting
the data to the function C(x). The concentration profiles
for diffusion from a layer are well reproduced by the
function C(x), indicating that the diffusion coefficient
remains constant in this kind of diff'usion. For diffusion
from the plasma, a reasonable fit is only obtained for the
high-concentration part of the profiles. For lower con-
centrations, the measured profiles decay faster than a
complementary error function, in agreement with results
reported previously by Sol and co-workers. ' As wi11 be
discussed in detail later, this is due to the decrease in the
diffusion coefficient with the total concentration of deu-
terium and hydrogen in the diffusion layer. The larger
deviation from the fitting function occurs for tempera-
tures below 300'C: this deviation is not evident for tem-
peratures below 200'C in Figs. 2(a) and 2(b) because the
concentration profiles in these cases are determined main-
ly by the SIMS resolution function [Eq. (1)], and devia-
tions from a complementary error function profiles are
not observable.

The diffusion coefficient determined from the fitting
procedure for diffusion from a layer (circles} and from the
gas phase (squares) are plotted in Fig. 3 as a function of
inverse temperature. For comparison, the diffusion data
obtained by Carlson and Magee for diffusion from an a-
Si:H:D layer are also displayed (triangles}. ' For both
types of deuterium sources, diffusion is thermally activat-
ed. For diffusion from a solid source, the diffusion
coefficient has an activation energy of 1.2+0. 1 eV and a
prefactor between 10 6 and 10 ~ cm2/s. The activation
energy is smaller than the 1.53-eV value reported by
Carlson and Magee. ' These authors reported a diffusion
prefactor of 10 cm /s, which is three orders of magni-
tude larger than our measured value. Since in the low-
temperature range (T &350'C) their diffusion results
essentially coincide with ours, we attribute these
differences to the lower (and narrower) temperature range
used by us for the determination of the activation energy
and prefactor. Note that larger errors are involved in the
calculation of the prefactor when diffusion data measured
in a narrow temperature region are extrapolated to
1000/T ~0.

For low temperatures (below 300'C), the diffusion
coefficient for diffusion from the plasma is at least an or-
der of magnitude larger than from a deuterated layer.
The activation energy (0.5 eV) and diffusion prefactors
(10 ' cm /s) are also significantly different than for
diffusion from a layer.

B. Concentration-dependent diffusion coei5cient

In the previous section we demonstrated that diffusion
from a deuterium plasma is considerably faster than from
a deuterated layer. In addition, the deuterium concentra-
tion profiles for diffusion from the plasma depend strong-
ly on the concentration of activated deuterium species in
the gas phase, as indicated in Fig. 4. Here, the upper
curve illustrates a typical deuterium profile obtained after
exposure of an a-Si:H film to a remote deuterium plasma
at 275 C for 3 h. The lower curve was obtained under
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FIG. 4. (a) Deuterium concentration profiles in a-Si:H samples exposed to a normal (upper curve) and an attenuated (lower curve)
deuterium plasma at 275'C for 3 h. In (b) the corresponding hydrogen profiles for the same samples are shown, together with the hy-
drogen profile in a control sample annealed in vaccum under the same conditions.

the same annealing conditions, but for an attenuated con-
centration of activated deuterium atoms. The attenua-
tion of monatomic species was achieved by (i) increasing
the distance, and (ii) inserting a stainless-steel mesh in the
path between the microwave plasma and the sample.
Both procedures enhance the recombination of the ac-
tivated species to form molecular D2, thereby reducing
the concentration of monatomic deuterium at the sample
surface. ' '

As discussed previously, the concentration profiles for
diffusion from the plasma deviate appreciably from a
complementary error function. The deviations are even
larger for an attenuated concentration of monatomic deu-
terium, as illustrated in Fig. 4(a). The profile in this case
is a simple exponential function with a decay length
determined by the SIMS depth resolution of -8.0 nm.
The plateau region near the surface, observed in the
upper curve of Fig. 4(a), is completely absent for reduced
deuterium concentration. A reduction in surface concen-
tration does not lead to a simple renormalization of the
depth scale of the diffusion profiles, as would be expected
for a concentration-independent diffusion coefficient.
When compared to difFusion from a deuterated layer, the
effective diffusion coefficient for reduced deuterium con-
centration at 275 C is enhanced by a factor of only
1.5 —2, in comparison with a factor of —10 enhancement
for an unattenuated deuterium fiux (see Fig. 3).

The diffusivity of the hydrogen initially present in the
film is also affected by the monatomic deuterium concen-
tration in the plasma. This behavior is illustrated in Fig.
4(b), where hydrogen concentration profiles for samples
annealed at 275 C in vacuum and exposed to normal and
attenuated monatomic deuterium concentrations are
compared. For the two last cases, the corresponding deu-
terium profiles are those of Fig. 4(a). Within the SIMS
depth resolution, the hydrogen profile in the sample an-

nealed in vacuum is indistinguishable from that of an
unannealed sample [not shown in Fig. 4(b)], indicating
negligible hydrogen out-diffusion. Except for the first
20—30 nm near the surface, the hydrogen profile does
also not change appreciably in the sample exposed to an
attenuated deuterium plasma. In the film exposed to a
normal plasma, on the other hand, the hydrogen concen-
tration decreases near the surface. The decrease is main-

ly due to hydrogen out-diffusion, but a fraction of the hy-
drogen atoms also diffuse towards the bulk, as will be dis-
cussed in more detail later. The enhanced deuterium
diffusion from the plasma is therefore followed by a cor-
responding increase in hydrogen diffusivity. The charac-
teristic diffusion length for hydrogen out-difFusion,
defined here as the depth from the surface where the hy-
drogen concentration achieves 84% of the bulk values, is
similar to the deuterium diffusion length, indicating that
the two species have approximately the same diffusion
coeScients in the deuterium-rich layer.

When single a-Si:H layers are exposed to a hydrogen
plasma, the hydrogen concentration near the surface in-
creases. This behavior is illustrated in Fig. 5, where the
hydrogen concentration in an a-Si:H layer exposed to a
monatomic hydrogen plasma for 3 h at 275 C is
displayed. Near the sample surface, the hydrogen con-
centration in this case is almost 40%%uo larger than in the
bulk. Unfortunately, the hydrogen concentration in the
first -20 nm near the surface cannot be accessed due to
the finite depth resolution of the SIMS measurements.
Based on these results, one expects the total concentra-
tion of deuterium plus hydrogen to increase near the sur-
face of a deuterated layer, if deuterium and hydrogen
have similar diffusion properties in a-Si:H. This is indeed
the case, as is illustrated in Fig. 6 for a sample exposed
for 9 h to a deuterium plasma at 275'C. Here, diffusion
profiles for hydrogen [H] and deuterium [D] are shown,
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FIG. 5. Hydrogen concentration profile after exposure to a
hydrogen plasma for 3 h at 275' C. This curve shows the in-
crease in the hydrogen concentration near the surface due to hy-
drogen injection from the plasma.

together with the total concentration of deuterium plus
hydrogen, [H+D]. Except in the first 20 nm near the
surface, where the profiles are distorted by the finite
SIMS resolution, the total concentration of deuterium
plus hydrogen in the diffusion layer is up to —100%
larger than the original H concentration. The loss of hy-
drogen due to out-diffusion is overcompensated by the
diffusion of deuterium from the plasma, leading to a net
increase in the total concentration of the two species.

For comparison, Fig. 6(e) displays the deuterium
profile for diffusion from a deuterated layer under the
same conditions as for diffusion from the plasma. Note
that in this case the diffusion coefficient is much smaller
than for diffusion from the plasma.

A careful examination of Figs. 4(b) and 6(c) indicates
that the hydrogen concentration after diffusion increases
slightly beyond the bulk value in the region where the
deuterium concentration drops. Such an accumulation is
only possible if the hydrogen diffusion coefficient in the
diffusion layer is significantly larger than in the bulk of

the sample. ' Under these conditions, hydrogen diffuses
both towards the surface and towards the substrate, and
accumulates at the border of the deuterium-rich layer,
where the diffusion coefficient suddenly drops.

The increase in the total concentration of deuterium
and hydrogen (D+H) near the surface, and the hydrogen
pileup effect at the border of the diffusion layer, are not
due to variations of the a-Si:H etch rate by the Cs+-ion
beam during SIMS profiling. Such a variation would be
expected if the deuterium-rich layer had a higher etch
rate then the rest of the material. To exclude this possi-
bility, we monitor the Si signal during a SIMS profile
(see Fig. 6). The Si concentration is depth independent,
indicating a constant etch rate. In addition, transmission
electron micrographs show that the a-Si:H layers are
homogeneous, and no structural differences could be
detected between the deuterium-rich layer had the under-
lining a-Si:H layer in deuterated samples. '

The region of enhanced diffusion coefficient is not
confined to the immediate neighborhood of the surface,
but propagates further into the material for increasing
diffusion times, as is illustrated in Fig. 7. This figure
shows deuterium profiles in a-Si:H films annealed at
275'C for different times td in a remote deuterium plas-
ma. For an annealing time of 9 h, the deuterium-rich lay-
er extends more than 100 nm below the film surface. The
deuterium profiles decay exponentially with depth for
concentrations below -5X10 cm, with a charac-
teristic decay length of —100 A. The squares in the
figure show the time dependence of the average diffusion
coefficient obtained from the profiles. The diffusion
coefficient decreases with increasing diffusion time. This
behavior is well documented for hydrogen diffusion in a-
Si:H and is attributed to the existence of a disorder-
induced distribution of release times for diffusion. ' '
For an exponential distribution of release times with
characteristic width kTO, the diffusion coefficient is ex-
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pected to have a time dependence of the type'
1 —T/To

D,~-Dp(cot) (3)

~ ~

Si-Si Si-H

where T is the absolute temperature, Do is a constant,
and co is a characteristic frequency. The solid line
through the squares in Fig. 7 is a least-squares fit to the
previous expression, which yields a characteristic temper-
ature To-930 K. Characteristic temperatures To be-
tween 600 and 1100 K have been reported for deuterium
diffusion in a-Si:H, both from a deuterated layer or from
a deuterium plasma. ' ' This indicates that the decrease
of the diffusion coeScient observed in Fig. 7 is not due to
an increased distance from the surface, but rather to the
dispersive nature of hydrogen diffusion in bulk a-Si:H.

C. Raman scattering

Structural information about hydrogen and deuterium
bonding in deuterated a-Si:H samples was obtained by
Raman spectroscopy. The Raman measurements were
performed in the backscattering geometry using an exci-
tation wavelength of 514.5 nm. For this wavelength, Ra-
man spectroscopy probes a sample depth of -50 nm,
which is comparable to the diffusion length for the deu-
terium profiles in Fig. 1.

Figures 8(b) —8(e) display Stokes Raman spectra for a-
Si:H samples exposed for 3 h to a deuterium plasma at
diff'erent temperatures. For comparison, Fig. 8(a) shows
the corresponding spectrum for an as-grown a-Si:H sam-

ple. The main lines in the spectra are associated with the
excitation of (i) Si-Si transverse-optical-like (TO-like) vi-

bration at cps; s;=480 cm ', ' (ii) Si-H stretching vibra-

tion at cps; H=2010 cm, and (iii) S-D stretching vibra-

tion at cps;0=1470 cm '. The last mode is only
present in deuterated samples and corresponds to the iso-
topic shift of the Si-H vibration when hydrogen is substi-
tuted for deuterium. Note that the frequency ratio
(cps; H/cos; D=1.37) is close to the square root of the re-

duced mass ratio of the Si-D and Si-H bonds of 1.39.

Is, H =constcol (coL —
cps; H) A s; HNs; H,3 2. (4)

where coL is the laser angular frequency and As;.H is the
vibration amplitude. A similar expression applies for the
Si-D mode. Assuming the Si-H and Si-D bonds to have
the same bond strength, the vibrational amplitudes of the
two modes are inversely proportional to the square root
of the reduced mass ratios, i.e., As;H-&2As;D. The
normalized intensities, defined as Is; H= ,'[(col ——cos; D)/
(uL, Ns, H)j Is; H/A4sp and Is; D =Is; D/A4sp are,3 X

therefore, proportional to the densities of Si-H and Si-D
scattering centers, respectively. In Fig. 9 (lower curve)

Is; H is plotted as a function of Is; D for a-Si:H samples
deuterated at different temperatures. In agreement with
the resu1ts of the previous sections, the Si-H concentra-
tion decreases with increasing Si-D density. The ratio of
decrease of the Si-H density is smaller than that of de-
crease of the Si-H intensity. As a consequence, the total
concentration of Si-H and Si-D scattering centers, pro-
portional to Isj H +Igj 0 and given by the upper curve in

All spectra in Fig. 8 were normalized to the amplitude
A4so of the TO-like vibration at 480 cm . With increas-
ing annealing temperature, the intensity of the Si-D vi-

bration increases, while that of the Si-H mode decreases.
This is in agreement with the SIMS result of the previous
section, which demonstrate that deuterium incorporation
is accompanied by hydrogen evolution from the film.
The Si-H and the Si-D lines have a Gaussian shape with
full width at half maximum (FWHM) of 147+7 cm ' and
115+4 cm, respectively. The ratio of the linewidths
coincides with the frequency ratio between the two
modes. No systematic change of the center frequency or
the FWHM of the Si-D (or Si-H) with increasing deuteri-
um content was observed. These results are in agreement
with a previous study by Abeles and co-workers, ' and
indicate that the incorporated deuterium atoms occupy
essentially the same sites as the hydrogen initially present
in the film.

The integrated intensity of the Raman line for the lo-
calized Si-H, Is; H vibration is related to the density Ns; H

of scattering centers by the following expression:
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FIG. 8. (a)—(e) Raman spectra for a-Si:H samples exposed to
a remote deuterium plasma for 3 h at different temperatures.
The spectra were shifted vertically and Si-Si, Si-D, and Si-H
denote the silicon-silicon TO-like vibration, the silicon-
deuterium stretching mode, and the silicon-hydrogen stretching
modes, respectively.
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Fig. 9, increases by -30%%uo for a factor-of-2 increase in
the deuterium content (Is; D increases from 5 to 10
cm '). If deuterium completely substitutes for hydro-
gen, the final deuterium concentration is expected from
Fig. 9 to be twice as large as the original hydrogen con-
centration, in good agreement with the SIMS results of
Fig. 6.

IV. DISCUSSION

The results presented in the previous section clearly
demonstrate that deuterium has a higher diffusivity in a-
Si:H when proceeding from a deuterium plasma than
from a deuterated layer. The activation energy for the
diffusion coefficient for diffusion from the plasma (0.5 eV)
and the diffusion prefactor is substantially lower than for
diffusion from a deuterated layer (see Fig. 3). Such small
activation energies for diffusion from a gas source were
reported by Nakamura et al. (0.3 eV), and are also in-
ferred from diffusion results presented by Widmer,
Fehlmann, and Magee (0.35—0.75 eV).

The increase in deuterium diffusivity is accompanied
by a corresponding increase in the diffusivity of the hy-
drogen initially presented in the film. This leads to an
enhanced hydrogen out-diffusion in a deuterium plasma.
The in-difFusion of deuterium overcompensates for the
hydrogen lost, and the total concentration of hydrogen
plus deuterium in the diffusion layer is larger than the
original hydrogen concentration. The diffusion
coeScient in the deuterium-rich layer increases with the
concentration of monatomic deuterium in the plasma, in-
dicating a concentration-dependent process.

The increased hydrogen diffusion leads to hydrogen
pileup at the interface between the deuterated layer and
the original a-Si:H film (see Fig. 6). This can only occur
if the enhancement in H difFusivity in the deuterium-rich
layer is delayed relative to the deuterium incorporation;
i.e., for short diffusion times, the hydrogen diffusion rate
is smaller than that of deuterium. If the two rates were
the same, no hydrogen accumulation would be seen, since
a hydrogen concentration gradient would immediately
build up near the surface, forcing deuterium to difFuse to-
wards the surface.

The Raman results presented in Sec. III C indicate that
the deuterium atoms incorporated from the plasma occu-
py essentially the same sites as the hydrogen initially in
the film. No structural difFerences between the
deuterium-rich and the underlining a-Si:H layer could be
detected by TEM, indicating that the film structure
remains essentially unchanged with deuterium incorpora-
tion.

Fast hydrogen difFusion from a plasma has been previ-
ously reported in the literature ' and different ex-
planations have been given for the diffusion-enhancement
mechanism. Petrova and co-workers attributed the fast
hydrogen diffusion in glow-discharge a-Si:H films depos-
ited at low temperatures (below 200'C) to hydrogen
motion on the internal surface of microvoids. High hy-
drogen difFusion was also observed in a-Si:H films with
columnar structure and associated with a fast transport
in the material between the columns. * Both diffusion
mechanisms are based on materia1 inhomogeneities and

do not apply to the device-quality samples used in our
study.

Rapid hydrogen diffusion from the plasma in this kind
of material, together with a low diffusion activation ener-

gy, has been attributed to the fact that hydrogen (or deu-
terium) is moving through weakly bonded interstitial sites
with low activation barrier for diffusion. This re-
quires that the capture of interstitial hydrogen by strong-
ly bonded states is substantially reduced in the diffusion
layer, leading to a longer lifetime in the interstitial states.
In the next section we propose a model for hydrogen
diffusion based in the existence of two sets of silicon-
hydrogen configurations with different binding energies.
According to the model, the enhanced lifetime in the
shallow interstitials is due to the saturation of deep states
by the extra deuterium atoms injected from the plasma.
This leads to a strong dependence of the transport prop-
erties on the total concentration of deuterium plus hydro-
gen in the deuterated layer. In Sec. IV B we demonstrate,
using computer simulations of the diffusion process, that
the model basically reproduces all the experimental re-
sults presented in the last section.

D,H

==.~= a=! E, t

hallow Et,
traps
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W W

t2

deep traps

DOS depth

FIG. 10. Schematic representation of the density of states for
hydrogen (left side) and of the spatial distribution of traps (right
side) in the amorphous network. E, and E„- designate the
difFerent average trap energies, and E is the energy for mobile
hydrogen. The population of the levels is assumed to be deter-
mined by a single hydrogen chemical potential pH.

A. Hydrogen conSgurations in a-Si:H

Hydrogen and deuterium difFusion from both solid-
and gas-phase sources can be understood in terms of the
distribution of silicon-hydrogen binding energies in the
amorphous network depicted in Fig. 10.' Hydrogen
diffuses by excitation over a barrier of height E, which
represents the minimal energy for free hydrogen motion
in the silicon network. Any disorder-induced broadening
of the transport energy E is neglected here, and E is
taken as the energy reference. As for the hydrogen glass
model for a-Si:H, ' we shall assume that the silicon net-
work is a more or less rigid structure at the low diffusion
temperatures used here, so that the possible hydrogen
binding configurations do not change appreciably during
hydrogen incorporation and diffusion. For simplicity, we
also neglect any differences in binding energies for hydro-
gen and deuterium in a-Si:H.

Two sets of states are important for H transport: (i)
shallow hydrogen states with low binding energy, where
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hydrogen diffuses with a small diffusion activation energy
E, . As in crystalline silicon, these states are probably
bond-center (BC) and interstitial (Td) sites in the silicon
network. (ii) A collection of states with larger binding
energies E„,E,z, . . . & 1.2—1.5 eV, corresponding to
different silicon-hydrogen bonding configurations. Two
of these configurations have been identified experimental-
ly in hydrogen diffusion experiments: one —1.2 eV
below E, and a second one -0.5 eV deeper. " Possible
microscopic configurations for the different levels are dis-
cussed in detail in Refs. 15 and 26. The important point
for the following discussion is that these hydrogen deep
traps are energetically separated from the shallow ones
by at least a few tenths of an eV.

An effective density of hydrogen states is depicted on
the left side of Fig. 10. The distribution resembles that of
electronic states in amorphous materials, and therefore
one may expect hydrogen and electrons to have similar
transport properties. In particular, the transport proper-
ties will depend on level occupation. This occupation can
be described by an effective hydrogen chemical potential

pH, which for simplicity will be assumed to be the same
for the different hydrogen configurations. In as-grown a-
Si:H films, pH lies just above the shallowest deep trap E„
in Fig. 10. A relatively large fraction (60—80%) of the
deep traps are filled, and the total hydrogen concentra-
tion lies between 8 and 15 at. %. In diffusion experiments
from a deuterated layer, the total concentration of H plus
D remains fixed during diffusion, and the chemical poten-
tial is fixed at the deep trap level. Hydrogen transport is
governed by hydrogen emission and recapture from deep
traps, and the diffusion proceeds with an activation ener-

gy close to the energy separation between the transport
level E and the shallowest occupied trap of E Etj,
—1.2—1.5 eV. Note that the activation energy normally
differs from E —

pH due to the temperature dependence
of the chemical potential. The activation energy for
diffusion can be significantly increased by removing hy-

drogen from the sample and bringing the chemical poten-
tial close to the deeper levels, as has been demonstrated
in Ref. 15.

Diffusion from the gas phase differs from the previous
case because the total concentration of hydrogen plus
deuterium increases during diffusion, as shown in Figs. 5

and 6. The hydrogen chemical potential is then expected
to move towards the shallow trap level (see Fig. 10). As
proposed by Nakamura et al. , diffusion can be substan-
tially enhanced if the deep traps are saturated with extra
deuterium atoms injected from the plasma. Under these
circumstances, the deuterium atoms diffuse rapidly
through the top deuterium-rich layer and are trapped at
the interface with the bottom a-Si:H layer. Capture by
traps at this interface leads to the fast-decaying,
exponential-like profile at the border of the a-Si:H:D lay-
er observed in Fig. 2.

Diffusion from the plasma in the presence of traps has
been considered in detail by Herring and Johnson for
the case where hydrogen (and deuterium) reemission
from deep traps can be neglected. This requirement is
normally fulfilled at low diffusion temperatures; a more
realistic situation, which takes into account trap reemis-

sion, will be discussed in the next section. For negligible
trap reemission, the diffusion coefficient determined from
the measured penetration depths, D,ff (see Fig. 3), differs
from the actual diffusion coefficient in the deuterium-rich
layer by a factor a —Cr",', /N, '" . Here, Co', is the
deuterium concentration in shallow traps near the sur-
face, and N, "' is the density of empty deep traps in the
original a-Si:H film. The deuterium surface concentra-
tion in diffusion experiments from the plasma is weakly
temperature dependent below 300'C, indicating that e
does not vary substantially with temperature.

The analysis presented above shows that the activation
energy of 0.5 eV measured for diffusion from the plasma
corresponds to that of a homogeneous layer with high hy-
drogen (or deuterium) content. This activation energy
corresponds roughly to the energy difference E —E, be-
tween the transport and the shallow trap level in Fig. 10.
The activation energy of 0.5 eV is also close to that for
hydrogen diffusion in crystalline silicon, indicating that
the average barrier height for diffusion is essentially the
same in the two materials. This is a consequence of the
similar short-range order in both materials.

With increasing hydrogen content, the hydrogen chem-
ical potential in a-Si:H moves from a position close the
deep trap level (E E, —1.2—eV) to the proximity of the
shallow traps level (E E, -0.5 —eV). Both Raman and
SIMS results indicate that this shift requires an increase
in the hydrogen-plus-deuterium density by a factor of
1.5 —2. Since the original hydrogen concentration in the
layers is -5X10 ' cm, the deep trap concentration N,
must be in the range 7—10X 10 ' cm in the a-Si:H sam-

ples.
While the activation energy is not affected, the simple

model discussed above indicates that the measured pre-
factor of the diffusion coefficient for diffusion from the
plasma is reduced by a factor a -Cz, /N, "'. In fact,
the measured prefactor for diffusion from the plasma
(10 ' cm /s) is substantially smaller than in crystalline
silicon ( 10 cm /s) or for diffusion from a layer
(10 —10 cm /s). The lower prefactor for diffusion
from the plasma arises from the fact that a substantial
fraction of deuterium atoms injected from the surface is

used to fill deep traps at the interface between the deu-

terated layer and the bulk a-Si:H film. The reduction fac-
tor a can be estimated by recalling that when Cz',
equals the bulk equilibrium concentration of hydrogen in
shallow traps given by CH, -N, exp[ (E„E,)/kT]—, —
the in-diffusion of deuterium exactly compensates for the
out-diffusion of hydrogen. Diffusion proceeds under con-
stant concentration, and the diffusion coefficient is the
same as for solid-source diffusion. According to Fig. 3,
the two diffusion coefficients are equal at T =670 K. As-
suming N, of the order of the density of interstitial (or
bond center) sites is silicon (N, = 10 cm ) and

N, =10 cm, we obtain Cz', /N, -SX10 cm /s and

Cz', =5X10' cm . This is roughly the ratio of 10
between the prefactors for gas- and solid-source diffusion.

The saturation of deep traps with increasing hydrogen
concentration also accounts for the enhanced diffusion of
the hydrogen initially present in the deuterated layer [see
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In order to test the diffusion model presented in the
last section, we simulated the diffusion profiles for hydro-
gen and deuterium by numerically solving the diffusion
equation in the presence of traps. A simplified distribu-
tion of hydrogen configurations consisting of only two
levels was used: a shallow transport level of energy E„
and the shallowest of the deep traps level with energy E, .
The level densities are N, and N„respectively. The
diffusion process is described by the following set of equa-
tions

and

ac„a'C„
Q~ 2

ac„.
(}r

(sa)

c„=o' [N, —CH, —CD, ]C, ; vN, C(,—,

i =HD (5b)

where C, H (C, D) and C, H (C, D) are the hydrogen (deu-
terium) concentrations in shallow and deep traps, respec-
tively. Equation 5(a) is the conventional Fickian diffusion
equation with an additional term ((}C(;/(}t) to account
for hydrogen (or deuterium) trapping in the deep states.
The trapping rate is described in terms of a capture (o )

and emission (v) probabilities for the deep traps. The
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FIG. 11. Simulated hydrogen and deuterium concentration

profiles (thin lines) in deep and shallow traps for a 9-h deuteri-
um diffusion from the plasma at 275'C. C, H (C, D) and C, H

(C, D) are the hydrogen (deuterium) concentrations in shallow
and deep traps, respectively. The thick lines reproduce the
measured hydrogen (scaled by a factor of 2) and the deuterium
profiles of Fig. 6.

Fig. 4(b)]. This occurs because once a hydrogen atom is
released from a deep trap its lifetime in the shallow states
is considerably longer. The enhancement in hydrogen
diffusion lags that of deuterium because hydrogen initial-
ly occupies deep traps, while D is mostly in shallow
states. The two diffusion coefficients become equal when
the two populations thermalize. As discussed before,
such a time lag is necessary to explain hydrogen accumu-
lation at the interface between the deuterated and the
bulk a-Si:H layer.

B. Numerical simulation of concentration profiles

capture probability is assumed to be related to the
diffusion coefficient D, in the shallow traps and to the
capture radius r, by o. =4mD, r, . The capture and
emission probabilities are related from detailed balance
by the expression: v=o exp[ —(E, E—, }/kT].

Figure 11 shows the hydrogen and deuterium concen-
tration profiles obtained by solving Eqs. 5(a) and 5(b) for
the same diffusion time and temperature as the experi-
mental data in Fig. 6 (reproduced by the thick lines in

Fig. 11}.The figure displays the hydrogen and deuterium
concentrations in both shallow (index s} and deep (index
t} traps. The diffusion coefficient was assumed to have an
activation energy equal to the energy E, =0.5 eV of the
shallow traps and a prefactor of 0.3X10 cm /s. We
assumed N, =10 cm, N, =10 cm, and an initial
hydrogen concentration in the deep traps of 0.75N, . The
boundary condition at the surface is determined by the
hydrogen and deuterium concentration in shallow traps.
These were taken to be 10' and 10' cm, respectively.
The latter value is close to the surface concentration of
deuterium in shallow traps estimated in Sec. IV A. Final-
ly, the capture radius for the deep traps r, is not known:
we assumed it to be equal to —„ofthe silicon-silicon bond

length, i.e., r, =0.25 A.
The calculated profiles in Fig. 11 reproduce relatively

well the main features. In the diffusion layer, all deep
traps are occupied ([H]+[D]=N, ) and the deuterium
profile is approximately given by a complementary error
function. A sharp cutoff in the deuterium profile is seen
at the edge of the diffusion region, where the diffusion
coefficient decreases abruptly due to unsaturated traps.
The abruptness of the diffusion profile at the border of
the deuterated layer depends on the capture radius r, and
on the concentration of empty traps, N, "'=N,—CH, —CD, . ' If the product N,'r, is large, almost
every deuterium atom reaching the border of the
diffusion layer is captured by a deep trap, leading to a
steep concentration profile. Diffusion does not proceed
until the traps are saturated. As mentioned previously,
the sharp drop in deuterium concentration is masked by
the finite SIMS resolution in the experimental profiles.

The calculated hydrogen profile in Fig. 11 also exhibits
a small hydrogen pileup at the edge of the diffusion layer.
The calculations were performed for an initial hydrogen
concentration a factor of 2 larger than the measured one.
To account for that, the measure profile in Fig. 11 was
also scaled by the same factor. The diffusion length for
hydrogen out-diffusion is comparable to the deuterium
penetration depth, indicating that the two species have
similar diffusion coefficients, as noted before in connec-
tion with Fig. 6. The enhancement of diffusion for hy-
drogen initially presented in the film was attributed by
Abeles and co-workers to a direct exchange mechanism,
where deuterium in the mobile interstitial state is trapped
by exchanging position with bonded hydrogen. ' This
process should cost little energy, since it does not require
the break of a Si-H bond. For the energy distribution for
the traps used in the simulations, such a direct exchange
mechanism is not necessary to explain the enhanced hy-
drogen motion, since the thermal emission rate is already
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FIG. 12. Arrhenius plots for the effective diffusion coefficient
D obtained from simulated diffusion profiles using the model de-
scribed in the text, superimposed on the measured diffusion
coeScient for diffusion from a deuterated layer (dots) and from
a deuterion plasma (squares). The solid line represents the
diffusion coeScient for diffusion from an a-Si:H:D layer. The
dashed lines show the diffusion coefficient from the gas phase
for different surface concentrations of deuterium in shallow
traps, CD", . The effective activation energies are displayed near
each curve.

sufficient to excite hydrogen to the shallow states.
The diffusion model described previously was also used

to reproduce the differences in activation energy for
solid- and gas-source diffusion. In this case, diffusion
profiles for a fixed diffusion time td were calculated for
the two kinds of diffusion by applying the appropriate set
of boundary conditions to Eq. (1). The diffusion
coefficient was then determined from the diffusion length
xp using the relation D,rr=xp l4rd ~ The calculations
were performed using the same set of parameters de-
scribed previously. The results are summarized in Fig. 12
(lines), superimposed on the diffusion data from Fig. 3.
For diffusion from a solid source (the dotted line in Fig.
12), an activation energy corresponding to the deep trap
energy E, =1.2 eV is obtained. The diffusion profiles in
this case are well represented by a complementary error
function and depend weakly on the capture radius r, .
The simulations of deuterium diffusion from the gas
phase were performed for different values of the surface
concentration deuterium in shallow traps, CD „as shown
by the solid lines in Fig. 12. For deuterium surface con-
centrations CD', & 10' cm and temperatures below
350'C, the effective diffusion coefficient for diffusion from
the plasma is much larger than from a deuterated layer,
reproducing the experimenta1 results of Fig. 3. The
diffusion activation energy is indicated near each line in
Fig. 12 and increases with decreasing CD, . For
CD',r ) 5 X 10' cm the activation energy is substantial-
ly smaller than for diffusion from a layer and is compara-
ble to the shallow trap energy of E, =0.5 eV, in agree-
ment with the results presented in Sec. IIIA. The
changes in activation energy arise from the rapid statisti-
cal shift of the chemical potential with concentration
from near the deep trap level to the shallow level for

changes of a factor of 2 or less in the total concentration
of deuterium plus hydrogen.

If at a given temperature the surface concentration
CD",' lies below the equilibrium concentration of hydro-
gen atoms in shallow traps, the out-diffusion of hydrogen
may dominate over the in-difFusion of deuterium, depend-
ing on the details of the surface evolution boundary con-
ditions. The occupancy of deep traps decreases below the
level in the bulk, and the diffusion coefficient near the
surface reduces below that for diffusion from a layer.
This behavior is evident in Fig. 12 for surface concentra-
tions CD",' & 5X10' cm . Such conditions are met, for
instance, when a-Si:H films are annealed in vacuum. The
precise relationship between the diffusion coefficient and
hydrogen concentration depend on the details of the en-
ergy distribution of deep traps: one expects, however, the
hydrogen out-diffusion to be self-limiting, since the for-
mation of a hydrogen-depleted layer near the surface re-
stricts further hydrogen evolution. There is evidence for
an energy barrier for the interchange of hydrogen and
deuterium with the vacuum. Hydrogen evolution from
the surface is believed to be limited by surface desorption
of H2 rnolecules. The concentration dependence of bulk
diffusion described above may provide an additional bar-
rier to hydrogen out-diffusion.

C. Hydrogen di8'usion and the growth process

According to the model presented in the previous sec-
tion, the strong dependence of the hydrogen diffusion
coefficient on hydrogen concentration relys on (i) a large
energetic separation between shallow and deep traps, and
(ii) an original hydrogen concentration close to the deep
trap density. The deep trap population determines the
diffusion properties under constant concentration condi-
tions, and, in particular, the diffusion activation energy.
Small variations (i.e., of a factor of 1.4—2) in total hydro-
gen content, as in the case of diffusion from the plasma,
and/or in trap concentration, should therefore induce
larger changes in hydrogen transport properties.
Diffusion measurements under constant concentration
conditions (layer diffusion) on a-Si:H grown under
different conditions, however, yield activation energies
that lie invariably in a narrow range between 1.2 and 1.5
eV. This result indicates that the filling of the trap levels
in as-grown samples should depend weakly on the deposi-
tion conditions.

This close relationship between trap density and hydro-
gen concentration is a probable consequence of the
growth mechanism for a-Si:H. According to Robertson
and Gallagher, the growing surface of a glow-discharge
film consists of a thin (some tens of A), hydrogen-rich
layer created by incorporation of radicals from the plas-
ma. The silicon network formation occurs as hydrogen is
eliminated through diffusion to the growing surface. The
final structure of the a-Si:H depends on the balance be-
tween film growth rate and hydrogen elimination veloci-
ty. ' Under the deposition conditions for electronic
quality a-Si:H, most loosely bonded hydrogen atoms are
expected to be eliminated from the silicon network. The
remaining hydrogen is bonded in relative strong silicon
hydrogen configurations, corresponding to the deep traps
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in Fig. 10, and the hydrogen content in the final network
is expected to be close to the trap density. It is therefore
not surprising that the deep traps can be saturated by in-
creasing the hydrogen concentration by only a few tens of
percent.

Finally, the extra deuterium density necessary to satu-
rate the deep traps in diffusion experiments from the plas-
ma is on the order of 2—5 X 10 ' cm . Raman measure-
ments on the samples investigated here indicate that the
extra deuterium atoms are bonded to silicon in the same
way as hydrogen. The extra deuterium density is much
larger than the dangling-bond density in a-Si:H, which is
less than 10' cm even at the highest diffusion tempera-
ture reported here. The extra hydrogen (or deuterium)
atoms cannot, therefore, be trapped in existing silicon
dangling bonds. The incorporation of the additional
atoms probably takes place through the conversion of
silicon-silicon bonds into two silicon-hydrogen bonds.
The previously proposed H2 pairing model is also con-
sistent with such observations. The lack of significant
decrease in the silicon TO peak (see Fig. 8) suggests that
normal Si-Si bonds are broken in order to accomodate
the hydrogen in Si-H bonds. The incorporation process
does not create extra silicon dangling bonds and leads to
a pinning of the hydrogen chemical potential, since new
hydrogen configurations can always be created at the ex-
pense of weak silicon-silicon bonds. Under these cir-
cumstances, the diffusion coeScient should remain con-
centration independent. The saturation levels found here
for the maximum density of deep traps impose an upper
limit of -5X10 ' cm to the maximum density of sil-
icon bonds that can be converted to silicon-hydrogen
bonds.

(c) The hydrogen diffusion process is well explained by
a hydrogen density of states consisting of two main levels:
(i} a shallow (i.e., with low binding energy} state, with a
binding energy of 0.5 eV. These hydrogen configurations
are probably hydrogen interstitials and at silicon-silicon
bond centers, and (ii) deep hydrogen traps, with binding
energies above 1.2 eV. Different sets of deep levels may
exist, corresponding to different hydrogen-silicon binding
configurations.

(d) The total concentration of deep centers depends on
the growth conditions and is larger (20—60%) than the
hydrogen content in the film.
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APPENDIX

As stated in Eq. (2), the measured SIMS profiles C(x)
represent the convolution of a complementary error func-
tion and the resolution function for the SIMS analysis,
given by Eq. (2). The convolution operation can be evalu-
ated analytically, leading to the following expression for
the function C(x):

V. CONCLUSIONS C(x)=C, erfc +F
xp

(Al)

We have investigated hydrogen transport in undoped
a-Si:H films by performing deuterium diffusion experi-
rnents from either a gas-phase source (deuterium plasma)
or from an a-Si:H:D layer. Information about hydrogen
diffusion was then obtained by analyzing SIMS diffusion
profiles for both hydrogen and deuterium. The main con-
clusions of this work are summarized as follows:

(a) The diffusion coefficient for diffusion from a deuteri-
um plasma is substantially larger than for diffusion from
a deuterated layer. In the temperature range from 200 to
350'C, the activation energies for the two processes are
0.5 and 1.2+0. 1 eV, respectively.

(b} The larger diffusion coefficient for diffusion from
the gas phase is attributed to the saturation of deep hy-
drogen (deuterium) traps by the extra deuterium atoms
injected from the plasma. After trap saturation, diffusion
proceeds through silicon-hydrogen configurations with
low binding energies. These two sets of configurations
are energetically separated by at least 0.5 eV.

The factor F depends on boundary conditions at the be-
ginning of the diffusion layer. For diffusion from a deu-
terated layer, F is given by

2xo x xo xF =exp — erfc
4x„ 2x. xo

(A2)

xF=exp
x

2xp
exp

4x„

xo x
erfc

2x xo

xp—erfc
2x„

(A3}

where the origin of the x axis is assumed to be the inter-
face between the deuterated and hydrogenated layers.
For diffusion from the plasma, the following expression
holds:
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