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Hydrogenated amorphous silicon (a-Si:H) thin films prepared by plasma-enhanced chemical vapor
deposition (PECVD) from SiH, have been further hydrogenated in situ by exposure to atomic H generat-
ed by a filament heated in H, gas. Upon equilibration of the network with gas-phase H, as many as
~2%10* cm~? additional Si-H bonds form within the top 200 A of the film without significant etching,
surface roughening, or coordination defect generation. Real-time spectroscopic ellipsometry is applied
to study the kinetics of near-surface Si-H bond formation at 250 °C in order to improve our understand-
ing of the effects of excess atomic H in the a-Si:H growth environment. Atomic H entering the film sur-
face exhibits an effective diffusion coefficient >3X 10™'5 cm?/s and is trapped within the top 200 A of
the film at a rate of ~1073 s™!. Most of this H is trapped irreversibly on the time scale of deposition
with emission rates <2X 1077 s™!. We also find that monolayer levels of surface oxide are an effective
diffusion barrier to H, preventing chemical equilibration between the gas and solid phases.

I. INTRODUCTION

Recent studies of the growth, electronic properties,
and stability of hydrogenated amorphous silicon (a-Si:H)
thin films prepared by plasma-enhanced chemical vapor
deposition (PECVD) from SiH, have concentrated on the
ability of excess atomic hydrogen in the growth environ-
ment to alter the chemical equilibrium between Si-Si and
Si-H bonds in the network.! ™ It has been suggested that
an increase in the H chemical potential in the solid can
passivate weak Si-Si bonds, thereby increasing the net-
work order and its stability against light-induced defect
generation. This may be accomplished during growth by
increasing the H chemical potential in the gas phase, as
long as equilibrium between the gas phase and solid can
be ensured.® Initial studies show that approaches involv-
ing excess atomic H in the a-Si:H growth process are
prolnzlising and material improvements have been report-
ed.”

An understanding of such processes is limited by avail-
able kinetic information on hydrogen diffusion and reac-
tion in the near surface of ¢-Si:H in the growth environ-
ment. For example, Street has proposed an equilibration
zone at the growing film surface of thickness d.,~D /r,
where D is the hydrogen diffusion coefficient and r
is the a-Si:H deposition rate.> If the deposition rate is
too high relative to the diffusion rate, this zone collapses
and the solid chemical potential cannot equilibrate with

0163-1829/93/48(7)/4464(9)/$06.00 48

that in the gas. Reliable information on diffusion
typically comes from secondary ion mass spectrometry
(SIMS) studies of annealed multilayers having
deuterated/hydrogenated a@-Si components.*”"® In the
growth environment, however, the initial conditions are
different, namely, H is in a mobile state upon injection at
the @-Si:H surface, and diffusion is driven by the chemical
potential difference. Thus it is not clear that such deter-
minations of the diffusion coefficient are relevant for as-
sessing equilibration during growth.” In fact, H (or deu-
terium D) diffusion in a-Si:H has been found to be faster
when the H (or D) is introduced from a plasma at the sur-
face in comparison to when it originates internally from
the solid.®® Very recently such effects have been dis-
cussed in terms of a concentration-dependent diffusion
coefficient.!?

Optimum development of growth techniques that in-
volve gas/solid phase H equilibration is limited by the
availability of sensitive probes that can characterize
near-surface microstructural changes. It has been pro-
posed that at a sufficiently high H chemical potential at
the film surface, for example, etching reactions dominate
and microcrystalline Si domains form at the surface that
may be detrimental to the material properties in device
applications.>!! Thus one may seek to raise the chemical
potential to a level just below the critical threshold for
microcrystallite formation, but this would be very
difficult in the absence of real-time feedback. In addition,
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growth/equilibration techniques that involve excess gas-
phase atomic H must avoid potentially damaging effects
due to direct H plasma exposure.

In this paper, we describe an alternative technique for
in situ hydrogenation of a-Si:H that involves exposing the
film to atomic H, thermally generated with a filament.
There are two important aspects to this approach. First,
the filament process avoids energetic particle impact at
the a-Si:H surface. Second, the process can be used in
situ in conjunction with conventional PECVD a-Si:H to
prepare H-modified materials. By alternating a-Si:H
growth with in situ exposure to thermally generated H at
the substrate temperature of ~250°C, materials can be
prepared with uniformly elevated H chemical potentials
that can be frozen in upon cooling the samples. The
properties of such materials can then be compared to
those of continuously grown materials for a direct com-
parison of the effects of network equilibration on proper-
ties and stability. Such efforts are discussed in detail else-
where.'? Here, we will present a real-time spectroscopic
ellipsometry (SE) study of the kinetics of H trapping (Si-
H bond formation) and emission (Si-H bond breaking)
that result from exposing PECVD a-Si:H to thermally
generated atomic H at ~250°C, the optimum tempera-
ture for deposition. These results provide insights into
the effects of excess gas-phase atomic H in the growth en-
vironment on subsurface bonding in a-Si:H.

II. EXPERIMENTAL DETAILS

The a-Si:H films were prepared by parallel-plate rf
PECVD in a turbopumped, UHV-compatible chamber
with the following parameters: pure SiH, pressure, 0.2
Torr; SiH, flow, 20 standard cm®/min; rf plasma power,
52 mW/cm?; and substrate temperature, 259 °C. Under
these conditions, the deposition rate is 1.4 A/s. Silicon
wafer substrates were used for optical studies because of
their smoothness. Atomic H treatments of a-Si:H were
performed in situ, i.e., with the sample mounted in the
same configuration as for growth, at nominally the same
substrate temperature. The substrate temperature de-
creases in the initial stage of treatment as a result of
thermal losses due to the introduction of H,, but it can be
held typically to within ~10°C of the initial value.
Power levels of 20-35 W were applied to a W filament 5
cm long and 0.025 cm in diameter in order to generate
the atomic H from 8 mTorr H, gas. The highest power
provides an approximate filament temperature of 2250 °C.

For high-resolution SIMS studies of diffusion, the fila-
ment was ignited in pure D, gas for deuteration. The D
treated films were capped for protection by an additional
PECVD q-Si:H layer, and the original position of the sur-
face was identified in the SIMS profile by small spikes of
O, C, and N impurities that are introduced in the D
treatment. In a study of a-Si:H treated by atomic D at
low temperature, we estimate a SIMS resolution of at
least 50 A per order of magnitude decrease in D concen-
tration.

Optical access to the sample surface during a-Si:H
growth and H treatment is provided by windows at a 70°
incidence angle. Real-time SE measurements were per-
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formed over the range from 2.5 to 4.5 eV with a mul-
tichannel rotating polarizer ellipsometer as described
elsewhere.!> This spectral range provides optical penetra-
tion depths (OPD’s) from 500 to 50 A for a-Si:H at
250°C. Full spectra in the ellipsometric parameters
(¢,A) were collected every 1 to 15 s, depending on the
desired time resolution. Here, tanyexp(iA)=r,/7,,
where r, and r; are the complex amplitude reflection
coefficients of the surface for linear p- and s-polarization
states. In this study, we focus on the equilibration of the
top 200 A of the a-Si:H that occurs upon H treatment.
Real-time SE experiments suggest that under optimum
PECVD conditions, the near surface of the film prior to
H treatment is representative of the bulk with the possi-
ble exception of the topmost ~ 10 Al

ITI. RESULTS AND ANALYSIS

First, the effects of H treatment on the optoelectronic
properties of optimum a-Si:H will be reviewed. 12 Thick
films (>5000 A) were prepared by alternating growth
and heated-filament H treatment to achieve uniform
equilibration throughout the film thickness, using pro-
cedures developed in our real-time SE study. Such films
have been measured using infrared transmittance and
dual beam photoconductivity techniques. The results
show that as many as 2X 10?! cm ™3 (4 at. %) additional
H atoms can be incorporated in Si-H bonds, depending
on the conditions of treatment, but without generating
coordination defects at the level of 10!> cm ~* that lead to
excess absorption in the 0.8-1.2 eV range. More than
80% of the additional incorporated H exhibits an in-
frared stretching mode at 2000 cm™!, while the
remainder exhibits 2090 cm~!. On the basis of these re-
sults, we can interpret the real-time SE data simply in
terms of the conversion of Si-Si to Si-H bonds.

A. Dielectric response of the introduced Si-H bonds

The initial goal of our experiments is to obtain an ap-
proximate measure of the near-uv dielectric response of
the Si-H bonds introduced by the H treatment, for use in
kinetic analyses. First, an q-Si:H film was grown to
opacity (for energies >2.5 eV) and monitored in real
time by SE. The real-time SE analysis of Ref. 14 provid-
ed the microscopic roughness layer thickness on the film
surface as well as the true dielectric function of the bulk
a-Si:H, shown in Fig. 1. Next, a 1-h atomic H treatment
of the a-Si:H was performed and monitored by real-time
SE. By this time, complete saturation of the optical
modification has occurred, and the SE data remain un-
changed with further exposure. By subsequent inspection
of the SE data, namely, the A(hv) spectra, we verified
that the roughness layer remained unchanged in thick-
ness during this H treatment. As a result, the a-Si:H
dielectric function after treatment could be obtained
without further information (see Fig. 1). This latter re-
sult is only strictly valid, however, if the additonal H is
incorporated uniformly throughout the OPD so that
there is no gradlent in the optical properties with probing
depth. This is true at least to a depth of ~200 A, as
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FIG. 1. Real and imaginary parts of the dielectric function of
a-Si:H deduced from real-time (1,A) spectra collected before
and after a 1-h atomic H exposure of ¢-Si:H at 250°C (broken
lines). The dielectric response of the modified Si-H bond com-
ponent deduced from these two spectra is also shown (points).
The solid line is a fit to the latter using the Forouhi-Bloomer
model of the dielectric response of an amorphous semiconduc-
tor.

demonstrated from SIMS studies using atomic deuterium
(D) treatment. (See the inset of Fig. 3 and Fig. 5 for the
relevant profile obtained with a 1-h treatment.) Thus the
dielectric function after H treatment should be valid at
energies >2.9 eV, where the OPD is <200 A.

One clear effect of the H treatment on the dielectric
function, as shown in Fig. 1, is a reduction in the overall
magnitude of €,. Based on this observation, the simplest
possible optical interpretation applies the assumption
that single Si-Si bonds are the fundamental polarizable
units and Si-H bonds do not contribute to the polarizabil-
ity.!> Thus the conversion of Si-Si bonds to Si-H bonds
can be represented solely in terms of the formation of
void volume. With this model, the 1-h H treatment is
consistent with the conversion of 7 vol % of the original
material into voids, as estimated from the Bruggeman
effective-medium theory (EMT) and linear regression
analysis (LRA). However, the fit to the modified dielec-
tric function in Fig. 1 using the simple void incorporation
model is poor since such a model cannot explain the ob-
served shift to higher energy in the €, peak that occurs
with H treatment.

In a second modeling attempt, we have used the ap-
proach of Mui and Smith!® who assumed that the basic
polarizable units are Si-Si,_,H, (rn=0,...,3) tetrahe-
dra. Thus we have assumed that some volume fraction of
Si-Si, units are converted to Si-Si;H units upon H treat-
ment, and we have proceeded to fit the modified dielectric
function in Fig. 1 using a three-component composite of
(i) original material, (ii) Si-Si;H volume, and (iii) void
volume. The dielectric function of the Si-Si;H tetrahe-
dron is obtained by scaling the dielectric function of a-
Si:H at 250°C, using the theoretical approach discussed
in detail in Ref. 16. (Data for ¢-Si:H at the elevated tem-
perature are required since the results of Fig. 1 are
characteristic of the substrate temperature of 250°C.) In
the fitting procedure, we fix the volume fraction associat-
ed with the Si-Si;H component at ~0.04. This value is
derived from the relationship between volume fraction
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and atomic percent established by the tetrahedral
volumes used in Ref. 16, along with the ~4 at. % esti-
mate for the additional Si-H bonds deduced from infrared
spectroscopy. Unfortunately, we found that the best fit
to the modified dielectric function in Fig. 1, having ~4
vol % Si-Si;H and ~6 vol % void, is only slightly im-
proved over the simpler void incorporation model de-
scribed above. An inspection of the experimental and
best fit dielectric functions again shows a clear disagree-
ment in the peak energy. This problem cannot be
resolved by allowing possible errors of 50% in the in-
frared determination of the additional H concentration
(which would lead to a possible Si-Si;H volume in the
range 2—-6 vol %). The possible sources of error associat-
ed with the tetrahedron model may include invalid as-
sumptions concerning (i) the dielectric function of the Si-
Si;H units and (ii) the optically affected volume per incor-
porated H atom.

The problem with the void incorporation and tetrahe-
dron models is further emphasized by a more sensitive,
yet general, analysis procedure. In this procedure, we
make only one assumption, namely, that some volume
fraction of the a-Si:H is converted upon H treatment to
an “unknown” material with the dielectric response of
the additional Si-H bond and void volumes that may be
formed. The dielectric response of the unknown material
can be determined from the EMT and the dielectric func-
tions before and after H treatment, but only if the volume
fraction f is known. If f is chosen to be equal to either
of the two total volume fractions from the void and
tetrahedron models, 0.07 and 0.10, then the resulting un-
known materials exhibit dielectric functions with g,
values that drop below O for Av <3.2 eV. This behavior
demonstrates that the two models are inappropriate. It is
only when f, is increased to 0.24 that the deduced ¢, ex-
hibits positive values for Av <3.2 eV and smoothly ap-
proaches zero for hv<3.0 eV. We call the resulting ma-
terial the “Si-H bond component” (in spite of the fact
that void volume may also be included).

Figure 1 includes the results for the dielectric function
of the Si-H bond component (points) deduced with
f0=0.24. Also shown in Fig. 1 is a fit to these spectra
using a general description of the dielectric function of an
amorphous semiconductor, developed by Forouhi and
Bloomer (FB), which satisfies Kramers-Kronig (KK) rela-
tions.!” The excellent fit shows that f,=0.24 is the
minimum value for the volume fraction that leads to a
Si-H component dielectric function satisfying KK rela-
tions. For this reason, we use it along with the EMT and
LRA for all kinetic analyses of the real-time SE data.

It is surprising that, in a number of studies such as
these, we find a volume fraction for the Si-H bond com-
ponent that is always three to five times the additional
atomic percentage of H deduced from infrared spectros-
copy. (The range here is associated with uncertainties in
the determination of differences between the H content of
samples measured by the infrared technique.) We need to
consider this observation in greater detail. First, the Si-H
bond component dielectric response in Fig. 1 may include
some void volume as a result of network relaxation in the
modified material. Based on electron density considera-
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tions, however, we estimate that this is no more than
30% of the total Si-H component volume. As a result,
we conclude that the radius of the spherical volume that
is optically affected by a single mcorporated H atom is
not 1.6 A as in the tetrahedron model,'® but is in the
range 2.3-2.6 A.

The implications of this result are not fully understood
at present and further research is required. However,
any such investigations are beyond the scope of the
present study that focuses on the kinetic behavior of the
Si-H bond component (assumed to be proportional to the
additional bonded H content). In fact, the same Kinetic
behavior is observed within ~+15%, irrespective of the
choice of optical model from among the three discussed
above; only the absolute volume fraction normalization is
very sensitive to the optical model. Since the basic con-
clusions of this paper depend only on the kinetic informa-
tion, their validity does not rest on the optical model.

B. Modification and etching of a-Si:H by atomic H

Figure 2 shows an example of the practical capabilities
of SE, once the optical response of the Si-H bond com-
ponent is known. In this experiment, (1, A) spectra were
collected in real time during in situ exposure of freshly
deposited 150- A-thick a-Si:H to atomic H under different
filament conditions. The film was maintained near its
deposition temperature of 250°C. The spectra have been
interpreted by LRA to extract the two photon energy-
independent parameters of film thickness and volume
fraction of the Si-H bond component incorporated during
treatment. The latter must be considered an average
throughout the thickness of the film since uniformity in
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FIG. 2. Time evolution of film thickness (open points) and
Si-H bond component volume fraction (SOlld points) deduced
from real-time SE data collected as 150-A- thick, optimum
PECVD a-Si:H at 250°C is exposed to thermally generated
atomic H. Initially a rear () filament that lacks direct line of
sight to the sample surface is ignited at 20 W. The power ap-
plied to the filament is increased to 35 W after ~ 10 min. After
another ~ 8 min, this filament is extinguished, and a front (f)
filament with a line of sight to the sample is ignited.
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the Si-H component cannot be ensured for this shorter
time scale ( <20 min). The use of a very thin film in this
example tends to minimize such a problem, however.

In Fig. 2 at t =0, a rear filament without direct line of
sight to the sample surface is ignited with 20 W, and at
t ~10 min the power is increased to 35 W. At ¢t~ 18 min
the rear filament is extinguished, and a few minutes later
a second filament with direct line of sight to the sample is
ignited with 35 W. With this front filament, the Si-H
component volume fraction increases more abruptly and
stabilizes at ~0.15 as relatively rapid etching (average
rate —0.17 A/s) commences. For a given filament
power, the etch rate is more than an order of magnitude
lower for the rear filament (—0.012 A/s), an indication of
a lower flux of H at the film surface, and possibly an ab-
sence of direct electron impact. At 20 W filament power,
only ~12 A of a-Si:H are removed in a 1-h treatment
(—0.0035 A/s).

C. Kinetics of H trapping in a-Si:H

As can be inferred from the example of Fig. 2, the true
advantage of SE is the continuous kinetic information it
provides; however, depth profiling with ellipsometry is
problematic. Thus SE is complementary to SIMS. For
thicker films (>200 A), we concentrate on modeling SE
data only over the higher photon energy range,
2.9=hv=4.5 eV, in order to reduce the maximum OPD
to less than 200 A, and hence, to minimize the degree of
depth averaging that is incurred. One difference between
the SE and SIMS techniques originates from the fact that
SE detects only the additional H atoms that bond to Si as
a result of the treatment and is insensitive to the presence
of any trapped H, or unbonded H. Over the time scale of
interest, however, the unbonded H is probably a much
smaller fraction of the total incorporated H owing to its
anticipated short lifetime in the a-Si:H network. The sen-
sitivity of the SE technique to different sites for H will be
discussed in greater detail when the experimental results
are interpreted.

The inset in Fig. 3 shows high-resolution SIMS deuteri-
um depth profiles of the a-Si:H film for 20- and 60-min
atomic D treatments at 240 °C using a rear filament (solid
lines). In this type of plot, we focus on the high concen-
tration, near-surface region in order to emphasize the
features relevant to SE which is a linear, surface-sensitive
probe. Because the extrapolated surface concentration in
the inset of Fig. 3 increases with time, we note that the
observed profiles cannot strictly obey the functional rela-
tionship expected for diffusion-limited incorporation of
mobile deuterium, namely, C(x,t)=Cyerfc[x /(4Dt)!/?].
In fact, the time dependence of the profile in the top 200
Ain Fig. 3 appears to be dominated by a time-dependent,
multiplicative prefactor, meaning that C(x,t) can be ap-
proximated as a separable function of x and ¢. Thus even
the shapes of the SIMS profiles do not follow the comple-
mentary error function (erfc). This is demonstrated by
the broken lines, calculated from the erfc relationship by
fixing C, at the experimentally observed near-surface

values and setting D =2.8X 1071 cmz/s, which provides
the best agreement to the top 200 A of the two observed
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FIG. 3. Volume fraction of Si-H bond component, f, normal-
ized to the ultimate saturation value, f, deduced from real-time
SE data collected as a function of time during atomic H treat-
ment of 2500-A-thick, optimum PECVD a-Si:H at 250°C. For
the open points the treatment is performed in situ upon ter-
minating the deposition. For the solid points, the a-Si:H was
exposed to air (at 250°C) prior to H treatment. The solid line
was obtained as the best fit to the former using an expression of
the form f=fy[1—exp(—at)]. The inset shows typical deu-
terium depth profiles from SIMS in the top 300 A of the film for
20 min (lower curve) and 60 min (upper curve) D treatments at
240°C. The broken lines are fits to the SIMS results in the top
200 A using a complementary error function profile with the
prefactor fixed at the observed surface concentration (x =0).

profiles. A comparison between the experimental and
calculated profiles shows that the former exhibit a step-
like behavior that can be understood using a model of
trap-dominated diffusion, to be described in greater detail
shortly.!?

We find that the evolution of the SE (3, A) spectra dur-
ing H treatment is also inconsistent with the development
of a simple diffusion-limited depth profile for the addi-
tional concentration of H bonded to Si. Again, by
confining the ellipsometric analysis to photon energies
with OPD’s <200 A, excellent fits to the evolution of the
SE spectra are obtained assuming that the Si-H bond
component evolves according to C(x,t)=7T(¢), meaning
that the bonds form nearly uniformly throughout the
OPD. The discussion below (see Fig. 4) will provide fur-
ther quantitative justification for this interpretation. At
this point we simply state that SE can provide experimen-
tal values proportional to the additional concentration of
bonded H within the top 200 A of the film, continuously
versus time during H treatment. Such information is not
accessible by any other currently available characteriza-
tional technique.

Figure 3 shows a plot of f(¢)/f,, where f is the addi-
tional volume fraction of the incorporated Si-H bond
component and f is its saturation value, obtained in a
LRA of SE data collected during H treatment of a 2500-
A-thick film using a rear filament at 28 W. The fit to the
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data (solid line) shows that f(¢) exhibits exponential ki-
netics, i.e.,

f(t)/fo=1—exp(—at), (1)

with a best fit single “reaction” rate of a=8X10"%s" !,
The remaining deviation in Fig. 3 between the data and
the fit can be attributed to a second, much smaller
(~0.07f,) contribution to the Si-H bond component
with a higher rate of 5X 1073 s~ L. Since a similarly high
rate is dominant in films prepared under conditions that
lead to a high void volume fraction (e.g., a high Ar:SiH,
gas dilution ratio), it is possible that this contribution
arises from a second reaction site for H associated with
void or weak-bond channels.

In order to understand the behavior of Eq. (1), let us
now consider H transport via trap-dominated diffusion.'®
Suppose that mobile H diffuses via continuous interaction
with shallow traps, whereas when it is captured by a deep
trap, it is immobilized for at least as long as the minimum
detectable time increment in the measurement (z; ~10 s
in Fig. 3). By defining AE as the binding energy for H at
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FIG. 4. Experimental ellipsometric angles (1,A) in degrees,
at a photon energy of 3.0 eV collected vs time at ~ 1-s intervals
during H treatment of a-Si:H at 250 °C, under the same filament
conditions as in Fig. 3 (only every sixth data point is plotted for
clarity). The broken lines show the results of simulations calcu-
lated from complementary error function profiles assuming
identical surface concentrations of mobile H and diffusion
coefficients of 107 !¢ and 107 !* cm?/s. Faster diffusion leads to
an abrupt change in A as the diffusion front moves within the
window of observation, which is the optical Penetration depth
(OPD) in a-Si:H at 3.0 eV and 250°C (~175 A). The solid line
shows the expected behavior for the incorporation of H uni-
formly throughout the OPD according to Eq. (1).
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a trapping site (i.e., the energy required for H emission),
then AE;=kT In(a,yt,;) defines the binding energy that
demarcates shallow and deep traps in a continuous distri-
bution. In this expression, a,, is the attempt frequency
for H emission. For the time scale of the experiment of
Fig. 3 and an assumed attempt frequency of 10'2-10'3
s~ !, we estimate that a deep trap has a H binding energy
>1.40%0.05 eV.

The following reaction represents one of a number of
the simplest possible diffusion and deep-trapping process-
es proposed in earlier studies:’

Si-H-Si(a)+Si-Si(b)«>Si-Si(a)+ [Si-H+D’] . (2)

Here (a) represents a shallow trap, e.g., a bond-center
site, through which H transport can occur, and (b)
represents a deep trap where structural relaxation is pos-
sible that generates a Si-H bond and a Si dangling bond
(D). More recent research suggests that H trapping in
complexes may be more likely, for example, two intersti-
tial H atoms that associate to form a Hj, a bond-center
H with an adjacent H in a tetrahedral interstitial site.!®
When a single type of deep trap is dominant, then we
can express the concentrations C, of deep-trapped H and
C,, of mobile (free and shallow-trapped) H with the fol-

lowing equations:!®

aC,

3 %Cn(Co=C)—a,Cp, 3)
aC,, d’C,,

ot DPm |5 | T%Cn(Co—CtaCr, (&)

where C,, is the total concentration of deep traps avail-
able at the elevated H chemical potential. In Egs. (3) and
4), a,=4mwD,,r. and a, =a,jexp(—AE /kT) are the rate
coefficients for H capture by and emission from the deep
traps, respectively, where r, is the capture radius and D,,
is the effective diffusion coefficient of the H. Because H
transport is controlled by capture and emission from the
shallow traps, D,, is a function of the distribution of H
within the shallow traps and therefore may in general de-
pend on the depth (i.e., H concentration) and time.'>%°

We will show later that the dominant deep traps for H
are irreversible on the time scale of interest, so that the
last terms on the right in Egs. (3) and (4) can be neglect-
ed. The solution to Eq. (3) is

C,(x,1)/Cp={1—exp[ —a.(C, (x,0))t]} , 5
where
(Cpe,) =17 ['C,(x,0")dt’ ()
0

is the average of the mobile H concentration over time ¢.
Shortly, we will also argue that the optical contribution
to the Si-H bond component in Fig. 3 from mobile H is
much smaller than that from deep-trapped H. Then we
can associate f/f, in Eq. (1) with C,/C,, in Eq. (5).
Thus, in order to maintain consistency with observations
leading to Eq. (1), C,, in Eq. (6) must be nearly indepen-
dent of ¢ [except possibly when ¢ <<(a.{C,, )" !; see Eq.
(7)]. Because the SIMS profile is also dominated by C,
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and is reasonably constant within the top 200 A of the
film, at least for > 1.2X10% s, then C,, on the right in
Eq. (6) must also be nearly independent of x.

The combined results simply mean that the diffusion
rate of H through the top 200 A is much faster than the
dominant deep-trapping rate, and C,, has saturated at its
near-surface value, C,,, established by the atomic H flux.
Using the combined results we can express the rate
coefficient in Eq. (1) as a=a,C,,,=8X10"*s™!. Faster
diffusion in comparison to deep trapping means that
D, >a,C,ox2. =3X10"1" cm?/s, where x,_,, is the
maximum depth under consideration, 200 A. Thus a
much higher diffusion coefficient is estimated for H ini-
tially injected into mobile states at the film surface, in
comparison to measurements in which the diffusing H is
initially deep trapped.

Next, we consider the possible contribution of mobile
H to the SE results (f/f,) at short times in Fig. 3. In
the limit where ¢ <<(a,C,,o)” " (or ¢ <200 s), C, <<C,,
and Eq. (4) can be solved easily. The result is

C,,(x,t)=C,exp(—a,C,qt )erfc[x /(4D,,t)?] . @)

First if C,,o= C,o, then the exponential factor can be set
to unity. In addition, if the mobile H generates a change
in dielectric response similar to that of the immobilized
H, then the SE data should be dominated by a diffusion-
limited profile in C,, at short times as long as
D,,>1X107" cm’/s. Diffusion-limited profiles are
!{detectable by SE even as they penetrate the top few A of
the film, as a result of the sensitivity of the A spectrum to
surface layers of different optical properties.

For the experiment of Fig. 4 (points), the angles (¢¥,A)
at a photon energy of 3.0 eV were collected versus time at
1-s intervals during a ~250-s H treatment of @-Si:H at
250°C. Simulated results assuming C,,,=C,, and
diffusion coefficients of 107! and 107 * cm?/s were cal-
culated from complementary error function depth
profiles and multilayer optical analysis (broken lines).
The absence of a shift in the experimental A value indi-
cates that a diffusion-limited profile of Eq. (7) is incon-
sistent with the data even for the shortest times. This in
turn forces us to conclude that either the mobile concen-
tration of H is too low to be detected or the optical
change that it induces in the network is too weak. From
a quantitative sensitivity analysis, we conclude that
(Crno/Cio)=R <0.1 if the dielectric response of the H in-
troduced in the mobile state is similar to that of the
deep-trapped H. In fact, R could be larger than 0.1, but
only if the optical effect of the mobile H is weaker than
that of deep-trapped H, e.g., if the dielectric response as-
sociated with the mobile H is closer to the unmodified
dielectric function than to the response of the Si-H bond
component given in Fig. 1 (points). The solid lines in Fig.
4 that match the experimental results have been calculat-
ed assuming a buildup of the Si-H bond component uni-
formly throughout the penetration depth of the light ac-
cording to the form of Eq. (1). This suggests that the
effective diffusion coefficient for these short times is as
much as an order of magnitude larger (e,
D,,>4X10"!* cm?/s) than that estimated earlier from
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the longer time behavior.

It is now instructive to return to a more detailed in-
spection of the SIMS deuterium profile, assuming that it
represents the distribution of deep-trapped H, C,(x,t).
Figure 5 shows the D profile obtained after 1 h of treat-
ment, from the inset of Fig. 3, but plotted over wider
depth and concentration scales. Because the deep-
trapping process has nearly saturated after one hour
(t~3a~ '), we can apply an approximate solution to Egs.
(3) and (4) from Ref. 18 in order to extract more informa-
tion on the diffusion process from an inspection of the ob-
served profile. The effective diffusion coefficient of the
mobile H in Eq. (4) can be estimated from three features
of this depth profile, namely, (i) x., the depth at which
the concentration drops by a factor of 2; (ii) 6x, the width
of the profile, i.e., the inverse linear slope at the depth x_;
and (iii) «, the exponential slope of the fall off in the
profile. The following three simple relationships hold:

x?.

Dm= 4ZC 2t (8a)
(8x )’aZ?
= —T (8b)
=2LR , (8¢)
K

where Z_, depends only on the ratio R=C,,,/C,, and is
the solution to the equation:!®

Z,exp(Z2)[1—erfc(Z,)]=7"?R . (8d)

Using the vaolues from Fig. 5 for x., 6x, and k™! of 320,
160, and 40 A, respectively, we find the best agreement in
D, for the three expressions of Egs. (8) when R ~0.2.
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FIG. 5. Deuterium depth profile from SIMS for a 1-h expo-
sure of a-Si:H to atomic D, reproduced from the inset of Fig. 3
over a wider depth and concentration range. Three parameters
can be extracted from the profile in order to obtain information
on trapping and diffusion. x. is the depth at which the profile
drops by a factor of 2 from its near-surface value; 8x is the
width of the profile, i.e., the inverse linear slope at a depth of x.;
and « is the exponential slope of the D tail deep into the sample.
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The agreement in D,,, however, can be achieved only to
within about one order of magnitude for the three expres-
sions. The largest value of D,,, 7X 107 !5 cm?/s, is ob-
tained from x,, i.e., the part of the profile closer to the
surface. The smallest value, 8 X 10716 cm?/s, is obtained
from the exponential fall off deeper into the bulk of the
sample. Such a range in the effective diffusion coefficient
is plausible, given the dispersive nature and possible con-
centration dependence of the H transport process.’® It
should also be noted that if the near-surface concentra-
tion of mobile H (or R) is overestimated, then D, is un-
derestimated.

The effective diffusion coefficient estimated from the 1-
h SIMS profile at a depth of 300 A is within the limits es-
tablished by the observed deep-trap-dominated kinetics in
the real-time SE data. However, for H within the
penetration depth of the light (200 A) and for shorter
times, D,, may be even larger, based on arguments given
earlier. In addition, a near-surface value of the concen-
tration of mobile H given from the SIMS profile by
C,,0=0.2C,y would result in a detectable diffusion-limited
characteristic at short times in Fig. 4. The fact that such
a characteristic is not observed indicates that when H oc-
cupies mobile sites, a weaker optical effect occurs in com-
parison to when H occupies deep traps. This would be
consistent with mobile configurations that do not fully
disrupt the Si-Si bonding, thereby leading to a smaller
change in the local polarizability of the site.

By combining Eq. (8c) with the expression
a=4r7C, D, r., and using the deep-trap density of
C,p=2%10*! cm ™ inferred from infrared transmission
measurements, the effective capture radius of the deep
traps can be estimated from the exponential slope in the
SIMS profile of Fig. 5. The result, r, ~0.025 A, is small-
er than would be expected based on the size of the Si-Si
bond (~1-2 A). There are a number of possible ex-
planations for this result, including the existence of a bar-
rier to deep trapping.

D. Kinetics of H emission in g-Si:H

In order to separate trapping and emission and show
that o, <<a=a.C,,, as was assumed earlier in solving
Egs. (3) and (4), we propose that upon extinguishing the
filament C,,;—0. Then the evolution of the observed Si-
H bond component provides direct information on «,.
Figure 6 shows the decay in the Si-H component upon
extinguishing' the filament at £ =0 after exposing a freshly
deposited 4000-A-thick a-Si:H film to a 30-min H treat-
ment. The sample temperature was maintained near
250°C throughout growth, treatment, and the H-emission
measurement. Data collection in Fig. 6 extends over a
period of one hour, however, additional data were also
collected over a 10-h period, 9 h later. A fit to the data in
the first hour in Fig. 6 (solid line), using an activated
emission law, yields two discrete rate -coefficients,
4X107% and 4X10™* s7! that suggest trap depths of
~1.55+0.05 and ~1.65%0.05 eV, if we were to assume
an attempt frequency in the range 10'2-10'* s~ !. The as-
sociated traps account for approximately 0.6 and 1.2
vol % out of a total of 11 vol % Si-H component intro-
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, FIG. 6. Time evolution of the Si-H component in the top 200
A of optimum PECVD a-Si:H at 250°C obtained from an
analysis of real-time SE data collected after terminating the
atomic H treatment at ¢t =0. Prior to extinguishing the fila-
ment, the 4000-A film was exposed to atomic H for 30 min. SE
data were collected continuously in the first full hour after ter-
minating treatment, and at selected times for 9 <t <20 h. The
solid line in both regimes is the best fit to an emission rate law,
f=foiexp(—a. 1)+ foexp( —a,,t)+ fo3, assuming three types

of traps, the third with an emission rate <2X1077s™ !,

duced in the original H treatment. The dominant contri-
bution to C,, 9.5 vol % (or 85% of the total bonded H in-
corporated in the H treatment), exhibits emission rates
less than 2X 1077 s™!, as can be seen by comparing the
data after 10—-20 h to the extrapolation of the fit (see Fig.
6 at right). This suggests that the dominant traps have a
depth of more than 2.0 eV. The overall analysis justifies
the earlier assumption and demonstrates that the dom-
inant H-emission rates are several orders of magnitude
lower than the capture rate, and the buildup of the Si-H
component in Fig. 3 reflects predominantly capture pro-
cesses.

E. Effects of surface bonding on the modification
of a-Si:H by atomic H

In all measurements reported so far, the H treatment
was performed in situ in the same chamber as PECVD,
and the filament was ignited in H, upon termination of
film growth. Figure 3 reveals an important experimental
observation. For the solid points, the a-Si:H was exposed
to air between deposition and H treatment while at a
temperature of 250°C. In this time a very thin oxide lay-
er (<10 A) formed on the surface, presumably because
the surface Si-H bonds are unstable at this temperature in
the presence of oxygen and/or water vapor. The results
of Fig. 3 show clearly that near-monolayer thicknesses of
native oxide on a-Si:H act as an effective barrier to H.
This result suggests that the filament-generated H does
not enter the film freely through energetic penetration
but rather via a chemical reaction that starts with H
bonded at the surface. Apparently, the stronger Si-O
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bond blocks this initial step. This supports the conten-
tion that H motion in a-Si:H occurs through Si-H bond-
ing configurations.

Finally, the results in Fig. 3 show that any chemical
equilibrium approaches to materials processing must be
performed in situ. The implications of these results for
interpreting H evolution are not yet fully clear. We
would expect that an oxide layer would also serve as a
barrier for exodiffusion of H, and this would be expected
to affect H evolution experiments carried out extensively
on a-Si:H.

IV. DISCUSSION AND SUMMARY

We will briefly compare our work to a very recent
study of Jackson and Tsai that concentrated on SIMS
measurements of a-Si posthydrogenated with microwave
plasma-generated H.2° The emphasis in Ref. 20 differs
from ours in that PECVD a-Si:H was annealed to deplete
the sample of the original H incorporated during growth,
and the diffusion and trapping studies were performed
from 320 to 450°C. These authors find that a concentra-
tion of (0.8-2.0)X10%° cm ™3 H atoms are trapped at an
energy deeper than 1.9 eV, and at least 30% of these
trapping sites can be associated with dangling bonds.

In our case for a-Si:H at 250°C, Fig. 6 shows that at
least ~10 vol % or ~10*! cm™3 H atoms can be deep
trapped (depending on the filament conditions). Because
our samples are optimum quality, these traps cannot in-
clude isolated dangling bond sites, which have been fully
occupied in the growth process. It is possible that these
traps represent clustered H} pairs, but this would appear
to be inconsistent with the proposal of Ref. 20 that such
units act as traps with a binding energy of 1.5 eV/H. A
possible explanation is that the binding energy may de-
pend on the size of the HY complex, with our higher
binding energies representing larger complexes that may
be present at the lower temperature of this study. Addi-
tional probes of the H-modified materials are required,
however, to support such speculations. We conclude by
emphasizing that a substantial number of tightly bound
H atoms have been introduced that are unrelated to iso-
lated dangling bond sites. These exhibit a 2000-cm ! in-
frared stretching vibrational mode and must occur in
pairs in order to maintain the low observed coordination
defect density.!?> Such conclusions are consistent with re-
cent negative-U models of H bonding in a-Si:H.?!

In summary, we have applied a heated-filament tech-
nique for in situ hydrogenation that can be used control-
lably to increase the H chemical potential in a-Si:H for
studies of H diffusion, trapping, and emission. Treatment
of a-Si:H by atomic H generated by the heated filament
has two primary advantages. First, the thermal H is not
sufficiently energetic to damage the near surface of
a-Si:H, and etching is kept to a very minimum. This is
substantiated by the observation that near-monolayer lev-
els of oxide on a-Si:H are not removed in the H treatment
but rather act as an effective diffusion barrier. Second,
the H treatment can be performed in situ with the a-Si:H
at its deposition temperature ( ~250°C), mounted in the
same configuration as conventional parallel-plate
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PECVD. As a result, any improvements in bulk, surface,
or interface properties of materials or devices can be
adapted to existing processes.

We have applied this technique in conjunction with
real-time spectroscopic ellipsometry to study H diffusion,
trapping, and emission in optimum a-Si:H at ~250°C in
order to understand the effects of H interaction with
a-Si:H in the deposition environment. Interpretation of
the processes occurring in the top 200 A of the film,
probed optically, is simplified since the dominant time
scale for diffusion is faster than that for deep trapping,
which in turn is much faster than emission. We find that
the increase in bonded H in ¢-Si:H is limited by the cap-
ture of mobile H by deep traps. The rate at which addi-
tional H is deep trapped in the a-Si:H, given by the prod-
uct of the capture rate coefficient and the concentration
of mobile H, is ~1073 s~!. Under our filament condi-
tions, we estimate that the concentration of mobile H in
the a-Si:H is on the order of 10%° cm™3. About 85% of
the ~10%! cm ™3 H bonded into optimum a-Si:H (in addi-
tion to that already present from the growth process) ex-
hibits an emission rate coefficient <2X 1077 s}, suggest-
ing that this H is trapped at a depth >2.0 eV. A smaller
number of deep traps for the injected H, ~2X10% cm ™3,
appear to be present, having depths from 1.55 to 1.65 eV.
In general, deep traps with trapping rate a become fully
occupied in the growth process when the deposition rate
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r is given by r <ax,_, where x, is the penetration depth of
the H (see Fig. 5).

Finally, the shallow-troap-dominated diffusion
coefficient within the top 200 A of the film in the growth
environment is >3X 10~ 1% cm?/s, and probably higher.
Using this result in simple H-equilibration arguments
proposed earlier, growth behavior limited by the kinetics
of H equilibration with the plasma would be obtained
only at growth rates above 15 A/s. Since a-Si:H films de-
posited at 15 A/s are generally much poorer in electronic

erformance than conventional materials prepared at ~2
A/s, it is possible that slower surface processes (i.e., top
few monolayers) during growth such as precursor surface
diffusion or Si network formation and relaxation, rather
than H equilibration, may ultimately limit the material
performance under these conditions.
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