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We report measurements of the electrical conductivity of hydrogenated amorphous silicon (a-
Si:H) films prepared from laser-induced chemical-vapor deposition of silane. Intrinsic as well as
p-type and n-type samples have been investigated, and the conductivity was measured after
different annealing and quenching cycles. We suggest that metastable defects are introduced into
the films via equilibration at high temperatures and are frozen in below a temperature that de-
pends on thermal history. These defects result in a net movement of electronic states from below
to above the Fermi level in phosphorus-doped a-Si:H and vice versa for boron-doped a-Si:H. We
develop a model that is in agreement with the time dependence of the conductivity during anneal-
ing of these defects and determine that a 1.1-eV potential barrier retards equilibration.

I. INTRODUCTION

There has been a great deal of recent work indicating
that thin films of glow-discharge deposited hydrogenated
amorphous silicon (a-Si:H) reach some sort of thermal
equilibration above a specific temperature, T*, with a
nonequilibrium structure frozen-in below that tempera-
ture.!~® The evidence for such equilibration has pri-
marily come from electrical conductivity measurements
on n-type"? and p-type® films, from transient sweep-out
measurements on i-n-i and i-p-i devices’ > and from
subgap absorption and photoconductivity experiments
on undoped films.® In this paper we report electrical
conductivity studies of metastable defect formation and
annealing processes in a-Si:H grown by the laser-induced
chemical-vapor deposition (LICVD) technique.””® These
processes, which are induced by rapid cooling or heat-
ing, shift the Fermi level, Er, and thus change the con-
ductivity, o, exponentially. We suggest a theory that re-
lates changes in o to the metastable defect density and
use this theory together with our experimental data to
examine the kinetics of the reequilibration processes
after abrupt heating from below to above T*. We as-
sume that first-order relaxation of a metastable defect is
responsible for the reequilibration, and obtain estimates
for the concentration of defect states and for the energy

barrier to equilibration. It is clear from previous experi-
ments and from theory® that T* depends on the anneal-
ing time and the cooling rate, but the experiments on
LICVD a-Si:H demonstrate an additional, previously
unobserved, dependence of T* on the deposition tech-
nique.

II. EXPERIMENTAL TECHNIQUES

Films of a-Si:H were deposited by the LICVD tech-
nique, in which SiH, and dopant gases are pyrolized by a
continuous-wave CO, laser beam that passes parallel to a
temperature-controlled substrate.  Details of the
growth,'® properties,!! and doping!*!® of LICVD films
were presented elsewhere. Table I shows the substrate
temperature (7, ), dopant type, gas-phase dopant ratio,
estimated solid-phase dopant concentration, thickness,
and approximate activation energy for conduction of the
films studied. Each film was deposited onto Al elec-
trodes preevaporated on a fused-silica substrate. The
two 1-cm-long electrodes were 180 um apart, so the ap-
plied voltage of 18 V corresponds to an average field
strength of 10° V/cm. Current passing between the elec-
trodes was measured with a Keithley 610C ammeter.
The Ohmic nature of the contacts was verified, and mea-
surements were made at pressures between 5X 10”7 and

TABLE I. Some physical properties of investigated samples.

Concentration ratio

Est.
[PH,]/[SiH,] [P/Si]
Sample or
no. T, Q) Dopant [B,H,]/[SiH,] [B1/[Si] ¢ (um) E, V)
243 400 P 4.4%1073 1.5 1072 0.6 0.2
245 400 P 4.4x107° 1.5%x10~* 0.4 0.5
246 400 P 8.8x 1073 3x 1072 0.9 0.2
312 300 B 2x107° 102 0.6 0.2
230 300 0.8 0.8
332 400 0.7 0.6
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2% 10~% Torr to minimize the importance of surface
effects. During measurement, the sample rested on a
metal block and the temperature was recorded by a ther-
mocouple imbedded near the top surface of the block.

Before each measurement, samples were annealed at a
temperature, 7, (typically 50°C below its deposition
temperature), for 30 to 120 min to anneal out the meta-
stable defects not under study. The samples were then
cooled to room temperature, either by quenching at a
rate greater than 10°C/sec or by controlled slow cooling
at 0.01 °C/sec. Slower cooling rates were also used, but
showed no significant difference from the 0.01°C/sec re-
sults. To quench samples, we removed them from the
temperature-controlled block and placed them in
thermal contact with an ice-water bath. All conductivi-
ties were measured while increasing the sample tempera-
ture.

In the “slow-heating” experiments, we twice measured
the conductivity as the film temperature was increased in
steps of 10-20°C back to the annealing temperature, at
an average rate of 0.5 to 1.0°C/sec. First, o3¢(T) was
measured after slow cooling and on the following day,
02(T) was measured after quenching the sample. In the
“isothermal relaxation” experiments, we quenched an n-
type sample to room temperature, measured o T) dur-
ing slow heating up to 140 or 160°C, then abruptly in-
creased the temperature to the relaxation temperature,
T,, 30 to 120°C higher. Subsequently, we recorded the
time dependence of the conductivity, o(?), during iso-
thermal annealing at T,.

III. EXPERIMENTAL RESULTS

A. Slow heating

Figure 1 shows an Arrhenius plot of the electrical
conductivity during a typical pair of slow-heating runs
on a heavily doped n-type LICVD a-Si:H film (sample
243). After 30 min anneals at 7,=320°C the sample
was first slow-cooled (SC) and later quenched (Q) to
room temperature. The conductivities after each cool-
ing, oA T) and o3¢(T), were measured as the tempera-
ture was raised at an average rate of about 0.5°C/sec. It
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FIG. 1. Electrical conductivity vs reciprocal temperature

for the n-type sample 243 after slow cooling and after quench-
ing. Data were taken during slow heating.
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can be seen that A T)~205%(T) from 20 to 120°C. In
this low-temperature regime, the conductivity activation
energy after quenching (EQ=~0.7 eV) is about 0.02 eV
less than that after slow cooling. Between 170°C and
240°C, 0 ¥(T) becomes constant and approaches o5¢(T).
Above 240°C, 0 AT)=~o5C(T). This qualitative behavior
is reproducible and reversible. In a different pair of runs
on sample 243, for example, both ¢3°(T) and o¥(T)
were lower by 15% to 35% at all temperatures than in
the runs pictured in Fig. 1. However, the difference
ESC—EQ and the ratio 0?/0%¢ were very similar, and
the two curves merged at about 280°C. In the notation
of Street et al.* the point of convergence at 240°C is
called T, the equilibration temperature. In sample 246,
also a heavily P-doped film, a qualitatively similar result
was also observed: o(T) leveled out between 170°C
and 240°C, merging with ¢5°(T) at about 240°C. As a
control, we made a similar pair of runs with T, =90°C
and a 2 h anneal time, and we found o T)=o5%(T)
from 20°C to 90°C.

In contrast, we found dramatically different behavior
of cAT) and o5%(T) in the lightly P-doped sample 245
during identical thermal cycling. In this case, o @(T) is
smaller than o5S(T) below about 260°C and they con-
verge above that value. There is no abrupt transition in
either curve; at room temperature, 05¢=30Q and the
curves gradually merge at higher temperature. The
reproducibility of this result was not verified.

The B-doped sample was annealed for 45 min at
T,=285°C before each cooling-heating cycle. Figure 2
shows the conductivity measured during one pair of
runs. As with the heavily P-doped films, the quenched
conductivity was more than twice the slow-cooled value
below about 125°C, but above a temperature
Ty ~185°C, the film cooling rate appears to be less im-
portant. In contrast to the results on P-doped films,
from Ty, to T,, oA T)=1.4065(T). A month later, re-
petition of the slow-cooled run on sample 312 resulted in
a closely similar curve of oS5¢(T). Repetition of the
quench run yielded 0 T)=1.605¢(T) at low tempera-
tures.

Measurements on the undoped samples 332 and 230
did not reveal a clear value of T, nor reproducible re-
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FIG. 2. Electrical conductivity vs reciprocal temperature
for the p-type sample 312 after slow cooling and after quench-
ing. Data were taken during slow heating.
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sults. After 30 min anneals of sample 332 at T, =90°C,
we found 0 (T) and 05(T) were nearly identical. How-
ever, a 30-min anneal of this sample at T, =320°C yield-
ed a slow-cooled conductivity higher than the quenched
conductivity at all temperatures below 300°C. Near
room temperature, o (T)/c®T)=3, but this ratio

gradually decreased as the temperature increased, reach-
ing unity above about 300°C. We repeated the thermal

cycles and measurements after storing the sample for
over 1 month at room temperature, and found
o5%(T)=oAT) at all temperatures, with somewhat
different values of o3%(T) and o T) compared to the
earlier experiments. We measured conductivities up to
T,=320°C and no discernable T was evident in any
run on sample 332. Similarly, the undoped sample 230
showed no discernable Ty below 7T,=285°C. In fact,
oA T)=05(T) below about 195°C, but as the tempera-
ture was raised from 200°C to 285°C, o© increased fas-
ter than o5C, until 0%=205¢ at 285°C. The reproduci-
bility of this result was not verified.

B. Isothermal relaxation

We performed a series of isothermal relaxation experi-
ments by quenching the P-doped sample 243 six times
after 2 h anneals at 320°C, each time interrupting the
subsequent slow heating by increasing the temperature
very suddenly. The temperature jumps were from 160 °C
to 280°, 260°C, 240°C, 220°C, and 200°C or from 140°
to 170°C. We then annealed the sample at the higher
temperature, 7,, and observed the film’s relaxation by
measuring o (¢), defining ¢t =0 to be the moment that the
heated block reached T,.

In Fig. 3 we plot the ratio of the conductivity to the
final conductivity, o(t)/af, for four values of the relaxa-
tion temperature, 7,. The film temperature lagged the
heated-block temperature by 10 to 20 min, so the con-
ductivity increased initially. After the film temperature
stabilized, the conductivity decreased monotonically
from its peak value, o,,. While the decay is not a sim-
ple exponential, it is evident that increasing the tempera-
ture speeds the relaxation process. If we take the decay
time to be the time at which o(#)—o/ has fallen to 1/e
of its peak value, then the decay time is roughly an ac-
tivated function of T,. A more rigorous definition of the
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FIG. 3. Electrical conductivity of quenched sample 243 dur-
ing isothermal annealing after an abrupt temperature increase.
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decay time and evaluation of its dependence on 7, will
be described later.

Finally, we note that o,, is not simply given by an
extrapolation of oT) from low temperatures up to
oQ(T,). For each quench and each value of T,, c(T,)
was evaluated by extrapolating to 7T, the conductivities
measured during slow heating from 20°C and 160°C. In
each case, the peak value of o(?) is significantly higher
than this extrapolated conductivity. Though this is an
indirect measurement, it appears that the activation en-
ergy of oA T) increases at about 150°C, as do the activa-
tion energies of all LICVD samples (e.g., see Fig. 1).

IV. THEORY OF METASTABLE
CONDUCTIVITY CHANGES

A. Defect relaxation

In this section we present a simple model of the ther-
modynamics and kinetics of the metastable conductivity
changes observed in heavily doped n-type a-Si:H. From
our results, as from those of Ast and Brodsky' and
Street et al.,* it is evident that rapid quenching freezes a
particular nonequilibrium structure into the film below a
transition temperature T7* which depends on cooling
rate. Below T, the rate of equilibration is too slow to
bring the structure to equilibrium on experimental time
scales. Above T*, the structure has time to reach equi-
librium and the conductivity is independent of the an-
nealing time or the cooling rate. We assume that the de-
fects that control the Fermi energy, Ef, equilibrate via a
two-level system of structural configurations as sketched
in Fig. 4. There is a high-energy ““defect” configuration
separated by an energy barrier from a lower-energy
“normal” configuration. The barrier, E,, kinetically re-
tards equilibration below T*, leaving an overpopulation
of defect states after quenching. After an anneal at tem-
perature, T, long enough so that T > T*, the number of
defect states, D (T), is determined by thermodynamics in
the two-level system. Bar-Yam er al.’ have analyzed the
dependence of T* upon cooling rate and annealing time
for such a two-level system and their results are in quali-
tative agreement with our experiments.

To move E, the electronic energy levels associated
with the defect configuration must be different from
those of the normal configuration. If, for example, the
defect configuration yields an occupied electronic energy
level above Ep, and the normal configuration yields a
level below Ef, then creation of the defect configuration
induces an increase in Ez. We now use this model to
analyze the isothermal relaxation experiment.

We assume that the defects reach their equilibrium
density, D(T,), if the material is held at 7, for
sufficiently long times. Quenching results in the forma-
tion of D (T*) defects, where T* is the freezing-in tem-
perature. If the quench is fast, T*>7, and
D(T*)>D(T,). When the temperature is abruptly
raised to 7, there must be 8Dy=D(T*)—D(T,) excess
metastable defects in the film. This means that 8D,
electronic states that would have been below E at equi-
librium are frozen-in above E; in the metastable
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FIG. 4. Schematic diagram of the two-level system control-
ling the metastable conductivity changes. A barrier energy,
E,, retards reequilibration of excess defects.

quenched state at 7,. In the isothermal relaxation ex-
periment, the electronic distribution comes to immediate
thermal equilibrium when the temperature is increased
to T,, but the excess defect population at T,, 8§D (t), re-
laxes slowly toward equilibrium. If the defect relaxation
time is 7, then

8D(t)=8Dyexp(—t/T),

and the number of excess defects that have relaxed to
the normal configuration, i.e., the number of filled elec-
tronic states that have moved from above to below Er is

N(t)=8Dy[1—(e~"/")]. (1)

We now use Eq. (1) to predict the form of the conduc-
tivity decay in an isothermal relaxation experiment, as-
suming two different densities of electronic states near
E..

B. Constant density of states

The Fermi energy of n-type samples is most likely lo-
cated in an exponentially decaying region of the density
of states

g(E)=g.exp[ —(E.—E)/kT,], (2)

where T, =310 K (Ref. 14) and g, is the density of states
at the conduction-band mobility edge, E,. The
quenched and slow-cooled Fermi energy positions, E,E2
and E,§C, are separated by only about 0.02 eV, corre-
sponding to a change in g (E) of about a factor of 2. We
therefore initially assume that the density of states is
essentially constant between ER and ESC, given by
g(E)=g. In Sec. IVC we extend the analysis to an ex-
ponential density of states.

Initially, E is EQ and the activation energy is EX.
At t =0, the temperature is increased to 7, and as time
passes, Er moves deeper into the gap due to the relaxa-
tion process. At time, t, Ep(t)=ER+AEg(t), where

AEp(n=—N)

=—8Dy[1—exp(—1t/7)]/8
from Eq. (1).

We assume that the conductivity preexponential, o, is
essentially constant during the relaxation process, so
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o(t)=0cpexp{ —[Ec—Ep(t)]/kT,} . (3)
The ratio of o () to its final value is then
o(t)  00explE2+AER(1)]/kT,
0r  ouexp[EQ—8D,/g1/kT,
=exp[(8D,/gkT,)exp(—t/7)] . (4)
Equation (4) can be rewritten as
o(t) 0
log o 10g100—f =log,q E?g'k—];r— —t/2.37, (5)

and a fit of our isothermal annealing data to this func-
tion is described in Sec. V.

C. Exponential density of states

In this section we use the exponential band-tail of Eq.
(2) to obtain an alternative expression for the current de-
cay during isothermal relaxation. In this case the relax-
ation of excess defects moves E according to

ERQ+AEL(1)
N(t)=fEaQ g(E)dE
=gokT, {1 —exp[ —AER(t)/kT,]} , (6)

where we have defined g, =g.exp(—ER/kT.), the densi-

ty of states at Ep at t =0. Solving Eq. (6) for AE(t)

and substituting the corresponding value of E(t) into

the expression of Eq. (3) for o(¢), we find

oty  oeexp({ —E2+kT In[1—-N(t)/g,kT 1} /kT,)
g; - erxp( _EB/kTr)

=exp{(1/a)In[1—N(2)/g.kT.1} ,

where a=T, /T,.
Substituting N (7) from Eq. (1), we obtain a simple ex-

pression for o(?):
_ gOch
8D,

a(t)

g;

1

=exp(—t/7) . (7

In principle, the parameter gokT,. /8D, can be obtained
by experimentally determining the value of AEg( o) and
substituting it into Eq. (6).

V. DISCUSSION

Our conductivity measurements on heavily P-doped
LICVD a-Si:H yield results qualitatively similar to those
previously reported for P-doped glow-discharge a-
Si:H.!"? Structural changes are quenched into the film
and these result in conductivity changes that can be at-
tributed primarily to a shift of Ep.! The magnitude of
this shift depends on T*, the freezing-in temperature of
the defect population, with T* determined by cooling
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rate. During slow heating, the defect population un-
freezes and returns to equilibration at a different temper-
ature, Tr. Annealing significantly below T* leaves the
low-temperature conductivity unaffected. The value of
Ty should increase with increasing heating rate, but
should not depend strongly upon the value of T*
frozen-in during quenching. Although previous work?
used a heating rate of 3°C/min during the slow heating,
we used values in the range of 0.5°C-1.0°C/min.
Despite this slower rate of heating, we obtain
T;=240-280°C for several sets of experiments on
heavily P-doped material, much larger than the previ-
ously determined Ty =140°C.®> Thus we conclude that
the metastable defects quenched into LICVD a-Si:H
have a larger barrier to reequilibration or a slower rate
constant for annealing than those quenched into glow-
discharge a-Si-H. We subsequently estimate the magni-
tude of this barrier for LICVD films from the results of
the isothermal relaxation experiments. It should be not-
ed, however, that while T; was found to be about 30%
higher in LICVD than in glow-discharge a-Si:H, the
deposition temperature of the LICVD films was 400 °C,
also about 30% higher than the glow-discharge films.

The B-doped LICVD film also exhibits a higher T
than B-doped glow-discharge films, 185°C compared to
95°C. However, the curves of Fig. 3 indicate that even
above 185°C, there remain quenched-in defects that are
unequilibrated. The simplest explanation of this result is
that the conductivity difference above 185°C is caused
by a second defect with a value of T* for these anneal-
ing times that is higher than T,. Storage at room tem-
perature for one month, followed by another 285°C an-
neal at T, caused this second defect to completely relax,
resulting in a measurement of o3(T) identical to the
first. Thus multiple defects are indeed present in this
film, each having a different value of T* and/or different
annealing kinetics. '

Although slow-heating conductivities differ from run-
to-run in undoped LICVD a-Si:H, neither repeatable
changes due to quenching nor a definite T, are ob-
served. In intrinsic films, E lies in a region of low den-
sity of states, making these films more susceptible to
changes in surface adsorbates,!* and this may be control-
ling the conductivity even though o is measured under
vacuum conditions. Of course, it is precisely the fact
that E is unpinned in intrinsic films which should make
the conductivity very sensitive to small concentrations of
electronic states shifting from below to above E.. How-
ever, we observed no dramatic changes that can be attri-
buted to the quenching rate. Thus it is likely that either
the dopant atom itself is involved in the metastable de-
fect observed in doped films or that the metastable
changes in g (E) do not shift states in the midgap region,
so that the conductivity is unaffected. Evidence for
metastable changes in undoped a-Si:H reported by Smith
et al.® support the latter hypothesis, as does our failure
to observe a definite T in the lightly P-doped sample
(Ep=~E_,—0.5 eV), in spite of the presence of P. In this
case, P is present, yet metastable conductivity changes
are not observed.

Figure 5 shows a plot of logg[logo(o(¢)/0 )] for the
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FIG. 5. Logj, of logy, electrical conductivity of quenched
sample 243 during isothermal annealing at 200 °C.

isothermal relaxation at 7,=200°C in order to demon-
strate the fit to the theoretical expression of Eq. (5). Ac-
cording to theory, the slope of the line is inversely pro-
portional to the relaxation time, 7, at T,. At
T,=200°C, a fast decay dominates the first 3 h of the
experiment, but it gives way to a slower decay with
7=28.4 h lasting nearly 24 h. These two linear regimes
are observed for all 7, <240°C. Above 260°C, the fast
decay is not observed, most likely because it is obscured
by the 10-20 min required for the film temperature to
equilibrate with the heated block and reach T,. While
the fast decay may be associated with the annealing of a
second metastable defect, we note that this decay rate is
observed from o, down to the extrapolated value of
oT,) that was determined from the low-temperature
data. It may therefore be caused instead by another
phenomenon related to the curvature of the Arrhenius
plots. In any case, we ignore the transient effect and
focus on the kinetics implied by the slower decay ob-
served for longer times.

Estimates of the number of excess defects, 8D, can be
obtained from the intercept of curves similar to that of
Fig. 5, in accordance with Eq. (5). Taking'®
g, =5x%10?'/cm?, and using Eq. (2), we find 8D, is of the
order of 107 cm 3.

In Fig. 6 we plot 1/7(T,) for each isothermal relaxa-
tion as a function of 1/7,. We find 1/7
=voexp(—E, /kT,) fits all data except the lowest tem-
perature (7, =170°C) point. It is reasonable to assume
that 7 (170°C) is shortened by secondary annealing
mechanisms that compete with the dominant higher-
temperature defect annealing mechanism. A least-
squares fit to higher-temperature data yields E, =1.1 eV
and v,=2Xx10"/sec. The value of the barrier energy is
similar to that observed during annealing of light-
induced metastable defects in @-Si:H!” We think that
the low value of v, is due to a microscopic process in-
volving annealing of defects that must first diffuse to-
ward one another.

We have also fit the isothermal relaxation data to Eq.
(7), which is applicable to the case of an exponential den-
sity of states, and we obtained similar values of 7 at each
T,. To obtain a linear fit, however, we had to adjust the
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FIG. 6. Inverse relaxation time vs inverse relaxation tem-

perature for isothermal relaxations of quenched sample 243.
Solid line is a fit to all but the lowest temperature point.

free parameter gokT,./8D,. We therefore prefer fitting
to the parameter-free expression derived for an essential-
ly constant density of states.

Ast and Brodsky! analyzed their isothermal relaxation
data by assuming second-order reaction kinetics and a
linear relationship between the number of microscopic
processes and the excess conductivity. We attempted
the same fit, but found that our model based on first-
order reaction kinetics gives a better fit to the experi-
mental data. In view of the small number of defects in-
volved in these metastable changes, and without compel-
ling evidence for interaction between defects, we feel
that second-order kinetics that require reactions between
defects are unlikely.

Finally, we speculate about possible microscopic ori-
gins of the metastable defect in P-doped a-Si:H. Street
et al.* proposed several defect reactions and suggested
that these are mediated by hydrogen, which exists in a
submatrix that undergoes a glass transition at 7*. We
focus instead on the underlying defect reactions and use
the notation of Adler'® to describe them. The most like-
ly mechanism for an increased Ey in the doped films is
an increase in active dopant concentrations. From ther-
modynamic considerations, a higher concentration of P,
centers is expected at higher temperatures for T > T*,°
and if some of these are quenched in, they clearly in-
crease Er by transferring the highest-energy electron on
the phosphorus atom to a weak antibonding (7,) or
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other level at Ex. A mechanism for the annealing,
which decreases E, can be represented as

P, +T, —P;°+T,~ . (®)

Since the concentration of available sites is [P], the num-
ber of P,* centers would be small in lightly doped a-
Si:H and zero is undoped a-Si:H. This could explain our
failure to observe the metastable defect in the lightly
doped and undoped films. The increase of Ep upon
quenching induced by creation of P,* sites also explains
the sweep-out data* when the theory of the experiment is
worked out in detail.'® This reaction, however, cannot
explain the increase in subgap optical absorption ob-
served in quenched undoped a-Si:H by Smith et al.,°
which requires participation of an intrinsic defect.

VI. CONCLUSIONS

We have measured the electrical conductivity of
several LICVD @-Si:H films, undoped, p-type, and n-
type, as a function of different thermal annealing and
quenching cycles. On the basis of the results obtained,
we proposed a model relating the observed shifts of Ep
to defects formed at high temperature via equilibration
and then frozen-in below a temperature 7* that depends
on the cooling rate. We find that first-order kinetics ap-
ply to the defect annealing, and the theory can be used
to set the barrier that retards equilibration at approxi-
mately 1.1 eV. We estimate that 10'7 cm~3 excess de-
fects are quenched-in and cause the observed conductivi-
ty changes in n-type films. The equilibration tempera-
ture upon slow heating, T, was found to be consider-
ably higher in LICVD films than in plasma-deposited
films. In p-type samples, there is evidence for a second
defect with a higher value of T*. No similar metastable
conductivity changes are evident in intrinsic or lightly
P-doped samples, most likely because creation of meta-
stable defects do not shift states across the region 0.5 to
0.9 eV below E.. A microscopic model for the metasta-
ble defect annealing reaction was discussed.
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