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Decay of photocurrent from the steady state in a-Si:H films

J-H. Zhou and S. R. Elliott
Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, CB2 1EW, United Kingdom
(Received 23 December 1991; revised manuscript received 11 June 1992)

Results are reported on the long-time decay of the photocurrent from the steady state in undoped
a-Si:H films. The decay has been studied for various illumination intensities and over a wide tempera-
ture range, from 300 down to 50 K. It is found that the long-time photocurrent decay is a strong func-
tion of the steady-state illumination intensity when the intensity is low. As the light intensity is in-
creased, the decay gradually approaches a power-law behavior I, ~t ~P and eventually becomes intensi-
ty independent. £ is found to vary nonmonotonically with temperature; a peak appears between ~ 110
and ~ 150 K, depending on the history of the sample as well as on the sample itself. Some possible pho-

tocurrent decay models are examined.

I. INTRODUCTION

Transient photocurrent measurements with pulsed ex-
citation have been widely used to study the states in the
band gap as well as the properties of carrier transport
and recombination in amorphous semiconductors.!”’ A
sandwich configuration is used in time-of-flight (TOF) ex-
periments and a coplanar configuration in photoconduc-
tivity decay (PCD) measurements. Usually a power-law
decay behavior is observed in both TOF and PCD experi-
ments,

I, ~tF. 1)
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The decay exponent f3 lies between zero and unity and de-
creases monotonically with increasing temperature. The
power-law photocurrent decay observed in a TOF experi-
ment is commonly interpreted as being due to multiple
trapping (MT) of carriers in exponentially distributed
band-tail states.*® However, the interpretation of the
power-law photocurrent decay observed in a PCD experi-
ment has been rather controversial; while some apply
directly the MT theory to their results,>* others argue
that hole-release-controlled recombination dominates the
photoconductivity decay.’~’ In order to study carrier re-
laxation in the presence of recombination, a bias-
illumination approach has been introduced, in which the
transient photoconductivity or infrared absorption in-
duced by an optical pulse is monitored in the presence of
a cw background illumination.!?~ 14

In this paper, we present results on the excitation-
intensity and temperature dependences of the decay of
the photocurrent from the steady state in undoped a-Si:H
in the time range ¢ > 1 sec. We will show that, in general,
the long-time photocurrent decay (LTPD) depends on ex-
citation intensity. However, at sufficiently high excita-
tion intensities, the decay becomes intensity independent
and the limiting decay can be described by a power-law
behavior as given by Eq. (1). It is found that the general
features of the LTPD do not change with temperature,
but the limiting power-law decay exponent f3 is strongly
temperature dependent and can be greater than unity.

II. EXPERIMENTAL DETAILS

The samples studied in this work were standard un-
doped rf glow-discharge a-Si:H films on Corning-7059
glass, silica, or sapphire substrates prepared at the Uni-
versity of Dundee. The substrate temperature was 300 °C
and film thicknesses were about 2 um. The transport
characteristics of similar samples can be found in the
literature.’> Coplanar Al electrodes 7 mm long were
evaporated on top of the films, with the electrode spacing
being 0.2, 0.38, or 0.56 mm. Ohmic contacts were used.
The surfaces of some of the samples were freshly etched
with 10%-HF solution just before they were put into the
measurement chamber. No dependence of the photo-
current decay was found on the electrode spacing or on
the surface condition (etched or unetched). As discussed
in a previous paper,'® in order to obtain the true intensity
dependence of the photocurrent decays, it is vital that uni-
formly absorbed photons be used to generate the photo-
current in the sample. In the present study, the photon
energy hv=1.8 eV was used for this purpose. A mono-
chromator, associated with a tungsten lamp, was used to
produce monochromatic light. Variation of the light in-
tensity was achieved by varying the voltage applied to the
lamp. However, for reasons that will become clear later,
a He-Ne laser with hv=1.96 eV was used as the excita-
tion source in the measurement of the limiting power-law
decay behavior at various temperatures. The laser beam
was expanded so that the area between the electrodes was
uniformly illuminiated. The unattenuated intensity of the
laser beam was F,=3.7 mW/cm?. Neutral optical densi-
ty filters were employed to attenuate the laser beam. The
excitation intensity was sufficiently low so that no pho-
toinduced changes'” were introduced by the exciting
light. The photocurrent is defined as the difference be-
tween the total current and the thermal-equilibrium dark
current.

The effect of intense light soaking!” on the LTPD was
investigated for sample S2. The annealed state ( 4 state)
was attained by annealing the sample at 200 °C for 30 min
and then cooling it slowly to room temperature, whereas
the light-soaked state (B state) was achieved by exposing
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the sample at room temperature to intense white light
(about 300 mW/cm?) for 30 min. All measurements, in-
cluding the annealing and light soaking, were carried out
with the sample in the measurement chamber under a
vacuum less than 4 X 1073 Torr maintained by a diffusion
pump with a liquid-N, cold trap. A detailed study has
been carried out for two samples, S1 and S2. The results,
however, are typical of all the samples studied. SI has a
0.2-mm electrode spacing and an unetched natural sur-
face, while S2 has a 0.56-mm electrode spacing and an
etched surface. The applied electric field was typically
10° V/cm.

III. RESULTS

A. General features of the LTPD

In the present study, the photocurrent decay is moni-
tored from the steady state. It is observed that, following
termination of the steady-state illumination, the photo-
current drops rapidly at first, followed by a very slow de-
cay at long times; the excess photocurrent remains well
above the thermal-equilibrium dark current and persists
to times greater than 103 sec, depending on the tempera-
ture.’® The long-time decay of the photocurrent is in
general a function of the steady-state excitation intensity.
Figure 1 shows the typical long-time decay of the photo-
current of a-Si:H following termination of the steady-
state illumination, plotted on a double-logarithmic scale
for several illumination intensities. For reasons that will
be discussed shortly, we represent the intensity depen-
dence of the LTPD by showing the dependence of the de-
cay on the steady-state photocurrent (which, of course,
increases with the illumination intensity). It can be seen
that the decay of the photocurrent depends on illumina-
tion intensity when the intensity is low. As the light in-

Log, , [(s)]

FIG. 1. Typical excitation-intensity dependence of the LTPD
in a@-Si:H, presented in terms of the steady-state photocurrent.
The results were obtained for sample S2 in the annealed state
with an applied voltage V=50 V. The steady-state photo-
current for each decay curve is as follows: 1, 5.23X 107! A; 2,
1.31X1071° A; 3, 586X10710 A; 4, 3.26X107° A; 5,
9.4X 1077 A. Symbols: experimental data. Solid lines: calcula-
tions using Eq. (22).
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tensity is increased, however, the decay gradually ap-
proaches a limiting behavior, which can be well
represented by Eq. (1), and then becomes intensity in-
dependent as if “saturation” has been achieved for the
decay process. For the intensity dependence presented in
Fig. 1, “saturation” begins to occur at a steady-state pho-
tocurrent of about 1X107% A. The limiting power-law
decay shown in the figure is due to the highest steady-
state photocurrent attainable in the experiment. A very
similar intensity dependence was observed over the entire
temperature range studied, from 300 down to 50 K.
Beyond this temperature range, reliable measurements
become difficult; above 300 K, the photocurrent during
the decay becomes comparable with or even lower than
the thermal-equilibrium dark current, while below 50 K,
the photocurrent drops to the detection limit of the mea-
surement system within about 10 sec after removal of the
illumination.

It is clear from Fig. 1 that a non-power-law decay will
be observed unless the illumination intensity is such that
the sample is “saturated.” Also clear from Fig. 1 is that,
at a given temperature, the limiting power-law decay is
the only decay that is determined entirely by the sample.
Thus, if one is to compare the photocurrent decays for
different samples, or for the same sample at different tem-
peratures, it is the limiting behaviors that should be com-
pared. Furthermore, the limiting power-law decay can
also be obtained with non-uniformly-absorbed photons,
provided that the excitation intensity is high enough to
produce ‘“‘saturation” in the whole sample.

The reason that we avoid linking directly the light in-
tensity to the decay is as follows. The photocurrent de-
cay actually measures the temporal decay of the excess
photocarriers. Therefore, the meaningful variable for
characterizing the initial state of the sample is the
steady-state density of the photocarriers, ngg, or
equivalently, the steady-state photocurrent, Igg, which is
linearly proportional to ngg. On the other hand, the il-
lumination intensity is much less meaningful for this pur-
pose, because ngg is normally not linearly dependent on
the illumination intensity, and because the same light in-
tensity usually produces different ngg at different temper-
atures due to the temperature dependence of the recom-
bination rate and the quantum efficiency, neither of
which is well known for a-Si:H.!° However, for the re-
sults shown in Fig. 1, the highest light intensity (which
generated the highest Isg) was about 5X 1072 mW/cm?,
which, if the reflectivity is assumed to be 0.5, the absorp-
tion coefficient to be 3X10° cm™! at hv=1.8 eV,? and
the quantum efficiency to be unity, is equivalent to a car-
rier generation rate of 4X10'® cm™*sec”™!. The corre-
sponding steady-state free-carrier mobility-lifetime prod-
uct is (u7)ss=1.2X107° cm?/V. For the time range
studied in Fig. 1, saturation begins to occur at a genera-
tion rate of about 6X 10" cm ™ 3sec”!, and the corre-
sponding (ut)sg is about 8X107° cm?/V. The lower
light intensities were not measured owing to technical
difficulties.

Although a very similar intensity dependence of the
LTPD was observed over the entire temperature range
studied, the decay rate was found to be strongly tempera-
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ture dependent. In addition, the illumination intensity
needed for saturating the sample increases with decreas-
ing temperature. Figure 2 shows the limiting power-law
decays at various temperatures for sample S1 in an inter-
mediate state (I state), obtained with A1v=1.96 eV. The
intermediate state was attained by exposing the sample to
intense white light at room temperature for 5 min, fol-
lowed by annealing it at 350 K for 30 min, and finally
keeping the sample in the dark at room temperature for a
few weeks. The purpose of putting the sample in the in-
termediate state was to ensure that the characteristics of
the sample would not change during subsequent decay
measurements, which took several weeks to complete.
This is also one of the reasons for choosing the laser as
the excitation source, as the photoemission intensity of
the tungsten lamp will change when the lamp is used over
a long period of time. Another reason for using the laser
is to employ a high-intensity monochromatic light, which
was necessary for obtaining the limiting decays at low
temperatures. One can see from Fig. 2 that both the
slope of the decay and the magnitude of the photocurrent
are strongly temperature dependent.

In Fig. 3, the power-law-decay exponent 3 is shown as
a function of temperature. A given symbol in Fig. 3
represents the values measured in the same run, i.e.,
without letting the sample return fully to thermal equilib-
rium between the decay measurements at different tem-
peratures. Apparently, very consistent results were ob-
tained no matter whether the sample fully recovers or not
between the decay measurements. The average error bar
in the values of B is about 0.2. We see that B exhibits a
peak at about 120 K, and that the peak value S,,, is
greater than unity. We will show later that the peak po-
sition, T ,,, depends not only on the sample but also on
its history.

We note that Shimakawa and co-workers also mea-
sured the decay of the photocurrent from the steady state
in a-Si:H near room temperature.?"?> They found that
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FIG. 2. Limiting power-law decays of photocurrent at vari-
ous temperatures for sample S1 in an intermediate Staebler-
Wronski state (I state).
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FIG. 3. Temperature dependence of the power-law-decay ex-
ponent 3 for sample S1 in an intermediate Staebler-Wronski
state ([ state). A given symbol represents the values measured
in the same run, i.e., without letting the sample return fully to
thermal equilibrium between the decay measurements at
different temperatures.

the photocurrent persisted to ¢ > 100 sec and that the de-
cay could be described by a power-law behavior [Eq. (1)]
for 254 < T <298 K, but with a temperature-independent
B. It seems clear from the present study that the reason
that Shimakawa and co-workers did not observe a
temperature-dependent S is that their temperature range
was too small to reveal the temperature dependence of S3.
It is also apparent that they were dealing with the case of
‘“saturation.”

As for the temperature dependence of the photo-
current, the first impression from Fig. 2 is probably that
it is very complicated. However, if we plot the photo-
current at a given delay time as a function of tempera-
ture, an interesting feature is revealed. This is done in
Fig. 4, where the photocurrents at delay times ¢t =10 and
110 sec are shown. It is interesting to see that the tem-
perature dependence of the photocurrent is actually
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FIG. 4. Temperature dependence of the photocurrents
remaining at 10 and 110 sec after termination of the steady-state
illumination for sample S1 in an intermediate Staebler-Wronski
state (I state). The dashed line indicates the temperature at
which the peak in the temperature dependence of 3 appears.
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structured; a peak and a minimum appear. The tempera-
ture dependence of the photocurrent can be divided into
three regimes: the two regimes of increasing photo-
current at low and at high temperatures, and the regime
of decreasing photocurrent between the peak and the
minimum. The peak in the temperature dependence of B
(see Fig. 3), at T,,, lies in the temperature region corre-
sponding to the regime of decreasing photocurrent. The
dashed line in Fig. 4 indicates the temperature T,,,.
There is also a shift of both the peak and the minimum to
a lower temperature as the delay time is increased.

B. Effect of light soaking on the LTPD

The effect of intense light soaking on the LTPD has
been studied for sample S2 over the temperature range
between 80 and 300 K. The overall behaviors of the de-
cays in both the 4 and B states are qualitatively similar
to that described above for sample S1 in the I state.
However, the details of the decays in the two states are
quantitatively different. Figure 5 shows the temperature
dependence of the exponent B of the limiting power-law
decay for sample S2 in both the 4 and B states. Values
of B between ~100 and ~130 K are missing in the B
state because the photocurrent decreases so fast in this
temperature region on removal of the steady-state il-
lumination that it becomes too low to be measured in
about 20 sec, which makes it impossible for a reasonably
reliable value of 3 to be calculated from the decay data.
As will be argued below, the peak in the temperature
dependence of 3 in the B state probably lies at about 110
K. Thus the peak in the temperature dependence of f3 is
shifted from about 150 K in the A state to about 110 K
in the B state. In addition, light soaking has opposite
effects on B in the high- and low-temperature regions; in
the high-temperature region, 3 is decreased, while in the
low-temperature region, B is increased. However, at the
highest temperatures, (3 is little changed.

Figure 6 shows the photocurrent at a delay time ¢t =10
sec as a function of temperature in both the 4 and B
states. Once again, the results in both states are broadly
similar and possess all the features appearing in the re-
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FIG. 5. Effect of light soaking on the decay exponent S for
sample S2. Values of B between ~ 100 and ~ 150 K are missing
in the B state (see the text for details). A: annealed state; B:
light-soaked state.
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FIG. 6. Effect of light soaking on the photocurrent remain-
ing in sample S2 10 sec after termination of the steady-state il-
lumination. A: annealed state; B: light-soaked state.

sults of Fig. 4 for sample S1 in the I state. From Fig. 6
one can see that the photocurrent is significantly de-
creased by light soaking over the entire temperature
range studied. It is also clear that the peak in the tem-
perature dependence of the photocurrent in the B state is
more pronounced than that in the A4 state. By inspection
of Figs. 5 and 6, one can see that, in the A state, the peak
in the temperature dependence of S lies in the tempera-
ture region corresponding to the regime of decreasing
photocurrent in the temperature dependence of the pho-
tocurrent, similar to the results for sample S1 in the I
state. If the same is also true in the B state, then the tem-
perature dependence of the photocurrent suggests that
the peak in the temperature dependence of B in the B
state lies between 90 and 130 K, probably at about 110 K.
The low-temperature shift of the peak and the minimum
in the photocurrent is consistent with a low-temperature
shift of the peak in the temperature dependence of S.

C. Some other features of the LTPD

Despite the nonmonotonic temperature dependence of
B, the long-time carrier-relaxation process in a-Si:H ap-
pears to be thermally activated. It was found that, for a
given photoexcitation condition, the sample is further
away from thermal equilibrium after photoexcitation at a
lower temperature. As a matter of fact, in actual prac-
tice, one always has to raise the temperature of the sam-
ple to room temperature or above in order for the sample
to return to thermal equilibrium in a reasonable time.
The thermally activated nature of the long-time carrier
relaxation can be clearly demonstrated by performing the
following experiment. The sample is first brought into
saturation by illumination at a given temperature, and
then the illumination is removed. After a delay period ¢;,
the sample is cooled to a lower temperature and then
heated up to above the illumination temperature. The
photocurrent is monitored throughout this experiment.
Figure 7 shows the results for illuminations at 220 and
260 K for sample S2 in the B state, with a delay time of
10 min, and a cooling and heating rate of 3 K/min. One
can see that during the cooling and heating below the il-
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FIG. 7. Total current of sample S2 in the light-soaked state
during cooling and heating after the sample was illuminated at
the temperatures indicated and after a 10-min delay period.
The cooling and heating rate was 3 K/min.

lumination temperature, the logarithm of the total
current (dark current plus photocurrent) I, varies
linearly with 1/7T. This is a clear indication that the elec-
trons, which are the dominant conduction carriers, are in
quasithermal equilibrium, and that there is virtually no
further recovery taking place below the illumination tem-
perature. The activation energy for the linear portion of
the logo(I ;o) VS8 1/T curve increases with illumination
temperature. Recovery is resumed when the sample is
heated above the illumination temperature. It can also be
seen that when the sample is heated from 220 to 260 K,
after the aforementioned illumination and delay, the
current is higher than that after the same illumination
and delay at 260 K, indicating that for the same illumina-
tion and delay, the sample is further away from thermal
equilbrium at a lower temperature.
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FIG. 8. Effect of bias illumination (BI) on the LTPD in
a-Si:H. The results were obtained for sample S2 in an inter-
mediate Staebler-Wronski state (I state). Curve 0: without BI;
curves 1 and 2: with BI. See the text for details.
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We also studied the effect of bias illumination'* on the
LTPD. Figure 8 shows the limiting long-time decays in
sample S2 in an intermediate state (light soaked for 5
min) at 260 K for three bias-illumination levels. The
thermal-equilibrium dark current I; was 4.3X 10713 A,
Curve 0 was obtained without bias illumination, and
curves 1 and 2 with bias illumination. The bias illumina-
tions were done with white light. Again, the intensities of
the bias illuminations were not measured; however, the
steady-state background currents for curves 1 and 2 were
1.17X 1072 and 2.97X107!% A, respectively. One can
see that the limiting decay with bias illumination no
longer exhibits a power-law behavior and becomes faster
with increasing level of bias illumination.

IV. POSSIBLE MODELS

A. Conventional considerations

Under steady-state illumination, a large number of
nonequilibrium carriers are trapped in the gap states. To
a good approximation, the occupancy of the states can be
described by the quasi-Fermi levels.?> Following ter-
mination of the steady-state excitation, unlike in the case
of pulsed excitation, recombination of nonequilibrium
carriers, rather than capture of free excess carriers by the
traps, is the predominant event. This recombination
determines the decay of the photocurrent. The long-time
decay of the photocurrent indicates the long recombina-
tion lifetimes of the nonequilibrium carriers. In undoped
a-Si:H the photoconductivity is dominated by electrons
due to their much larger mobility.!> If the temperature is
not too low, it is likely that after removal of the excita-
tion, the trapped electrons are thermally released to ex-
tended states at the conduction-band mobility edge E. be-
fore they can recombine with holes. Whether retrapping
is important depends on the relative rates of thermal
emission and recombination. Thus, we will consider two
cases: strong recombination and weak recombination.

Case 1. Strong recombination. When recombination is
strong, retrapping is negligible and the decay of the pho-
toconductivity is limited by thermal emission of trapped
electrons. A similar case has been considered by
Fritzsche and Ibaraki?* Assuming that there exists
quasiequilibrium between thermal emission and recom-
bination, they show that the photoconductivity at time ¢
can be approximated by

O'Ph([)zekTN,(Edn )fO(Edn )nu'nTn/t N (2)

where e is the electronic charge, k is the Boltzmann con-
stant, N,(E) is the density of gap states, f((E) is the oc-
cupation function in the steady state, u, is the extended-
state conductivity mobility, and 7,, the free electron
recombination lifetime. E,, is the demarcation energy
for electrons and is given by?*%

E;,,=E.—kTIn(vyt) , (3)

where v, is the attempt-to-escape frequency. For the lim-
iting decay, fo(E)=1.
For monomolecular recombination, 7, is constant.
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Equation (2) then leads to, for a uniform distribution of
traps, o, ~t ~1, For an exponential distribution of traps

N,(E)~exp[ F(E.—E)/kT,], (4)
we have
o_tht—(ld:T/TO) . 5)

When the density of the traps decreases as the energy
moves towards midgap, bimolecular recombination can
occur. Assuming an exponential form for the trap distri-
bution, i.e.,

N,(E)=Nyexp[—(E.,—E)/kT.], (6)
we have for the density of trapped electrons

n,~kT ,N.exp[—(E.—E,;,)/kT,] . )]
It follows from Egs. (3) and (7) that

-—a

n~t °, (8)
where a, =T /T,.. Asa result
Ta=1/bn,~1" )

where b, is the recombination coefficient. Substitution of
Egs. (3), (6), and (9) into (2) leads to o, ~t .

Apparently, various values of B can be accounted for
individually by a consideration of strong recombination.
It should be noted, however, that the relationship be-
tween B and T found for the LTPD is in general non-
linear, while the relationship predicted by a consideration
of strong recombination is linear. On the other hand, in
the I and B states, 8 appears to decrease linearly with T’
at high temperatures (Figs. 3 and 5), and can be expressed
empirically as

B=B,—T/T, , (10)

where B, and T, are constants. However, f3; is found to
be greater than unity, which does not agree with the
theoretical prediction. From the above discussion, it can
be concluded that the photocurrent decay is unlikely to
be limited by thermal emission of trapped electrons. In
other words, retrapping is not negligible and recombina-
tion is weak. That recombination is weak is supported by
the fact that the recombination mobility-lifetime product
is much greater than the deep-trapping mobility-lifetime
product.?¢?’

Case 2. Weak recombination. If recombination is weak,
an electron will on the average experience release and re-
trapping events many times before it is captured by a
recombination center and recombines. In this case, the
electrons are in quasithermal equilibrium, and the occu-
pancy of the electron traps and the states at E. can be de-
scribed by a quasi-Fermi level E;,. Assuming again that
the trap distribution has the exponential form of Eq. (6),
we can write for the densities of free and trapped elec-
trons

n=kTN_exp[—(E.—E,)/kT] (11

and

12 407

n,~kT ,Noexp| —(E,—Eg,)/kT,] . (12)
Equations (11) and (12) lead to

n,~n’ . (13)

It can be shown very easily that, for monomolecular
recombination, n~t ! a‘), and that, for bimolecular
recombination, n ~¢ ~!. The same results have also been
obtained by Zeldov and Weiser for photoconductivity de-
cay with pulsed excitation for the case in which the
band-tail states are fully occupied by the injected car-
riers.!> Thus, weak recombination gives rise to limiting
power-law decays with 82> 1 only, in disagreement with
our experimental observation (Figs. 3 and 5).

B. Hole-emission-limited recombination

If trapped holes also have to be released to extended
states before they can recombine with electrons, thermal
emission of trapped holes can be the limiting step for
recombination. In fact, this recombination mechanism
has been invoked by some authors to explain their experi-
mental results on the photocurrent decay in a-Si:H.%"-28

Assume an exponential distribution for both the elec-
tron traps (ET’s) and the hole traps (HT’s),

N,(E)=Ngexp[—(E,—E)/kT,] (ET), (14)
PE)=P,exp[ —(E—E,)/kT,], (HT). (15)

We also assume that all the trap states concerned are oc-
cupied by the appropriate carriers at the beginning of the
decay, and that T <T,,T,. Hole-emission-controlled
recombination is another case of weak recombination (for
electrons). Thus, the electrons are in quasithermal equi-
librium. Following the discussions given in Sec. IV A for
the case of quasithermal equilibrium, we obtain the rela-
tionship between the densities of free and trapped elec-
trons

n~n'% (16)
witha, =T /T,.

The occupancy of the hole traps is determined by
thermal emission of holes. In the present case, retrapping
of released holes is implied to be negligible. By analogy
with the arguments presented in Sec. IV A for the case of
electron-emission-limited recombination, we have for the
density of trapped holes

p.~kT,Pyexp[—(E,,—E,)/kT,], (17)
where E, is the hole demarcation energy and is given by

E;, =E,+kT In(vgt) . (18)
Substitution of Eq. (18) into (17) yields

P =KT,Py(vet) % , (19)

where o, =T /T,.
Charge neutrality requires n, =p,. Thus

1/a 1/a,

—T, /T,
n~n, ‘=p, ‘~t ° ".

(20)
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Equation (20) shows that the hole-emission-limited
recombination gives rise to a power-law-decay exponent
that is independent of temperature. This is obviously in
disagreement with the experimental results.

It should be noted, however, that the above arguments
are valid even if the distributions of the traps are not ex-
ponential, but can be approximated by an exponential
form over a small energy range. In this case, T, and T,
are each a function of energy. Since at different tempera-
tures the experiment is sensitive to different energy re-
gions, the ratio T, /T, (i.e., B) will in general vary with
temperature. Apparently, such a possibility cannot be
ruled out. Further work is needed to find out how realis-
tic this possibility is.

A special case of the hole-release-controlled recom-
bination is T, <T <T,. In this case, the maximum in the
energy distribution of the excess electrons in the steady
state is at E_, i.e., n >>n,. Consequently, the condition

for charge neutrality changes to n =p, ~t¢ /T”. This is
the case considered by Werner and Kunst for their
pulsed-transient decay data.® However, given the fact
that the temperatures studied here are below 300 K,
which is probably the lower limit for 7., we do not think
the condition T, <T < T, is satisfied even at the highest
temperatures studied. Moreover, the predicted B for
T, <T < T, can only be less than unity and has the oppo-
site temperature dependence to that of the decay ob-
served in our samples at high temperatures (Figs. 3 and
5).

C. Time-dependent bimolecular recombination

The fact that the limiting decay exhibits a power-law
behavior tempts us to consider the time-dependent
bimolecular-recombination (TDBR) rate equation

dn/dt=—bt %n?, (1)

where b and A are constants, and b >0 and A<1. In-
tegration of Eq. (21) gives

n=ng/[1+(bng/B)tP], (22)

where ngg is the steady-state free-electron density, and
B=1—A. Equation (22) predicts n ~t ? at long times.
To our surprise, Eq. (22) agrees well with the decays with
B <1, in both the high- and low-temperature regimes. An
example of the fitting for <1 is given in Fig. 1, where
the solid curves are the results of calculations made using
Eq. (22). It should be noted that the decay curves in Fig.
1 were fitted as a whole and not individually, because
fitting of the limiting power-law decay determines all the
parameters in Eq. (22). The other fits were obtained by
substituting the corresponding steady-state carrier densi-
ty (which is proportional to the steady-state photo-
current) into Eq. (22). The first two points in the limiting
power-law decay, which have a large uncertainty, were
ignored in the fitting.

For B> 1, the result of the fitting is very unsatisfactory.
However, this is not surprising. We see from Eq. (21)
that B> 1 requires A <0. This means that the recombina-
tion would proceed with a recombination coefficient that
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that increases with time. Obviously, such a process is
physically unreasonable.

A similar TDBR rate equation has also been con-
sidered by other authors in the study of photoinduced in-
frared absorption.?’ In a photoinduced absorption exper-
iment, one measures the time decay of photocarriers fol-
lowing a pulsed excitation. According to the
theories,>*%3! the transport of photocarriers following a
pulsed excitation is dispersive, which gives rise to the
TDBR of the photocarriers. In a photoconductivity de-
cay experiment, however, one measures the time decay of
the free photocarriers only; thus it is difficult to imagine
how the TDBR coefficient comes into this issue. We
would therefore like to stress that Eq. (21) is purely
empirical at this stage of our study; the mechanism re-
sponsible for the TDBR is yet to be uncovered. We be-
lieve, however, that such an empirical expression will
help in further study of this problem.

V. DISCUSSION

We have shown that a power-law decay can be predict-
ed by several models, which, however, predict different
temperature dependences for B. Therefore, the power-
law decay behavior alone is not sufficient to provide evi-
dence for the applicability of any of the models. Al-
though the details of the processes responsible for the
LTPD in a-Si:H are not clear, it seems certain that the
LTPD is limited by recombination which is bimolecular
in nature. This view is supported by the fact that bias il-
lumination enhances the photocurrent decay at long
times (see Fig. 8). At short times, the number of photo-
carriers due to the terminated illumination is greater than
the number of photocarriers due to the bias illumination;
thus the recombination is bimolecular and the decay is
not affected by the presence of bias illumination. At long
times, however, the number of the photocarriers due to
the terminated illumination has decayed considerably and
is smaller than the number of photocarriers due to the
bias illumination; thus the number of recombination
centers becomes independent of time and the decay is
monomolecular.

One may argue that the results presented in Fig. 7 are
evidence that the LTPD is limited by thermal emission of
trapped electrons, as similar results have usually been ex-
plained in terms of electron-emission-limited relaxation.?*
In fact, the results of Fig. 7 can also be understood on the
basis of recombination-limited relaxation. After cessa-
tion of the excitation, excess electrons recombine with
holes via extended states. At the end of the delay period,
considerable recombination has already taken place, and
the density of free electrons in extended states is very
small, and thus recombination is slow. When the sample
is cooled below the illumination temperature, the density
of free electrons is further decreased, and recombination
becomes even slower. Therefore, one observes virtually
no further decay of the photocurrent. At the same time,
the electrons are in quasithermal equilibrium, which re-
sults in a well-defined activation energy. When the tem-
perature is raised above the illumination temperature, the
density of free electrons increases significantly, resulting
in an evident decay of the photocurrent.
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It is not clear either what is the mechanism of the
effect of intense light soaking on the LTPD, and further
study is underway. However, we would like to point out
here that it appears that there is a correlation between
the temperature dependence of the LTPD and that of the
steady-state photoconductivity.!® This correlation is fur-
ther evidence that the LTPD is limited by recombination.
According to a recent study of the steady-state photocon-
ductivity,> at low temperatures the recombination is
predominantly via the band-tail states, while at high tem-
peratures the deep defect states (dangling bonds) are the
dominant recombination centers. Thus, the temperature
T ax (corresponding to fB,,,) probably marks the transi-
tion between band-tail-dominated and deep-defect-
dominated recombination. Accordingly, the decrease of
the photocurrent (see Fig. 6) after light soaking is caused
by an increase in the number of dangling bonds.3> The
increase of the number of dangling bonds also causes the
transition to occur at a lower temperature, thus giving
rise to a low-temperature shift of T',, after light soaking.

Before ending the discussion, we would like to make a
few further remarks. First, considering the work by
Street and co-workers,>*3* it is natural to ask whether the
long-time photocurrent decay observed in a-Si:H is a true
bulk property. This question has been answered in an
earlier paper,'® where we demonstrate clearly that the
LTPD is indeed a bulk property.

Second, as far as the persistence of photoconductivity
is concerned, the LTPD observed here is very similar to
the persistent photoconductivity (PPC) observed in com-
pensated a-Si:H and in various types of a-Si:H multilay-
ers.’® However, the generation of the PPC is strongly
thermally activated;*%>” for the same amount of illumina-
tion, the PPC increases with illumination temperature.
By contrast, in the LTPD, the resulting excess conduc-
tivity is higher for illumination at a lower temperature
than for the same illumination at a higher temperature
(see Fig. 7). Furthermore, the light intensity needed for
generating the PPC, which is typically 80 mW/cm?, is
many orders of magnitude higher than the light intensity
needed for generating the limiting decay in the LTPD ex-
periment. Exposure of our samples to a light of compara-
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ble intensity to that usually used for generating the PPC
results in significant reduction in both the dark conduc-
tivity and the high-temperature photoconductivity (the
Staebler-Wronski effect!’). Thus, the LTPD observed
here has a different origin from that of the PPC. It seems
that carrier trapping by the band-gap states is the only
reasonable explanation of the origin of the LTPD studied
in this work.

VI. SUMMARY AND CONCLUSIONS

We have measured the intensity and temperature
dependences of the long-time decay of the photocurrent
from the steady state in undoped a-Si:H. The long-time
photocurrent decay is found to depend on the steady-
state excitation intensity when the excitation intensity is
low, but to approach a limiting power-law behavior,
I,~t ~B, with increasing excitation intensity and eventu-
ally to become intensity independent. While a similar in-
tensity dependence is observed over the entire tempera-
ture range studied (50-300 K), the exponent 3 of the lim-
iting power-law decay is strongly temperature dependent.
A peak appears between ~110 and ~150 K in the tem-
perature dependence of 3, depending on the history of the
sample as well as on the sample itself. Several possible
photocurrent decay mechanisms have been examined,
with the conclusion that the LTPD cannot be explained
in terms of the conventional considerations. Empirically,
the decays with <1 can be described by a time-
dependent bimolecular recombination; however, the
mechanism responsible for the TDBR is not clear.
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