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in the temperature region around 100 K
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This paper proposes an interpretation of the photoconductivity of a-Si:H in the temperature region be-
tween -50 and —150 E, where the photoconductivity increases rapidly with temperature and usually
exhibits a thermally activated behavior. In this model, the recombination takes place by direct tunneling
between electrons and holes trapped in the band tails, whereas the photoconductivity is due to electron
conduction in extended states. It is shown that this model can account for all the general features exhib-
ited by the photoconductivity of a-Si:H in the low-temperature region, although the magnitude of the
photoconductivity predicted by the model tends to be larger than that measured.

I. INTRODUCTION

Photoconductivity has been a major subject in the
research into hydrogenated amorphous silicon (a-Si:H)
over the last 15 years or so. However, the interpretation
of the photoconductivity data is still a matter of consider-
able debate. Figure 1 illustrates schematically the typical
temperature dependence of the photoconductivity of a-
Si:H. Usually, four distinct regimes appear in the tem-
perature dependence of the photoconductivity, ' as la-
beled in the figure. At very low temperatures (regime I),
the photoconductivity is almost independent of tempera-
ture. In the regime II, the photoconductivity increases
rapidly with increasing temperature. This is followed by
the regime III where either a shoulder' or a decreasing
photoconductivity, known as thermal quenching,
occurs. At still higher temperatures, the photoconduc-
tivity changes and rapidly increases with temperature
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FIG. 1. Schematic illustration showing the temperature
dependence of the photoconductivity of a-Si:H. The different
regimes are labeled by I, II, III, and IV. Tl, T2, and T3 denote
the transition temperatures between the different regimes.

again. The values of the transition temperatures between
the regimes, T„T2, and T3 (marked in Fig. 1), depend on
the sample. For high-quality a-Si:H, T& is about 60
K. ' ' However, T2 and T3 are also dependent upon the
excitation intensity and increase with increasing excita-
tion intensity. ' For example, at a generation rate of 10
cm s ', T2 is about 250 K. '

The photoconductivity in the high-temperature re-
gimes III and IV has been studied the most. There is a
large volume of literature on the photoconductivity typi-
cally around room temperature. In the very-low-
temperature regime I, the photoconductivity is believed
to be due to electron hopping conduction in the
conduction-band-tail states and has been discussed in
some depth in a number of recent studies. ' In this pa-
per, we are concerned with the photoconductivity in the
regime II.

As can be seen from Fig. 1, the regime II covers a large
temperature range, typically between 250 and 50 K. It
has been established that the photoconductivity in the re-
gime II possesses the following features.

(a) The photoconductivity increases rapidly with tem-
perature. Usually, the temperature dependence of the
photoconductivity can be described by a thermally ac-
tivated behavior, with the activation energy being about
0.11 eV. ' '

(b) The activation energy appears to be independent of
the excitation intensity. '

(c) The recombination is bimolecular in nature, i.e., the
exponent y, defined by y=d ln(a~)/ ldn(G), is close to
0.5, ' ' where o. is the photoconductivity and 6 is the
carrier generation rate.

(d) Unlike the photoconductivity at high temperatures
(regimes III and IV), the photoconductivity in the regime
II is little affected by intense light soaking, ' which is
known to create recombination centers lying deep in the
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band gap. "
Usually, the temperature dependence of the photocon-

ductivity in the regime II is explained in terms of the
band-tail-recombination model. " ' In this model, it is
argued that, as the quasi-Fermi-levels move towards their
respective mobility edges with decreasing temperature,
increasing numbers of band-tail states are brought into
play as recombination centers, which decrease the photo-
conductivity. Obviously, since the band-tail-recom-
bination model does not involve the deep recombination
centers, feature (d) above can be accounted for easily by
this model. We have shown that, indeed, a good agree-
ment between the band-tail-recombination model and the
photoconductivity can be obtained for the high tempera-
tures in the regime II, typically between 250 and 150 K. '

However, the band-tail-recombination model has some
serious difhculties. First, for the low temperatures in the
regime II, the predicted temperature dependence of the
photoconductivity is far too weak compared with that
observed and cannot be approximated by an activated
form. " ' Second, the exponent y is predicted to in-
crease rnonotonically with decreasing temperature' and
to become close to unity below 100 K if an exponential
form is taken for the energy distribution of the
conduction-band-tail states, ' regardless of the genera-
tion rate. In principle, the first dim. culty can be overcome
by introducing an energy dependence for the capture
cross section of the tail states. ' ' However, despite the
fact that there has been some evidence for an energy-
dependent capture cross section of the tail states, little is
known about the form of such an energy dependence.
Various energy dependences have been used by different
authors to meet their particular needs. '

In contrast, Vomvas and Fritzsche argue that the
recombination in the regime II is not by capture of free
electrons from extended states, but by tunneling of
trapped electrons at a dominant trap level in the
conduction-band tail' to the deep recombination
centers —the dangling bonds. ' Although the thermally
activated behavior of the photoconductivity [feature (a)]
and the excitation-intensity-independent activation ener-
gy [feature (b)] seem in favor of the tail-to-dangling-
bond-recombination model, obviously the insensitivity of
the photoconductivity to intense light soaking [feature
(d)] stands against it. In addition, it is not clear how the
photoconductivity varies with the excitation intensity in
the tail-to-dangling-bond-recombination model.

In this paper, we consider a recombination model in
which the recombination is dominated by direct tunnel-
ing between trapped electrons and trapped holes in the
band-tail states. Assuming the existence of quasithermal
equilibrium between free and trapped electrons, we show
that all the features exhibited by the photoconductivity in
the regime II can be accounted for by this tail-to-tail-
tunneling-recombination (TTTR) model.

II. MODEL

A. Formulation

Often, a nonrigorous method is used, in which electrons
and holes are assumed to be uniformly distributed in the
material. By approximating the average space occupied
by a carrier to a sphere, one obtains 8 =(3/4m)'~ =0.62.
Approximation of the average space occupied by a car-
rier to a cube gives rise to 8 =&3/2=0. 87. Here, we
adopt a more rigorous approach. The distribution func-
tion of the nearest-neighbor separations for a randomly
distributed collection of equal numbers of electrons and
holes is givenby' ' '

g(R)=4vrR n, exp( —4mR n, /3) . (3)

From Eq. (3), the most probable nearest-neighbor separa-
tion is

cess is known to be responsible for the luminescence in a-
Si:H. ' It has been observed that the low-temperature
luminescence in a-Si:H is independent of the defect densi-
ty when the defect density is smaller than 10' cm
Since in high-quality a-Si:H the defect density is normally
below 10' cm, we assume that the dominant recorn-
bination channel is tail-to-tail tunneling.

Obviously, since the TTTR model does not involve the
deep defect states, the insensitivity of the photoconduc-
tivity of a-Si:H to intense light soaking [feature (d)] can
be readily understood with this model, as with the band-
tail-recombination model. '

The tunneling rate is given by'

vr =voexp( —2R /R o ),
where R is the separation between the trapped electron
and hole, Ro is the localization length or effective Bohr
radius, and vo is a prefactor. Usually, the hole is assumed
to be more localized than the electron in a-Si:H; thus Ro
in Eq. (1) can be regarded as the localization length of the
electron. For radiative recombination, vo is of order 10s, and for nonradiative recombination vo is often as-
sumed to be about 10' s ' (Ref. 19). It should be noted
that, in general, both radiative and nonradiative recorn-
bination can occur. Thus, vo in Eq. (1) should be treated
as an effective tunneling-rate prefactor and can take any
value between 10 and 10' s ' to take account of the
combined effect of radiative and nonradiative recombina-
tion. The value of vo will be estimated later in Sec. III
based on the photolurninescence data in the literature.

Since the tunneling rate decreases exponentially with
the separation between the electron and hole, we can as-
surne that recombination only occurs between the nearest
neighbors. Let n, and p, be, respectively, the densities of
trapped electrons in the conduction-band-tail states and
of trapped holes in the valence-band-tail states. At low

temperatures, the free-carrier densities are small com-
pared with the trapped-carrier densities, and charge neu-
trality requires that n, =p, . The average nearest-neighbor
separation between electrons and holes in the case of
equal numbers of electrons and holes can be estimated by
using different methods and has the general form

(2)

The mechanism of direct tunneling recombination be-
tween band-tail electrons and holes is not new; this pro- R =1/(2mn, )'i (4)
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Thus, for the method used here, B =1/(2m. )' =0.54.
Insertion of Eq. (2) into Eq. (1) yields

vr =voexp( 2B—/Ron, '
) .

If 6 is the carrier-generation rate, then

n, =G/vr=(GIvo)exp(2B /Ron, '
) . (6)

Assume that the tunneling recombination takes place
predominantly nongerminately and that there exists
quasithermal equilibrium between free and trapped elec-
trons. In the steady state under illumination, there must
exist a filling level E&„so that the occupancy of the tail
states below E&„ is essentially unity and the occupancy of
the states above EI„can be approximated by the
Boltzmann function. As can be seen below, E&„provides
a link between the free-electron density n and the
trapped-electron density n, . Assume, as one usually does,
that the energy distribution of the conduction-band-tail
states is exponential, ' i.e.,

N, (E)=Noexp[ —(E, E)/kT, —], (7)

where Xo is the extrapolated trap density of states at the
conduction-band mobility edge E„k is the Boltzmann
constant, and T, is the characteristic temperature of the
conduction-band tail. A straightforward calculation of
the density of occupied conduction-band-tail states leads
to

kT, Xo
n, = exp[ (E,—E&„)lkT—, ],

C

0 p
—Pl8P~ (12)

where e is the electronic charge and p, is the extended-
state mobility of electrons.

B. Further analysis

In principle, Eq. (11), or equivalently Eqs. (6) and (10),
can serve as a master equation to obtain the dependence
of the free-carrier density and thus of the photoconduc-
tivity on any of the parameters involved through numeri-
cal calculation. However, insights into these depen-
dences can be gained by a more detailed analysis of the
TTTR model.

Equation (6) indicates that, for a given generation rate
G, n, is constant irrespective of the temperature. This is
a consequence of the assumption that the tunneling rate
is temperature independent [Eq. (1)]. Rewriting Eq. (10)
we have

kT, Xo
n =kTN, exp. — ln

tained in Eq. (11) and can be resolved numerically. It is
worth pointing out, however, that Eq. (11) is not a good
point with which to start the numerical calculation be-
cause it is somewhat too complicated. Instead, one starts
with Eq. (6) to find out first the n, for a given generation
rate G. Then, Eq. (10) is used to obtain the temperature
dependence of n. If we neglect the contribution of hop-
ping conduction, the photoconductivity is then propor-
tional to the free-electron density n according to

where a, =T/T, .
The density of free electrons can be expressed in terms

of E~„,

kT, Xo
=kTN, exp kT, ln— kT. , (13)

n, = kT, No

(1—a, )(kTN, )
'

a
n (10)

Substitution of Eq. (10) into Eq. (6) yields

kT, Xo

(1 —a, )(kTN, )
'

(1 —a, )(kTN, )
'

=G~oexp
kTcXo

1/3

The dependence of n on the various parameters, such as
temperature and excitation intensity, are implicitly con-

n =kTNoexp[ —(E, E/„)IkT], —

where Xc is the density of states at E, . In writing Eq.
(9), we have taken into account the possibility that the
distribution of the density of states close to the mobility
edge may deviate from the exponential form and that,
therefore, the density of states at the mobility edge, X„
may be di6'erent from the extrapolated trap density of
states at the mobility edge, No. From Eqs. (8) and (9) we
have

replacing n, with T/T, . Seemingly, the photoconduc-
tivity is not expected to exhibit a simple thermally ac-
tivated behavior except at very low temperatures, say
T (T, /5, where (1—T/T, ) = 1. The very-low-
temperature photoconductivity activation energy is, ac-
cording to Eq. (13), given by

E, (T~O) =kT, ln(kT, NO/n, ) . (14)

The photoconductivity activation energy at any tem-
perature T is defined as

E,(T)= —d ln(n)/d ( 1 lkT) . (15)

Using Eq. (13) we obtain

E,(T)=E,(T—+0)—kT, ln(l —T/T, ) —kT l(T, —T) .

(16)

It can be easily shown that E, ( T) is essentially constant
and is slightly larger than E,(T~O) unless T )2T, /3.
Thus, for T, =300 K, ' the photoconductivity is expect-
ed to show a well-defined activation energy below 200 K.

It is clear from Eq. (14) that a strong influence on E,
comes from T, . Another parameter playing an equally
important role in determining E, is the localization
length Ro, on which n, depends exponentially. All the
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other parameters have a much weaker eA'ect on E, be-
cause E, is only logarithmically dependent on them.

The exponent y in the intensity dependence of the pho-
toconductivity is defined as

y=d ln(n)/d ln(G) .

Using Eqs. (10) and (6) we have

y = [d 1 n(n)/d in(n, )][d ln(n, )/d ln(G)]

=T, /[T(l+2B/3Ron, '~ )] .

(17)

y is a weak function of G because n, is only weakly
dependent on G. However, Eq. (18) shows that y is
strongly temperature dependent, increasing with decreas-
ing temperature.

III. RESULTS

A. Determination of the values of the parameters

In order to calculate the photoconductivity and related
quantities, we need to determine the values of the param-
eters involved. From Sec. II, B=0.54. For some of the
parameters, the values can be found in the literature. We
take Np=10 ' cm eV ', T, =300 K, ' and p, =10
cm V ' s'. ' The values of the rest of the parameters are
determined below.

Many authors have suggested that the density of states
immediately below the band edge is only weakly depen-
dent on energy. ' ' ' Although the exact width of this
slowly-varying-density-of-states region is not clear, a
width of 0.06 eV would imply that the density of states at
the mobility edge, X„is some ten times smaller than the
extrapolated trap density of states, Xp. For this reason,
we take N, =10 cm eV

As mentioned in Sec. II both radiative and nonradia-
tive recombination can take place through tunneling. If,
at a given time, the proportion of the number of recom-
bination channels that are radiative is g, then the propor-
tion of the recombination channels that are nonradiative
is 1 —y. Since recombination is assumed to occur only
between the nearest neighbors, the quantum efficiency of
the photoluminescence can be expressed as

rate and result in a large decrease in the photolumines-
cence quantum efficiency. It follows that the efFective
tunneling-rate prefactor is

vo=yvo„+(1 —X)vo~=5X10 s (20)

The last parameter to determine is the localization
length Rp. This was done by choosing the value of Rp so
that the calculated photoconductivity has the same ac-
tivation energy as the observed. The value so determined
is R p

=8.5 A.
For clarity, we list the values chosen for the parame-

ters in the calculation in the following: Xp = 10 '

cm eV ', N, =10 cm eV ', T, =300 K B=054,
vp=5 X 10 s ', Rp =8.5 A, and p, =10 cm V ' s

B. Results

Figure 2 shows the calculated temperature dependence
of the photoconductivity in the temperature region be-
tween 60 and 160 K for three generation rates: 10', 10',
and 10 cm s '. One can see clearly the thermally ac-
tivated behavior of the photoconductivity. The photo-
conductivity activation energies for the three generation
rates are, respectively, 0.121, 0.111, and 0.103 eV, in ex-
cellent agreement with the experimental observation that
the activation energy is about 0.11 eV. ' ' The activa-
tion energy E, is seen to decrease with increasing genera-
tion rate, but the dependence is very weak.

It can also be shown that the photoconductivity is not
a simple power-law function of G over a wide range of
generation rates. However, a simple power-law behavior
will be a good approximation for a small range of G, cov-
ering, for instance, three orders of magnitude or less.
The temperature dependence of the exponent y defined
by Eq. (17) is shown in Fig. 3„ for three carrier generation
rates; 10', 10', and 10 ' cm s '. Although the value
of y depends on both the temperature and the generation
rate, it is important to note that, at an intermediate gen-
eration rate of G =10' cm s ', y is about 0.5 in the
temperature region around 100 K, in good agreement
with the experimental results. At lower and higher tem-

/pL XQR /[XvOR +(1 X)vox]

where vpz =10 s ' and vp&=10' s ' are, respectively,
the radiative- and nonradiative-tunneling-rate prefactors.
The photoluminescence quantum efficiency at low tern-
peratures has been measured by many researchers.
It seems reasonable to take gpL=20/o. Then, we have
from Eq. (19), X=99.96'f/o. This is to say that essentially
all the tunneling recombination channels are radiative
and only 0.04% are nonradiative, despite the fact that the
nonradiative-recombination rate is much larger than the
radiative-recombination rate. This is not surprising, be-
cause the tunneling-rate prefactor for nonradiative
recombination is many orders of magnitude larger than
that for radiative recombination and, therefore, even a
relatively small number of nonradiative-recombination
channels can lead to a large nonradiative-recombination
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FIG. 2. Temperature dependence of the low-temperature
photoconductivity calculated with the TTTR model for three
carrier generation rates: 10i8, 10i9 and 1020 cm

—3 s
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peratures, other recombination and transport mecha-
nisms may need to be taken into account and, thus, the
value of y can be quite different from that indicated in
Fig. 3.

We have seen that the features exhibited by the photo-
conductivity of a-Si:H in the temperature region around
100 K can be predicted by the TTTR model. It should be
pointed out, however, that although the results are quali-
tatively independent of the values chosen for the parame-
ters involved in the model, the details of the results, such
as the calculated magnitudes of the quantities, depend
critically on the values of the parameters. As mentioned
in Sec. II, a large inhuence on the activation energy, and
thus on the photoconductivity, comes from T, and Ro.
Figure 4 compares the photoconductivities calculated for
6 =10' cm s ' with T, =300 K and with T, =500 K.
One can see that the photoconductivity is decreased by
many orders of magnitude when T, is changed from 300
to 500 K. It can be shown that y also increases with in-
creasing T, .

The strong effect of Ro on the photoconductivity can
be seen from the results of Fig. 5, where the photocon-
ductivities for Ra=8.5 and 15 A are plotted as a function
of temperature. It is clear from Eq. (12) that 8 and Ro

FIG. 5. Effect of the value of the localization length on the
photoconductivity. The localization lengths used in the calcula-
tions are indicated in the figure.

play an opposite role in determining the photoconductivi-
ty; the effect of increasing B on the photoconductivity is
equivalent to that of decreasing Ro. Thus, the choice of
the value for B is not trivial; a small variation in B will
result in quite a significant change in the photoconduc-
tivity.

IV. DIFFICULTY WITH THE TTTR MODEL

Despite the success of the tail-to-tail-tunneling-
recombination (TTTR) model in accounting for many of
the features exhibited by the photoconductivity of a-Si:H
in the temperature region of interest here, the model is
not entirely free of difhculty. One aspect that we have
not addressed so far is the absolute magnitude of the pho-
toconductivity. It is important to compare the theoreti-
cal results with the experimental results in a quantitative
manner. Such a comparison is made in Fig. 6, where we
show the photoconductivity calculated for a carrier gen-
eration rate of 6 =10' cm s ' using the same set of
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10 ~0-

8 12 16
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300 K

20
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I I I I

12 16
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FIG. 4. Effect of the value of the characteristic temperature
T, of the band tail on the photoconductivity. The characteristic
temperatures used in the calculations are indicated in the figure.

FIG. 6. Comparison of the photoconductivity predicted by
the TTTR model with the experimental data. Solid line:
theoretical calculation; data: experimental result.
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parameter values given at the end of Sec. IIIA (solid
line), together with the photoconductivity measured at
the same generation rate. ' It seems that the TTTR mod-
el is deficient, because the photoconductivity predicted by
the model is significantly larger than that measured.

However, the difficulty may not be as serious as it
seems. The value assumed for the electron mobility in
the calculation may be higher than its actual value.
There has been no technique with which the carrier
mobilities of a-Si can be measured directly. The value
commonly adopted for the mobility is deduced from
model fitting of the drift-mobility data, ' ' where the
free-carrier mobility is actually treated as an adjustable
parameter. Had the mobility been taken to be p, =1
cm V 's ', the photoconductivity would have been ten
times lower, which is in much better agreement with the
experimental result.

Nevertheless, the discrepancy between theory and ex-
periment is not entirely resolved because it is not clear
whether p, =1 cm V 's ' is still a reasonable assump-
tion. Further study is therefore needed.

V. DISCUSSION

It is important to note that a basic assumption made in
our discussion is that the occupancy of the band-tail
states can be described in terms of a special energy
level —the filling level, similar to the quasi-Fermi-level
description. ' In order for this description to be valid, it
is essential that the tunneling recombination be nongem-
inate or substantially nongeminate. It is known that, for
pulsed excitation, the tunneling recombination is gem-
inate if the photocarrier density is low and nongeminate
if the photocarrier density is high, the critical density be-
ing about 10' cm . ' However, in a steady-state-
photoconductivity experiment, the excitation is carried
out with continuous-wave (CW) illumination. Dunstan
has shown that, for CW excitation, the tunneling recom-
bination occurs between distant pairs, i.e., is nongem-
inate. ' Considerable experimental evidence is available
for the dominance of nongeminate tunneling recombina-
tion under CW excitation at low temperatures. ' '

Another assumption which is essential to the TTTR
model is that the ratio of the numbers of radiative- and
nonradiative-recombination channels does not change
with temperature, which is equivalent to the assumption
that the photoluminescence quantum efficiency gpL is
temperature independent. Experiments show that, nor-
mally, gpL depends on temperature even at low tempera-
tures. ' However, we note that the dependence of gpL on
temperature is rather weak below about 140 K, ' indi-
cating that the assumption that gpL is temperature in-
dependent is probably valid for the temperatures of in-
terest in this paper.

The TTTR model is also consistent with other experi-
mental results. It has been observed that, compared with

the photoconductivity of a-Si:H prepared by the glow-
discharge (GD) technique, the low-temperature photo-
conductivity is lower and its activation energy is larger in
sputtered and in p-type a-Si:H. These results can be
readily understood in terms of the TTTR model. The
conduction-band tail of sputtered a-Si:H is presumably
broader than that of GD a-Si:H, which, according to the
TTTR model, will give rise to a lower photoconductivity
and a larger activation energy (see Fig. 4). The same ar-
gument applies to p-type a-Si:H. In p-type a-Si:H, the
photoconductivity is due to holes and the band tail in
question is the valence-band tail. It is well known that
the valence-band tail is broader than the conduction-band
tail. ' ' As a result, the low-temperature photoconduc-
tivity will be lower and the photoconductivity activation
energy larger in p-type a-Si:H.

It is tempting to suggest that the TTTR model might
also apply to other amorphous semiconductors, since the
low-temperature photoconductivities of different materi-
als show the same general features. ' We note, howev-
er, that the photoconductivity of chalcogenide glasses
does not show thermal quenching. Since thermal
quenching of photoconductivity in a-Si:H has been shown
to result from a transition from band-tail-states-
dominated to detect-dominated recombination, it is not
clear whether there exists any temperature region in chal-
cogenide glasses where the recombination is dominated
by the band-tail states. Therefore, great caution should
be taken in applying the TTTR model to materials other
than a-Si:H.

VI. SUMMARY

A model has been proposed to interpret the photocon-
ductivity of a-Si:H in the low-temperature region between
—50 and —150 K, where the photoconductivity is found
to increase rapidly with temperature and usually exhibits
a thermally activated behavior. In this model, the recom-
bination takes place by direct tunneling between electrons
trapped in the conduction-band tail and holes trapped in
the valence-band tail, whereas the photoconductivity is
due to electron conduction in extended states. It is
shown that this tail-to-tail-tunneling-recombination mod-
el can account for many of the features exhibited by the
photoconductivity of a-Si:H in the low-temperature re-
gion. However, a quantitative comparison has revealed
that the magnitude of the photoconductivity predicted by
the model tends to be larger than that measured. It is
suggested that the uncertainty in the value taken for the
electron mobility may be responsible, at least partly, for
this discrepancy.
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