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Photocurrent Transient Spectroscopy: Measurement of the Density
of Localized States in a -As2Se3
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Measurements of transient photoinduced optical absorption in a-As2Se3 show that car-
riers thermalize within a distribution of localized states in the band gap. Photocurrent
as well as photoinduced optical absorption transients are explained in a unified way with
the multiple-trapping mechanism. Under such circumstances, transient photoconductivity
provides a spectroscopy of the density of localized states.

PACS numbers: 71.55.Jv, 71.25.Mg, 72.40.+w, 72.80.Ng

A number of models have been proposed to ex-
plain the unusual electronic properties of amor-
phous semiconductors. These models differ dra-
matically in their predictions about the density of
localized states in the gap between the bands of
extended states. For example, the model of An-
derson' assumes that single-particle states ex-
tend throughout the gap with only minor variation
in density; alternate models' 4 take as their start-
ing point a small number of structural defects
with a narrow spectrum of energies in an other-
wise relatively empty gap. The controversy has
remained at this most basic level because of the
absence of a reliable spectroscopy of the density
of localized states. The purpose of this Letter is
to show that transient photoconductivity (PC) pro-
vides just such a spectroscopy.

When electron-hole pairs are created by pulsed
optical excitation, they give rise to an excess
conductivity proportional to the product of their
number density and mobility. In amorphous semi-
conductors, it is found that the photocurrent de-
creases with time even under conditions where
the total number of excited charge carriers re-
mains constant. This corresponds to a decay of
the effective carrier mobility with time following
pulsed photoexcitation. This phenomenon, known
as dispersive transport, was first studied with
use of the time-of-flight technique. The work of
Pfister and Scher' emphasized the importance of
dispersive transport as a probe of localized states
in amorphous semiconductors.

The results reported here point to the useful-
ness of dispersive transport as a spectroscopy of
the density of localized states. We have meas-
ured the optical absorption of carriers trapped
after pulsed photoexcitation. The time-resolved
spectra provide direct evidence that the bound
carrier distribution evolves within a continuum
of localized-state energies. In addition, the PC

decays as a power law, t '+, with n proportion-
al to temperature T. These observations can be
explained in a unified manner as manifestations
of multiple trapping (MT) and release from local-
ized states. To see how the PC provides a spec-
troscopy of the localized level density under such
circumstances, it is necessary to gain insight in-
to the MT process.

Several authors have considered this process
using analytical methods and computer simula-
tion. ' In particular, the treatment of Schmidlin'
for discrete trap energies can be easily extended
to give exact results' for the case of continuous
distribution. A simplified model, which makes
the results intuitive, is useful in understanding
the experimental observations. Consider a den-
sity of states in the gap like that sketched in Fig.
l(a). (This diagram, which applies to electrons,
can be altered in the obvious way to describe the
hole transport observed in the chalcogenide glass-
es. ) We assume that the mobility decreases rap-
idly below E, so that the motion of a bound elec-
tron is limited by the rate of thermal excitations
to E ~ E,. If the capture cross section is indepen-
dent of energy, the states below Eo will initially
be populated uniformly by carriers which become
trapped following pulsed photoexcitation. How-

ever, as time goes on, carriers in shallow states
will be released preferentially while the trapping
process remains random. The mean occupation
number will therefore evolve as shown in Fig.
1(b). A demarcation energy, E~(t), separates
those states whose occupation remains uniform
from those in quasithermal equilibrium. This de-
marcation occurs at the energy where the trap-
release time ~(E,) is equal to the delay after the
laser pulse, t. Since T(E) = v, 'exp[(E, -E)/kT),

E,-E,(t ) =k T lnv, t,

where v, is a vibrational frequency, of order
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uct of the mean occupation number and the density
of states. For cases where the density of states
decreases rapidly with energy away from Ep,
most of the photoexcited carriers reside near
E,(t). These bound carriers form a packet, lo-
calized in energy, whose evolution in time is
shown in Fig. 1(c).

The conducting carriers (those with E&E,) lie
in the Boltzmann tail of the carrier packet in Fig.
1(c); they constitute a fraction, 8, given by

e(f, T}

=[g(Eo)/g(E)) exp[-(E, —E)/kT] ~ ~ (n (2)

With use of Eq. (1),

&(t, T) = [g(E,)/g(E, - kTlnv, t)) /v, t.
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FIG. 1. {a) Sketch of continuum of bound states in the

gap which rapidly trap electrons after photoexcitation.
Carriers empty out of shallow states and are retrapped
uniformly so that the mean occupation number evolves
as in (b). For a density of states which decays steeply
away from Eo the carriers are distributed in a packet,
shown in (c), localized near E„(t). The arrow indicates
the threshold energy for the PA transition which in-
creases as the carriers thermalize.

Ep

10"-10"s '. Thus E„moves away from E, with
time as depicted in Fig. 1(b). The thermalizing
carriers will be distributed according to the prod-

Therefore, 0 probes the density of localized
states at the instantaneous position of the ther-
malizing carrier packet. ' lf the MT interpreta-
tion is correct, the PC, which measures 6, pro-
vides a spectroscopy of the gap states for the
many cases where space-charge methods (field-
effect, capacitance-voltage, deep level transient
spectroscopy) are either ambiguous, or simply
impossible.

The most direct evidence for MT comes from
the time-resolved photoinduced-absorption (PA)
spectra. The optical absorption is by carriers
which have become trapped in localized states
after photoexcitation. Figure 2(a) shows the time
evolution of the PA spectrum following pulsed
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FIG. 2. The PA spectrum, (a) for several time delays following pulsed excitation, and (b) at t = 10 s for vari-
ous temperatures. In both cases the shift to higher energies is in qualitative agreement with the MT process de-
scribed by Eq. (1).
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(10 ns) excitation from a dye laser, for several
delay times in the range 10 p.s-10 ms. The sam-
ple, a 1-mm-thick polished platelet of high-purity
a-As, Se„ is excited to a depth of 10 ' cm by the
(20 pJ) laser pulse. The induced absorptance
(6.5 && 10 ' at 1.5 eV, for f =10 ' s) decays due to
carrier recombination, but the spectra at longer
delay have been adjusted (by factors 1.6, 2.7, and
9.3) for ease of comparison. It is apparent from
Fig. 2(a) that the induced absorption edge shifts
to higher energy with increasing delay.

The fact that the spectra evolve with time indi-
cates that there is a distribution of localized-
state energies within the gap. Furthermore, the
occupancy of these levels is changing throughout
the time range of the measurement. Note that the
energy shift is roughly equal for exponentially in-
creasing intervals of time. This is consistent
with the optical transition, depicted in Fig. 1(c),
of a carrier in the packet moving in accordance
with Eq. (1). A further prediction of Eq. (1) is
that the effect of increasing T in constant steps at
fixed delay should mimic the effect of increasing
the delay exponentially at fixed T, namely the
carrier packet will shift uniformly to lower ener-
gies. This is borne out by Fig. 2(b), which shows
normalized PA spectra at various temperatures .
for a fixed time delay of 1 ms.

Although the PA data give convincing evidence
for the MT model, the spectra themselves are
not sensitive to the shape of the density of states.
The reason is that the homogeneous width of the
spectrum is too large to reveal any structure due
to the precise shape of the carrier packet of Fig.
l(c). However, the transient photocurrent is di-
rectly proportional to 8 of Eq. (3) allowing the
spectrum of binding energies to be determined.

To measure the PC the same sample used for
PA was prepared with two coplanar electrodes of
spacing 2.5 mm. As described earlier" the photo-
current, Ai~, is proportional through known fac-
tors to the product B(t, T)5I(t) p,„where 3I(t) is
the areal density of photoexcited carriers and p,,
is the mobility of states with E ~E,. In general,
& will change during the time of the measure-
ment because of recombination between photoex-
cited electrons and holes. However, this bimole-
cular recombination can be made negligible dur-
ing the time scale of the measurement (10 ' s & t
&10 ' s) by reducing the excitation intensity. "
The photocurrent transients shown in Fig. 3 were
measured in this manner and are proportional to
8(t, T).

In agreement with previous measurements, we
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obtain an accurate power-law decay at each tem-
perature, 8(t)-f "". Inspection of Eq. (3) shows
that this is consistent only with a density of states
that decreases exponentially below E„g(E)
=g, exp[-(E, —E)/k T,] for E &E„where k T, is
the energy scale of the distribution. With this
form of g(E), Eq. (3) becomes

8(f, T) = [g(E.)/g. ](1/&,f )' (4)

with o. = T/T, . The inset of Fig. 3 shows that a is
consistent with this prediction and that the slope
of a linear fit yields kT, =50 meV.

It is clear that MT explains both the PA and PC
results in a consistent way. The PC experiment
should provide the same information as the time-
of-flight (TOF) experiment for times shorter than
the transit time, t~. To compare the two experi-
ments, Eq. (4) can be used to calculate the MT
prediction for t~. A photoinjected hole drifts
with speed p,,S except when immobilized in a trap.
Since B(t) is the fraction of carriers in the mo-
bile states, the mean displacement between times
f and t+dt is p.,8(t)hdt. The time to traverse
the sample is given by

L= fo
r p, B(t)Sdt or tr vo

' exp(h/kT), ——

where A=AT, ln(o. [g,/g(E, )](v,L/p, ,S)], and L
and 8 are the sample thickness and applied elec-
tric field, respectively. " It is interesting that
the exponential distribution of trapping levels
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FIG. 3. Time decay of photocurrent after pulsed ex-
citation with band-gap light at several temperatures.
At each temperature the decay of the current is ac-
curately described by Lh& -t '+ . The temperature de-
pendence of & is shown in the inset.
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yields a single activation energy for t~. .
Pfister and Scher (PS) did, indeed, observe a

thermally activated transit time in their TOF ex-
periment. Reasonable" values of v, =10" s ' and

gogo(E)/go =0.2 cm'/V s account for the large
activation energy 0.6 eV. However, a central re-
sult of the work of PS was that n was found to be
independent of temperature, in direct conflict
with the results of Fig. 3. As we have seen, a
temperature-dependent o. is required by the MT
model and PS argued that because they saw no
such dependence, the time-dependent mobility is
the result of hopping among isoenergetic local-
ized states with a random distribution of separa-
tions. To account for the temperature dependence
of t~, they proposed a discrete set of deep traps
which limits the number of hopping carriers.

We can see no reason why the two experiments
should probe different phenomena. They are
carried out at comparable excess carrier concen-
trations and electric fields. Of course, in the
TOF experiment a net charge is transported
across the sample whereas in PC the separation
of charge is negligible, but since the carrier den-
sities are so small, it is unlikely that this can be
the origin of the different results. Since the dis-
persive transport provides a spectroscopy of the
density of states only if it originates from MT, it
is very important that this inconsistency be re-
solved and new experiments are planned which
will make this possible.

Assuming for the present that MT is the origin
of the dispersion in the PC experiment, we find
a continuous spectrum of binding energies from
at least -0.3 to -0.7 eV above the valence band
corresponding to the range of 0 Tlnv, t examined
thus far." However, the distribution is not near-
ly uniform as in the Anderson' picture but has an
energy scale which is very small compared with
the band gap. The observation that To 550 K
points to the role of disorder characteristic of
thermal equilibrium at T (glass transition tem-

perature). Within this view, the experiment in-
dicates that the binding energy of a carrier in a
localized state is the same to within an additive
constant as the energy required to create the
state at T . In a forthcoming article' we show
that this is expected for interactirig pairs of op-
positely charge structural defects.
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