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Transient hole transport in a-Se below 180 K is shown to be a stochastic process. The
transition from the well-defined high-temperature transport with Gaussian dispersion to
the low-temperature stochastic transport is not paralleled by a change in the activation

energy of the hole drift velocity.

The thermally activated carrier drift mobilities
in the prototype elemental chalcogenide glass a-
Se are commonly interpreted to indicate carrier
motion in extended states with frequent interrup-
tion by shallow trapping.! There is, however, no
direct experimental evidence for the proposed
transport mechanism. The experimental situa-
tion appears more satisfying for the model sub-
stance of a tetrahedrally bonded elemental glass
a-Si, Here, LeComber and Spear? argued that
the distinct lowering of the activation energy for
electron drift, which they observed on cooling
the sample to below ~ 250 K, evidences the tran-
sition from shallow-trap—controlled transport to
hopping among localized band tail states. Hence,
the high-temperature (HT) and low-temperature
(LT) activation energies were associated with
shallow-trap depth and hopping energy, respec-
tively. No similar experiments were reported
for a-Se. Unfortunately, however, time-of-flight
experiments in a-Se were restricted to tempera-
tures above ~180 K where the carrier transit ex-
hibits little dispersion and the transit time is
well defined. At LT the dispersion of the propa-
gating carrier packet increases rapidly and the
associated current signal becomes so featureless
that a characteristic transit time ¢, cannot be es-
tablished without ambiguity.® The question, there
fore, remained open whether the activation ener-
gies of the drift mobilities in a-Se would even-
tually decrease at lower temperatures in a man-
ner similar to that reported for electron drift in
a-Si. Interest into this problem was recently re-
vived when Scher and Montroll* (SM) provided a
theoretical framework for the analysis of feature-
less transient current signals which enables us
now to extend our knowledge of electronic trans-
port in a-Se to much lower temperatures. This
Letter highlights such a study for hole transport
in a-Se, This is the first instance where the
transition from the well-defined transport at HT
to the extremely dispersive transport at LT has
been studied. It is found, unexpectedly, that the

transition is notf accompanied by a change in the
activation energy.

SM* propose that the dispersive transport, com-
mon to a large number of disordered solids, has
to be treated as a stochastic succession of events
with broad event-time distribution which can ex-
tend beyond the time range of the experimental
observation (~£;). An example of such a process
is hopping among localized states with the hop-
ping distance as stochastic variable, This theo-
retical approach has the important consequence
that the dispersion of the propagating carrier
packet is non-Gaussian which leads to transport
characteristics distinctly different from trans-
port in ordered solids. The essential features
of stochastic transport have been verified in a-
As,Se, and molecularly doped polymers.>® It
will be shown below that the LT hole transport in
a-Se conforms to the stochastic transport mecha-
nism also and, therefore, one has the unique pos-
sibility to study the transition from the well-de-
fined transport at HT with Gaussian dispersion to
the stochastic dispersive transport at LT.

Eleven samples in the thickness range 10-125
pm were prepared by open-boat evaporation onto
a substrate (polished Al or Au coated Kel-F) held
at 55°C. To ensure blocking contacts the Se sur-
face was coated with a <1-pm layer of Lexan
polycarbonate before the semitransparent Au top
electrode (0.19 cm?, 200 A) was applied by evap-
oration. The time-of-flight measurements were
standard and details are described elsewhere.®
The free holes were generated by a 5-nsec 3371-
A laser pulse of low intensity which lagged the
bias field by ~0.5 sec.

Figure 1 shows the Arrhenius plot of the hole
velocity v, =L/t, for a 75-1m sample for various
applied electric fields. Included are several cur-
rent signals recorded at 10 V/um at the tempera-
tures indicated. The traces clearly demonstrate
the dramatic change of the current shape as T is
lowered. At HT ¢, (arrow) is clearly defined by
the sharp drop in the current level which marks
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FIG. 1. Semilog plot of hole velocity versus 1/T for
various fields, and transient current traces at several
temperatures. Arrows indicate transit times.

the arrival of the injected charge sheet at the op-
posite electrode. The procedure used to deter-
mine ¢, at LT when there is no such fiduciary
will be described in the next paragraph. The es-
sential results of Fig. 1 are as follows: (i) Below
~250 K and down to the lowest experimental tem-
perature of ~120 K, the activation energy 4, is
well defined; (ii) no change of A, is observed on
lowering T' into the range of strong dispersion at
~180 K; (iii) A, is field dependent, but there is
no specific temperature at which the field depen-
dence sets in; (iv) in agreement with earlier
studies the temperature dependence of v, weak-
ens above ~250 K.'*3

It remains to be established now that the dis-
persive current signal is indeed due to a stochas-
tic process. The evidence will be derived from
the current shape ¢() and the L dependence of t,.
SM predict that i() decays with time as t~®"* for
t<tp and t"0*® for ¢ >¢,, and therefore, Ini ver-
sus Int¢ has tangents of slope — (1 — ) and — (1
+a), respectively. The “transit time” ¢, defined
by the intersection of the tangents has been used
to calculate the hole velocity in Fig. 1. 0<a<1
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FIG. 2. Log-log plots of current transients, Upper
part: universality with respect to E at fixed 7. Lower
part: T dependence of relative dispersion at fixed E.

is a parameter describing the microscopic de-
tails of the transport process and therefore is a
measure of the local disorder. « decreases as
disorder becomes more dominant. Changing ex-
perimental conditions at fixed T should merely
result in a parallel shift of 7(¢) along the logarith-
mic axes, since the parameter « is largely field
independent; i.e., the relative dispersion of #(t)
is independent of ¢ ;.* This “universality” of ()
is distinctly different from the familiar Gaussian
dispersion which changes relative to ¢, as t, /2,
At HT the transient hole response in a-Se con-
forms with the Gaussian description’ while, as
demonstrated in Fig. 2, at LT it exhibits the fea-
tures of a stochastic process, i.e., algebraic time
dependence and universality. To obtain the upper
graph in Fig. 2, current traces recorded at the
indicated fields at 143 K were plotted in logarith-
mic units and then normalized with respect to
time and current. Within the experimental error
the various traces generate a f ;-independent uni-
versal curve which on both sides of t/¢7=1 can
be approximated by an algebraic time dependence.
The lower part of Fig. 2 shows similar traces,
but now recorded at a constant field of 10 V/um
for various temperatures. Although the algebraic
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time dependence is preserved the different traces
now do not generate a universal curve. The rela-
tive dispersion clearly broadens as T is reduced,
which indicates that @ decreases with decreasing
temperature and disorder becomes increasingly
important. Between ~ 140 and 170 K the sum of
the exponents characterizing ¢(f) is close to the
theoretical value of — 2. No theoretical frame-
work is available to analyze ¢(f) at higher temper-
atures where the transition from the Gaussian to
the universal dispersion occurs. Below ~140 K
the sum is smaller than theoretically predicted.
It is likely that in this temperature range pulse
distortions due to trapped charge become notice-
able which tend to flatten the initial part of ¢(¢).
Similar observations were made and analyzed
along these lines for hole transport in a-As,Se,.’
In the Gaussian regime the mean displacement
(1) of the carrier packet from the illuminated
electrode increases in proportion to time, (I) ¢,
and therefore, t{, < L. In the stochastic regime
(Iy<t*; hence t; < LY*, where ¢ is the same pa-
rameter introduced to describe ¢(¢#). Consequent-
ly, i(t) and ¢ (L) are correlated and with increas-
ing dispersion, i.e., decreasing @, the L depen-
dence of ¢, should become stronger. The propor-
tionality between ¢, and L at HT has been verified
extensively.!”® Figure 3 shows the result at LT
in a plot of Int, versus InL, measured at 10 V/um
at different temperatures. In agreement with the
stochastic transport model one notes that (i) the
relationship between ¢, and L is superlinear,
(ii) the deviation from linearity begins at around
180 K where the dispersion of 7(f) becomes signi-
ficant, and (iii) the exponent describing the L de-
pendence increases towards lower temperatures
in qualitative correlation with the increase of the
relative dispersion of ¢(¢) (Fig. 2, lower part).
On the basis of the evidence shown in Figs. 2
and 3 it is concluded that at LT hole transport
occurs via a stochastic process of the form de-
scribed by SM.* That the transition from the
Gaussian to the stochastic process is not paral-
leled by a change in the activation energy of the
hole velocity suggests that the same basic mecha-
nism of carrier propagation prevails in theé entire
temperature range accessed in these experiments.
While one mechanism is the previously proposed
multiple-trap model,' a hopping process is sug-
gested as a simpler alternative. In either case
disorder becomes dominant below ~180 K and
causes the distribution of event times (trap re-
lease time or hopping time) to broaden into the
time range of ;. Both transport mechanisms are

10 gTTT [T T TTTomg 3
IOO? 3
- 3
107 g —3
- -
= =
C ]
L _
S o2 k—
@ 10 E A
e E ]
'0_35_— =
- o A
107 ET e
IO'5 lll> l 1 LLlllll
10 20 50 100 200
L(pm)

FIG. 3. Log-log plots of ¢ versus L at various tem-
peratures,

compatible with the deviation from the well-de-
fined thermally activated behavior which is ob-
served above ~250 K (Fig. 1). For the trap-con-
trolled process a microscopic mobility propor-
tional to T°", where n ~ %, has been proposed.’
For the hopping mechanism, one would expect
that at temperatures sufficiently above ~180 K
disorder effects are largely overcome, so that
the temperature dependence weakens and even-
tually approaches a nonactivated behavior char-
acteristic of particles executing diffusive Brown-
ian motion.?
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