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Measurements of ac conductivity and ac photoconductivity are reported on representative amorphous

and crystalline insulators. Low-frequency measurements have been argmented by photomicrowave

experiments. In the dark some of these materials exhibit the familiar co' frequency dependence but

under illumination all materials studied exhibit frequency-independent ac conductivity in the range 20
Hz-100 kHz. The amorphous chalcogenides studied do not exhibit photomicrowave response; however,

strong response is observed in these films following crystallization in situ. Frequency-independent ac
conductivity is usually associated with transport in extended states. In As&Se3, however, transient measure-

ments are interpreted most easily in terms of hopping transport. A phenomenological model which recon-

ciles these observations is presented. Aspects of the relationship of steady-state ac to dc electrical measure-

ments and the relationship of ac measurements to the time-of-flight technique are analyzed.

I. INTRODUCTION

Present interest in ac conductivity stems from
the possibility that the phonon-assisted hopping of
charge carriers among the localized states may be
an important transport mechanism in amorphous
and molecular solids. Characteristic frequency
and temperature dependences of ac conductivity are
predicted by the various hopping-transport models
published to date. ' Quite apart from this there
has been increasing interest in developing tech-
niques to measure the electrical properties of com-
posite, polycrystalline, polymeric, and biological
materials in a "contactless" configuration, for ex-
ample, by microwave-perturbation techniques. '

We present here a study of dark and ac photocon-
ductivity in some representative amorphous and
crystalline solids. At low frequencies, ac conduc-
tivity is viewed largely as an extension of tradition-
al dc electrical measurements, which now adds fre-
quency to the more familiar parameters of such
measurements. As the excitation frequency in-
creases, contact effects and internal barriers be-
come capacitatively short circuited and losses are
expected to directly reflect bulk dissipative mech-
anisms. At a given frequency, however, the
steady-state ac conductivity may represent the
combined effect of several processes having dis-
tinctive frequency dependences. In amorphous
chalcogenides the interplay of such processes is
found to dominate the behavior of the ac photocon-
ductivity and is shown to be responsible for our in-
ability to observe microwave photoconductivity in
this class of materials whereas it is readily ob-
served in polycrystalline trigonal selenium.

A frequency-independent ac photoconductivity is
characteristic of all solids investigated in the pres-
ent study. While this is not a surprising feature
of solids exhibiting mell-defined band structure,
transport in several of these materials is believed,

on the basis of time-of-flight measurements, to be
dominated by localized states. A phenomenolog-
ical model is presented which attempts to reconcile
the steady-state ac photoconductivity results with
those of time-of -flight measurements.

II. EXPERIMENTAL TECHNIQUES

The conductance and capacitance of thin films or
crystal-platelet samples were measured, using ei-
ther a 1615A General Radio capacitance bridge or
a lock-in amplifier with a current-sensitive opera-
tional preamp. Most of the measurements were
made at room temperature in the 20-10'-Hz fre-
quency range. Selected measurements were car-
ried out over the 87-373 'K temperature range,
using a programmable environmental test chamber.
The samples were mounted in light-tight holders
for dark-conductivity measurements. Photogener-
ated ac conductivity was measured by illumination
of the samples through shutters mounted on the
holders. A 100-W quartz-iodine lamp was used
with the appropriate narrow bandpass filters, to
ensure that the samples were illuminated by mono-
chromatic bulk-absorbed light. In the case of amor-
phous selenium, where this is not possible, strong-
ly absorbed 4000-A-wavelength light was used.
Both dark and photo ac measurements mere done
under steady-state conditions.

The amorphous Se and As&Se& samples were made
by thin-film evaporation on gold-covered glass sub-
strates. Evaporated semitransparent gold elec-
trodes were used on top. These chalcogenide films
were in the 10-50-p, m-thickness range. The poly-
meric films of the organic charge-transfer complex
poly-(N-vinylcarbazole) (PVK) 2, 4, 7-trinitro-9-
fjuorenone (TNF) were cast from solution on a gold-
covered glass plate. The samples were heated at
80 'C overnight to drive off the solvents. Semi-
transparent gold electrodes were again evaporated
on top.
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Single-crystal platelets, 0.6-0.8 mm in thick-
ness, of insulating CdS were obtained from the
Monsanto Co. Semitransparent indium electrodes
on the (0001) face were used in this case. Layer-
type crystals of As2S3 for microwave measurements
were obtained by cleaving orpiment mineral crys-
tals with transparent tape. Gold-electroded (1010)-
face trigonal selenium crystals had been grown
from a thallium-doped melt by the Czochralski
technique. Polycrystalline trigonal selenium films
were prepared by direct (thermal) conversion of
amorphous selenium. Measurements were always
done in the small-signal condition, with the ac field
kept at ~ 10 V/cm.

Microwave measurements in the 9-GHz (X) band
were made using a four-crystal balanced bridge,
the signal arm of which was terminated in a TEq03
reflection cavity. The four-crystal balanced
bridge is commonly used in complex-reflection-
coefficient plotting. When the phase of the micro-
wave power in the bridge bias arm is properly ad-
justed, one set of crystals develops a signal volt-
age proportional to the real part of the cavity-arm
reflection coefficient, while the other set provides
an exactly out-of-phase signal, that is, one pro-
portional to the imaginary part of the complex re-
flection coefficient. In these measurements the
signal voltage proportional to the imaginary part
of the reflection coefficient was used to drive an
automatic frequency-control circuit so that the sig-
nal-crystal voltage was always maintained exactly
proportional to the square root of the power absorbed
by the sample in the cavity. The sample was illu-
minated by chopped monochromatic light from a
prism monochromator through slits in the center
of the narrow wall of the cavity. The sample was
located in the maximum rf E field that is in the
cavity's median plane. The signal voltage, ampli-
tude modulated at the chopper frequency, was de-
tected using a lock-in amplifier and the resulting
signal was displayed as a function of incident wave-
length on an xy recorder. Samples for microwave
measurements were unelectroded films on quartz
substrates, crystal platelets, or powders suspend-
ed in reagent-grade mineral oil.

III. RESULTS

A. Dark ac conductivity

The dark ac conductivity data we reported earli-
er on the wide-band-gap chalcogenide glasses Se,
AsqSe3, and As2S3, while typical of a significant
class of insulating materials, do not represent the
universal behavior of either amorphous materials
or of highly insulating crystalline solids.

Se, AsqSe3, and AsqS3 exhibit an ac conductivity
proportional to co' where s ~ 1.0 in the 10 -10 -Hz
frequency range. Microwave measurements indi-
cate that the ac conductivity of these glasses satu-

rates in the 0Hz range at values less than 10
cm '.

Figure 1 illustrates that similar behavior of the
dark ac conductivity is observed in the 1:1 molar
polymeric organic charge-transfer complex,
formed from the donor poly-(N-vinylcarbazole)
(PVK), and the acceptor 2, 4, 7-trinitro-9-fluore-
none (TNF). At 100 Hz, &r~~~ (=10 0 cm ) is
about two orders of magnitude higher than the dc
conductivity measured at fields less than 10 V/cm.
This suggests that the convergence of o(&u) with the
dc dark conductivity occurs in the 1-Hz region
and is consistent with the linear behavior of od „
(~) observed down to 20 Hz.

The results of dark-ac-conductivity measure-
ments for single-crystal thallium-doped trigonal
selenium, along with single-crystal CdS are shown
in Fig. 2. At 100 Hz, their ac conductivities are
nominally 10, 10 ' ~ ' cm, respectively. For
trigonal selenium and CdS the ac dark conductivity
varied less than 30% over the 10 -10 -Hz frequency
range. Single-crysta1 As~S3 also exhibited the
(d', s - 1, type frequency dependence. '

B. ac photoconductivity

)p-S

,p-9

E

Cy

ip 10
b

io-"

)p-l2
)p2 e~ ip~

FREOUKNCY(Hr)

FIG. 1. Log-log plot of the dark ac conductivity cr(u)
of 1:1PVK-TNF charge-transfer complex as a function
of frequency.

Figure 3 shows the interplay of the photoinduced
ac conductivity, and the dark ac conductivity for
AsqSe3 at audio frequencies. At the lowest experi-
mental frequencies the ac photoconductivity is be-
tween one order and two orders of magnitude higher
than the dark ac conductivity. The light-induced
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FIG. 2. Log-log plot of the dark ac conductivity a(cu)
of single-crystal CdS, and trigonal Se as a function of
freq uency.

FIG. 3. Log-log plot of the dark ac conductivity and
the ac photoconductivity of a-As2Ses as a function of fre-
quency. 60.= a~h, „(fd) —o.~(co).

change in conductivity 4'= e~, —o~„ is frequency
independent and is plotted as a dashed line in the
figure. As ad ~ (&AI) increases with frequency, the
quantity n &r/&r~~ becomes progressively smaller,
that is, 4p is eventually lost in those noise compo-
nents which are proportional to od „(&d). The ac
photoconductivity at low frequencies is nominally
of the same order as the dc photoconductivity mea-
sured under the same irradiation conditions at low
bia.s. Figure 4 illustrated that the same scheme
is also already operative for the PVK: TNF
complex at audio frequencies and mitigates
against observation of high-frequency ac photo-
conductivity.

Similar results were obtained for the layer-crys-
tal AsqS3 and will be discussed in a forthcoming
communication' on ac conductivity in molecular
crystals. We wish to emphasize here only that
single-crystal AsaS3 does exhibit frequency-depen-
dent dark ac conductivity and frequency-independent
ac photoconductivity. Frequency-dependent ac con-
ductivity is not restricted to amorphous solids or
to single-crystal semiconductors measured at low
temperature.

Figure 5 and the upper part of Fig. 6 illustrate
the low-frequency behavior of crystalline CdS and
trigonal selenium which do exhibit photomicrowave
conductivity. In both cases o,h, t, and Od „exhibit
relatively mild frequency dependence; consequent-
ly &od „is relatively constant and evidently re-
mains so into the GHz frequency range.

The lower portion of Fig. 6 illustrates our re-
sults for amorphous selenium which represents a
more complicated experimental situation because
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FIG. 4. Log-log plot of the dark ac conductivity and
the ac photoconductivity of 1:1 PVK-TNF as a function
of frequency.

the ac photoconductivity was of necessity measured
with strongly (surface) absorbed light. " In this
case the sample sandwich was dielectrically inho-
mogeneous under illumination. The quantity b, o
now has a restricted meaning in that light changes
only the conductance of the sample, while 0 „„,
cannot be assigned to a bulk property. We never-
theless chose to present these data in much the
same form, i.e. , o,» -=GL/&, where G is the
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conductance. The effect of space charge is, how-

ever, manifest in both the dispersive behavior of

o,h, ta((ll) at low frequencies and the corresponding
reduction in its observed light intensity dependence
in that frequency range.

Striking differences in the photomicrowave re-
sponse of materials investigated in this study are
entirely consistent with the behavior observed at
much lower frequencies. Single-crystal insulating
CdS exhibits strong photomicrowave conductivity.
For the same nominal cavity filling factor and at
the respective irradiation wavelengths for which
As&Se3 and CdS exhibit comparable absorption co-
efficients, a photomicrowave signal is not observa-
ble in As&S& even with 40-dB gain enhancement and

long integrating time constants. Similarly, amor-
phous selenium and amorphous As2Se3 do not ex-
hibit detectable photomicrowave response in our
apparatus. ' If, however, the amorphous
selenium film is crystallized by heating to 140'C
in situ using a variable temperature insert, photo-
microwave signals become easily observable.
These results stem from the fact that the ac dark
conductivity and photoconductivity exhibit distinct
frequency-dependent behavior.

IV. DiSCUSSioN
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the ac photoconductance G(cu) = 0'yl, ptp((d) A/I (see text) at
two light levels of a-Se. The salne plot for single-crystal
trigonal Se.
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FIG. 5. Log-log plot of the dark ac conductivity and

the ac photoconductivity of single-crystal CdS as a, func-
tion of frequency.

The dark ac conductivity of most of the insulators
reported in Sec. III exhibit the co' behavior. It has
been customary to explain this frequency depen-
dence of a(u) in terms of a hopping-transport mod-

el. In particular it has been ascribed to phonon-
assisted hopping between pairs of localized states. '

While the simple "pair" model does indeed account

for an ~' dependence, the uniqueness of the model
in explaining these results remains questionable.
Both physically and mathematically, the hopping
between pairs of sites is indistinguishable from a
distribution of dipoles described by a, Debye relax-
ation model. The general phenomenon of hopping
transport is distinct in that it includes the possibil-
ity of both multisite hopping and finite dc current
flow. Incorporation of these features gives rise to
a different frequency dependence from that predict-
ed by the pair model, when a sufficiently wide fre-
quency range is considered. In addition, a fuller
description of hopping can account more realisti-
cally for the temperature dependence of o(ur). Thus
to substantiate hopping as the dominant transport
mechanism in these insulators it is important to
understand the complete frequency and temperature
dependence of cr(cu) in terms of a more general the-
ory of ac hopping transport. 2 In particular, it is
essential to be able to describe the T and (d depen-
dence of the transition region where (d' behavior
changes to the dc limit behavior as well as the high-
frequency region where Reo(&u) saturates. More
complete measurements in these regions are being
carried out and this comparison will be pursued in

another study. It will suffice for this paper to con-
sider hopping among localized states as being the
main contribution to the dark ac conductivity.

In this context, the central issue, now, is to un-

derstand the ubiquitous flat frequency response of
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the ac photoconductivity. This "understanding"
must also dovetail with the results of transient,
drift-mobility measurements made on these insu-
lators. '4 In other words, any model involving var-
ious transport mechanisms and a density of states,
for the ac measurements (with and without light),
must be compatible with the transport picture ob-
tained with the time-of-flight technique.

More specifically in PVK, PVK- TNF, ' and
As2Se„ the "anomalous" aspects of the dispersion
in the transient photoconductivity can be naturally
explained by assuming a stochastic or hopping mo-
tion of the charge carriers during their passage
across the sample. Steady- state ac photoconduc-
tivity in these materials, however, shows that
Reo(&u) is independent of frequency until the dark
conductivity dominates the power absorption with
increasing ~.

We propose a simple model that reconciles these
various transport features. We presume that the
dark ac current is due to hopping among localized
states, while in the presence of light the carriers
are excited to some "extended" states, "which will
be described in more detail below.

1. Neutral (Ohmic) contacts

Neutral contacts, by definition, simply replenish
any carrier exciting the sample and moving into the
external circuit. Therefore the contacts do not
perturb bulk relations. In the steady-state condi-
tion the solution of the bulk kinetic equations for
the carrier density is

bn =g7„,
where g is the generation rate and r„ is the (micro-
scopic) recombination lifetime. The expression in

(1) is valid in the presence of an arbitrary number
of trapping levels provided all recombination pro-
ceeds from the band state. " For the insulators
under consideration one can assume ~ »np, the
thermal equilibrium concentration (i.e. , nn =n).
The ac conductivity associated with this steady-
state concentration in the extended states is

o((u)= oa/(I —i(or„), (2)

A. Steady-state photoconductivity

No discussion of electrical measurements in in-
sulating materials can be separated from a detailed
consideration of contact effects. ' In the following
we shall first describe steady-state photoconduc-
tivity in the absence of specific contact limitations.
We then proceed to consider the dynamic effect of
a blocking contact perturbation.

microscopic mobility po(p, , =ex„/m, for go= 10
cm /V sec, r„=10 ' sec). We are assuming a
unipolar conductivity (i.e. , r~ & r„, where r~ is the
recombination lifetime of the other sign carrier),
For the entire frequency range used in the present
investigation,

(de « 1, (T((d ) 0'0

2. Blocking contacts

(4)

Blocking contacts mean that the carrier is not
replenished, although in most cases it can exit the
sample. Thus we shall determine how the steady-
state M in Eq. «1) can be oerturbed if the contacts
block carrier injection into the sample, but allow
carriers to leave. First, we rewrite the photcur-
rent density corresponding to the oo in (3) in terms
of the transit time as

ip
--egL(rjt,), (6)

where i, = L/poE is the microscopic transit time
and I. is the interelectrode spacing.

The ratio rent, is usually taken to be the photo-
conductivity gain factor, ' which can never be larg-
er than unity for blocking contacts. One immediate
question, therefore, is whether the expression for
i~ in Eq. (5) is valid for the case of blocking con-
tacts when 7„&t, . The answer is no. This is de-
termined simply by equating the rate of generation
of carriers g to the dominant rate of loss (which,
of course, establishes the steady-state condition).
While excited the carriers travel a distance p, pT E,
equal to the sum of the incremental distances tra-
versed between trapping events. For T„&t, this
distance is greater than t., which means the car-
riers exit the sample before they are recombined,
independent of any trapping. [It should be recalled
that r„(i thne steady state) is the total time a car-
rier spends in the "free" state, i.e. , the total time
as an excited carrierlessanytimespentintraps. "]
Thus, the dominant rate of carrier loss, in this
case, is the rate the carriers leave the sample,
nn/t, . The steady-state carrier density is now
given by

(6)

which results in the photocurrent

i~ ennL/t, == egL .
If, however, T„«t„ the carriers only manage to
transverse a small fraction of L, before recombi-
nation. The bulk loss mechanism is again the dom-
inant one. Hence for the two limits (blocking con-
tacts)

where

Op = egT„~p

T„ is the momentum relaxation time related to the

i~ = egLrgt, r„«t, ,

We shall refer to egL as i, the emission-limited

(8)
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TABLE I. ac steady-state photoconductivity (covz «1). I i ) I I I&&J I ) f I I I II/) / I / I I 11&-

Photocur rent

egLTjt,

egLtgt,
egL
egL7gt,

Nature of
contact

neutral

blocking

Relation of transit time
and

recombination time Frequency

mt'&, &1

cut, &, &1
ut, &1

0Itv& 1
Ip

BLOC K I NG CON TA CTS

~p= eQ rnpeEp

ip= iz=egL

current and note it is independent of all bulk trans-
port parameters. Thus, strictly speaking, one
can only discuss a 00 for blocking contacts when
7.„«t,. The preceding results are summarized in
Table I.

(u= 7r/tr= 7I&oEo/L

I I I I I I III f I I I I I I It

3. ac effects with blocking contacts

In discussing steady- state photoconductivity with
blocking contacts (as defined above), one deter-
mines that the transit time is a crucial variable.
In relating the above analysis to the ac case one
needs to consider the meaning of t, for an ac field.
For an ac field with a rms amplitude of Eo, a t, can
be established when

&o& v p.oEJL,
i.e. , when the half-period of the signal is greater
than transit time appropriate to Eo. If ~t, » 1 then
a typical carrier oscillates back and forth (with an
out-of-phase factor determined by r„) and does not
encounter the sample boundaries. In Fig. 7 we
show schematically the frequency response of the
photocurrent i~ for a case with 7„&t„blocking con-
tacts and ~~~ «1. The ac effects on i~ are included
in the summary in Table I.

B. Comparison of steady-state 0 (w) and transient I(t)
measurements

We propose that the frequency-independent part
of the ac photoconductivity is due to go or i, and
that with increasing frequency the power dissipation
is eventually dominated by the independent mecha-
nism (hopping) of the dark conductivity.

If the dark conductivity is due to carriers in trap
states, it can also be enhanced in the light. In
fact, the ratio of free to trapped charge in the light
should be approximately equal to the ratio in the
dark. An examination of Fig. 3 indicates that the
change in the free-carriercontribution due to the
light is about a factor of 40. Experiments per-
formed in the 100-373 K temperature range show
that the slight flattening in the dark ac conductivity
at room temperature and 10. Hz represents the on-
set of a, frequency-independent od„,(u) -2. 5 x 10 '

Q ' cm for +&10 Hz. One also observes the
o,„„,(w) =cr~,„(u) at &u = 10' Hz. If the carriers in
the traps increased in the same ratio as the free

FIG. 7. Schematic log-log plot of the photocurrent of
an insulator with blocking contacts and a recombination
lifetime 7„greater than the effective transit time t,
=L/pro, as a function of frequency 27(cu.

carriers one should have o,h,„(ur) =(40)o„„,(ur) at
the higher frequenciesI The fact that this is not the
case can be interpreted as increased evidence for
o~„,(~) due to carriers hopping at the Fermi level
(assuggestedtousby E. A. Davis). Thatis, the
number of carriers in the traps have changedbut
not the effective number at the Fermi level. Another
possibility is that the carriers dominating o~ „(~)are
in states corresponding to the recombination levels
in the light. Although the number of carriers in
trapping states can change, the steady-state popu-
lation of the recombination centers is not expected
to be modified.

Returning to a more immediate question we ask:
If carriers promoted by light into extended states
dominate the ac photocurrent, why do they not also
(universally) dominate the transport of charge
across the sample in a transient experiment? In
the latter experiment a short pulse of strongly ab-
sorbed light "injects" one sign of carriers into the
bulk (the sign depending on the applied field pola, ri-
ty). The measured current I(t) monitors the drift
of the carriers, and I(t)-0 as the carriers exit the
sample or get captured into deep traps. The carri-
ers in the deep traps can reappear as a contribution
to I(t) on a longer time scale. If carriers are pro-
moted into the extended states but have a deep-trap-
ping lifetime 7~, much shorter than the transit
time t„ then these carriers can be considered as
highly range limited in regard to the transient mea-
surement and do not contribute to I(t) (except for a
large spike at t & v~). By definition, deep traps
have a release time ~„»t, and ~~ need not coincide
with 7.„ the recombination lifetime. Thus in a
steady-state ac (or dc) measurement a hn can be
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maintained in the extended states and dominate the
power loss, while in a transient case the T~ can be
much shorter than the transit time (which can be
established by carriers hopping in localized levels
across the sample). In As2Se, and PVF-TNF there
is a convincing evidence that the I(t) is indeed due
to hopping. To reiterate, the transient measure-
ment "selects" those carriers sohich individually
transit the sample, awhile in the ac photoconductiv-
ity measurements described in this paper, the con-
ductivity essentially monitors a steady-state popu-
lation of carriers in the extended states (with short
traPping lifetimes). With this framework now es-
tablished, we shall examine each of the different
m ate rials below.

C. As& Se3

1. Bulk recombination

qr„po = l. 7 x 10 ' cm'/V,

and for q=0. 08 (which we discuss below),

r„go=10 ' cm'/V,

(12)

(13)

for As2Se, . The relation T„&t, can be rewritten

nppE~L (14)

The conditions for the ac photoconductivity in
As~Se, shown in Fig. 3 correspond to weakly ab-
sorbed light nL-1, in a sandwich cell configura-
tion with semitransparent gold contacts. For bulk-
absorbed light

g= qnI,
where q is the bulk quantum efficiency. The value
of a at the peak of the band-pass filter (l. 68 eV)
is a-10' cm ' and I-5x10"photons/cm'sec. It
is deduced that gold contacts on As~Se, are not neu-
tral for applied fields E &3 x104 V/cm because in
this field range one can observe transient photocon-
ductivity signals with strongly absorbed light.
It is not presently known whether gold contacts can
be neutral for some lower field range such as the
range 1-10'V/cm used in the present measure-
ments. Thus, there is some uncertainty about the
nature of the contacts. In Table I we observe that
for r„&t, the relation (5) holds for i~, both for neu-
tral and blocking contacts. We shall assume (5)
holds for As~Se, and self-consistently deduce that
T„&t, and thereby justify our assumption. In con-
trast, if T„&t, we would not know which expression
for i~ in Table I is applicable unless we have more
information about the behavior of the contacts.

The flat part of 4o in Fig. 3 has a value of 1.4
x10 ' 0 ' cm '. Using (10),

~@=1.4x10 ' =e7/IofIT pp .
Thus

For L = 10 ' cm and the value of r„po in Eq. (13)
one observes that the inequality in Eq. (14) is true
for Es 10 V/cm; a condition which is easily satis-
fied for the ac field range used in these measure-
ments.

2. Quantum efficiency

The only source of quantum efficiency measure-
ments available at present is transient I(t) experi-
ments. Strongly absorbed light is used in these
measurements and the number of carriers (holes)
leaving the generation layer per photon can be de-
termined. The total number of these carriers mov-
ing into the bulk or transport region can be effected
by recombination in the generation layer. Thus we
shall designate the composite quantum efficiency
measured in a. I(t) experiment as a supply efficiency
g„which need not coincide with the intrinsic g.

The supply efficiency q, is observed to be field
(E) and excitation wavelength (W) dependent. For

500 nm (a 10 cm ') the field dependence of
g, (E) is linear below E&2x104 V/cm and above that
field value g, ~ E'

Preliminary measurements of dc bias field ef-
fects on the Ao in Fig. 3 show a saturation below
E-5x 10' V/cm and approximately no~ E'ts above
this field. Until more detailed examination of dc
bias effects on Ao, as well as ad, „(m), which will
be pursued in another study, has been completed,
we assume the E dependence of hg is due to g;
i.e. , ao(E) ~ ri(E). Now with this assumption it
can be argued (as we do below) that rt and q, do co-
incide in the E' ~ field-dependence region. The
linear E dependence of rI, (E), therefore, appears
to be due to bulk recombination in the absorption
layer.

We are now in a position to estimate g for the
wavelength (700 nm) and field (6.25 V/cm) used in
the measurement of the data in Fig. 3. The field
6.25 V/cm corresponds to the saturation region of
do(E). For fields at E-10' V/cm, do increases
by a factor of 4. We have already stated that g = p,
in the high-field (E-10' V/cm) or E'ts region.
Transient measurements at 700 nm (with "thick"
samples, L -60 pm) indicate g, = 0.3 at E = 1.5
x10 V/cm. Therefore, since do(E)~ q(E), the
value of g in the saturation region is taken to be
(0.3)/4 —0.08.

The value of T p. p deduced from this analysis
(r„po—- 10 ' cm /V) supports a picture of bulk re-
combination effecting g (E). Returning to the mea-
surements of g, at 500 nm, the field marking the
transition from a linear to a square-root depen-
dence of r) (E) is E - 210xV4/cm. At this field
p, pT E 10 cm, which is about a factor of 10 larg-
er than the absorption depth (o. ~-10 ' cm). There-
fore, at fields below E- 210xV4/cm recombination
effects should become increasingly important (i.e. ,
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p, 07„E&o ", in g and it is reasonable to associate
the linear E dependence with recombination in the
absorption layer. At longer X (corresponding to
length o. ') the linear part of q~ should cover a larg-
er field range. There is preliminary evidence that
this is indeed the case. ~'

A picture of q saturating at E ~ 5 x 103 V/cm while
the linear part of q, (E) includes recombination ef-
fects in the generation (absorption) layer is nu-
merically consistent with the value of v„po in (13)
deduced self-consistently from b,o. A summary of
an over-all transport model of As2Se3 will be dis-
cussed in Sec. V.

D. PVK-TNF

In Fig. 4 the plot of the ac photoconductivity of
the charge-transfer complex 1:1 molar PVK-TNF
is remarkably similar to the results in As2Se, .
One observes a merger of o,„„,with ad~„ for (u/2w
& 103 Hz with a flat b 0 corresponding to a value of
10 ' 0 ' cm ', which is nearly equal to the dc pho-
toconductivity (indicated by an asterisk in the fig-
ure}. The idea of associating d, o with a steady-
state number of carriers in extended states in the
PVK-TNF may seem to need special explanation—
especially because the (electron) transport is known
to be a sensitive function of TNF concentration, ' 3

which indicates a hopping mechanism. However,
the carriers in a steady-state photoconductivity
measurement could be moving in an excited-state
manifold of overlapping PVK-TNF complexes, with
a very short range (schubzoeg) Anothe. r possibili-
ty, however, is that the photocurrent is i~ and
therefore independent of the mobility. It should be
recalled that, regardless of how the carrier moves,
the i, is established simply by virtue of the carrier
living long enough to exit the sample and not be re-
plenished by the contact. We therefore attempt the
same analysis for PVK-TNF as we did for As2Se3
above. Equating 4o with eg7„p, o and inserting the
values: I-10"photons/cm'sec, n -10' cm"' at
X=640 nm, we obtain

6&&10 cm /V=gp. or„. (15)

The value for p can be determined by a linear ex-
trapolation of q (E) measurements. ~4'25 At the low-
field end of the available data for the supply effi-
ciency at &=404. 5 nm, g, =3&&10' at E =3X10
V/cm and further, 0,(E), in this range, appears to
have a linear field dependence. We choose as an

upper limit q = 3&&10 at E = 103 V/cm, the ampli-
tude of the ac field for the measurements in Fig.
4. Hence

poT„=10 cm /V , . (16)

With this value p, 07'„= 10 cm = L at E = 10 V/cm,
thus we are dealing with a marginal case. At the high-
est experimental fields used the ac photocurrent most

probably is i, and the field dependence of the photo-
current would correspond to that of g. Also at
these higher fields g =q, . There is evidence that
the I-V curve of PVK-TNF measured in a dc photo-
conductivity experiment at E & 104 V/cm indeed fol-
lows the field dependence of 7),(E). 6

aE = 2 & 10 A/cm = en,I (17)

The field E=75 V/cm and the value o=G(L/A) at
the 100% light level is 3&&10 0 'cm '. Inserting
I=10'~ photons/cm sec we obtain rl, = 2&&10 ~. This
value of g, agrees quite well with the value obtained
by extrapolating the 400-nm data on q~, obtained
from transient measurements, 7' to the lower-
field value of 75 V/cm. Thus the flat d G in a,mor-
phous Se is completely consistent with an emission-
limited current. This is quite satisfying because
for Se we establish the existence of a light-induced
contact region which acts as a current source for
the bulk of the solid.

F. Crystalline solids

In the insulating crystalline solids CdS and trig-
onal Se (Fig. 2 and the upper part of Fig. 6), and
in the data on As~S3 ' one notes that co' dependence
of the dark ac conductivity is not universal among
highly insulating solids. The ac photoconductivity
in single-crystal AsaS3 is also similar to that ob-
served in the amorphous materials we have been

E. Se

The ac photoconductivity measurements on amor-
phous Se shown in Fig. 6 are complicated by the
fact that the sample is dielectrically inhomogeneous
in the presence of light. There is a well-known
energy gap between the onset of light absorption
and significant photoconduction in Se." Hence,
with the sandwich cell geometry of th present mea-
surements, strongly absorbed X = 400-nm light
(o = 10' cm ) was used. The steady-state condition
therefore corresponds to a spatially inhomogeneous
distribution of photoexcited carriers. The steady-
state current in the bulk of the sample is clearly
i„ the emission limited current, with the absorp-
tion (or generation} layer as the source of supply.
In this case the quantum efficiency g is undoubtedly
the supply efficiency q, . The conductivity 0»„, in
Fig. 6 is, strictly speaking, (L/A) times (the pho-
toconductance G). For such a layered dielectric
one can observe frequency dispersion in G and in-
deed we attribute the low (d falloff in Gphogo to a
space-charge dispersion. The space-charge effect
is consistent with the intensity dependence of this
portion of G observed in the figure. With lower
light levels (3%%), corresponding to smaller space
charge the falloff moves to lower co. The flat AG
is associated with the emission-limited current i,
=eg,I for this strongly absorbed case
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considering. ' The main feature of the ac photo-
conductivity of CdS and trigonal Se in Figs. 5 and

6, respectively, is the constant 40', even up to the
microwave range. The frequency independence
of 40 is more pronounced than the dark conductiv-
ity, which is mildly dispersive in both crystalline
materials.

In the context of the main study, in this paper,
on amorphous insulators, one can now see the im-
portance of making ac measurements on single-
crystal insulators. They not only exhibit similar
frequency and temperature dependencies in the ac
conductivity (both with and without light) but they
can serve as more carefully controlled models of
some of the general features of conductivity we
have discussed above. For example, CdS with
known blocking contacts can illustrate the ac be-
havior shown schematically in Fig. 7. In addition,
further materials work on As2S, in connection with

o~„(&u) can give us clues in our continuing analysis
of ad-'(u&) in amorphous insulators; i. e. , the cor-
relation of the purity (trap concentration) of AszS,
with the frequency dependence of o'„

V. SUMMARY

We have made observations of the ac conductivity,
with and without light, in a broad class of photo-
conducting materials. By measuring o(&o) we can
distinguish competing dissipative mechanisms by
their characteristic frequency dependences. While
we have not analyzed the nature of the carriers and
electronic states which contribute to the od „(~) in
detail, we have shown that in the presence of light
a different set of carriers and/or states can dom-
inate the power dissipation in some (lower} frequen-
cy range. The interaction of a frequency-depen-
dent dark conductivity with a frequency-independent
d 0 is responsible for our inability to measure mi-
crowave photoconductivity in amorphous chalcogen-
ides. We attribute the source of frequency-inde-
pendent photoconductivity (bo) to either the low-
frequency limit of the conductivi'y due to excited
carriers moving in extended states (ao) or to an
emission-limited current (i,) which is independent
of the bulk mobility. We have discussed the fact
that different types of transport measurements tend
to "select" different competing processes. In a
transient photoconductivity experiment one essen-
tially monitors the carriers drifting completely

across the interelectrode distance, while in a
steady-state measurement one samples a steady-
state population of carriers, although each carrier
can have an extremely short schubseeg. Thus in
As2Se3 one sees the outline of the following trans-
port picture, the ho in a dc or ac steady-state pho-
toconductivity measurement can be associated with

co = egr„go. The value r„pa= 10 ' cm'/V is consis-
tent with the field dependence of },(E) (cf. end of
Sec. IVC2}. The recombination centers in the
generation layer using strongly absorbed light
could correspond to the hopping sites in the bulk in
a drift experiment.

In Se one establishes, in essence, an emission-
limited current in the bulk due to the light-gener-
ated "contact" region. The value of q, deduced
from 40 is completely consistent with the p, de-
termined by charge integration techniques. Thus
the flat ~o (apart from spa.ce-charge dispersion}
can be attributed to i,.

In PVK-TNF there is now evidence, from both
our ac measurement and dc measurements of one
of us, 6 that the current versus field shows a tran-
sition from a bulk- to an emission-limited current.

The consistency of the above ac measurements
with both dc and transient measurements demon-
strates the powerful extension ac techniques can
provide in the understanding of the electrical prop-
erties of insulating materials. The ac techniques
can, in addition, capitalize on experimental advan-
tages such as high signal-to-noise ratio at relative-
ly low signal levels, the shorter relaxation times
available with low bias levels, and the freedom
from contact limitations at sufficiently high fre-
quency.
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