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Deep trapping of injected holes or electrons is temporarily enhanced at room temperature

in chalcogenide films which have undergone prior near-band-gap photoexcitation at room

temperature. Persistence of this effect can be measured by xerographic techniques which

are very sensitive to relatively small changes in trapped-space-charge density. Xerographic
techniques can also be used to monitor and compare the release rates of carriers trapped in

photosensitized and dark-rested samples. Measurements have been made on glasses in the
As:Se:Te system but the present results are restricted to a-Se, which is ambipolar. There are
four principal results: (1) Distinct decay times for the persistence of photoenhanced meta-

stable hole and electron deep trapping are observed. Metastable electron traps decay away
more slowly than their hole counterparts. (2) Photosensitization of deep trapping in a-Se is

a bulk effect which exhibits a characteristic wavelength and exposure dependence. (3) In
both dark-rested and photoexcited samples, average release time of trapped electrons is

larger than average release times of trapped holes. (4) ESR is not observed in either the

photoexcited or dark-rested samples at room temperature. Results are discussed

phenomenologically and in terms of a specific low-energy point-defect model proposed for
chalcogenides.

INTRODUCTION

Reversible thermal and light-induced changes in
amorphous semiconductor microstructure have been
under active investigation for some time. Particular
interest is aroused when observations suggest that
these microstructural changes effect optical and
electrical behavior. Examples of such light-induced
phenomena are the photodarkening and photo-
volumetric effects in chalcogenides' and the
Staebler-Wronski effect in a-Si. A principal exam-
ple of a thermally induced effect is the observation
of hysteresis behavior in many of the photoelectron-
ic properties (drift mobilities, lifetime, generation ef-
ficiences) of chalcogenides during thermal cy-
cling' (i.e., fixed-rate heating and cooling in the
vicinity of Tg). Analysis of optical and electrical
measurements can in turn be used to relate thermal
or light-induced microstructural changes to specific
changes in the electronic density of gap states.

Standard techniques for studying deep gap elec-
tronic structure like thermally stimulated currents
(TSC), field effect, and photoconductivity have re-
cently been augmented by the application to amor-
phous systems of space-charge spectroscopies, ini-
tially developed to study crystalline semiconductors
in device configuration. Deep-level transient capaci-

tance and photocapacitance and bias-dependent
junction capacitance are well-known examples.
Classified among these space-charge spectroscopies
should be equally powerful, but less (generally) fami-
liar xerographic techniques ' developed to charac-
terize electrophotographic photoreceptors. Recent-
ly, one such technique, the time-resolved measure-
ment of xerographic residual potential has been
used to map the electronic density of deep gap states
in a-Se. In this paper, xerographic residual mea-
surements are used to study the effect of prior pho-
toexcitation history on the range of inject-d carriers
in amorphous Se films. Data will be presented for
a-Se only but similar effects are observed (at room
temperature) on alloy films throughout the Se:As:Te
system. It will be demonstrated that both the
injected-hole and injected-electron range are reduced
(i.e., deep trapping is increased) significantly in a-Se
films which have undergone prior photoexcitation
with near-band-gap light. This photoenhanced trap-
ping is metastable, decaying away as the specimen
film dark rests (i.e., the electroded film is typically
rested in the dark under short-circuit conditions at
295 K). The nominal relaxation time is about an
hour at room temperature, but is in fact different
for the electron- and hole-metastable traps.

In the following, exposure and spectral depen-
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where L is the sample thickness, e is the relative
dielectric constant, eo the free-space permitivity, and
p(x) the space-charge density. For the case of uni-
form bulk space-charge density po, the above simpli-
fies,
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FIG. 1. (a) Schematic voltage profile of a sample dur-

ing a single xerographic cycle. Vd is the voltage to which
the sample is charged. After photoinduced discharge
(PID), the residual potential is inversely proportional to
the injected carrier p~ product. (b) Repeated xerographic
cycling causes the residual to buildup ("cycle-up").

dence of photosensitized metastable deep trapping
are first described. Spatial distribution of trapped
charges after xerographic cycling is compared in
dark-rested and in photosensitized samples. The
respective relaxation functions of electron- and
hole-metastable trapping (lifetimes of the metastable
centers) are determined at room temperature. The
respective distributions of trap release times (distri-
bution of trap depths) in dark-rested and bulk pho-
toexcited films are then compared. Finally, observa-
tions are discussed in general phenomenological
terms, then examined with respect to defect
models. ' "

BACKGROUND

Figure 1(a) is the voltage profile of a film during
a single xerographic cycle. The cycle is initiated by
a charging step (corona or transient contact to a
power supply). The sample film of capacitance C is
charged to a voltage Vd of either polarity. During
photoinduced discharge (PID) by strongly absorbed
light some fraction of the transiting charge (i.e.,
fraction of CV) falls into deep traps, and the result-
ing trapped space charge is manifested as a residual
potential V~. Residual potential will be either posi-
tive or negative depending on charging polarity.
With repeated cycling the residual (i.e., residual po-
tential) builds up as shown in Fig. 1(b). The residual
potential, measured using a capacitively coupled
electrometer, can be related to the space-charge dis-
tribution function. A one-dimensional formulation
is appropriate,

where X is the number of electronic charges, e, per
unit volume. Notice that as few as 10' electronic
charges per cm in a 50-p, m selenium film (@=6.4)

give rise to a 4-V residual which is easily measured.
It is readily shown that use of the spatially uniform

trapping approximation to estimate the number of
trapped charges from the residual potential intro-
duces serious error (i.e., error factor of 10) only
when the trapped space-charge distribution is sharp-

ly skewed towar dk the substrate. Skewing of
trapped space charge toward the free surface of the
film, for example, introduces an error factor of no
more than 2.

The key experimental parameter characterizing
deep trapping is the p~ product. If p is taken to be
the drift mobility, then ~ is the real-time lifetime
measured in a time-of-flight experiment, p~ is

directly related to the trapping parameters X and

~R /Vd 1 (prVd/L )(ln2). (5)

In general, where comparisons have been made,
p~ computed from the xerographic residual poten-
tial using these expressions agrees well with results
of drift mobility experiments on the same specimen.

Under repeated xerographic cycling, the residual
builds to a saturation value. When cycling ceases
the residual potential decays as the space charge
equilibrium is reestablished. Analysis of a set of
residual curves parametric in temperature enables
the distribution of trap energies to be determined. '

pr=po/(N(o )U,h),

where N is the number of traps per cm' and (cr)
their average cross section. po is the microscopic
mobility, and v,h the carrier thermal velocity. The
product p~ can be determined directly from the
first-cycle residual potential of a well-rested sample
of thickness L. According to Kanazawa and Ba-
tra, ' in the weak-trapping limit, when V~ && V~ {Vd

is the charging voltage),

V~ /Vd (0.5L'/pr Vd )——[ ln(2V&/Vd )] .— (4)

In the strong-trapping limit ( Vz —Vd ), these authors
derive the corresponding relationship
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EXPERIMENTAL

a-Se films 55 pm thick were prepared by vacuum
evaporation at a rate of 2 pm/min onto oxidized
aluminium substrates held at 55'C, which is about
18'C above the glass transition temperature. The
aluminium-oxide blocking layer which formed the
substrate interface was approximately 50 A thick.

Xerographic measurements were carried out ei-
ther in the corona or electroded mode. In the coro-
na mode, xerographic measurements were made on a
reciprocating sample stage. The sample was first
passed under a corona charging device, the corotron,
which could be set to deposit either positive or nega-
tives ions on the sample surface (the corona contact
is blocking). The charging circuitry ensured that a
fixed quantity of charge was delivered to the sam-
ples per cycle independent of their surface voltages.
After charging, the sample was moved to a measur-
ing station where surface voltage could be deter-
mined using a transparent capacitively coupled elec-
trometer probe. The time from termination of the
charging step to the onset of surface voltage mea-
surement was a few tenths of a second. Either the
dark decay or the photoinduced discharge charac-
teristic (PIDC) following step or flash illumination
with strongly absorbed light could be measured. '

Small-signal time of flight could also be measured
for both carriers in the xerographic mode' [xero-
graphic time of flight (XTOF)j. In the latter case,
the transit of a small packet of charge, photoexcited
at the top surface by a weak, 4-nsec pulse of strong-
ly absorbed light could be resolved in the electrostat-
ic field established by prior corona charging. In the
present study, time of flight normally used to eluci-
date transport behavior was principally used to
probe the internal fleld distribution' ' (from which
the space-charge distribution is determined) as it
changed during repeated xerographic cycling. In the
electroded mode samples were provided with semi-
transparent top contacts. In this case charging was
by transient contact to a dc power supply with the
entire sequence controlled by tandem pulse-delay
generators or a microprocessor. In the electroded
mode the sample is motionless during the entire cy-
cle sequence. The response time limitation is thus
set by the sample circuit and electrometer. Xero-
graphic cycle parameters can also be varied over an
extremely wide range.

The photoexcitation history of typical sample
specimens was as follows. The sample was first
preilluminated for a specified time under zero-field
conditions with either filtered or white light.
Tungsten halogen light (3300 K) was filtered using
dielectric interference filters with a bandpass of 10
nm full width at half maximum. White-light il-
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FIG. 2. Residual voltage versus number of xerographic
cycles in a 55-pm a-Se film at T =295 K. Curve a: dark-
rested film. Curve b: film irradiated for 15 min in a
white-light flux of 2)&10" photon/cm sec. Cycling be-

gins after 1 min dark rest. Equivalent space charge densi-

ty represented by right ordinate scale.

RESULTS

In Fig. 2, we compare the buildup of positive re-
sidual potential in a 55-pm thick a-Se film after
prolonged dark rest (curve a) and after only a 1 min
dark rest following a 15-min white-light exposure
(F=2&(10' photons/cm sec) (curve b) The figure.
illustrates the principal results of the present study.
It is found that the residual potential measured after
a single xereographic cycle, the rate of residual
buildup during repeated cycling (cycle-up), and the
saturation residual (value approached after pro-
longed cycling) are all enhanced in samples exposed
to white light prior to measurement. For example,
the figure shows that the positive residual after 100
cycles is enhanced more than an order of magnitude
in the irradiated film. A similar effect is observed
for the negative xerographic residual potential.

lumination from the same source was filtered to
pass between 400—800 nm. White-light photon flux
was experimentally determined using a detector
whose quantum efficiency versus wavelength was
accurately known. A blackbody spectral charac-
teristic was assumed for the 3300-K source. After
light exposure the sample was allowed to rest in the
dark under zero-field conditions for a rest time r
which was varied. After rest the sample was typi-
cally cycled once. Erasure of the surface charge was
by exposure to strongly absorbed light. The residual
potential and the residual decay immediately follow-
ing exposure were measured. In some experiments
cycling was repeated and the cycle up ' and residu-
al decay characteristics were also recorded. In the
present study the temperature was fixed at about
294 K. ESR experiments were carried out in an X-
band spectrometer at room temperature. Sensitivity
was about 10' spins/G. Typical power level was
about one milliwatt.



27 PHOTOENHANCED METASTABLE DEEP TRAPPING IN . . . 7405

600

I014

400

200

Io'
I ~ s s i i i i I I ~ c t 0

Io'
EXP TIME (sec)

FIG. 3. Residual voltage in a 55-pm a-Se sample after
(a) one xerographic cycle and (b) after 100 xerographic cy-
cles vs exposure time. Sample is subjected to a white-light
flux of 2)(10" photons/seccm for the exposure time,
then dark rested 1 min prior to cycling.

0.6
I

+ HOLES

a (pm)
9 90

o ELECTR0NS

I.O—

hVR {X)

aVR (max)

0.5—

600 650
WAVELENGTH (nm)

700

FIG. 4. Relative enhancement of first-cycle positive

(+ ) and negative. (circles) residual after fixed exposure at
the wavelengths indicated. Sample is 55-pm a-Se,
T =295 K, 4 V&(A, ) is the increase above dark-rested resi-

dual after exposure. 6V~ (max) occurs near 650 nm.

The photoenhancement of injected carrier deep
trapping depends on exposure. Figure 3 illustrates
this exposure dependence of the sample to broad-
band light. The effect of exposure on the first cycle
residual (a) is compared to the corresponding effect
after completion of one hundred cycles (b). Expo-
sure dependence is observed for a wide range of ex-

posure times. For very short exposure, residuals ap-
proach those measured on the dark-rested specimen.
For very long exposures the enhanced trapping ef-
fect tends to saturate.

At fixed exposure photosensitization of deep trap-
ping is wavelength dependent. Figure 4 shows the
relative enhancement of positive and negative first-
cycle residual versus excitation wavelength produced
by fixed exposure to monochromatic light. Strong
wavelength dependence was observed between
600—700 nm. This wavelength dependence was the
same for electron and hole trapping with maximum
sensitization occurring near 650 nm. At 6SO nm,
absorption depth is about 9 pm. Optimum sensiti-
zation clearly occurs when radiation penetrates the
bulk. Monochromatic sensitizing radiation was pro-
duced by filtering white light through three-cavity
dielectric interference filters having 10 nm full
width at half maximum. The drop off at long wave-

lengths can probably be attributed to a combination
of factors. The specimen becomes increasingly tran-

sparent as wavelength is increased, while the genera-
tion rate of free carriers per absorbed photon pro-
gressively diminishes. Drop off at short wave-

lengths can probably be attributed to some surface
specific property such as enhanced carrier recom-
bination. ' Alternatively, a natural limit to the sen-

sitization can ensue as the exciting radiation is ab-

sorbed in a progressively decreasing volume.
The spatial distribution of bulk trapped charge is

determined from analysis of xerographic time-of-
flight (XTOF) measurements. In the XTOF experi-
ment a sheet of carriers photoexcited at the sample
film's top surface drifts across the bulk under the
combined action of the uniform field established by
prior corona charging and the local field produced
by any trapped space charge. In the present study
all transit pulses observed in the space-charge free
sample are rectangular with a Gaussian tail. Pulse
shapes exhibit a characteristic distortion' ' when

there is trapped homocharge. The information con-
tained in the pulse shape which is a display of the
derivative of the surface voltage versus time, is
equivalent, in the small signal limit, to current
versus time in a conventional electroded time-of-
flight (TOF) measurement. If the drift mobility is
independent of position, then the magnitude of the
XTOF waveform at any time is proportional to the
local electric field at the instantaneous position of
the drifting charge centroid. The transformation
from the derivative of surface voltage versus time to
internal local electric field versus position is carried
out by recognizing that the instantaneous position of
the charge sheet is proportional to the photoinduced
voltage change at that time (equal to the time in-

tegral up to that time of the XTOF waveform). The
spatial derivative of the local electric field gives the
space-charge distribution from Poisson s equation.

Employing this procedure the space-charge distri-
bution after 100 xerographic cycles was determined
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FIG. 5. Positive space charge profile in an L =55 pm
a-Se sample, T=298 K, after 100 xerographic cycles.
Sample was subjected to white irradiation at a flux
F=2)(10" photon/seccm' of duration a, 10 sec; b, 10
min; c, 60 min. Light incident on top surface at X=0.
Sample was dark rested 1 min prior to cycling.

FIG. 6. Positive space charge profile developed in a

55-pm a-Se sample at T =298 K after (a) a single xero-

graphic cycle, (b) 100 xerographic cycles. Prior to cycling

sample had been exposed for 60 min to a white-light flux

of 2)& 10"photons/cm sec, then dark rested 1 min.

following white-light irradiation of varying dura-
tion. Data are displayed in Fig. 5. Exposure was to
a white-light flux of 2&&10' photons jseccm for a,
10 sec; b, 10 min; c, 60 min. Light was incident on
the top (x =0) surface. The calculated profile is ful-

ly consistent with the distribution of absorbed pho-
tons for white-light illumination and, in addition, re-
flects the exposure dependence already illustrated in
Fig. 3. The corresponding residual voltages are a,
40 V; b, 360 V; c, 560 V. Figure 6 displays the
respective space-charge profiles induced by a single
xerographic cycle (a) and 100 xerographic cycles (b)
following 60 min of exposure to a white-light flux of
2)(10' photons/cm sec. In the measurement used
to obtain Figs. 5 and 6, the sample was dark rested
one minute after irradiation, prior to xerographic
cycling.

The persistance of light-sensitized deep trapping
can be represented by a relaxation function. The ex-
perimental relaxation function is determined as fol-
lows: the specimen is subjected to a fixed exposure,

[ VR(r) —VR( ~ )]/[ VR(o) —VR( ~ )I (6)

VR(0) is the first-cycle residual voltage measured

immediately after termination of irradiation.
VR(oo) is the residual in a completely dark-rested
sample.

Figure 7 compares relaxation functions for the
light-induced metastable trapping of (a) holes and
(b) electrons in an a-Se sample at T =297 K. There
is a significant difference in persistence of the effect
for holes and electrons. In neither case can the de-
cay be characterized by a single relaxation time.
There was some sample-to-sample variability noted
for the hole metastable trapping relaxation function.
However, in all cases persistence of the effect for

then allowed to dark rest for a time r which is ex-

perirnentally varied. After time ~ residual voltage
VR(r) is measured after completion of a single xero-
graphic cycle. The relaxation function is then de-
fined as
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FIG. 7. a-Se relaxation plot (see text) for (a) hole-
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ables. ~ is the dark-resting time after irradiation is ter-
minated. T =297 K, L =55 pm. White-light irradiation
was 5 min in a flux of 2&(10' photon/sec cm
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FIG. 8. Semilo garithm plot of positive and riegative
normalized residual potentials vs time T =295 K, L =55
LMm. Dashed curves are for dark-rested specimen. Solid
curves for specimen subjected to a white-light fl f
2 10')&10 photons/seccm and dark rested 1 min prior to

single xerographic cycle.

electrons significantly exceeded that for holes as il-
lustrated.

The relaxation function describes the persistence

h
of light-sensitized deep trapping. In other wo dwor s,

ow long the metastable centers themselves live (i.e.,
metastable trap lifetime). It is also possible to in-
dependently measure their energy distribution (i.e.,
t e distribution of metastable trap release times).
The latter is accomplished by time resolving the iso-
thermal decay of residual potential created by
charge injected into traps during xerographic cycling
after bulk photoexcitation. Typical room-
temperature data is displayed in Fig. 8. Residual de-
cay data, which is displayed on a logarithmic scale,
is normalized to the t =0 residual value (i.e., residu-
a immediately after the final xerographic photo-
discharge). Dashed curves labeled ( —) and ( + ) are
the respective decay curves for electrons and holes in
a sample which had been dark rested prior to mea-
surement. The solid curves were obtained on sam-
ples with the following illumination history. The
sample was subjected to a five minute white-light ir-
radiation in a flux of 2)& 10' photon/sec cm The
sample was then dark rested 90 sec and subjected to

a single xerographic cycle. The time-varying residu-
al voltages after photodischarge were recorded and
plotted on a normalized logarithmic scale as indicat-
ed. The residual potential decay functions reflect
the distribution of underlying trap release times.
Qualitative comparison of solid and dashed curves
shows that trap distributions become skewed toward
shallower energies for both electrons and holes in ir-
radiated samples.

It is interesting that xerographic cycling experi-
ments demonstrate that capture of a photoinjected

'a
ycarrier onto a sensitized site does not immediatel

restore the precursor state. If the sensitized sample
is cycled to saturation, then allowed to undergo
complete residual decay it will, if recycled imrnedi-

ately, continue to show enhanced trapping of the
photoinjected carriers. The latter is consistent with
the observation that the metastable trap lifetimes are
larger than the metastable trap release times.

Finally the effect of preillumination on states con-
trolling the drift mobility of injected carriers was
determined using the XTOF technique described
earlier. Typical results are illustrated in Fig. 9.
XTOF hole transients are shown for a 55-pm a-Se
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FIG. 9. XTOF hole transients for a 55-pm Se sample
after dark rest, curve a, and after 5-min white-light expo-
sure (2)&10" photons/seccm ), curve b. Transients were

taken after corona charging to + 730 V. The transit time
indicated on the figure, t~, is essentially identical for the
two sample treatments.

film after dark rest, curve a, and then after a 5-min
white-light exposure (F=2 && 10' photons/sec cm ),
curve b. Transients were taken after corona charg-

ing to +730 V. The principal result is highlighted
by the vertical arrow on the figure. The transit time
tR is identical in a and b. Preillumination was
found to have no effect on electron or hole transit
times.

DISCUSSION

Deep trapping of injected electrons and holes is
comparably enhanced at room temperature in sam-
ples preexposed to penetrating light at room tem-
perature. Such preillumination can cause an order-
of-magnitude increase in the deeply trapped (posi-
tive or negative) space-charge density induced by
xerographic cycling, but has no corresponding effect
on drift mobility of either sign carrier. Drift mobili-

ty in a-Se is controlled by shallow traps. Enhanced
deep trapping is dependent on exposure, an effect
manifested over a wide range of exposure times and
on spectral composition of the exciting light.
Geometrical distribution of trapped charge after
white-light sensitization is consistent with the opti-
cal absorption profile of white light in the specimen.
All observations support the conclusion that pho-
tosensitized deep trapping is a bulk effect. Lifetimes
of the sensitized hole and electron trapping effects
were measured, and electron metastable trapping
was found to persist longer than the analogous hole
trapping. The relative energy distribution of sensi-
tized centers were measured by analyzing residual
potential decay.

In the following, results are first discussed
phenomenologically. Phenomenological arguments
appear to place specific requirements on the trap
states involved. These requirements are compared
to the behavior predicted if metastable traps derive
from chalcogen bonding miscoordination de-
fects. ' "

We consider first two alternative phenomenologi-
cal interpretations of light enhanced trapping.

(1) Light alters occupancy of a fixed preexisting
population of localized electron states Th. e usual pic-
ture is that normally empty precursor states (i.e.,
states that exist in equilibrium before the solid is
photoexicted) became filled during preillumination.
As a result of the nonequilibrium occupation of
electronic gap states, physical properties (i.e., opti-
cal, dielectric, and electrical) are altered. Thermal
processes then reestablish equilibrium occupancy
restoring properties characteristic of the dark-rested
solid. The latter is the mechanism suggested to ex-
plain other, more commonly observed, light-induced
metastabilities in amorphous-films such as fatigue'
and persistent conductivity. Fatigue and persistent
conductivity' occur when traps (normally empty
states) become filled and are thereby temporarily
converted to recombination or thermal emission
centers (in the simplest one-electron model of a one-
carrier system, the photoexcitation which produces
fatigue and persistent conductivity simultaneously
reduces the number of traps).

Preillumination affects not only the rate of
development of trapped space charge during the
xerograhic cycling of a-Se ("residual cycle up" ), but
also the saturation residual potential which mea-
sures the maximum number of trapped charges the
specimen can accommodate. Since the absolute
number of traps is assumed to be invariant, pho-
toenhanced space-charge buildup must be a result of
an increase in the average cross section of deep
traps. In fact, prolonged (bulk) irradiation (zero ap-
plied field) enhances the number of experimentally
visible traps by about an order of magnitude (-10"
cm ') with respect to the dark-rested sample. The
model therefore requires at least 10' cm traps
whose cross sections are small enough to render
them invisible during conventional xerographic cy-
cling experiments on dark-rested specimens. These
states are thus clearly distinct from the 10' cm
traps normally made visible by xerographic experi-
ments on unsensitized a-Se films.

To reiterate, if we chose to assume that the total
number of gap states is fixed, the experimental ob-
servations force us to the additional conclusion that
most of these states are invisible as traps until the
specimen is photosensitized.

(2) Light creates new electronic gap states Rever-.
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sible and irreversible optical and structural changes
have been observed in various chalcogenide glasses
including a-Se. ' One set of phenomena is observed
at temperatures below 100 K." Another distinc-
tive set of phenomena is observed near room tem-
perature. ' In certain cases experimental results sug-
gest that light can create localized defect electronic
states. ' ' There is no evidence, apart from that
presented in the present study, to suggest that any of
the reported photoinduced optical and structural
changes effect the transport of charge in chal-
cogenides. (Thermally induced structural transfor-
mations, on the other hand, significantly affect elec-
trical behavior of chalcogenides. ' ' '

)

At temperatures below 40 K, band-gap photoexci-
tation produces luminescence, photoinduced absorp-
tion, and photoparamagnetism in chalcogenides. '

Changes in the thermodynamic behavior of glassy
specimens below 1 K have also been induced by ex-
citation with band-edge light, presumably by
elminating states which act as tunneling centers.
All of this behavior was originally interpreted solely
in terms of light-induced transient repopulation of
preexisting localized electronic gap states. ' More
recent studies, "' however, indicate that prolonged
low-temperature irradiation of chalcogenides can in
fact create defect electronic states near midgap in
direct association with reversible photostructural
changes. In both the original studies of Bishop,
Strom, and Taylor, ' and in the work of Biegelsori
and Street' on photodefect creation, photo-
paramagnetism and induced absorption could be
eliminated by subband-gap irradiation or by anneal-

ing to 150 K. Significant memory effects were ob-
served when low-temperature photoexcitation was
repeated immediately after 150 K annealing. ' The
latter suggesting two simultaneous but distinct pho-
toeffects, namely (1) defect creation and (2) the trap-

ping of photoexcited carriers at defects transforming
these to paramagnetic centers. All of these low-

temperature effects including the memory effect are
completely removed by warming the specimen to
room temperature.

Low-temperature experiments demonstrate that
light can create defect electronic states. Tanaka' has

reported extensively on both reversible and irreversi-
ble room-temperature photodarkening and photo-
volumetric effects. However these room-
temperature effects have not been identified with lo-
calized defect electronic states near midgap.
Tanaka's experiments, in fact, provide no direct evi-
dence for such states. These room-temperature ef-
fects have instead been identified with changes in
the degree of quantitative disorder in the glassy net-
work. ' On the other hand, xerographic experiments
may be providing the first evidence that deep defects

can also be created by room-temperature irradiation.
In the following, experimental results are therefore
reexamined in terms of specific point defect
models' '" proposed for chalcogenides.

COMPARISON %'ITH THE CHARGED
DEFECT MODEL

To simultaneously rationalize key optical, mag-
netic, and electronic properties of amorphous chal-
cogenides, it has been proposed that alternately
charged native defects always exist in some
quasiequilibrium population. ' '" It has been further
proposed that these alternately charged defect pairs
are typically a positive threefold-coordinated and a
negative onefold-coordinated chalcogen atom. " The
electronic configuration of these defects is spin
paired and is made energetically favorable by strong
electron-phonon coupling which leads to a negative
effective correlation energy. ' These defects are pro-
duced in pairs at little cost in energy and exist in
equal concentrations in the melt if no other charged
species (chemical) are introduced. It is proposed
that defect pair production is initiated by rupture of
a chalcogen atom bond. The resulting dangling
bond is a high-energy defect which interacts with
the nonbonding p electrons (lone pair electrons) of a
neighboring chalcogen atom to produce the alter-
nately charged lower-energy defect pair. " It has
been suggested that these defects can exist as bound
pairs [intimate valance alternation pairs (IVAPS)] or
in disassociated form (VAPS). The defect pair
model is predicated on a negative effective correla-
tion energy. If the correlation energy is instead pos-
itive the lowest-energy defect becomes a dangling
bond which is neutral and paramagnetic.

The buildup and decay of low-temperature
luminescence and photoparamagnetism in chal-
cogenides have been interpreted in terms of such na-

tive defect states. Photodefect creation at low tem-

perature has also been interpreted in terms of native
defects. Qualitatively identical photoactive behavior
is observed in important chalcogen binary systems
containing Ge and Se and As and Se, respectively,
and in pure amorphous selenium itself. (Lumines-
cence efficiency is smaller and photoparamagnetism
weaker in a-Se.) The low-temperature experimen-
tal data has been interpreted as being consistent with
the existence of charged defect pairs (IVAPS or
VAPS), which have a diamagnetic ground state.
These exist in equilibrium in the melt and are frozen
in during glass formation. Their number is presum-
ably enhanced at low temperature by prolonged
(damage producing) irradiation. ' It has been pro-
posed that photoexcited neutral paramagnetic
species can be generated by a set of identical transi-
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tions from both the native and photogenerated de-
fect pairs. '

Comparison of the present results on room-
temperature photoenhanced metastable trapping
with the low-temperature data, ' ' ' and with the
native defect models just described prompts the fol-
lowing comments.

(1) The integrated number of deep traps observed
after prolong irradiation of a-Se at room tempera-
ture by xerographic techniques is many orders of
magnitude smaller than the number of paramagnetic
centers' ' excited by comparably low-temperature
irradiation.

(2) ESR is not observed in dark-rested a-Se
films. Neither were we able to detect any room-
temperature paramagnetism after room-temperature
irradiation sufficient to produce about 10' cm
(xerographically detected) electron- and hole-
metastable deep traps in a-Se. (It should be noted
that the effective ESR sensitivity for any magneti-
cally anisotropic system can be significantly reduced
by g-factor broadening in the glassy state. )

(3) From (1) and (2) we conclude that the present
experiments provide no clear evidence that pho-
toenhanced deep trapping at room temperature is
specifically related to low-temperature photo-
luminescence and photoparamagnetism.

(4) If light creates no new states than for reasons
described earlier there must be a mechanism capable
of greatly enhancing the trapping cross sections (for
both signs of the injected carrier) of (what are ini-

tially) very-small cross-section traps. The conver-
sion of neutral traps to attractive Coulombic centers
by the capture of photoexcited carriers seems

perhaps most physically plausible. The latter would

imply however that the preponderant near-midgap
defect states are a population (-10' cm ') of neu-
tral species distinct from the traps which control
space-charge buildup during xerographic cycling of
the dark-rested film. In this regard it is interesting
that recent calculations of Vanderbilt and Joanno-
poulos suggest a positive correlation energy for
a-Se leading to the prediction that a neutral dan-

gling bond would be the lowest-energy native defect.
The neutral dangling bond should however be
paramagnetic and ESR is not observed in the dark-
rested film.

(5) In the absence of fully definitive evidence the
explanation of photoenhanced deep trapping based
on photodefect creation remains appealing. In this
picture breaking a bond could lead either to forma-
tion of a defect pair or a dangling bond depending
on the sign of the correlation energy. The problem
is that (a comparable population of) hole- and
electron-metastable traps are observed to decay at

different rates in the dark which appears to rule out
(for the case of negative correlation energy) direct
recombination of alternately charged defect pairs.
On the other hand, if the lowest-energy defects are
(neutral) dangling bonds, two distinct neutral species
appear to be required.

To sustain the charged —defect-pair picture (nega-
tive correlation energy) operationally requires the ex-
istence of an intermediate buffer state. This buffer
would temporarily store the excess charge released

by the more rapidly deactivated hole-metastable
trap. The buffer state must be present at a concen-
tration considerably exceeding that of the traps ob-
served xerographically in the dark-rested sample.
Furthermore, the buffer cannot act as a trap for in-

jected charge. Given these constraints we suggest
that the buffer would most likely be a decay inter-
mediate of the hole-metastable trap itself.

SUMMARY AND CONCLUSIONS

(1) Deep trapping of injected holes or electrons is
temporarily enhanced in a-Se (and in Se-rich alloys
in the As:Se:Te system) after near-bandgap photoex-
citation. For example, a 60-min exposure of a 55-
pm a-Se film to a white-light flux of 2X10'
photons/cm sec increases the deep trapping of both
carriers about an order of magnitude. Photosensiti-
zation of deep trapping is a bulk effect which exhib-
its characteristic wavelength and exposure depen-
dence.

(2) After bulk photoexcitation ceases, distinct de-
cay times for the persistence of metastable hole and
electron deep trapping are observed. Electron trap-
ping metastables decay more slowly than their hole
counterparts.

(3) In both dark-rested and photoexcited samples
the average release times of trapped electrons is
larger than the average release times of trapped
holes.

(4) ESR is not observed in either the photoexcited
or dark-rested samples at room temperature.

(5) Two alternative phenomenological explana-
tions have been suggested. The first is that capture
of bulk photoexcited electrons and holes by very
small cross-section precursor states converts them to
larger cross-section traps. The second is that light
creates point defects by breaking bonds. The former
requires that a large number of neutral low cross-
section defects exist near midgap in the dark-rested
film. The latter needs to be reconciled with the ob-
servation that hole and electron metastable traps de-
cay at different rates in the dark.
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