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Photoinduced changes of ac transport ira-As,Se; films: Role of defects and band tails
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The role of defect states and band tails in the increase of capaciiameginary part of ac conductivity
with illumination at 20 K is discussed fa-As,Se; thin films. The time increase of capacitance with illumi-
nation has two components, fast and slow. The initial abrupt increase is attributed to the hopping of holes in the
band tails. The slow increase is related to the creation of new defects and the subsequent electron hopping
between them. When illumination is switched off, the contribution of hopping of holes in the tail states ceases,
while the contribution of newly created defects persists. This persistent change is annealed out at room
temperature. The illumination and annealing behaviors of the slow process can be related to those of the
light-induced electron-spin resonan¢80163-1829)00624-4

Chalcogenide glasses when illuminated by band-gap lightHewlett-Packard 4248 Ain the capacitance mode at vari-
undergo various changes in their electrical, optical, and othepus frequencies. It has an accuracy of 10~ 1* farads and
properties: Some of these changes can be reversed back tmeasurements in the range of 28 farads are possible. Ca-
their original configuration by annealing below the glasspacitance measurement is a precise tool, as the measure-
transition temperatureTg). The changes in electrical prop- ments cannot be affected in the frequency range below 1
erties can be associated with the creation of charged ( MHz by the series resistance of the contact metal and very
andD ) and neutral D°) defect centers by illuminatich. ~ small changes can be monitored.

By observing light-induced electron-spin resonance The variation of capacitance during illuminatiofO min),
(LESR) in amorphous chalcogenid@st is seen that there after stopping the illuminatiori20 min), and again during
exist two separate components, fast and idwf the in-  illumination (60 min) for a-As,Se;, at 1 KHz, is shown in
crease of signal with illumination. They have been classified™ig- 1. The capacitance increases abruptly as soon as the
as arising due to “charge transfer” and “defect creation,” illumination is switched or(statesA and E in Fig. 1), fol-
respectively’ The induced LESR signals can be annealed outowed by a gradual increase in capacitastatesB andF in
at room temperature. Kondet al.* by studying capacitance
in a-Se, concluded that the annealing behavior of capaci
tance and LESR signals show a similar behavior. The role o 157
defect states in the increase of capacitance, with illumina:
tion, however, is still not clear. 114

We have studied the illumination-induced changes on the
capacitance of amorphous /8%, (a-As,Sey) films, which is
one of the typical amorphous chalcogenides. The two distinc
increases, i.e., the abrupt and the slow increases, have be
found and the origin of these changes is discussed in th
present study.

Thin films of a-As,Se; (thickness~0.5 um) were pre- R
pared onto indium tin oxiddTO) (width 1 mm) coated glass 110 esee®®’
substrates at room temperature in a vacuum of approximatel oo 0 50_100 150 200 250 300

6 i @? oc{) ‘ : Y ‘ Tem‘peratur‘e K] ‘
1X 10 ° Torr. Gold(width 1 mm) was evaporated as the top 110

] . X . -20 0 20 40 60 80 100 120 140

electrode to make the sample in a sandwiched configuratior _ )
Before depositing Au, the samples were annealed at 433 K Time (minutes)
for 2 h invacuum. The samples were illuminated, from the £, 1. variation of capacitance with time farAs,Se; films at
ITO side, by a halogen lamp40 mWicnf) through an ir 20 for the representative frequency of 1 KHz. StaAgroughG
cutoff filter. The samples were annealed at different annealdgenote the various conditions and are explained in the text. Note,
ing temperatures, for 120 min, in the same cryostat withouthe capacitance befote= 0 min is the stabilized capacitance, before
removing them. Other details are similar to those reportediumination, at 20 K. The inset shows the temperature dependence
earlier’ Capacitance was measured using a LCR bridgef capacitance in the dark conditions.
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Fig. 1. When the illumination is switched off after 40 min, hv

the capacitance decreases rapidly by around @3&teC in

Fig. 1), and then remains nearly constant for the whole time

during which the illumination is turned offstateD in Fig. P02 < — Py*
1). When the illumination is switched on again after 20 min, .C\l
we observe an abrupt increase in capacitance initially, which
then changes to a slow increase of capacitance, which is

similar to that observed by the illumination before the pause

in illumination. The capacitance is found to keep on increas-

ing, at a relatively slower rate. When the illumination is hv

switched off after 60 min, the capacitance decreases sharply /

and then remains nearly constant. Note, a similar behavior is Cr

observed for the changes in capacitance at all the measured

frequencies, but Fig. 1 shows the data for the representative

frequency of 1 KHz. C, o P,*
We discuss these two distinct behaviors of the increase in QO P s

capacitance separately. First, we will discuss the abrupt in-

crease of capacitance when the illumination is switched on. ® C8.Se) (b)

The abrupt increase of capacitance is attributed to hopping of

holes in the valence-band tails, since hole transport is more FIG. 2. Possible configurations of photoinduced defects in
dominant in amorphous chalcogenides. In fact, band-taigmorphous AsS(Se)s. (a) and(b) show the unstabléannealed out
hopping of holes, which gives rise to a temperature-atlow temperaturgsand stablé¢annealed out at high temperatures
independent photoconductivity at low temperatures, has begipnfigurations, respectivelRef. 15. Other details are explained in
suggested in amorphous chalcogenitiassimilar abrupt in-  the text.

crease of capacitance with illumination has also been ob-

served in hydrogenated amorphous silicargi:H).® How- illumination are removed by annealing n&gy. This behav-
ever, it is observed that ia-Si-H, the value of capacitance, ior suggested that different mechanisms are responsible for
after putting off the illumination, returns to the initial an- the induced changes, depending on the temperature at which
nealed state. The increase in capacitance during illuminatiolumination is performed.

for a-Si:H is suggested to be due to hopping of electrons in Since the illumination was done at 20 K in the present
conduction-band tail8.After stopping the illumination, the work, we expect that the slow increase following the initial
holes in the valence-band tails recombine with electronsabrupt increase is due to the hopping of electrons and holes
which attributes to the rapid decrease of capacitance aftdretween these newly created defects. The bipoléropping
stopping illumination(statesC and G in Fig. 1). When the of two electrong between two charged defect centers and/or
illumination is again put on after the pause in illumination, the single polaron hoppinghoping of a single electron or
the initial abrupt increase can be attributed to the samdole) between a charged and a neutral defect state can con-
mechanism. Through a detailed study of these abruptibute to the increase of capacitance. We will then discuss
changes of capacitance with illuminatiqe.g., frequency which mechanisn{or both dominates the gradual increase
and temperature dependence of the abrupt incyeader-  in capacitance.

mation about the dynamics of carrier diffusion, and thus tail Figure 3 shows the time-dependent change in the slow
states hopping, can be discussed in detail. These will be disomponent of capacitance in an experiment with no interrup-
cussed in a future publication.

Next, we discuss the gradual increase of capacitance tha*
follows the initial abrupt increase. As shown in FigaR
illumination may create new intimate paitd®’s) of defect
states (conjugate pairs of charged defects, for example
P,"-C,~, whereP and C, respectively, refer to pnictogen
and chalcogen centers, and the subscripts and superscrip
denote the coordination and charge of the defects, respec
tively), which may be stable at low temperatures but unstable
at around room temperatutdt is known that the hopping of
charge carriers betweeR," and C,~ contributes to ac
transport properties of amorphous chalcogenidé30On the
other hand, some other defects, eB,,'-C,~ pairs, may
also be created. Their number, however, is expected to be 111 : ‘ : :
small and hence contribution of these defects to ac conduc 0 20 0 60 80 100
tivity may be ignored. In a-As,Se films, the changes in- Time (minutes)
duced by illumination of the real part of ac conductivity have
been studied in detalf:*2 The changes introduced by low-  FIG. 3. Fitting of the empirical equation to the experimental
temperature illuminatiof90 K) are annealed out at around data during illumination. The effective relaxation time and disper-
200 K, while the changes by room temperat(Rd) (300 K) sion parameter, estimated from the fitting, are also listed.
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tion of illumination. Note that the abrupt increase due to the
contribution of holes hopping in the tail states has been ig-
nored for this discussion. The time evolution of the slow
component can be fitted to the following empirical equation:

I

where AC is the induced capacitance changeC is the
saturated capacitance in the present illumination conditions,
a is the dispersion parameter, ands the effective relax-
ation time. The fitting is shown by the solid line in Fig. 3.
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From the fitting, the values af and r were estimated to be 0 : : - ‘ ‘
0.64 and 50 min, respectively. The fitting of the experimental 100 150 200 250 300 350
data to Eq.(1) may suggest that a single procegsther Annealing Temperature [K]

bipolaron or single-polaron hoppinglominates the gradual
increase of capacitance, since the changes are replicated well FIG. 4. Recovery of capacitance with annealing. The recovery
by a single line. The dependence of the parameteasid of capacitance is defined as the ratio of the recovery of the in-
on the film thickness is not clear from the present work, agreased capacitance to its original value. The annealing was done
we have done the measurements on the films having apprO)écpr 120 min at each temperature. The capacitance was measured at
mately the same thickness. 20 K. The solid line is a guide to the eye.

If the abrupt increase and decredsentributions due to
holes hopping in the tail statess subtracted from the total peratures fora-As,Se, is shown in Fig. 4. The recovery of
increase of capacitance with illumination, we observe thatapacitance is defined as the ratio of the recovery of the
the capacitance shows almost no change after the illumindncreased capacitance by illumination to its original state
tion is turned off. In other words, we can say that the in-pacitance before illuminationNote that the capacitance is
crease of capacitance due to the electron hopping betweeilways measured at 20 K, after respective annealings. The
defect states remains unaffected when the illumination igapacitance returns to the original state after annealing at 300
turned off. A similar behavior is observed for the case of theK, indicating that the changes induced by illumination have
LESR signalt® where almost no change is observed afterfully been annealed out.
switching off the light and the signal persists. This persistent |t should be noted that a similar increase of about 15% in
capacitance of the LESR signal is not annealed out at lowhe capacitance has been observedafoks-Se films by il-
temperatures but is annealed out at room temperature. It {gmination and these changes can be annealed out at
suggested, therefore, that the gradual increase of capacitant®0 °C6 These changes in capacitance can be related to un-
cannot be attributed to the unstable photoinduced P&,  stable configurations as shown in FigaR The different
P, andC; ™). There exist two types of defect centers con-annealing behaviors from the present results can be attrib-
tributing to the LESR signals in AS;_, films when mea- uted to different illumination conditions. In our earlier
sured at low temperaturé$One type of LESR signatype  work* we have reported the increase of the capacitance of
) is relatively unstable and is annealed out at around 200 Ka-Se illuminated at 20 K. These changes were annealed out
while the other type of signaltype Il) is annealed out at at 160 K, which coincides with the annealing temperatures of
around 300 K. The type-I defect states have been identifiethe LESR signal foa-Se.
with electrons and holes trapped at the,A®r S,~ center Let us discuss the other possibilities that may contribute
[Fig. 2a)]."** The type-1l LESR signals are identified Bs®  to the increase of capacitance with illumination and why we
or C,° centers, which are shown in Fig(®.'*° Note, the have ruled them out to explain the increase in the present
presence of many wrong bonds, eB5—P andC—C in  cases. One such possibility can be the change in junction
amorphous chalcogenide films, is suggested as the origin @fapacitance with illumination that will effect the measured
the LESR Il signal by Elliott and ShimakawWaThese close capacitance. We have observed that the application of both
pairs of defect configurations are considered to be stablpositive and negative dc bias voltage does not affect the ca-
against annihilative reconstruction as long as extra electronsacitance changes during illumination, which led us to rule
are liberated into the conduction band. This makes these deut this contribution.
fects stable and can be annealed out only at higher tempera- We also dismiss the involvement of a thermal effect for
tures. We postulate here that the situation indh8s-S sys-  the abrupt changes of the capacitance as the magnitude of the
tem is basically the same as that in theéAs-Se system. In  abrupt increase of capacitance corresponds to a temperature
fact, there are two types of photoluminescence centers botincrease of nearly 200 Ksee the inset of Fig. 1 for the
for a-As,S; and AsSe;.! The tunneling or overbarrier hop- temperature dependence of dark capacitanetich is un-
ping of electrons betweed;° and P,° is possible and this reasonably high for the present experimental conditions.
may contribute to the gradual increase in capacitgdisee In summary, the effects of illumination on the capacitance
Fig. 2(b)]. The configuration shown in Fig.(2) still exists of a-As,Se films have been studied at 20 K. The initial
after putting off the illumination and is annealed out atabruptincrease in the capacitance is attributed to the hopping
around room temperature, to the ground stateB 8for C,°. of holes in the band-tail states and the following slow in-
The recovery of capacitance with annealing at various temerease is due to single electron hopping between the newly
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created pairs of defects. When the illumination is turned off slow component of capacitance is expressed by a single
the contribution of holes in the tail states ceases abruptly anstretched exponential function.

then the capacitance remains nearly constant. This persistent

photoinduced capacitance is attributed to the presence of One of the authoréK.S.) acknowledges a grant-in-aid for
metastable neutral centers contributing to LESR signalsScientific Research from the Ministry of Education, Sports
which are annealed out at 300 K. The time evolution of theand Culture of Japan.
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