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Photocurrent enhancement in light-soaked chalcogenide glasses

Naoko Toyosawa and Keiji Tanaka
Department of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan
(Received 24 February 1997

Photocurrent changes with light soaking have been studied in amorphg8SAsTg; and Se and crystal-
line As,S; and Se at 10—300 K. In the chalcogenide glasses the photoconductive degradation occurs at 300 K,
while at low temperatures photocurrents in subband-gap spectral regions increase with light soaking. In the
crystalline samples, no such changes are detected. The photoconductive enhancement appears to be related to
the photoinduced midgap absorption, and the microscopic mechanism is discussed in a unified way. The
observations are also compared with those in the Staebler-Wronski effect in amorphous Si:H films.
[S0163-18207)04436-9

I. INTRODUCTION faces @-c crystalline plang were monitored using Au-film
coplanar electrode§l00 um gap separation and 2 mm gap

Effects of light soaking on dark conductivities and photo-width). Trigonal Se films were obtained by thermal crystal-
conductivities in amorphous semiconductors are importanlization of a-Se,and similar coplanar electrodes were depos-
subjects from both fundamental and practical points ofited. These samples were mounted in an optical cryostat, and
view.1? Specifically, the Staebler-Wronski effect appearingthe temperature was varied between 10 and 420 K.
in hydrogenated amorphous i-Si:H) (Ref. 3 poses seri- Light soaking and photocurrent measurements were per-
ous problems in solar-cell applications, and extensive studie®rmed using a 250 W ultrahigh-pressure Hg lahep500 W
are being performed. Also in chalcogenide glasses at roon{e lamp, and an Ar laser. Light soaking was made with these
temperature, Shimakawet al. have demonstrated a similar sources, and photocurrents were simultaneously monitored
degradation phenomenon of photocurrérifhese photodeg- under these excitations with applied dc biases of 0.1-50 V
radation phenomena are considered to be caused by a photgsing a digital electrometgAdvantest, R8340A The light
induced creation of some kind of defects; the details are nantensity was held less than 50 mW/&nunless otherwise
elucidated. On the other hand, in previous studféi,has  specified, and accordingly the photoefféfsand tempera-
been demonstrated that photocurrents in amorphous Se ahdre rise induced by intense illumination could be neglected.
As,S; held at low temperatures increase with light soaking;In addition, photocurrent spectra before and after light soak-
i.e., photoconductive enhancement can occur. However, déag were probed using the Xe lamp, a conventional mono-
tailed characteristics of the photoconductive enhancemerhromator, and the electrometer. The wavelength resolution
have not been investigated, and accordingly the mechanismas~5 nm, and the light intensity is less tharl mwi/cnt.
remains to be studied. Optical absorption spectra were measured using a conven-

In the present paper, therefore, extending the previousonal spectrometer.
studies® we will examine the details of the photocurrent
increase in chalcogenide glasses. The present study will pro-

vide a guiding concept for modifying photoconductive char- . RESULTS
acteristics in other amorphous materials suchaaSi:H )
films. A. Exposure-time dependence

Figure 1 shows photocurrent changes #As,S; moni-
tored under light soaking from the Hg lamp. At 300 K, we
see that the photocurrent decreases with illumination, that is

Samples investigated were amorphous-)As,S;, the photoconductive degradation occurs. This feature is
As,Se;, As,Te;, and Se, and crystallinee{) As,S; and Se.  qualitatively consistent with those reported previously for
For a-As,S(Se, T@s, melt-quenched bulk glasses were em-annealed film$:**! Also in agreement with previous obser-
ployed. The flakes were polished to a thickness-df mm  vations, the degradation has appeared-iAs,Se;,>*** but
with a lateral dimension of~5 mm using alumina powders, notina-Se(Ref. 2 anda-As,Te; (Ref. 12. As shown in the
and then these were annealed foh ataround the glass- figure, however, at 100 K the photocurrent increases with
transition temperaturésin vacuum. Fora-Se, thin films illumination from the Hg lamp. Similar photocurrent in-
which were evaporated on to slide-glass substrates at roonteases at low temperatures have been detected also in
temperature were employ&dThickness of the films was As,SgTe); and Se.
~0.4 um. For conductivity measurements of these amor- On the other hand, light-soaking effects upon dark cur-
phous samples, Au-film interdigital electrod€0-pair fin-  rents could not be investigated in detail due to small signals.
gers, 10um gap separation, 1 mm gap widlthere deposited That is, in AsS; at temperatures below 300 K, dark currents
by vacuum evaporation. Orpiment-As,S;was obtained could not be measurgtess than 0.1 pA In As,SgTe); and
from Yakut (Russia, and photoresponses for cleaved sur-Se, no appreciable changes in dark currents with light soak-
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T T T T tion energy of~1.0 eV, which is comparable with previous
w090 EL aAssSs results of 0.4-1.2 eVe1 The temperature dependence of
2 B the photocurrent in the annealed state is also consistent with

= o-AsyS3 300K a previous resuft® That is, at around 300 K the photocurrent
o increases with an activation energy of 0.2 eV, and at low
§ temperatures the photocurrent becomes mostly constant.
% a-AssS3 Figure 2 also shows the light-soaking effects. We see that
.5_10“0-— P E light soaking from the Hg lamp induces a decrease in the
c-AssS3 100K ] photocurrent at around 300 K, while at temperatures below
T ) . L] 150 K it gives rise to the photocurrent increase.
0 20 40 60 More interesting in Fig. 2 may be the photocurrent

exposure time (min.) changes with temperature variations as follows. First, the an-

nealed and the light-soaked states at 300 K give a similar
photocurrent level when the sample is cooled down to tem-
peratures below 100 K. Second, the photoconductive en-
hanced state at low temperatures reduces to the photocon-
ductive degraded state when the sample is heated to 300 K,
and then it recovers to the annealed state at temperatures
below 100 K. That is, the enhanced state disappears with
annealing at 300 K. In more detail, isochronal annealing in-
vestigations have demonstrated that a photoconductive en-
hancement at w=1.4 eV induced at 13 K by illumination
fom the Hg lamp disappears completely with annealing at

c-Se.These observations suggest that the light-soaking effeﬁbo K for 1 h. Third, the degraded state at 300 K recovers to

's characteristic of the amorphous material. the initial state only with annealing at the glass-transition
Effects of light spectra and intensities upon the phOtocu.r‘[emperaturev450 K (Ref. 7 which is consistent with the
rent enhancement have been studied, an example bei
shown previously.In more detail, when an AS; glass was
illuminated at 13—100 K with monochromatic light of 2.48—
2.76 eV with light intensity of~10 mW/cn¥, the photocon-
ductive enhancement occurred qualitatively in the same way i
as that shown in Fig. fland Fig. 3a)]. In addition, a similar Figure 3a) shows photocurrent spectraanAs,S; before
enhancement occurred more promptly when light with 2.542nd after light soaking from the Hg lamp for 30 min. The
eV was strengthened te2 W/cn?, while we might assume spectrum in the ang_ezrilled state at 300 K is §|m.|Iar to those
appreciable temperature rise under this condition. reported prewouslﬂzr The band-to-band excitation occurs
at Aiw=2.4 eV, which is consistent with the Tauc optical
band gap energ, .1 We see that the light soaking at 300 K
gives rise to the photocurrent decrease over the entire spec-
Figure 2 shows temperature dependences of dark currenl region investigated. However, the photocurrent increase
and photocurrents monitored at a photon energy of 2.8 eV ifnduced at 13 K is remarkable at the subband-gap spectral
a-As,S;. The dark conductivity at 350 K is estimated roughly region ¢tw<Eg).
at 10 '* S/cm, and it is thermally activated with the activa- ~ Photocurrent spectra ia-As,S¢Te); and a-Se before
and after band-gap light soaking are also shown in Fi@®, 3
3(c), and 3d). At 300 K, the photoconductive degradation
4 appears im-As,Se; over the entire spectral range, while in
- a-As,Te; and a-Se no appreciable changes appear. How-
] ever, at 13 K, the photoconductive enhancements occur in all
. the materials at subband-gap spectral regions.
Figure 4 compares the photocurrent and optical absorp-
,’ ] tion spectra in AgS; at 13 K before and after light soaking.
. We see that before and after light soaking the photocurrent
/o and the absorption coefficient manifest very similar spectra.
In fact, the increases in the photocurrent and the absorption
coefficient are quantitatively the same. The increase in the
absorption spectra at low temperatures was originally discov-
ered by Bishopet al,?? and is referred to as “photoinduced
midgap absorption® since the absorption increase is promi-
FIG. 2. Temperature dependence of dark curteiashed ling ~ Nent in the subband-gap spectral region.
and photocurrents in the annealsolid line) and light-soakeddot- In addition to the very similar spectra, the photoconduc-
ted line states in ara-As,S; sample. The photocurrents are probed tive enhancement has resembled the photoinduced absorp-
with light of 2.8 eV and~1 mWi/cn?. Solid arrows indicate the tion increase in two respect$? First, the photoconductive
changes induced with light soakirigig lamp for 30 min. enhancement in AS; has disappeared with annealing at

FIG. 1. Photocurrents in amorphows | As,S; (solid lineg and
crystalline €-) As,S; (dotted line$ as a function of exposure time
at 100 and 300 K. The samples are illuminated with ligho
mW/cn?) from an Hg lamp under bias voltages of 10 V/afn for
a-As,S; and 50 V/100um for c-As,S;.

ing were detected at room temperat@ignd at low tempera-
tures dark currents could not be measured.

As shown in Fig. 1, inc-As,S; no light-soaking effect
upon photocurrents appears. Neither has it appeared

"Wevious observatiorf

C. Spectral dependence

B. Temperature dependence
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FIG. 3. Photocurrent spectra (@) a-As,S;, (b) As,Se;, (c) As,Te;, and(d) a-Se in annealedopen symbols with solid lingsand
light-soaked statesolid symbols with dotted lingsat 13 K(circles and 300 K(triangles. The photocurrents are normalized at a probe light
intensity of 1 mW/crd and an applied bias voltage of 1 V/m. Arrows at the bottom and the top indicate the Tauc optical bandgap
energies at low temperaturés0—80 K) and 300 K(Refs. 1, 34, and 35

200-300 K. Second, the photocurrent increase has beamt to the glasses. No changes appear in the crystalline ma-
erased with illumination of subband-gap light. For instanceterials. The other is that the photoconductive degradations
in As,S;, the photoconductive enhancement has mostly disevaluated at room temperature depend upon the kinds of
appeared with illumination of 1.4 eV light. glasses, while in marked contrast, the photoconductive en-
hancements at 13 K are roughly the same in all the amor-
phous materials investigated.

In addition, it has been demonstrated that the photocon-

Table | summarizes some observations. We see two iMgctive enhancement is closely related with the photoin-
portant features. One is that the light-soaking effect is inhery,cqq midgap absorption in spectruffiig. 4. We can

IV. DISCUSSION

(4

therefore, assume that the photocurrent increase is caused by

 nsss the absorption increase, which can be responsible for the
Z 102F 13k increase in the number of photoexcited carriers. Changes in
= the carrier mobility and the lifetime seem to provide little
g r » ! effects, since the photocurrent is mostly unaffected in the
§ 10_'14; _ (_ bandgap spectral regiofisig. 3. Note Ehat the present view
3 P E is different from that by Johansat al.” who have assumed
s . * - that the photoconductive enhancement is caused by the pho-

i ] todarkening phenomendnHowever, the annealing kinetics

1071655 5 3 100 cannot be understood with their model.
photon energy (eV)

. ) . A. Charged defect model
FIG. 4. Photocurrent spectfaircles with left-hand-side scale

and absorption-coefficient spectréright-hand-side scale in
a-As,S; in the annealed stateolid lineg and the light-soaked state
(dotted lines at 13 K.

A conventional way to understand the photoconductive
changes in chalcogenide glasses may be to follow the so-
called charged defect concept originally proposed by Mott
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TABLE I. Physical characteristics and photocurrent changes in the materials investigated in the present study. Listed are, from the
left-hand to the right-hand side, the dark conductivityat 300 K, the photoconductivity, at 300 K under a band-gap illumination of 1
mW/cn?, the photocurrent decrease at 30QAK, (300 K), the photocurrent increase in subband-gap spectral regions atAli3 K3 K),
the energy heights d&; andE,, the Tauc optical bandgap enerBy at 300 K(Refs. 1, 34, and 35and the glass-transition temperature
Ty (Ref. 7).

Material oq (Slcm o,(Slcm) Ao, (300 K) Ao, (13 K) E; (eV) E,(eV) Eq (eV) Ty (K)
a-As,S; <10 % 102 —1 order +1 order 0.3-0.5 09-1.4 2.4 470
a-As,Seg 1012 10710 —0.5 order +1 order 0.1-0.7 0.9-1.3 1.7 460
a-As,Te; 1076 10°© ~0 +1 order 0.1-0.7 <0.7 0.8 410

a-Se 1012 1071 ~0 +1 order 0.2-0.6 <0.7 2.0 310

c-As,S, <10 ¥ 10°° 0 0 2.8

c-Se 108 10°° 0 0 1.8

et al1? Otherwise, we may follow the valence-alternation- B. Intercluster interaction model

pair model proposed by Kastner al.” Following these mod- The photoconductive enhancement and the degradation in

els, we here employ a configuration diagram illustrated incha|cogenide glasses can also be understood without assum-
Fig. 5. In this diagram, it is essential that the energy mini-ing the bond breaking. Ovshinsky pointed out the importance
mum of the photoexcited state is located above B¢  of interaction between lone-pair electrons of chalcogen at-
state” That is, photoexcited states after lattice relaxationoms belonging to different segmental and/or fragmental
andD? possess similar atomic structures. The diagram is thelusters’® Actually, Watanabet al?® demonstrated theoreti-
same as the previous of@xcept that the energy barrier in cally that lone-pair electrons of chalcogenide atoms interact-
the excited state is excluded héfe. ing with each other through van der Waals forces can pro-
As illustrated in Fig. 5, the photoconductive enhancementiuce electrically neutral gap states in amorphous
at low temperatures can be accounted for with the appeaghalcogenides, which might be regarded as a kind of polaron
ance of theD® state€ D° can be created from~ (andD*)  model* In the following, the two quasistable stat®$ and
and a normal bonding structure by photoexcitation, and th® ~ in Fig. 5 are replaced by the structuf@g andD, illus-
defect can exist in stable at low temperatures since therated in Fig. 6 _ _
exists the energy barrier &, .Here, this explanation is com- _ The photoinduced changes may be the following. In Fig.
pletely the same as that employed for the photoinduced mic@(@, there exists a normal bonding site, where the interaction

gap absorptiod. The D can be a source of the photoconduc- between Ione-pair eleptrons of chalcogen atoms is stronger,
tive enhancement at subband-gap spectral regions. and accordingly the site can act as a hole trap. This is be-

On the other hand, the photoconductive degradation obause the lone-pair eleciron states_ of chalcqger_w atoms form
. . the top of the valence band, the width of which is governed
served at~300 K can be connected with the creation of by the interaction between the lone-pair electrbA?®
D" centers. Here, e llustrated in Fig. 3, centers can be o "an glectron-hole pair is excited by illumination, the
tralnsfgrmed fronD™ centers with the the'rmal energy at 30(.) hole can diffuse, leaving behind the electron which is less
:;' D* E{:enters_, ma)é also bte ffatt:_d S|mtultaneously,t Wh"‘?nobile. The hole may be captured by the hole trap, then it
€ existence 1S not essential nete.  centers can act as being trapped deeper through modifying the intercluster in-
recombination(or trapping centers for holes due to Colum-

bic attractive forces, and accordingly the photocurrent de-
creases with light soaking. These photoinduced charged de-
fects are metastable, which can recover to the normal NB
bonding structures with annealing at the glass-transition tem-
perature. Note that this model is essentially the same as that
proposed by Shimakawet al?*

hole/ trap E t

FIG. 6. Schematic illustrations of the intercluster interaction
model. Atomic images are illustrated farAs,S; with the corre-

FIG. 5. The configuration-coordinate diagram of photoinducedsponding energy band&), (b), and(c) refer to the normal bonding
changes. The solid and dashed lines with arrows represent the trarsfructure, the light-soaked structure at low temperatures, and the
formations responsible for light soaking at 13 and 300 K. light-soaked structure at room temperature, respectively.
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teraction. That is, lattice relaxation takes place. On the otheenon called the inverse Staebler-Wronski effect is
hand, the electron is possibly self-trapped at the photoexciteteported?®~3? Light soaking of p-type a-Si:H induces in-
site through deforming intracluster and intercluster struccreases in the dark conductivity®°-32and in some cases in
tures. This site can provide localized states at the edges @he photoconductivity as wef In this respect, the phenom-
the conduction and the valence band, the situation being ilenon is similar to the present observations. However, the
lustrated in Fig. €). Here, the trapped hole can cause thejnyverse Staebler-Wronski effect is interpreted to be manifes-
midgap absorption, since phqtoexcn_anon of an electron ingtions of optical activation of oxide layéfsor doped
the valence band to this hole is possible. Therefore, the phogioms29-32\which cannot be responsible for the present case.
toconductive enhancement can occur. However, at room  apermatively, the present photoconductive enhancement
temperature, the therm_al energy can excite the trapped eleFe'sembles the Staebler-Wronski effectdrSi:H in the re-
tron, I_eavmg the gitomlc structur_e unc_hanged. The electrogpect that both accompany the midgap absorgtidnAs
can diffuse, and it may recombine with the trapped hole. . .

. . . demonstrated in the present study, however, in the chalco-
Here, the atomic structure of the hole trap will partially be enide glass at low temperatures the photocurrent increases
relaxed. In consequence, as shown in Fig),6the number genide giass remperat P

with illumination, while ina-Si:H at room temperature the

of hole traps increases, which is considered to be the origi . o :
of the photoconductive degradation observed at room terrphotocurrent decreases with illuminatidhVhat causes this

perature. difference? A possible reason lies in the difference of carrier-
transport mechanisms in amorphous semiconductors at room
and low temperatures. That is, at room temperature the trans-
] ] ] ] _ port occurs through extended states with multiple trapping
_In both models, the configuration diagram illustrated ingnq 5o fortit; while at low temperatures it seems to be sus-
Fig. 5 is commonly applicable, and accordingly it may be,ineq by the quantum-mechanical hopping through localized
valuable to discuss the compositional trend using the d'aband-tail state&® Accordingly, the midgap states at room
gram. First, the fact that the photoconductive enhancement %mperature are responsible for a reduction of the mobility-

low temperatures is un_|versally ob_served n Ch"’ucogen'd‘ﬁfetime product of carriers, while at low temperatures the
glasses suggests the existence pivhich possesses a nearly states can act only as carrier donors, not as recombination

constant height. Second, the result that the photoconductive .
S '9 >u P u IVaénd/or trapping centers. If so, the photocurrent enhancement

degradation at 300 K is dependent on the materials can b bband | reai Id 0B H
reduced to the material-dependence of the barrier height t subband-gap spectral regions could occur IS0 at
ow temperatures. Actually, the result obtained using the

E,. As the material is more metallic and/or the glass- - >
transition temperature is loweE, will be smaller. Then, constant-photocurrent method by Stradins and FritzSche

even at room temperature no light-soaking effects can agn@y imply such possibilities.
pear. Such situations most possibly applyatdAs,Te; and
a-Se.

The above qualitative idea can be developed to give quan- V. CONCLUSIONS
titative evaluation of; andE,.The barrier heights can be
estimated from measured lifetimes of the photoenhanced and
photodegraded states through assuming thermally activat
relaxation® That is,

C. Material dependence

In chalcogenide glasses at low temperatures, the photo-
rrent increase at subband-gap spectral regions occurs with
illumination. In contrast to the photoconductive degradation

observed at room temperature, the photoconductive enhance-
ment is universally observed in all the chalcogenide glasses
Ur(T)=Qexp —E12/kgT), (1) investigated in the present study. On the other hand, in chal-

where 7 is the typical lifetime of the photoenhanced or the cogenide crystals, no light-soaking effects have been de-
photodegraded stat6), is the vibrational frequency, which is tected.

approximated at Y8 Hz,! E, , is the barrier height, and is The photocurrent increase can be related with the photo-
the temperature. For instandg, of As,S; can be estimated induced midgap absorption. That is, the midgap states are
as follows. In AsS;, the photoconductive enhanced state isresponsible for an increase in photoexcited carrier density.
held in stable at 100 K at least for 10 min, while at 200 K theThe carrier-transport mechanism is not possible influenced
photoconductive enhancement does not appear. This obsewith light soaking. These ideas have been discussed with
vation means that fob° (or D2) 7(100 K)=10%sec and respect to the two microscopic models. The present study
7(200 K)<1(® sec. Then, solving Eq(1), we obtainE,  implies that the photoconductive enhancement seems to be
=0.3-0.5 eV. In the same way, other barrier heights can béherent in amorphous semiconductors at low temperatures
calculated; the results are listed in Table I. Since the photoin which midgap states can be photoinduced.

conductive enhancement occurs in all the glassy materials at

low temperaturesg, is almost the same in the materials,

while E, seems to reflect the glass-transition temperatures. ACKNOWLEDGMENTS
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