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The time evolution of changes in the optical absorption coefficient with illumination has been studied for
a-As,S; films at 50, 100, 200, and 300 K in order to characterize the dynamics of photodarkening. The
magnitude of the changes is larger at the lower temperatures. A model of photon-assisted site switching is
proposed for the variation of photodarkening with time, in which the fractional growth in the concentration of
photodarkened sites is expressed by a stretched exponential function.

The study of changes in the band gap and volume ofllumination and no saturation was observed. Since the re-
amorphous chalcogenides induced by illumination has response time is long for thick samples, it is not easy to char-
ceived renewed interest recently and attempts have beetterize the time dependence of the changes in bulk material.
made to understand these chan@e, for example, Refs. 1 Other workers have also reported preliminary studiesnon
and 2. However, most measurements have been made aftesitu photo-induced changes in the optical transmission of
rather than during, illumination. Tanakhas suggested, in amorphous chalcogenidés’ The effect of metal additives
his detailed study of photo-induced volume and band gapn the time dependence of the optical transmission in
changes im-As,S;, after illumination, that the rate of pho- a-As,Se; films has also been report&d.
todarkening(PD) is slower than that of the volume changes. In the present work, we repar situ measurements of PD
Kuzukawaet al>*in their studies of photo-induced volume by measuring the changes in the optical absorption coeffi-
changes(PVC) and PD in obliquely deposited As-based cient with time for obliquely deposited-As,S; films at 50,
chalcogenide films, have suggested a correlation between ti®0, 200, and 300 K. The results can be explained using the
changes in volume and band gap by illumination and anneaidea of a percolative growth of photodarkened sites with il-
ing (band gap decreases when the volume expands and vitgémination by photon-assisted site switchifg@ASS. The
versa. However, the above conclusions were based on medraction of photodarkened sites is expressed by a stretched
surements of PVC and PBfter illumination The behavior exponential function.
and dynamics of PRIuring illuminationremain unclear. Thin films of a-As,S; (thickness,d~0.5um) were ob-

Recently, we have reporteth situ measurements of liquely deposited by thermal evaporation onto glé3srning
photo-induced volume changé2VC) in obliquely deposited 7059 substrates. The angle between the normal to the sub-
a-As,S; films and found transient and metastable changes istrates and the direction of incident molecules was fixed at
thickness during illuminatioR. Ducharmeet al.® in their ~ 80°. Note that the density of films deposited at this angle is
work on photodarkening of bulk-As,S;, observed a con- nearly half to that of films deposited at normal incidence.
tinuous increase in the average photodarker(ifd) with  The lower density is considered to be responsible for the
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8x103r saturation. The magnitude of the changes decreases with in-
creasing temperature witha being a maximum at 50 Kin
spite of a slow initial variation with timeand smallest at 300
K. At 50 and 100 K, the changes are very slow to start with
and increase rapidly asg, increases, while at 200 and 300 K,
there is a more continuous growth afv. The slow initial-
X ization at low temperatures is attributed to a smaller number
4x103 - % of absorbed photons, as the initial absorption coefficient is
small at lower temperaturgsy,=150cm * at 50 K). With
N increasing time of illumination, the number of absorbed pho-
2%x103 - 3 tons rises owing to an increase in the absorption coefficient
é}f&mmm% resulting in a large PD at low temperatures.
S To explain the behavior di« during illumination, and to
g 5': D understand the dynamics of PD, we consider the films to
' ' ' ' contain clusters of atoms that act as potential sites for pho-
1017 1018 101 1020 102! 1022 102 todarkening. On illumination, these clusters undgsgoton-
n, (cm-3) assisted site switchinPASS forming photodarkened sites
(PDS, which are associated with higher energy than the
FIG. 1. In situ variation of changes in absorption coefficient original state. Let us consider that, before illumination, there
(Aa) as a function of number of absorbed photong)(at various  exist Ny clusters in the ground state. The rate of the growth
temperaturesx, A, 00, andO show the changes at 50, 100, 200, of the numbelN) of PDS with the number of absorbed pho-
and 300 K, respectively. lllumination is by an Arlaser (20 tons (np) can be expressed as
mw/cnf).

6x103

Ao (cm1)

dN

giant changes that occur in volume and band t@bliquely d_np
deposited films were used in the present work as illuminatioRy hare k  is the promotion rate anét. the recovery rate
induces giant changes in band gafphese giant changesra P P ' y .

=kp(N7—N)—k;N, @

. . . ; ssuming a time-dispersive reaction for the PASS, the for-
make it easier to measure the changes in absorption coe

. X i vard and backward reactions can be expressedkas
gintfmore prkgmserI]y. The films were a?_?]ealed at 4;13 K flor zﬁAnﬁ—l andk, = Bng—l, respectively, wheré\ and B are
in :noreevgz:ie:tnegdtc?y?s?:ts l;z)ermtﬁgtsrﬁeasegrgvrﬁ;?]tt ;nozggqunstants f[hat d.epend. on temperature and iIIuminaFion inten-
transmission at various temperatures. The samples were iIIJc'-!ty’ andgis a dllsperS|on paramgter{ge<1). The disper-

. . . o Sion parametepB is assumed for simplicity to be the same for
minated with an argon ion lasethv=2.42eV, power

—20mW/cn?) with a light spot diameter of 5 mm. The both the forward and backward reactiohkis then given as

change in optical transmissioAT (hereAT=T,/T, Ty is n.\A
the transmission when the illumination is put on ani the N= NS[ 1—ex;{ —(N—p)
transmission at any time), of the films was monitored by the P
voltage drop across a photodiode and the illumination conwhere Ng=AN+;/(A+B) and No=[B/(A+ B)]Y# are the
tinued until AT saturatedapproximately 30 min under the saturated number of photodarkened sites and the effective
present experimental conditionghe changes in the optical number of photons, respectively. Bdity andN, will have a
absorption coefficient of the filmAa, were calculated as temperature variatiofdue to the temperature-dependght
Aa=(—1/Md) In(AT), whered is the film thickness and de- A, andB). This type of stretched exponential growth has also
termined as a function of the number of absorbed photonseen suggested for the light-induced creation of defects and
The number of absorbed photons was estimatedngas for thermal crystallization*? The fraction of PD occur-
=N;,ca(1—R)%t, wherea is the absorption coefficienx renceC(n,) at anyn, is defined a<C(n,)=N/Ng [see Eq.
=apt+Aa; ap is the initial absorption coefficient antlx is  (2)]. C(n,,) lies between 0 and @0 for the initial state, i.e.,

the change in absorption coefficignR is the reflection co- before illumination when no sites are converted, and 1 when
efficient andt is the time of illuminationN;,. is the number all the potentially available sites are converted to PDS

of incident photons. Note that the conditionsgd<1 and We now recall the effective medium thedy** The ef-
ad<1, are satisfied at low and high temperatures, respedective medium approximatio(EMA) can be used to calcu-
tively. It should be noted that the illumination causes anlate the conductivity of a random mixture of particles under
increase in the thickness of the films, lilis assumed to be the assumption that the inhomogeneous surroundings of a
constant in the present work dschanges by around 5% at particle can be replaced by an effective medium. Assuming a
300 K which is very small compared to the changes in therandom mixture of particles of two different conductivities,
absorption coefficientAa. Also, if d increases, it will result i.e., a volume fractiorC having a conductivityo; and the

in a decrease ida, which is opposite to that observed in PD remainder partr,, substantially smaller thaam,, simple ex-

(Aa increases in PD pressions for dc conductivity have been obtaifietf.

The variation of the changes in absorption coefficientSpringett® extended the idea of EMA for the evaluation of
(A) with the number of absorbed photons,), at different  the ac behavior of a random system by replacing the conduc-
temperatures, is shown in Fig. 1. Initialle increases tivity by a complex admittance. As the optical constants are
slowly with n,, followed by a large increase and then almostclosely related to the complex dielectric constants, the ab-
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104+ TABLE I. Initial absorption coefficient §,), (Ref. 18 disper-
sion paramete(8), and effective number of photonsl() at various
temperatures.
. Temperature ag Np
E 10) K) (cm™) B (cm?)
1 50 150 0.85 2.8 107
100 200 0.80 1.810%1
200 700 0.70 3.510°
300 2000 0.60 8R10Y
2 1 1 1 1 1 1
101()17 1018 1019 1020 1021 1022 1023
n, (cm-3) o
a= : (4)
FIG. 2. Variation of absorption coefficientte ag+Aa) as a NCeg

function of number of absorbed photons,) at various tempera- o

tures. Description of symbols is the same as in Fig. 1. Solid line igvhere the subscrigtis 0, 1, orm to representry, oy, or

the fitting obtained using Ed4) in the text. om, respectivelyo; ando are estimated from the saturated
and initial absorption coefficient, respectivelyis the long-

sorption coefficient in a two-phase system can be calculatedavelength refractive indexnE= Je1=\e,), cis the veloc-

using the idea of EMA® Note that EMA has been used to ity of light, and €, is the permittivity of the vacuum. Our

interpret optical properties inuc-Sil® and composite main assumption is that the optical absorption of a two-phase

medial’ Sheng” has concluded that EMA can yield realistic system can be treated by the effective medium approach used

results of optical properties if the microstructure is properlyfor the ac conductivity. It has already been suggested that

taken into account. In our work, we assume the clusters othis approach yields realistic resutfst’

atoms that undergo PASS are roughly spherical in shape and Using the derivedC(n,) [from Eq. (2)] along with Egs.

the number of these clusters increases with the number ¢8) and(4), we can evaluater as a function ofn,. Taking

absorbed photons. We now extend EMA to explain theinto account the initial absorption coefficiesmg,*® we replot
photo-induced structural changes observed in the presepig. 1 as Fig. 2, where we show the variation of the total

work. absorption coefficient ¢=ag+Aa) with total absorbed
Following Springett,” the set of equations for the conduc- photons 0,) and fit Eq.(4) to the experimental data, which
tivity o, of a two-phase system are is shown by the solid lines. The fitting i@, as derived from
) Eq. (4), is reasonably good at all temperatures. The descrip-
(ﬁ_ i) — (X24Y2) V24 X tion of the symbols is given in the figure caption. The fitting
o, oy ' gives us the dispersion paramefeand the effective photon

number for site switching\,, and these are listed in Table |
where along with the initial absorption coefficient,. The varia-
tion of fitting parameterss and N, with temperature is

ox—| L 2 lo; |[& 132 tans.) -2 shown in Fig. 3. BotiN, and 8 decrease with temperature.
oy 2 04 £ 2¢&; (tandy) =%, As N, is inversely proportional to the sum #&fandB, it is
expected from the observed temperature variation that the
lo, eo 1le, reactions will be faster at higher temperatures as compared to
Y=|-—+ +——=|(tand;) 7,
4 1 €101 4 €1
u
1 1 b [ 10.85
O’=2{3C(np)—l}0'l+2{2—3C(np)}0'2,
1021+
. 40.80

s:%{3C(np)—l}sl+%{2—3C(np)}82, = S
7 ‘—) 10.75
g
d tans, =—— ® 070

andita Y wege;” Z 1020; k . 7
Here,o, ando, are the real parts of the conductivity ang 10.65
and e, are the background dielectric constants of the two
phases. In this paper, we takg (e,) ando, (,) to corre- g . ‘ 10.60
spond toC=1 and 0, respectively. For simplicitg; ande, 0 700 150 200 250 300

are assumed to be equal,, is the real part of the conduc-
tivity of the volume fractionC(n,). » (=3.68<10"s ™) is
the frequency of lightAr " lase). The absorption coefficient, FIG. 3. Variation of dispersion parametéB) and effective

a, is connected to the real part of the conductivity by thenumber of photons for site switchingg) as a function of tempera-
relation ture.

Temperature (K)
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lower temperatures. The variation of dispersion parametedius of the light spot0.25 cm andl ., is the absorbed light
B, with temperature, is opposite to that observed in transportntensity, i.e.,| ed. Hered, «, andl are the film thickness,
related studie$? where it is found to increase with increas- absorption coefficient, and incident power, respectively. Tak-
ing temperature. As the physical meaning of the dispersioing the maximum absorption coefficient measured in the
parameter is not fully understood at presémite reason for  present work/ s is estimated to be-1.6 mW which gives
this discrepancy is not clear. a temperature rise 0f0.6 K. This is negligibly small for
Based on the above results and the discussion, the dynamguch a large PD to occur. Thus, it can be concluded that the
ics of PD during illumination can be understood in detail. observed PD is purely due to photoelectronic effects.
Before illumination, all the potential sites are in the ground |n summary, we have studied the tinf@bsorbed photon
state, which by PASS switches over to the photodarkenedumbeyj variation of changes in the optical absorptioncoef-
state by illumination in a random way. A proposed mechaficient for obliquely deposited-As,S; films at various tem-
nism for PASS has been proposed earfeit involves  peratures. The magnitude of changes in the absorption coef-
charging and slip motion of clusterlike sites. Here it is pro-ficient is largest at the lowest temperatuf®80 K) and
posed that the site switching may lead to a percolativeyecomes smaller as the temperature goes up to 300 K. A
growth of PD with time during illumination. percolative growth of photon-assisted site switching of
In order to clarify whether the observed change in theatomic sites in clusters to photodarkened sites is proposed in

absorption coefficient is an outcome of photoelectronic ofyhich the fraction of PD occurrence is expressed by a
thermal mechanisms, we have estimated the temperature risgetched exponential function.

during illumination for the present experimental conditions.

The temperature riseATemp of a sample can be estimated A.G., K.S., and J.S. acknowledge a collaborative research
agh?? ATemp=1,,s/ kT, Wherex is the thermal conductiv- grant from ARS-JSPS for this work. Thanks are also due to
ity of the substraté12.6 mW/cmK for glass), r is the ra- K. Kitano for help with the measurements.
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