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Photodarkening profiles and kinetics in chalcogenide glasses
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The spatial and temporal evolution of photodarkening in chalcogenide glasses is simulated by a
simple kinetic model and tested against experiments. In the model, photodarkening, a gradual de-

crease of the energy of the absorption edge caused by above-band-gap illumination, is the additional
absorption at defects created by the absorbed light. The defect-creation rate is proportional to the
rate at which photons are absorbed either directly at the defect site or, alternatively, at a neighbor-

ing site. The depletion of the incident light within the sample is included and the resulting equa-
tions cast into a universal form that is applicable to realistic situations. The equations contain as
adjustable parameters only the time and length scales. Measurements of the spatial and temporal
evolution of photodarkening in bulk glasses of arsenic sulfide (As2S3) illuminated with green (5145-
a

A) light at intensities from 0.1 to 7 W/cm for up to four days are reported. Melt-quenched samples
as thin as 2.4 pm have been employed. These results quantitatively fit one form of the kinetic mod-

el. The experiments also determine the approximate low-temperature values of the saturated ab-

sorption coefficient (-4000 cm ), the characteristic profile depth (-2 pm), and the initial photo-
darkening efficiency (44 cm/J) in AszS3 glass.

I. INTRODUCTION

Certain semiconducting glasses whose common feature
is the presence of a chalcogenide atom (0, S, Se, or Te)
exhibit a metastable shift of the optical-absorption edge
to longer wavelengths (e.g., a decrease or an apparent de-
crease of the band gap) when the glass is illuminated with
strongly absorbed light. This metastable shift of the ab-
sorption edge, and consequent increase of absorption at
fixed wavelengths is commonly called' "photodarken-
ing. " Photodarkening has been observed in glasses of
AszS3, As2Se3, GeSe2, GeS2, Se, and Asz03, as well

as in many other binary, ternary, and quaternary corn-
binations, which all contain twofold-coordinated chal-
cogen atoms. The effect is not observed in amorphous
As, Si, Se, or Sn which do not contain chalcogen atoms.
Photodarkening effects are strongest at low temperature,
though they are often observable even at room tempera-
ture. Photodarkening can be removed by annealing the
sample just below the glass transition temperature. Shifts
of the absorption edge up to 0.15 eV at 80 K have been
observed in As2S3 films which have an optical band gap
of -2.4eV at 300 K.

Photodarkening is generally accompanied by other
changes caused by above-band-gap illumination at low
temperatures: the appearance of paramagnetic centers
(spins) with g =2, increases in midgap absorption, a de-
crease in material density, ' and fatigue of the photo-
luminescence. " But both the light-induced spins and the
increased midgap absorption have been shown to be
caused by defects only indirectly related to those produc-
ing photodarkening: ( 1) the spins and increased midgap
absorption have been induced by below-gap light which
produced no measurable photodarkening (2) the spins
and midgap absorption induced while photodarkening

with above-band-gap illumination can be fully annealed
out at temperatures which only partially anneal the pho-
todarkening ' (3) copper alloyed As2S3 and AszSe3
glasses exhibit light-induced spins and midgap absorption
but no photodarkening is induced by above-band-gap il-
lumination. ' Though photodarkening has sometimes
been observed separately from light-induced spins and
midgap absorption, the creation of these three effects un-
der some circumstances may not be independent. The
remaining discussion will primarily concern the behavior
of the photodarkening upon illumination with near and
above-band-gap light.

Photodarkening behavior in chalcogenide glasses is
qualitatively similar in vapor-deposited thin films and in
melt-quenched bulk samples but there are important
physical and practical differences between film and bulk
samples. Films, unlike bulk glasses, often contain
significant amounts of off-stoichiometric material (such as
As4S4 in As2S3 films) even after annealing. The films also
exhibit irreversible structural changes under illumina-
tion, ' changes not observed in their bulk counterparts.
But it is easier to measure large absorption and photo-
darkening, as well as volume changes in films than it is in
much thicker bulk samples. In a bulk sample, the ab-
sorption of the inducing light in the first few micrometers
of the sample makes it difBcult to photodarken a sample
uniformly and completely when the sample thickness is
greater than a few pm. We have succeeded in observing
saturated photodarkening by polishing bulk samples to
thicknesses of a few micrometers.

The next section describes two kinetic models of defect
creation during photodarkening. The coupled differential
equations in time and (one-dimensional) space are re-
duced to unitless form and numerically integrated to
yield the evolution of the photodarkening profiles in time.
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Defect diffusion is neglected in both models. Although
diffusion lengths are not known, they are probably
small' in comparison to experimentally employed sample
thicknesses which are greater than —1 pm. Section III
describes the sample preparation and experimental tech-
niques used to measure both the spatially averaged time
evolution of induced absorption and also the actual
profiles in a number of samples of AszS3 glass with
thicknesses ranging from 2.4 pm to 6 mm. In Sec. IV,
the experimental data are compared to the model calcula-
tions and important physical parameters are extracted.

II. KINETIC MODEL OF PHOTODARKENING

Here we derive the equations for two similar kinetic
models for the temporal and spatial evolution of photo-
darkening in thick samples. We assume that metastable
structural defects are produced one at a time by light
quanta either directly or indirectly and that these defects
do not diffuse. Tanaka and Ohtsuka' have proposed a
phenomenological model of photodarkening in which the
increase in absorption at a fixed wavelength is propor-
tional to the intensity and a factor ensuring saturation at
some maximum absorption. They included the fact that
after photodarkening the absorption depends upon posi-
tion in the sample and then solved the resulting coupled
differential equations numerically. They obtained good
agreement between their solutions and experiments on
thin films of As2Si glass. This kinetic model was further
generalized by Liu and Taylor' who assumed that the
rate of increase of the absorption is proportional to a gen-
eral, but unspecified, function of the absorption itself and
to a power of the intensity. In addition, Liu and Taylor
considered two specific cases, a form identical to that of
Tanaka and Ohtsuka' and a form identical to the in-
direct defect-creation process described below. In this
section we derive the rate equations for defect production
under illumination by considering individual single pho-
ton events. We equate the defect density to increased ab-
sorption, include explicitly the fact that the absorption
coefficient is a function of position in the sample, and
transform the resulting equation to a simple unitless and
scale invariant form. This equation is then solved numer-
ically for the temporal and spatial dependence of photo-
darkening from first illumination to saturation for sam-
ples of various thicknesses. Two forms for the initial
defect-creation rate are considered, a direct process and
an indirect process.

The creation of metastable defects can be represented
by a configurational coordinate diagram such as that
shown schematically in Fig. 1. (This diagram has also
been employed by Tanaka. ) The ground and first excited
state energies of an electron vary with a continuous dis-
tortion of the atomic configuration. Although the dia-
gram is schematic, the features essential to photodarken-
ing are present, in particular the metastability of the pho-
todarkened state in a distorted configuration.

The direct process begins with electronic excitation by
a photon absorbed at a nonphotodarkened site (step 1 in
Fig. 1). These sites may be preexisting defects or the sites
may be an ordinary atom or bond in the "ideal" glass.

2'
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Photodarkened

Unpho todarkened

CONFIGURATION COORDINATE

FIG. 1. Configurational coordinate diagram of the variation
of ground and excited state energy levels of a bonding electron
as the surrounding lattice is distorted. The transitions denoted
by the arrows are discussed in the text.

Excitation is followed by atomic relaxation into a new lo-
cal atomic configuration (step 2), by electronic relaxation
(step 3), and by further relaxation into a metastable
conftgttrational defect (step 4). There is a finite probabili-
ty for relaxation to the unphotodarkened minimum ener-
gy configuration at any point in the defect-creation pro-
cess. One may account for the relaxation to the ground
state by any of these processes before a metastable state is
formed by a single total quantum efficiency for defect
creation per photon absorbed. Defects may be erased by
the light by electronic excitation (step 1') followed by re-
laxation (step 2') and recombination (step 3') as well as by
purely thermal processes (step 1"). With further assump-
tions to be described below, we may write a rate equation
for the creation, erasure, and relaxation of the metastable
defects:

BN (x, t)
=(N, N& )o,P, —

Bt hv

IoPN „—I' N—
where N~(x, t) is the number density of photodarkened
sites, N, is the (constant) total number density of avail-
able sites, photodarkened and unphotodarkened; o, and
cr& are the absorption cross sections of the unphotodark-
ened and photodarkened sites, respectively; P, and P& are
the total quantum efficiencies for the creation and erasure
of photodarkened sites by photons; I and h v are the opti-
cal intensity and photon energy, respectively; and I z. is
the thermal defect relaxation rate. The first term in Eq.
(1) is the defect-creation rate (steps 1 —4 in Fig. 1), the
second term is the erasure (or bleaching) rate (steps 1'—3')
and the final term the thermal defect relaxation rate (step
1"). We will ignore the final term which is negligible
compared to the first two terms at the intensities and
temperatures of the experiments reported here. (See, for
example, Fig. 4 of Ref. 19.) Equations (1) and (2) below
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are equivalent to those of Tanaka and Ohtsuka' who
have also examined the solutions and compared them to
experiments performed on thin films of As2Se3.

Three assumptions are implicit in the rate Eq. (1) for
the direct process. First, both creation and erasure of de-
fects are assumed to be single photon processes. The
duration of the intermediate steps (2 —4 or 2' and 3' in
Fig. 1} is short compared to the mean time between in-
cident photons at a site (steps 1 or 1'). This assumption
also implies that no light is absorbed at an intermediate
state (e.g., between steps 2 and 4}. Second, the sites are
assumed not to be correlated; that is, the creation, eras-
ure, or relaxation of a photodarkened site is unaffected by
the presence of nearby photodarkened sites. This impor-
tant assumption may break down in a heavily photodark-
ened sample (e.g., near saturation). Third, it is assumed
that the defects do not diffuse over distances as large as
the absorption length of the light. Although there is
some evidence' that the diffusion lengths of defects
AszS3 and As2Se3 glasses are of the order of 0.5 pm, the
diffusion has been associated with defects producing fa-
tigue of the photoluminescence which we attribute to a
separate set of defects than those producing photodark-
ening.

When the absorption coefficient at the inducing wave-
length is comparable to or exceeds the inverse of the sam-
ple thickness one must included in Eq. (1) a depth-
dependent intensity accounting for the absorption of the
light as its passes through the sample. The intensity
obeys Beer's law:

dI(x, t) a„,I=—[o—dNd+cr, (N, Nd }+a;]I— (2)

where a; is a constant background absorption indepen-
dent of the absorption by the photodarkening sites. A
transmission measurement of the sample will yield the
spatial average of the constant background absorption
and the absorption due to the photodarkening. The aver-
age change in absorption is obtained by integrating Eq.
(2) to yield

ba(t)L =ln ' = f (od —a, )Nd(x)dx .I(L,O}

I(L, t) 0
(3)

Equations (1) and (2) can be reduced to a convenient di-
mensionless form with the assignments

Nd(x, t)
F(X,r)=

S

1+, P(Xr) = '; (4)
gp, ' '

Io

X=a„x, r=yt, IO=I(0,0);
Iox=
h

(ad4d+a, 4, )

1—o, /o. da =o.dX, 1+odQd/cr, $,

ao=a, +o,X, .

Then the coupled equations for the dimensionless defect
density (or induced absorption} Fand intensity P are

aF =(1 F—)P, = P—F+as ao

ar ax

The coupled differential Eqs. (6) are identical to Eqs. (1)
and (2) of Ref. 18. Equations (1}and (2) of Ref. 19 reduce
to Eqs. (6) if we set P= 1 and f(a, a, ) =(a —a, )/aa, .

By photodarkening we mean o.
d &o, If we assume

od »cr, and a,P, » tjdgd, then F=Nd/N, and

y =(Io/hv)a, P„and the ultimate or saturated absorp-
tion is a„=ha(r=~,0&x &L)=ozN, 'when all sites
are photodarkened. The form of Eqs. (6) shows clearly
that there is only one meaningful parameter, ao/a„. In
As2S3 below 80 K, as we will show below, the saturated
(maximum) value of the induced absorption is approxi-
mately 4000 cm while the initial absorption ao plus any
other background absorption is about 300 cm ' at 2.4
eV, and hence that ao/a„&0.08 which may be neglected
without significantly affecting the results. The validity of
this approximation was verified by numerical solution of
Eq. (6) with ao/a„&0.1. The two Eqs. (6) may be com-
bined to eliminate time explicitly and to yield the single
equation for the profile:

dy (X) = (1 Fo)[1——exp( —y)] —ay, (7)

and

ao
a =1+, FO=F(0,0),a„'

These results imply that

y, (X=O)—:r .

Equation (7) is effectively universal because in most ex-
perimental situations Fo«1 and (a —1}=a&/a„«1
and therefore

dg
dX

-=[1—exp( —y)] —y . (7')

Equation (7') contains no explicit material parameters
and its solutions may be applied to any experiment by ad-
justing the dimensionless length (XL =a„L)and time
(r=yt ) scales.

Equations (7) and (7') must be solved numerically but,
in the majority of cases where (7') is applicable the calcu-
lation need only be done once. The solutions to Eq. (7')
are shown in Fig. 2 for successive times during photo-
darkening in samples of two different thicknesses. At
early times the samples are essentially uniformly photo-
darkened but as the absorption increases at the front, the
inducing light is attenuated near the front and, therefore,
the intensity and the rate of photodarkening deep in the

F(r,X)=1—(1 Fo)exp[——y(X)]

subject to the boundary condition at X =0 which deter-
mines the time dependence:

F(r, X=O) =(1 F)—
r)r

=F(r,X=O)=1—(1 Fo)exp—( r) . —
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where the photon is absorbed and stops there. The rate
equation for the photodarkening dynamics is then

BNq(x, t)
=Ngoq

I—N~g~a q
—I ~Nd . (8)

Equation (2} is then combined with Eq. (8) and convert-
ed to unitless form by using the same functional forms for
P(X,r), X, r, Io, and ao as those shown in Eq. (4) and by

Z',
O
t—
CL
CL
O
Kl~05-
Cl
LLI
N

CL0
0.0

0.0
1 I I I I I I I I ~ I I ~ I I I I I

50 IO.O I 5.0 20.0
POSITION X

F(X,r) =(N~/N, ) 1— d

sd

Io
y =P,& o & ( 1 —o, /o'~ )( 1 P~ /P,—~ );

a =o &N, ( 1 ttp& /P, ~
—);

"tjF =F( 1 F)P, — = PF+-aP o.o

aT ax a„
(10}
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O

CL

O
V)
CQ~ 0.5
C)
LLJ

N

O

whereas for Eqs. (5) and (6), a„=o&N„F=N&/N, and
y=(IO/hv)p, zoz for the situations in which oq »o',
and Q,g »$g.

The first of Eqs. (10) differ from the first of Eqs. (6)
only in the additional factor of F. We may again elimi-
nate time explicitly to yield

dy (X) = —ln(1 F0+Foe~)—6y, 0&y —& ao

with Fo as defined in Eq. (7) and with

1 —Fo
fi=tzo/a„, y =ln

0

and with 5 «Fo, the "universal" profile obeys

dy (X)
X

—= —ln(1 F+F e~)—0 0

with boundary condition y (X =0)—=r as for Eq. (7).
Equation (11') is then solved as Eq. (7') was with the re-

sulting evolution in Figs. 4 and 5 for the same conditions
as in Figs. 2 and 3. The same comments made for the
direct process solution apply except that the absorption
at the front of the sample takes a much shorter time to
rise from a small value to saturation [compare Figs. 3 and
4(a)]. This difference provides our primary means of dis-
tinguishing between the direct and the indirect process
experimentally.

III. EXPERIMENTAL DETAILS

Samples of As2S3 and As35S65 were produced from
Corninco Electronic Materials 99.9999% pure amor-
phous arsenic and sulfur. The elements were sealed in
25-mm-diam quartz ampules, gradually heated (over 6 h)
to 540'C, rocked for 48 h, and then slowly cooled for 10
h to room temperature using a programmable controller.
By gravimetric analysis the actual atomic concentrations

0 0 ~ I s i I i i & I i s i i I s I I i

0.0 I.O 2.0 3.0
POSITION X

4.0

FIG. 5. Numerical solutions of Eq. (11'), the indirect process,
for a0=0 and (a) a„L=20, (b) a„L=4. The profiles, F vs X,
are taken at successive logarithmic time intervals as noted.

in the glasses were found to be within +0.3 at. '///o of the
nominal concentrations.

The transmission photodarkening experiments were ar-
ranged as in Fig. 6(a). The samples were illuminated at
near normal incidence by an argon-ion laser operating at
5145 A in a TEMOO transverse Gaussian mode. This
wavelength was convenient because of the stability of the
ion laser source and because this wavelength corresponds
to rnaximurn photodarkening response' and to a con-
veniently low starting absorption coefficient at low tem-
peratures for bulk samples' of 300 cm '. The transrnis-
sion of the sample was probed using a monochromatic
source; either tungsten lamp and monochomator, a heli-
um neon laser, a krypton-ion laser, or a portion of the
Ar+-ion laser output, and detected by a photomultiplier.
The probe light was chopped at frequencies between 300
and 800 Hz and the photomultiplier output was connect-
ed to a lock-in amplifier referenced to the chopper fre-
quency. The sample transmission was then measured at
various wavelengths before, during, and after photodark-
ening, always at the same temperature as the exposure.
The change in average sample absorption at each wave-
length was calculated from the sample transmission using
Eq. (3). The sample was immersed in liquid helium or
liquid nitrogen for experiments performed at low temper-
atures and in a nitrogen-filled chamber for experiments at
room temperature. When possible, the absorption was
measured with the exciting illumination blocked to
reduce effects of heating, thermal expansion, and convec-
tion in the path of the probe beam.
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formed with the sample immersed in superfluid liquid
helium at 1.8 K. The intensity of the probe beam was
low and had no measurable affect on the sample, either in
producing or erasing the photodarkening.

IV. RESULTS

C R YOSTAT

(b)
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)I
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FIG. 6. (a) Collinear illumination and probe beam
configuration used to measure the temporal evolution of the
average sample absorption change during photodarkening. The

0
illumination is from an argon-ion laser operating at 5145 A in a
TEMOO transverse Gaussian mode. The probe beam originated
from one of several sources: the same argon-ion laser, a helium

neon laser, or a tungsten lamp and monochromator combina-
tion. The transmitted probe light was detected with a pho-
tomultiplier connected to a lock-in amplifier which was refer-
enced to the source chopper frequency. (b) Perpendicular il-

lumination and probe configuration used to measure the time
and spatial evolution of the photodarkening in a thick sample.
The illumination is from an argon TEMOO transverse Gaussian
mode. The probe is from a krypton-ion laser operating at 5300
A, transmitted through a multimode fiber, spatially filtered, and
focused to a 0.5-mm spot on the sample. The transmitted beam
was scanned along the sample by a micrometer-driven linear
translator stage and the transmitted light collected and detected
by a photomultiplier connected to a lock-in amplifier referenced
to the chopper frequency.

The profile of the photodarkening deep (1—6 mm} into
thick samples was measured by scanning a probe beam
oriented perpendicular to the inducing illumination as
shown in Fig. 6(b}. The input light was focused to a di-
ameter less than 0.5 rnm at the sample and moved along
the sample length by the translating mirror as shown.
The change in absorption ha(t, x) was measured as for
the collinear measurement [Fig. 6(a)] by taking the ratio
of transmitted intensities at various positions x before,
during, and after illumination [Eq. (3}]. For this experi-
rnent, the illumination and probe wavelengths were 5145
and 5300 A, respectively. This experiment was per-

4000
E

z $000—0
I-
CL~ 2000—
O

I

CQ
l

l000-
C3

Ci

Sample Thickness
I 7.4~m

I.8 K

l4.7~m

0
lo' lQI lQ'

ENERGY DENSITY ( J/cm~)

lo'

FIG. 7. Evolution of the average photodarkening ha in two
thick samples of As2S3 exposed to intense laser illumination at
5145 A while immersed in super6uid helium (T=1.8 K). The
solution to the direct process model with ao=0 and a„=4000
cm ' is plotted with each set of data (solid lines). (a) Thickness
17.4 pm (a„L=7) and intensity 0.3 W/cm (open squares). (b)
Thickness 14.7 pm and intensity 0.6 W/cm (solid squares).

The evolution of the photodarkening measured in
transmission [see Fig. 6(a}] is shown in Fig. 7 for two
samples of bulk quenched AszS3 glass. The 17.4- and
14.7-pm samples show no sign of saturation, even at the
total exposure produced (2.0 kJ/cm at 0.17 W/cm and
2.3 kJ/cm at 0.33 W/cm, respectively, where the inten-
sities have been corrected for reflection loss assuming the
sample reflectivity does not change significantly during
the experiment). The inducing curves in Fig. 7 do exhibit
the three stages discussed in Sec. II: initial uniform dark-
ening ((200 J/cm ), followed by rapid saturation of the
front of the sample (200—1000 J/cm ), then steady pro-
gression of the saturated "front" across the sample
( & 1000 J/cm2). After illuminating the 14.7-IMm sample
for the indicated time the back of the sample was il-
lurninated and showed a similar evolution of the average
absorption except that the initial, uniform darkening
stage was shortened because the sample had been partial-
ly photodarkened during the first exposure. This behav-
ior is consistent with the assumption that the illumina-
tion from the front did not darken the back of the sample
significantly.

Two very thin samples were made by carefully polish-
ing bulk glass wafers to thicknesses below 3 pm. These
samples were exposed to illumination at 5145 A and the
change in absorption at various wavelengths was moni-
tored. The results of these exposures are displayed in
Fig. 8. At 79 K, a 2.7-pm-thick sample was exposed
[open circles in Fig. 8(a)] to an intensity of 7.0 W/cm for
a total energy density of 147 kJ/cm . The total change in
absorption reached 8500 cm ' but when we subtract the
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A) (open circles), the midgap absorption measured at -6000 A
(solid circles) and the difFerence (open squares, when different
from open circles) which is associated with the photodarkening
as explained in the text. The solid lines are the solutions of the
direct process model [Eq. (7')] with a„determined from the
data and a0=0. (a) Thickness 2.7 pm and intensity 7 W/cm at
79 K. (b) Thickness 2.4 pm and intensity 3.8 W'/cm at 79 K.
(c) Thickness 2.4 pm and intensity 8.8 %/cm at 1.8 K.

contribution from defects producing increased midgap
absorption (solid circles, measured at -6000 A and as-

0
sumed to be the same at 5145 A) the portion we attribute
to photodarkening (open squares where they differ from
open circles) appears to saturate at approximately 5500
cm ' after an exposure of approximately 2 kJ/cm [solid
line in Fig. 8(a)]. At low teinperatures after optical exci-
tation, midgap absorption ' ' appears which is essen-
tially constant in magnitude from energies of about half
the optical band gap up to energies where one can no
longer measure this absorption due to the much greater
background absorption of the exponential optical-
absorption edge (or perhaps also due to photodarkening).

We have approximated the contribution of this midgap
absorption by measuring at -6000 A, well below the
band edge, and assuming an identical contribution at
5145 A. The subtraction in Fig. 8(a) is consistent with
this absorption. We provide further justification for this
subtraction below.

The sample was further exposed from the back with 4
kJ/cm producing a further increase in absorption at
5145 A of 334 cm . The small additiona1 increase in ab-
sorption during this additional exposure verifies that the
sample was essentially uniformly darkened. A second
sample of AsiSi which was 2.4 jum thick was similarly ex-
posed at 79 K at an intensity of 3.3 W/cm for a total en-

ergy density of 1154 kJ/cm [Fig. 8(b)] producing a total
darkening of 7200 cm ' at 5145 A, but again, when the
contribution from the absorption measured at -6000 A
is subtracted the change in absorption due to photodark-
ening saturates at -4000 cm ' after an exposure of ap-
proximately 3 kJ/cm . Notice that in this case there ap-
pear to be two measurable contributions to the absorp-
tion at -6000 A, a small portion apparent at energy den-
sities ~ 10 J/cm which follows the photodarkening
curve at 5145 A, and a larger contribution at higher-
energy densities (~ 10 J/cm ) which is attributed to the
energy-independent, midgap absorption. The ratio of the
contributions at 5145 and 6000 A which we have attri-
buted to photodarkening in Fig. 8(b) is essentially the
same as the initial ratio of the exponential Urbach edge
absorption and is therefore consistent with the well-
known fact that photodarkening produces an essentially
parallel shift of the absorption edge.

When another portion of the same 2.4-pm-thick sam-
ple (a previously unexposed region) was exposed at 1.8 K
to an intensity of 8.8 W/cm, saturation was apparent
after approximately 6 kJ/cm exposure [Fig. 8(c)]. No
evidence of a contribution from the energy-independent,
midgap absorption (which is due to different defects as
discussed below) appears up to the 46 kJ/cm total expo-
sure which is below the exposures which produced
significant midgap absorption in Figs. 8(a) and 8(b) (50
and 200 kJ/cm, respectively). The absorption measured
at -6000 A in Fig. 8(c) appears to be entirely due to pho-
todarkening and scales approximately as one would ex-
pect from the initial absorption edge. The solid lines in
Figs. 8(a) —8(c) are the solutions of Eq. (7') after adjusting
the length (a„)' and time (y) ' scales.

The induced absorption spectra shown in Fig. 9
demonstrate the evolution of the photodarkening and the
midgap absorption during exposure. The photodarken-
ing is characterized by a nearly uniform shift of the ex-
ponential band tail, hence the portions with constant
slope at short wavelengths in Fig. 9. At higher exposure
the midgap absorption appears as a uniform increase in
absorption at all wavelengths from the gap to the near in-
frared. This absorption has been previously associated
with light-induced electron spin resonance ' (ESR) be-
cause of the following observation: (1) The midgap ab-
sorption and light-induced ESR occur without measur-
able photodarkening when below-gap light is used (2)
photodarkening is still readily observed (though smaller)
after above-band-gap illumination at room temperature
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after exposures shown.

while the induced midgap absorption has not been ob-
served (b,a(1 cm '); (3) both the midgap absorption
and the ESR signal induced by above-band-gap illumina-
tion at low-temperature anneal at lower temperatures
(-170 K) than does photodarkening ( & 300 K). There-
fore, with the additional evidence provided by Fig. 9, we
can assume that the midgap absorption is produced by a
set of defects separate from those producing photodark-
ening. This provides additional evidence to support our
justification for the subtraction of the midgap absorption
in Figs. 8(a) and 8(b). The two sets of defects may not be
truly independent as, for example, they may share an in-
termediate state. The temporal behavior of both the
light-induced midgap absorption and light-induced ESR
depend strongly on the intensity of the exciting light.
Both of these defects appear to saturate after only —1

J/cm exposure at exciting light intensities below 10
mw/cm while at higher intensities ( &100 mW/cm )

there is a dramatic increase in both the midgap absorp-
tion (see Fig. 8) and also in the induced ESR (Ref. 14)
which continues to grow without apparent saturation for
large exposures ( & 100 kJ/cm ).

To determine further the actual profile of the photo-
darkening, we first photodarkened a 120-pm-thick wafer
of As35S65 glass at room temperature with 3.6 W/cm for
5400 sec and then polished the illuminated side, remea-
sured the transmission, polished again, etc., until the
sample was 50 pm thick. The result, reflecting the actual
profile with a resolution of a few micrometers, is shown
in Fig. 10. This experiment determined directly that the
induced absorption is much larger in the first few mi-
crometers of the sample surface and that the depth of
photodarkening is less than 10 JMm at room temperature
in this sample.

The photodarkening deep into a thick sample was

ha=(ba)o+ A(t)e

a„;~=(b,a)o+ao,

(12)

where (ha)o=(hard —o', )Nd(t =0). The function A(t) in-
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FIG. 10. The induced absorption profile, ha(x) near the sur-
face of a sample of As35S65 120 pm thick illuminated at room
temperature by 3.6 W/cm for 5400 sec. The inducing wave-
length was 5145 A and the probe wavelength was 5500 A.

profiled by the perpendicular illumination probe arrange-
ment depicted in Fig. 6. This experiment measures the
"tail" of the photodarkening profile from 1 to 6 mrn into
the sample where the photodarkening is less than 10
cm ' even though the first few micrometers of the sam-
ple are darkened to several thousand cm '. In this tail,
the direct process profile Eq. (7) may be solved algebrai-
cally to yield
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absorption change of 5 cm . The inducing intensity was 1.8
W/cm' at 1.8 K. The inset shows the evolution of the parame-
ter A(t) [see Eq. (12)] where the line is drawn as an aid to the
eye.

creases from zero monotonically as t increases and is ap-
proximately proportional to lnt for thick samples
a„L»1 [see Fig. 3(a)]. Figure 11 shows the tail profiles
measured at 5300 A with 5145-A excitation at various
times. (The absorption measured at 5300 A will likely in-
clude a contribution from the midgap absorption but it is
still a measure of the total exposure at the different
depths. ) For all curves a„;i=4cm '=dao+co at all
times and is justifiably neglected compared to a„&10
cm '. The inset shows the time evolution of ha (x =1
mm), which is proportional to A(t).

V. CONCLUSIONS

The measured time evolution of photodarkening in
glassy As2S3 is quantitatively consistent with a model
which assumes that the rate of creation of photodarkened
defects at any region in the glass is proportional to the
photons absorbed in that region up to some maximum al-
lowable defect density. The experimental data do not ap-
pear to be consistent with a model in which the creation
of new photodarkened defects is proportional to the ab-
sorption of photons at existing photodarkened defects.
The model, which has only two adjustable parameters, a
saturated absorption length scale 1/a and a normalized

time scale 1/y, is also consistent with two depth profiling
experiments. In the first experiment a photodarkened
sample was progressively etched back from the surface at
which the photodarkening light was incident, and the
change in the measured (average) absorption coefficient
was monitored as a function of etching depth. This ex-
periment probed distances on a scale of 10 to 100 pm. In
the second experiment the profiling was performed by
measuring the transmission through a thin ( —100 pm)
sample after exposure to photodarkening light from one
edge. This experiment probed lengths on a scale of 0.1 to
1 cm. Photodarkening experiments on samples whose
thicknesses are comparable to the saturated absorption
length (1/a„=2.5 pm) appear to demonstrate saturation
of the photodarkening.

In some cases the interpretation depended upon sub-
traction of a frequency-independent below-gap absorp-
tion from the photodarkening, which is rapidly varying
with frequency. This subtraction is substantiated by in-
dependent experiments ' ' ' ' which show that the
optically induced midgap absorption and ESR result in a
different set of defects from those producing the photo-
darkening.

Although these experiments represent the first demon-
stration of a saturation of the photodarkening effect in
bulk samples, saturation has been observed previously on
thin films of glassy As2S3 made by evaporation or sputter-
ing. ' ' ' In these earlier experiments the values of
1/a„ranged from 1500 to 5000 cm ' at 2.41 eV in good
agreement with the values reported here in bulk, melt-
quenched glasses. Because the structures of films of
AszS3 are known to be different from the bulk glass, even
when the films have been annealed, ' one should not a
priori expect the saturated values of the photodarkening
to be exactly the same in these two forms of As2S3 glass.

One may ask what causes saturation of the photodark-
ening process. The most obvious, but perhaps least en-
lightening, answer is that there exist only a finite number
of photodarkening sites which can presumably be no
greater than the number of atoms (or perhaps the number
of bonds) in the glass. It is difficult to estimate the total
integrated absorption produced by the photodarkening or
the matrix elements which are involved in these optical
transitions, but reasonable upper bounds suggest that the
saturated value of the photodarkening (4000-5000 cm
at 2.41 eV) corresponds to at most 1% of the available
sites in the glass. This number is consistent with x-ray
scattering and extended x-ray-absorption fine-structure
(EXAFS) experiments on As2Ss films before and
after photodarkening which indicate that less than 1% of
the bonds between nearest neighbors have been altered.

This value of 1% of the available atomic sites could re-
sult from several causes. There could exist a maximum
number of preexisting, localized defects in the glass
which are predisposed to become photodarkened sites. A
second possibility is that the defects have a more extend-
ed range such that at 1% the interactions between photo-
darkened defects limit any further net creation of defects.
If the conversion of an unphotodarkened site to a photo-
darkened site involves rearrangements or distortions over
severa1 atomic sites, then further conversion may be hin-
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dered when the sites begin to overlap. Such overlap will
occur at a density which is approximately 1/(characteris-
tic length) of the total atomic density. Recent x-ray
scattering experiments have observed longer-range
(second nearest neighbor) distortions in the glassy net-
work after photodarkening in thin films of As2S3 in agree-
ment with the assumption that there is large overlap of
photodarkened sites.

A third possibility is that the probability that the ab-
sorbed photon will bleach a photodarkened site equals
the probabihty for creation of a site at the value of 1%.
It is well known ' ' that below-gap light, which does
not efficiently create photodarkening, is effective in
bleaching the photodarkening centers. There is no
reason to expect that above-band-gap light will not also
bleach these centers. The second terms in Eqs. (1) and (8)
are the bleaching terms and their effect on a„canbe
clearly seen in Eqs. (5} and (9), respectively. When added
is comparable to o,P„ then Nd & N, [because
a„=(trd cr, —)N& &odN, and cr, «cr„]

At the high light intensities and at the probing energies
which we have used, there is a relatively frequency in-

dependent midgap absorption which continues to grow
with optical excitation after the photodarkening has sa-
turated. The values of this midgap absorption can exceed
those of photodarkening at 2.41 eV in glassy As2S3. We
have justified our separation of these two effects based on
the spectral dependence of the absorption, but clearly at
the highest densities [cf. Fig. 8(b}] these two contribu-
tions may no longer be independent. However, the model
is still consistent at times greater than the saturation of
the photodarkening but less than the rise of the midgap
absorption to comparable values.
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