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Abstract
The kinetics of the photo-induced solid-state chemical reaction of silver with

amorphous As33S67 ® lms in a conventional sandwich structure was measured by
monitoring the change in thickness of the undoped chalcogenide using a modi® ed
computer-controlled re¯ ection technique. The reaction between silver and the
chalcogenide layer was induced by an Ar-ion laser. The Ag As33S67 sample was
illuminated by the laser beam coming from the chalcogenide side of the sample.
The consumption of the elemental silver source in the course of the reaction was
monitored by the simultaneous measurement of the electrical resistance of the
silver layer. The kinetic data obtained show that there are two stages in the
photoreaction process, with the second stage having a sublinear dependence.
The exhaustion of the elemental silver source in the course of the reaction does
not signi® cantly in¯ uence the reaction rate. The reaction rates characterizing each
stage have been measured, and a comparison of the composition and structure
has been made. All the structure-sensitive parameters, Tg, Cp and D Cp, measured
by the temperature modulated di� erential scanning calorimetry (MDSC)
technique, show a change in the structure of As33S67 as silver is introduced by
photodoping or in melt-quenched Ag± As± S glasses. Further, by using far-infrared
spectroscopy it was possible to correlate the MDSC results to the structure of
As33S67 and Ag± As± S glasses.

§1. Introduction

Metal photodissolution (PD) in amorphous chalcogenides was ® rst reported by
Kostyshin et al. (1966), thirty years ago. This phenomenon has been comprehen-
sively reviewed by Kolobov and Elliott (1991). Interest in this e� ect, known also as
photodi� usion or photodoping, has been partly stimulated by a desire to fully under-
stand the mechanism of the photo-stimulated solid-state reaction and partly by its
numerous potential applications in optical recording and more recently, di� ractive
optics or optical integrated circuits for infrared (IR) operation, which requires thick
structures (e.g. 5 m m) to be made in the chalcogenide ® lms. The knowledge of the
reaction kinetics during the photoinduced Ag reaction with the chalcogenide layer is
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of prime interest for understanding the mechanism of the reaction, and for mean-
ingful design and also for preparing the optical structures using the PD process.

The PD reaction kinetics and reaction product has been studied recently using
many techniques (e.g. measurement of the optical transmittance (Fernandez-Pena et
al. 1996), X-ray di� raction (Wagner et al. 1987)). We choose for our kinetic study the
most convenient and reliable re¯ ectivity technique, ® rst developed by Firth et al.
(1985), and modi® ed by Ewen et al. (1988), and Wagner et al. (1993, 1996) and
Marquez et al. (1995). The silver layer thickness during the course of the reaction
was determined according to the technique ® rst proposed by Goldschmidt and
Rudman (1976) and later improved by Marquez et al. (1991), which is based on
the measurement of the variation of the electrical resistance of the silver ® lm. The
dependence of the electrical resistivity of a silver ® lm on its thickness has been
determined by a novel method (Fernandez-Pena et al. 1996), based on the simulta-
neous measurements of the optical transmittance and the electrical resistance. The
bilayer system Ag As33S67 was chosen because a homogeneous reaction product was
expected to arise from the PD reaction process for this particular combination.

§2. Experimental procedures

The ® lms of Ag (thickness 200nm) and As33S67 (thickness 1400nm) used in
the present work were prepared by thermal evaporation (in about 1 10 4 Pa
vacuum) in a conventional thermal evaporation unit (Edwards, model E306A),
onto cleaned glass substrates. The Ag and As33S67 ® lms were evaporated from
pure Ag (99.9at.% Ag) and fragments of the melt-quenched As33S67 glass.
Electron microprobe analysis of As33S67 ® lms indicated that the stated composition
is correct to 0 5at.%. Ag was evaporated from an Al2O3-covered wolfram basket,
thereby reducing the heat and light exposure of samples.

The optical re¯ ectivity technique used to measure the photodissolution rate is
that developed by Firth et al. (1985). Our experimental set-up is shown in detail in
® gure 1 and is a signi® cant improvement on the technique used by Firth et al. (1985),
and in particular it employs a computer to read all input and output signals (illu-
mination, re¯ ected light intensity and electrical resistance). The illumination of the
samples was carried out by an Ar-ion laser (Omnichrome model 543-AP;

514 5nm, light intensity 200mWcm 2). The angle of incidence was nearly
10ë . The laser beam was chopped and a lock-in ampli® er (EG&G, model 5104) was
used to detect the re¯ ected light. All optical measurements were made at room
temperature.

The change in electrical resistance of the silver layer was used to monitor the
source of elemental silver during the photodissolution process. As has been pre-
viously mentioned, a change in the electrical resistance of the dissolving Ag layer
can be related to its thickness (Fernandez-Pena et al. 1996). The necessary calibra-
tion curve of the electrical resistivity of the silver layer versus silver thickness can be
seen in ® gure 2, and the corresponding expression can be found in Fernandez-Pena et
al. (1996). Very signi® cantly, the precise moment, te, when the Ag layer is completely
exhausted can not be seen as a sharp change in the photodissolution kinetics
obtained by the optical re¯ ectivity technique. A micro-ohmmeter (Keithley 580),
using a square-wave signal, was employed to measure the electrical resistance of
the Ag strips, to avoid the Joule self-heating or electromigration e� ects, caused by
a constant electrical potential applied to the silver layer.

224 T. Wagner et al.
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The procedure used to measure accurately the rate of PD is based on the periodic
variation of the re¯ ectivity of a weakly absorbing layer with its thickness, due to the
interference between the light re¯ ected from the top and bottom surfaces of the layer.
A typical plot of re¯ ectivity as a function of exposure time during one of these
experiments is shown in ® gure 3. The time between successive maxima or minima
in the curve corresponds to the time required for the thickness of the undoped layer
to decrease by 2n, or the doped layer to increase by c 2n, where is the wave-
length of the detected light (as has been previously mentioned, 514 5nm), n is

Photo-induced solid-state reactions in Ag/As33S67 225

Figure 1. Experimental set-up for the simultaneous measurement of the electrical resistance
and the optical re¯ ectivity during the photodissolution process.

Figure 2. Calibration curve of the electrical resistivity versus thickness of the silver layer.
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the refractive index of the undoped As33S67 layer at this particular wavelength
n 2 57 and c is a constant relating the thickness of the doped layer to the thick-

ness of the undoped material consumed during the PD e� ect. At the end of the
photodissolution process the thickness of the undoped layer is zero, so that the
maxima and minima occur when the As33S67 layer thickness is an integer multiple
of 4n, this integer being 1 for the last minimum, 2 for the last maximum, and so
on. In other words, there is an interference condition for the optical re¯ ectivity in
this particular case, 4nd m , where d is the layer thickness and m is an integer, so-
called the order number, being odd for minima and even for maxima. The correct-
ness of the optical re¯ ectivity technique is clearly supported by the large di� erence in
the Tauc gap D Eg opt 0 55eV) and refractive index, n D n 0 5 , which was found
between doped and undoped As33S67 glass ® lms (Kosa et al. 1995).

Photodoped and undoped samples were thermally analysed by using a novel
technique called modulated di� erential scanning calorimetry (MDSC). MDSC, as
a new experimental method, has been described in more detail in the original papers
(Reading 1993, Reading et al. 1993, Reading et al. 1994, Wunderlich et al. 1994,
Sauerbrunn and Thomas 1995). MDSC operates essentially in the same way as a
typical heat ¯ ux di� erential scanning calorimetry (DSC) (Reading 1993), but with an
option that allows the sample temperature to be modulated sinusoidally around a
constant ramp, i.e. the temperature T at time t is:

T T0 rt Asin
2p t
P

1

where T0 is the initial (or starting) temperature, r is the heating rate, A is the
amplitude of the modulation and P is the period. The resulting instantaneous heating
rate dT dt therefore varies sinusoidally around the average heating rate r. The
apparatus measures both the amplitude of the instantaneous heat ¯ ow and the
average heat ¯ ow, called the total heat ¯ ow, and then by carrying out a suitable
Fourier deconvolution of the measured quantities (also incorporating the sinusoidal
temperature signal), it determines two quantities: reversing heat ¯ ow (RHF) and
non-reversing heat ¯ ow (NHF).

226 T. Wagner et al.

Figure 3. A typical plot of optical re¯ ectivity as a function of illumination time for the
Ag/As33S67 bilayer system.
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For the MDSC measurements the bulk samples (As33S67, AgAsS2, Ag3AsS3)
were crushed into small pieces, and the evaporated ® lms (As33S67) and photodoped
® lms (Ag± As33S67) were both mechanically peeled from the substrates, and immedi-
ately weighed in aluminum crimped pans and then properly sealed. A typical bulk
and ® lm sample weight was approximately 18mg.

The MDSC experiments were carried out as described previously (Wagner and
Kasap 1996). Initially, the same thermal history was set up for all samples, in the
non-modulated regime. Thus, the modulated regime was applied to measure the
modulated heat ¯ ow, in heating schedule, in the temperature region 20± 240ë C.
For the present experiments r 5ë Cmin 1, A 1 061ë C and P 80s, in equation
(1). The speci® c heat capacity Cp was calculated from the RHF. The Cp measure-
ment by MDSC typically have reproducibilities better than 1%. Tg and D Cp were
determined from the step transition of the heat capacity in the glass transition region
and is shown together with heat ¯ ow, non-reversing and modulated heat ¯ ow, in
® gure 4. The mean random error in Tg was 0 1ë C.

The structures of the reaction products and undoped As33S67 layers were estab-
lished from their corresponding far-IR spectra, measured in a Fourier transform
infrared (FTIR) spectrometer (Bio-Rad). IR spectra were measured on polyethylene
(far-IR quality) tablets, containing the studied materials.

§3. Results

3.1. Kinetics of optically induced Ag-dissolution in As33S67 glass ® lms
The kinetics of silver dissolution was monitored by making use simultaneously of

two independent techniques. The monitoring of the electrical resistance of the silver
layer is certainly a very important tool to establish accurately the time te when all the
elemental silver source is completely consumed during the PD process, as shown in
® gure 3. The electrical resistance change during the PD phenomenon can be seen in
® gure 5 (it is worth mentioning that in the present case the value of te is approxi-
mately 1000s), where the corresponding plot of the silver layer thickness versus
exposure time is also shown. We have calculated the initial silver-consumption
rate Ag Ag 1.27nms 1), as is shown in the inset of ® gure 5.

Photo-induced solid-state reactions in Ag/As33S67 227

Figure 4. Typical conventional DSC (HF) and MDSC (MHF, NHF and heat capacity)
results, during a heating scan in AgAsS2 glass.
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The re¯ ectivity oscillation curve (i.e. the position of the maxima and minima) in
® gure 3 was used to derive the experimental points for the kinetic curves in ® gure 6.
As can be seen from the re¯ ectivity curve, the oscillation amplitude decreases gra-
dually with time and at a certain point dies out, and then the value of the re¯ ectivity
increases monotonically to a new level. The intensity change in the re¯ ectivity curve
during the PD process can be attributed to the changing refractive index of the
re¯ ecting layer, from that of the initial, elemental Ag layer to that of an As33S67
layer, doped with di� erent levels of Ag. The ® nal increase of the re¯ ectivity at the
end of the PD e� ect is certainly due to the leading edge of the boundary (doped/
undoped) region, reaching the top surface of the ® lm, so that the Ag-concentration
at this surface then gradually increases up to a constant value (18at.% Ag± see
below). From a comparison of the electrical resistance and the optical re¯ ectivity
kinetic curves in ® gures 5 and 6, it is clear that the photodissolution process con-
tinues, very signi® cantly, even after the Ag layer is used up and Ag exhaustion has no
e� ect on the PD kinetic curve.

In order to ® nd the best physical model to describe and interpret our experi-
mental data corresponding to the metal-dissolution kinetic measurements, we have
used in the present study three di� erent ® tting functions, as displayed in ® gure 6.
These kinetic ® tting curves are the following: (i) simple square root model:
f1 t A1t1 2, where A1 is a rate coe� cient; (ii) two-stage exponential/linear
model: f2 t A2 exp B2t C2t D2, where B2 and C2 are the rate coe� cients,
and A2 and D2 are two constants; (iii) two-stage exponential/square root model:
f3 t A3 exp B3t C3t

1 2 D3, where B3 and C3 are the rate coe� cients, A3
and D3 are two constants.

It was found that the measured kinetic curve (i.e. doped layer thickness versus
exposure time), shown in ® gure 6, has a more complex character than was usually
reported, and cannot be ® tted by a simple square root function (for example
Kolobov et al. (1991)), as shown in ® gure 6 (a). A much more realistic approach is
to ® t the experimental data using composite functions, as shown in ® gure 6 (b) and
(c), consisting either of a single exponential and a steady state term, described pre-
viously by Wagner et al. (1993) or of a single exponential and a square root term.

228 T. Wagner et al.

Figure 5. The Ag-layer thickness and Ag electrical resistance versus illumination time during
the PD process.
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Photo-induced solid-state reactions in Ag/As33S67 229

Figure 6. A typical kinetic curve for photodoping of Ag into a As33S67 glass ® lm. The integer
number, m, plotted vertically, is proportional to the photodoped layer thickness.
(Solid lines are ® ts to the experimental points.) The parameters A1, B1, C1, D2 and

2 etc. are all de® ned in the text.
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The values of all the associated ® tted parameters are given in the corresponding plot
in ® gure 6. The values for the square of the regression coe� cient R2 and chi-squared

2 appear at the bottom of each plot in ® gure 6. 2 is de® ned as follows:
2

i
yi f xi i

2 2

where yi is the y component of the data, xi is the x component of the data, f xi is the
value of the right-hand side of the model equation, evaluated by substituting xi for
the independent variable, i is the weight associated with each data point, and the
sum, i, is taken over all the categories in the data selection. It is very clear, indeed,
from the results of calculating R2 and 2, given in ® gure 6, that the best ® t is
provided by a composite function consisting of a single exponential and a square
root term.

The ® rst composite function (a single exponential and a steady state term) and a
typical ® t to the experimental data are shown in ® gure 6(b). The values of the ® tting
parameters are: A2 4 26, B2 2 7 10 3, C2 4 2 10 3 and D2 4 49. The
rate coe� cients B2 and C2 B2 k1 exp and C2 k1 lin, with units s 1 can be con-
verted to the reaction rates, 1 exp, and 1 lin, by multlplying by 2n, yielding typical
values, such as: 1 exp 0 27nms 1 and 1 lin 0 42nms 1. The parameter A2 cor-
responds to the doped layer thickness at the end of stage 1 and start of stage 2. The
constant D2 de® nes the o� set of the steady-state term. The kinetic curve shows that
there are two di� erent stages in the PD phenomenon: the ® rst stage is characterized
by the rate coe� cient k1 exp and the second stage by k1 lin where it is veri® ed:
k1 exp k1 lin.

The second composite function (a single exponential and a square root term) and
a typical ® t to the experimental data are shown in ® gure 6 (c) and the values of the
® tting parameters are the following: A3 1 49, B3 1 35 10 2, C3 3 41 10 1

and D3 2 13. The parameters B3 and C3 are again rate coe� cients B3 k2 exp
with unit s 1, and C3 k2 sqrt, with unit s 1 2) and can be converted to the reaction
rates 2 exp and 2 sqrt by multiplying by 2n with typical values, such as:

2 exp 1 27nms 1 and 2 sqrt 34 13nms1 2 (the value of 2 sqrt
2 can be related

to the di� usion coe� cient with units nm2 s 1, as explained in the discussion section).
The parameter A3 corresponds to the doped layer thickness at the end of stage 1. The
constant D3 de® nes the o� set of the square root term. In this case, the ® rst stage of
the two-stage PD process is characterized by the rate coe� cient k2 exp and the second
stage by k2 sqrt, where it is also veri® ed: k2 exp k2 sqrt.

It is certainly important to mention that the initial silver consumption rate Ag is
approximately equal to the initial doped-layer built-up rate 2 exp (obtained from the
second composite function, i.e. the single exponential and the square root term). To
explain almost perfect agreement found between the rates Ag and 2 exp, we suggest
an interpretation mainly based on the previous Rutherford backscattering spectro-
scopy (RBS) results (Wagner et al. 1997), which clearly showed a very high concen-
tration of silver (around 80at.% Ag) in the photodoped layer, at the beginning of the
PD process.

3.2. MDSC
The results of the thermal analysis (MDSC) are summarized in table 1, which

compares the glass transition temperature Tg , the speci® c heat capacity Cp) and
the speci® c heat capacity di� erence D Cp , for both layers and bulk glasses. The Tg

230 T. Wagner et al.
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value of the layer and bulk As33S67 glasses decreases slightly after silver (e.g. around
18at.% Ag) is photodoped into the As33S67 layer or introduced in As± S bulk glass
during the synthesis of the Ag± As± S glass in amounts of 25 and 43at.% Ag.

The speci® c heat capacities Cp were measured by MDSC in heating scans in the
glass transition temperature region. The Cp values reveal a signi® cant decrease when
silver is introduced into the As33S67 structure, and can be explained by the well
known Debye model of heat capacities in solids (Wunderlich 1990), which relates
the microscopic vibrations in solids to their heat capacities.

The speci® c heat capacity di� erence D Cp was also determined and this structure-
sensitive parameter did not show a signi® cant change for the As33S67 chalcogenide
layer or bulk glass, after up to 25at.% Ag is introduced. However, the change in
structure is clearly more evident for the Ag3AsS3 bulk glass.

3.3. Far-IR spectroscopy
The structures of undoped, silver photodoped or silver `melt-reacted’ material

were determined by FTIR absorption spectroscopy. The vibrational spectra of the
light-exposed As33S67 layers, photodoped samples in PD stages 1 and 2, and crystals
of Ag3AsS3 and Ag2S are presented in ® gure 7. The FTIR transmission spectra of
AgAsS2 and Ag3AsS3 glasses are for a comparison taken from Jun et al. (1988), and
are visualized as the inset of ® gure 7. There are strong absorption bands at 375 and
310cm 1 in the spectrum of the undoped As33S67 ® lm (® gure 7, curve a). Signi® cant
IR bands appear in the spectra of the silver-doped samples (® gure 7, curves b and c)
at 380, 342, 310, 235 and 190cm 1, together with a weak vibrational band at
130cm 1. The distinct IR bands were obtained in spectra of crystalline Ag3AsS3
(proustite) at 337, 310, 263, 235 and 190cm 1, together with a weak absorption band
at 130cm 1. The spectra of crystalline Ag2S contains strong vibrational bands at
220, 184 and 130cm 1.

§4. Discussion

4.1. The solid-state reaction and the di� usion model
The solid-state chemical reaction and the proposed di� usion model is clearly

supported by all the analytic techniques used in the present work. The kinetic data
obtained are characterized by two rate coe� cients, which implies that the PD phe-
nomenon involves two di� erent consecutive processes. It is suggested that in stage 1
(the exponential stage) a Ag-doped layer is formed. According to the previous results
of RBS measurements already mentioned in this paper, the Ag-concentration pro® le
of the photodoped As33S67 layer in the early stages of the PD process has, certainly, a
quite complex character. The Ag-concentration pro® le is characterized initially by an

Photo-induced solid-state reactions in Ag/As33S67 231

Table 1. MDSC results of the samples studied.

Glass Tg from Cp Cp (50ë C) Cp 0 9Tg D Cp
sample ë C (J (g ë C 1 (J (g ë C 1 (J (g ë C 1

As33S67 bulk 157.57 0.4698 0.5185 0.2241
As33S67 ® lm 159.62 0.3400 0.4211 0.2039
Ag/As33S67 152.80 0.2919 0.3510 0.2087
photodoped ® lm
AgAsS2 bulk 153.70 0.3335 0.3864 0.2247
Ag3AsS3 bulk 151.56 0.3015 0.3584 0.1619
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exponential dependence on the depth into the photodoped layer, but this dependence
changes during the PD process into a step-like pro® le, as reported in Wagner et al.
(1997), and previously for the Ag As2S3 bilayer system (for example Yamamoto et
al. (1976)). It is suggested that at the beginning of the ® rst (exponential) stage of the
PD e� ect, when the Ag-doped layer is formed and is su� ciently thin, the process can
be in¯ uenced by space electric charges, resulting from the presence of a contact
potential on the metal/p-type semiconductor boundary, which is the case for the
Ag As33S67 bilayer system, by illumination or heating of the chalcogenide layer. The
light is absorbed near the free surface of the chalcogenide (i.e. at a depth 1 m m).
Then, the electrons and holes are both excited. For triggering of the PD process, in
the ® rst stage of the two-stage model described by Arai et al. (1989), photons with
energy either higher or lower than Eg opt are e� ective, and these photons in¯ uence the
concentration of free carriers and, therefore, the rate of PD. The electrons may be
trapped within a short distance, charging S atoms negatively. In contrast, the holes
can traverse over 10 m m (Tanaka 1991), through the multiple-trapping processes. It is
assumed that holes are able to enter directly (at the very beginning) into the Ag layer
to induce the PD process. As the Ag-doped layer is built-in and separates the silver
layer from the undoped chalcogenide layer, the holes can temporarily create su� -
cient electric ® elds across the Ag/Ag-doped/undoped boundaries, and the rate of PD
is maintained, due to the tunnelling of electrons out of the metal, through the thin
silver-doped layer up to the doped± undoped interface, as demonstrated in ® gure
8 (a). As the thickness of the doped layer increases, the tunnelling process slows

232 T. Wagner et al.

Figure 7. IR spectra of thin layers and bulk glasses in the As± S and Ag± As± S systems.
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down remarkably. These types of processes are frequently found during the forma-
tion of thin surface oxide layers on metals at low temperatures and are described by
an exponential or a logarithmic rate law (Schmalzried 1974).

Then, the holes have to di� use through the silver-doped layer, towards the Ag/
Ag± As± S boundary, in order for the PD process to progress further. Consequently
the Ag ions di� use in the opposite direction towards the Ag± As± S/As± S boundary,
where they react with undoped chalcogenides, as shown in ® gure 8 (b). As the PD
process continues and the thickness of the photodoped layer consequently increases,
the driving force of the process becomes controlled by the solid-state chemical reac-
tion on the Ag/Ag± As± S/As33S67 boundaries, where the slowest process obviously
dictates the overall photoreaction rate. This slowest process is most probably located
on the Ag-As± S/As33S67 boundary, where the reaction of Ag ions with undoped
chalcogenide takes place. It is important to note that the di� erence in chemical
potential D Ag at the boundaries is also the key factor for these reactions. A measure
of the chemical potential of silver is its corresponding isothermal activity aAg. This
isothermal activity depends on the silver molar fraction in the Ag± As± S ternary
system (Wagner et al. 1993), which has a ® nite range of homogeneity. It should be
emphasized that the change in the chemical potential D Ag varies, depending on the
silver content in the photodoped layer. At the beginning of the PD process the silver
layer is the source of Ag atoms. The source of Ag ions is changed as the PD process

Photo-induced solid-state reactions in Ag/As33S67 233

Figure 8. Schematic diagram of the proposed model for the PD process in the Ag/As33S67
system.
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progresses. The Ag source becomes either a solid solution containing nearly 80at.%
Ag or a glass phase with a composition at the Ag-rich boundary of the glass-forming
region, i.e. with a composition corresponding approximately to Ag3AsS3, as shown
in Wagner et al. (1997). We should emphasize that the Ag-doped layer formation is
controlled by the complex processes that take place in the exponential phase of the
studied kinetic curve, i.e. stage 1.

The second stage of the PD process could be described either by a linear law
(rate) or by a parabolic law (rate), as shown by the ® tting procedure in ® gures 6 (b)
and (c). The linear law for a solid-state reaction is described in Schmalzried (1974),
and refers to a process where its driving force is controlled by a solid-state chemical
reaction. As the PD process continues, the Ag-doped region with a composition
corresponding nearly to the stoichiometric compound AgAsS2, could be formed,
as reported by Wagner et al. (1997). As a result of this change, the di� erence of
the chemical potential changes, which, consequently, gives a photo-induced reaction
of a di� erent rate, as discussed in relation with the two-stage exponential/linear
model Wagner et al. (1997); the linear rate was also reported in Wagner et al.
(1993) for As33S67 layer thicknesses of up to around 1m m. The thickness of the
As33S67 layer used in present work is 1 4 m m, and the mechanism of the PD reaction
could be similar, as in the case of an As33S67 layer with thickness around 1 m m. It
should be mentioned that in the present work, k1 exp k1 lin, in comparison with the
results reported by Wagner et al. (1993, 1997), where kexp klin.

In view of the better correlation suggested by the parameters R2 and 2, in the
® tting of the experimental data, the second stage of the reaction can more probably
be described by a parabolic rate, as shown in ® gure 6(c), which is very common for
solid-state chemical reactions, e.g. Schmalzried (1974) and Onari et al. (1985). The
parabolic rate refers to a reaction where the driving force of the process is controlled
mainly by di� usion. The average gradient of the chemical potential, which is respon-
sible for the di� usional currents in the reaction product, is inversely proportional to
the product-layer thickness D x at any time. Furthermore, the instantaneous rate of
increase in thickness d D x dt is proportional to 1 D x. This relationship can be
easily integrated to give the parabolic law for a photo-induced solid-state reaction, in
the form: D x 2 2kt. The reaction-rate constant, k, in this expression, is related to
the parameter C3 in the ® tting function in ® gure 6 (c). Almost perfect agreement
between the initial silver-consumption rate Ag and the initial doped-layer built-up
rate 2 exp Ag 2 exp), and the better correlation found in the parameters R2 and

2, in the ® tting of the experimental data, give strong support to the proposed two-
stage exponential/square root model.

4.2. Far-IR and MDSC
Our results from far-IR spectroscopy and MDSC also prove clearly that the

whole PD process is not just a simple di� usion, but rather a complex process invol-
ving a solid-state reaction, part of which, of course, entails di� usion. MDSC mea-
surements, which have not been carried out on photodoped samples before, and IR
spectra show that silver is chemically bonded to the host As33S67 amorphous matrix,
but in di� erent ways, at di� erent stages of the PD process. We expect, therefore, the
same composition of the reaction products as in Wagner et al. (1997), based on the
results of RBS spectroscopy in the same Ag As33S67 system.

All the structure-sensitive parameters, Tg, Cp and D Cp (see table 1), prove that a
change occurs in the structure of As33S67 glass, as silver is introduced by photodop-
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ing or melt-quenching. This is also clear from the IR spectra in ® gure 7. The struc-
ture of As33S67 layers is based on a network of the AsS3 structural units (Onari et al.
1985), as shown in ® gure 9 (a), which have characteristic IR bands at 310, 342 and
375cm 1. These bands are present in the IR spectra after the introduction of Ag (see
® gure 7, curves b and c) into the amorphous As33S67 matrix. The presence of Ag in
the glass structure results in a continuous spectrum also containing new features, i.e.
vibrational bands at 235 and 190cm 1 and a very weak band at 130cm 1, which are
characteristic of AgAsS2, Ag3AsS3 and Ag2S compounds, and are described in Jun et
al. (1988) as Ag± S stretching and S± Ag± S bending vibrations. These IR bands are
presented in ® gure 7, curves d and e, and in the inset, the IR transmission spectra
from Jun et al. (1988).

The structure of the Ag-doped glasses is based on single or multiple AsS3 pyr-
amidal units, linked via Ag atoms. The expected structural changes with increasing
silver concentration in the As33S67 structure, derived from the X-ray di� raction
structural studies by Gould (1993), of their crystalline counterparts, is shown in
simpli® ed form in ® gures 9(a) ± (d).

§5. Conclusions

In the present paper, we have been able to carefully monitor the kinetics of the
PD process in thicker As33S67 glass ® lms d 1 4 m m). The kinetics of the reaction

Photo-induced solid-state reactions in Ag/As33S67 235

Figure 9. The structure of the As33S67 and Ag± As± S glasses. Structures (a) and (b), (c), (d)
are for undoped and Ag photodoped ® lms, respectively, during the course of the PD
process.
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was described by two consecutive processes with di� erent rate coe� cients. The ® rst
and second reaction stages were attributed to exponential and linear or to exponen-
tial and parabolic rate laws, respectively. It was clearly shown that the second kinetic
stage cannot be related to the elemental silver-source exhaustion.

The structure of the reaction product has been studied by the novel technique,
Modulated Di� erential Scanning Calorimetry and also by far-FTIR spectroscopy. A
comparison of the glass transition temperature Tg, the speci® c heat capacities Cp and
the speci® c heat capacity di� erence D Cp for the photodoped layers and the Ag-
containing bulk glasses, has been carried out. The Tg and Cp values of the layer
and bulk As33S67 glasses decrease slightly after the Ag (e.g. 18at.% ) is photodoped
into the As33S67 layers, or when the Ag (25 and 43at.% ) is introduced in the As33S67
bulk glass during its synthesis. The far-FTIR spectra show that there are strong
absorption bands at 375 and 310cm 1 for the undoped As33S67 glass ® lm.
Signi® cant IR bands appear in the spectra of the silver-doped samples at 380, 342,
310, 235 and 190cm 1, together with a weak vibrational band at 130cm 1.
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