Composition dependence of Ag photodoping into amorphous Ge-S films
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Photodoping kinetic studies of thin sample of Ag/Ge,S;5_ » (21<x<45) were made through
optical transmission measurements. The initial photodoping rate increases with increasing

S content, whereas the total amount of dissolved Ag shows a maximum around the
stoichiometric composition GeS,. The results are similar to those of the Ag/Ge-Se system

but different from the Ag/As-S system. The composition dependencies are qualitatively
explained by the structure of Ge-S bulk glass and the glass-forming ability of Ag-Ge-S

bulk glass. In this study it was also found that aging effect is considerable within several hours
after sample preparation and a reciprocity law holds between the initjal rate and

illumination power. -

I. INTRODUCTION

Photodoping of metals such as Ag into amorphous
chalcogenide semiconductors has been extensively studied
by many workers, because of fundamental and technolog-
ical interests. Although the various experimental data have
been reported, no consensus has been reached concerning
the interpretation of the phenomenon. A systematic study
of composition dependence for the chalcogenide layer is
important to make the mechanism clear and to search for
the most suitable material for the applications to high-
contrast optical recording device and high-resolution mi-
crolithography. Recently, the ultrahigh resolution ( ~500-
A width) was obtained with the Ge-based chalcogenide
using a soft x ray of synchrotron radiation.!

For the As-based chalcogenides, a significant advance
is seen on the mechanism and the explanations of several
characteristic features such as a steplike diffusion profile of
Ag.>? A similar idea seems to be applied to the Ge-based
system. Recently, Calas, Ghrandi, and Galibert* and
Kluge et al® reported the photodoping kinetics of the
Ag/Ge-Se system. Several points are different from the
composition dependence of the Ag/As-S system, such as
the initial photodoping rate and total amount of
photodoped Ag. Thus, it is of interest whether the kinetics
of the Ag/Ge-S system is similar to the Ag/Ge-Se or
Ag/As-S systems. Several reports have been published for
the samples of composition around GeS,.5” However, a
systematic study for the Ag/Ge-S system has not been
performed, though this system is a candidate as a high-
resolution lithographic resist being sensitive to uv light.
Moreover, it has advantages of being nontoxic and ther-
mally stable.’ .

Since the Ge-S film is widely different from the As-S
film with regard to the film structure, the difference seems
to influence the photodoping process, especially at the
early stage, such as the initial photodoping rate (induction
period). On the other hand, properties such as the total
amount of photodissolved Ag (Ag concentration in the
doped region) seem to be associated with the amorphous
forming ability (thermodynamic stability of Ag-containing
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amorphous phase). Thus, the composition dependence is
quantitatively expressed in the initial rate and the total
amount of doped Ag.

In this study, several fundamental properties were also
found using an Ag/GeyS;, sample: (i) The initial
photodoping rate increases considerably by the aging effect
at room temperature; (ii) structural relaxation by the ag-
ing effect is remarkable for the Ag layer rather than the
Ge;Sq layer; and (iii) the reciprocity law holds between
the initial photodoping rate and the illumination power.

Il. EXPERIMENTS ,
A. Sample preparation and exposure

The Ge,So —  glass or crystalline ingots (x = 20, 25,
30, 33, 35, 40, 45, and 50) were prepared by quenching in
water after melting and stirring a mixture of the constitu-
ent elements (Ge: 99.999%; S: 99.999% ) at 1000 °C for 10
h in evacuated silica ampoules. The fragments of crushed
ingot were evaporated onto a cleaned glass substrate from
a W basket in a vacuum of ~ 10~ ® Torr. The compositions
of the amorphous films were analyzed by electron-probe
microanalyzer (EPMA) (JEOL, JCXA-733) with energy-
dispersive x-ray (EDX) facility (Tracor Northern, TN-
5500) using crystals of Ge and a-GeS, as the standard
materials. The films of x = 21, 24.5, 30, 34, 35, 38, 42, and
45 were obtained by evaporating the raw ingots of x = 20,
25, 30, 33, 35, 40, 45, and 50, respectively, indicating that
the compositions of the films except x<35 deviate from
those of the raw ingots by evaporation. Silver (99.99%)
was evaporated onto the Ge-S films in a vacuum of ~ 10~
Torr without breaking vacuum between the evaporations.

The respective deposition rates were monitored with a
quartz oscillator (Ge-S: 3-5 A/s; Ag: 10-15 A/s). The
thicknesses of the films were checked using a mechanical
stylus instrument (Sloan, Dektak IT) or by optical trans-
mission measurements. The temperature of the glass sub-
strate was maintained at 202 °C. The Ag-Ge-S phase is
presumably formed on the Ge-S layer at an early stage of
the Ag deposition. Since the composition of the phase is
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FIG. 1. Change in optical transmission spectra resulting from Ag
photodoping into amorphous Ge,4 5875 5 film. The curves numbered 1-10
correspond to the spectra after exposure to light for 0, 4, 11, 22, 37, 55,
76, 99, 124, and 410 min, respectively. An arrow at 452 nm in wavelength
indicates the isotransmission point 1*. The spectrum at the final stage of
photodoping (dotted line) deviates from A*.

unknown, the photodoping sample is named as
Ag/Ge, Sy _ x in this paper without the Ag-Ge-S phase.

The photodoping samples were irradiated with the
light of an ultrahigh-pressure Hg lamp (Ushio, 500D)
through two lenses and an ir-cut filter. The irradiation was
done from the Ag-layer side. The change in the optical

transmission spectra of the photodoping sample as mea--

sured using a double-beam spectrophotometer (Shimadzu,
UV-2008). The photodoping experiments were done in air
at 202 °C.

B. Evaluation of the amount of photodoped Ang

Although the amount of photodoped Ag has been eval-
uated by various methods (e.g., electrical resistance of the
Ag layer,'®!! x-ray reflection intensity of the Ag layer,>!>1?
optical reflectivity of the chalcogenide layer,'*!5 chemical
etching of the Ag-doped layer,'®!” and Rutherford back-
scattering spectrometry™!®1%),
through the measurements of the optical transmission
spectra of the photodoping sample. The thin samples (Ge-
S: 500-770 A; Ag: 200-260 A) were used in the experi-
ment to avoid the interference effect in the transmission
spectra.6 The thin sample is also suitable for optical mem-
ory devices and inorganic resists with ultrahigh
resolution. !

As an example, the change in the transmission spectra
of the thin Ag/Ge,, sS;5 5 sample by photodoping is shown
in Fig. 1. There is an isotransmission point A* at 452 nm in
wavelength where the transmission is practically indepen-
dent of the irradiation time. The appearance of A* in the
spectra. satisfies the following important conditions:® (i)
The dissolved Ag distributes uniformly in the doped region
(steplike profile); and (ii) the spectra are not modulated
by the interference effect. The A* was clearly observed for
all the samples of Ag/Ge, S _ 5 As expected in the pre-
vious paper,6 it was found that A* shifts toward a longer
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FIG. 2. Scheme of decrease in sample thickness by photodoping. Depth of
the photodoped region, AD was determined through stylus measurement
and checked by SEM observation. A slit was put on the sample as a mask
during exposure.

wavelength with increasing Ge content (e.g., x = 24.5 at
450%10 nm, x = 30 at 47010 nm, and x = 38 at 500
+10 nm).

If A* is observed in the transmission data, the amount
of photodoped Ag can be estimated from the change in the
transmission at any wavelength except A* as

In[T(£)/T(0)] == ky, (n

where 7°(2) is the transmission of the sample irradiated for
time ¢ and y is the amount of dissolved Ag expressed in
units of the Ag film thickness.® The parameter k concern-
ing the optical density is given by ‘

k=ay4—cap+ (c+d— 1)ags, 2)

where a4, ap, and agg are the absorption coefficients of the
Ag layer, doped region, and Ge-S layer, respectively. The
constants ¢ and d are the structural parameters of the
photodoping sample concerning the thickness of the doped
region (¢p thick) and the decrease in the sample thickness
(dy thick), respectively.® If k is known, the y value can be
detérmined from the transmission change, I'(#)/7(0), at
any wavelength except A* [Eq. (1)]. In this study, the
T(t)/T(0) value was evaluated at 800 nm, since it is usu-
ally the greatest in the wavelength range of 300-800 nm.

First, the d value in Eq. (2) for the Ag/Ge,Sio0_«
samples was determined to know the & value. The thick
samples with the Ag layer with various thicknesses (Ge-S:
~5000 A; Ag: 200-500 A) were prepared and the d values
of the respective samples were determined according to the
procedure reported pre:viously.6 :

Then, the decrease in thickness AD of the thin samples
was examined using the stylus instrument before the satu-
ration of photodoping (Fig. 2). AD is expressed as AD = y

+ dy. Thus, y can be obtained from the AD and d values as
y=AD/(1 + d). Finally, the k value can be obtained from
T(¢)/T(0) and the y value [Eq. (1)]. Since the AD values

T. Kawaguchi and S. Maruno 2196

Downloaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



&4 T T I T

E Ag layer:~2305« .

% GesoSyg layer: ~T00A

£l 1

E g

S R

= s AN

x a b

I B I L 1
1 5 10 50

Light intensity (mW/cm?)

FIG. 3. Relation between initial photodoping rate (IPR) and light inten-
sity I: (O,A) the relation examined immediately after sample preparation;
(®) 20 h after the preparation. These data were obtained using a
Ag/GeyS;q sample. The ordinate is expressed as IPR/ corresponding to
the amount of dissolved Ag per incident total energy at an early stage of
photodoping. Two arrows indicate the data obtained (a) from weak light
to strong light, and (b) from strong to weak. The solid circles satisfy the
reciprocity law between IPR and 1.

are usually less than 200 A for the thin sample, the stylus
measurement was repeated 5-10 times and the obtained
AD value was checked by scanning electron microscope
(SEM) observation.

Once the k value is determined, the photodoping ki-
netics (time course of y) is easily obtained by the measure-
ments of transmission of the sample irradiated for various
times.

Iil. RESULTS
A. Reciprocity law concerning illumination power

The photodoping rate can be normalized by the inten-
sity of the irradiated light, if the reciprocity law holds
between the doping rate and the light intensity. Therefore,
the law for the Ag/Ge-S system was first examined using a
Ag/GeyS; sample. A sample of 2.7X5 cm? was divided
into 15 pieces for the experiments at light intensities of 1.9,
3.8, 7.5, and 15 mW/cm?”.

Figure 3 shows the obtained results between the initial
photodoping rate (IPR) and the light intensity /. The IPR
was evaluated as the slope of p(¢) at the initial stage of
photodoping (see the inset of Fig. 5). The IPR for the total
incident energy F is defined as dy/dE. It is also expressed
as dy/dE = (dy/dt)/I = IPR/I by the use of the relation
E =1t Immediately after the sample preparation, the
photodoping experiments were carried out from weak light
to strong light ([1) and from strong to weak (A), as shown
by two arrows [(a) and (b) in Fig. 3]. The data do not
show a relation of the reciprocity law (if the law holds, the
data points lie in parallel with the axis of abscissa). The
strange results suggest that the photodoping sample exhib-
its a remarkable aging effect within the relatively short
period.

Then, the aging effect on IPR was examined using the
Ag/GeyyS4o sample. The samples were aged in air (1 atm)
at 16=2 °C under dark. As shown in Fig. 4, IPR increases
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FIG. 4. Change in initial photodoping rate (IPR) by aging effect. The
data were obtained using a Ag/Ge;;S;, sample aged in air (1 atm) at
16+2°C in the dark. The intensity of the irradiated light was 3.76
mW/cm?,

considerably by the aging effect within 5 h after the sample
preparation. The change in the transmission spectra itself
by the aging effect was also found over the wavelength
range of 300-800 nm (discussed in Sec. IV A). The reci-
procity law, therefore, was reexamined using the sample
aged for 20 h from the preparation. The obtained IPR/I
data were independent of I as shown by solid circles in Fig.
3, indicating that the reciprocity law between IPR and 7
holds in the photodoping phenomenon. Except for IPR,
however, a clear reciprocity law was not observed in the
overall range of the kinetics, especially at the final stage.

B. Composition dependence of photodoping kinetics

Figure 5 shows the kinetics of Ag photodoping into
Ge,S 00 _ x films. A clear induction period is not observed
in this experiment. However, the data of x>34 show the
slow rising at the early stage, being similar to the kinetic
data of Ag/Ge,Se\q _ , samples.” It was judged that the
phenomenon reaches the saturation level, when the optical
transmission spectra deviate from A* (the dotted curve in
Fig. 1). The saturation does not always correspond-to the
exhaustion of the Ag layer. For samples except x = 30, 34,

Ag layer:~230A .
Ge-S layer:~770A
1=3.76 mW/cm?

200

50

FIG. 5. Photodoping kinetics of Ag/Ge,S,q — . samples (21<x<45). The
curves numbered 1-8 correspond to the time courses of samples of x
=21, 24.5, 30, 34, 35, 38, 42, and 45, respectively. The parameter y(¢)
stands for the amount of dissolved Ag (y thickness) after exposure for
time ¢ The time course of x = 45 is shown by a dashed curve (8), since
it probably has a relatively large experimental error. Inset shows the
method evaluating IPR for the two different types of data.
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FIG. 6. Composition dependencies of IPR and total amount of
photodoped Ag, y( ), at saturation level for Ag/Ge,So_ , samples.
The data of x =45 in parentheses probably involve a relatively large
experimental error.

and 35, the existence of the residual Ag layer was visually
observed at the saturation level. We estimated IPR and the
total amount of dissolved Ag at the saturation level y( )
from Fig. 5 and show the composition dependencies in Fig.
6. .

. For the composition’dependence of IPR, a minimum is
observed around the stoichiometric composition GeS,. The
result seems to be influenced by the emission spectrum of a
light source and/or the absorption and reflection proper-
ties of Ag and chalcogenide layers. Thus, the composition
dependence is necessary to be corrected for them. The
photodoping is caused by the action of light absorbed in
the chalcogenide layer and doped region.” At an early
stage, the light absorbed in the chalcogenide layer contrib-
utes mainly to the photodoping.”?° Therefore, we corrected
IPR by the total amount of the light absorbed in the Ge-S
layer.

For the illumination from Ag-layer side, the incident
light reaches the Ge-S layer through the Ag layer. Here, we
assume that the thickness of doped region is of negligible
order at the early stage. Then, the amount of light ab-
sorbed in the Ge-S layer as a function of 4, 4g¢(A4), is
given by*!

Ags(A) =Io(A) Tir(A) (1 — R e~ %% (1 — R 4 55)
X[1— (1 — Rgg.g)e ™ *as?es], (3)

where I3(4) is the emission intensity of ultrahigh-pressure
Hg lamp, T;.(A) is the transmission of the ir-cut filter, R,
is the reflection coefficient at the interface between air and
the Ag layer, a, is the absorption coefficient of the Ag
layer, d4 is the thickness of the Ag layer, R4 g¢ is the
reflection coefficient between the Ag and Ge-S layers,
Rgs i is the reflection coefficient between the Ge-S layer
and glass substrate, atgg is the absorption coefficient of the
Ge-S layer, and dgq is the thickness of the Ge-S layer.
Multiple reflections are neglected in Eq. (3) for
simplicity.?! It is known that if o 4d, (@gsdgs) > 1 and/or
R 4.qs (Rgs.g) €1, the multiple reflections can be neglected.
For the Ag layer, the value of a,d, is about 2, since a4 is
in the order of 10® cm ~! (300-800 nm) (Ref. 7) and d , is
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FIG. 7. Emission spectrum of ultrahigh-pressure Hg lamp, transmission
spectra of ir-cut filter and Ag film (230 A thick), and absorption coeffi-
cients of Ge,S,q _ , films as functions of wavelength. The curves from (a)
to.(e) correspond to the absorption coefficients of the samples of x = 21,
24.5, 30, 35, and 42, respectively.

about 200 A. In contrast, aged gy varies from 1 to 0.1, since
s is in the order of 10°~10* cm ~! at 350450 nm (see
Fig. 7) and dgg is about 1000 A. However, since the Rgs.e
value is as small as 0.15-0.01 in the wavelength range, Eq.
(3) is considered to be a good approximation. Moreover,
we approximate as 1 — R, ge=~1— R, and Rggs~0 in
Eq. (3). Then,

(1—Re™®4%(1 — Rygs)
~(1—Ry)e~ %941 —R,)
= TA(A')r

where T (1) is the transmission of the Ag layer itself.
Consequently, Eq. (3) is rewritten as

Ags(A) =Io(A) Ty (A) T4(A) (1 — e~ @as¥es), (4)

The spectra of Iy(1), Ti. (1), and T, (A) were directly
measured using the spectrophotometer. The agg value was
obtained from the transmission data of the two films with
different thicknesses. The respective parameters as func-
tions of A are shown in Fig. 7.

The total amount g of the light absorbed in the Ge-S
layer is obtained as

Equation (5) was calculated with a personal computer for
the wavelength range of A;<A<A, corresponding to
10°<ags<10° cm ~ !, since the light in this range effectively
causes the photodoping.'®!® The obtained ¢ and IPR/g
values are shown in Fig. 8. The composition dependence of
g shows a minimum around GeS, and the [PR/g value
decreases monotonically with increase of the Ge content.

Figure 6 also shows the composition dependence of
Y(o). A maximum is observed around GeS,. The result
was checked from the amount of the residual Ag layer
which was estimated from the area of the Ag(111) peak in
the x-ray-diffraction pattern.

Figure 9 shows the composition dependencies of the
parameters d and k. The parameter d is a coefficient con-
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FIG. 8. Composition dependencies of ¢ and IPR/g, where ¢ is a param-
eter concerning the total amount of the light absorbed in the Ge-S layer.
The ¢ value is adjusted to unity at x = 34.

cerning the decrease in sample thickness by photodoping.
The decrease is observed as dy, when the Ag layer of y
thickness is dissolved into the Ge-S layer. The composition
dependence shows a minimum around GeS,. If the Ge-S
film is well annealed before the Ag deposition onto it, the
d value decreases considerably over the composition range
of 21<x<45. On the other hand, the parameter k is related
to the change in the optical density by photodoping [Eq.
(1)]. The k value was evaluated at A = 800 nm. The com-
position dependence shows a maximum around GeS,. If
the Ag/Ge-S system is used as an optical recording device,
the result suggests that the device with the composition
around GeS, gives the highest contrast image, when a la-
ser-emitting red light such as a He-Ne laser is used as a
readout instrument.

IV. DISCUSSION
A. Aging effect .

The aging effect has been explained by the thermal
doping in the sample stored in the dark but the detail of the
effect is little known. In this study, the aging effect on IPR
was found to be remarkable within 5 h after the sample

O

| ]
20 30 40
Ag/ GexSi00-x

FIG. 9. Composition dependencies of d and k, where d is a parameter of
decrease in sample thickness and & is a parameter of optical density
change evaluated at 800 nm in wavelength. The values are normalized by
the amount of photodoped Ag.
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FIG. 10. (a) Change in optical transmission spectra of the Ag/Ge;;Syo
sample by the aging effect. (b) Time course of optical density change by
aging, In[T(¢)/T(0)], at 800 nm in wavelength, where T'(z) is the trans-
mission after aging time ¢ The data were obtained using a Ag/Ge;;Syg
sample aged in air (1 atm) at 16=+2°C in the dark.

preparation (Fig. 4). Since the rate of the thermal doping
is considerably low at room temperature,9 the result seems
to be associated with some structural relaxation in the Ag
layer and/or chalcogenide layer.

In addition to IPR, the aging effect was also found on
the optical transmission spectrum of a Ag/Ge;;S; sample
itself. Figure 10(a) shows the change in the spectrum of a -
Ag/GeypS, sample caused by the aging effect. The de-
crease of transmission is considerable at the longer-wave-
length region. Figure 10(b) shows the change in the opti-
cal density evaluated at 800 nm as a function of aging time.
The time course indicates that the aging effect is remark-
able within 20 h after the sample preparation. The result
cannot be explained by the thermal doping, since it should
cause the increase of the transmission at the longer wave-
length as well as the photodoping. Thus, the aging effects
on the Ag and Ge;zSy, films were examined separately.

As shown in Figs. 11(a) and 11(b), the aging effect
was observed in both spectra. The Ag film shows the de-
crease in the transmission at the longer wavelength,
whereas the Ge;S; film shows slightly a blue shift of the
transmission edge (thermally induced bleaching®?). From
these results, it follows that the aging effect of the
photodoping sample is attributed to that of the Ag layer on
the chalcogenide film. A similar result was observed for the
Ag film on the glass substrate stored in a vacuum of
~107° Torr, suggesting that a gas chemisorption such as
H,S gas (2Ag+ H,;S—Ag,S + H,) (Ref. 23) scarcely
contributes to the aging effect. The thermal relaxation of
the Ag film structure,>**® such as the homogenization of an
islandlike structure, can be expected, since the decrease of
transmission occurs uniformly in the range of 500-800 nm.
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FIG. 11. Effect of aging on optical transmission spectra of (a) Ag and (b)
GeySy films on glass substrates. The respective samples were aged in air
(1 atm) at 16+2 °C in the dark.

B. Reciprocity law

If the reciprocity law concerning the illumination
power holds in the photodoping kinetics, the phenomenon
can be purely regarded as the photoprocess and the ther-
mal process is hidden in the background of the phenome-
non. The difference in the activation energy of the Ag dop-
ing rate between photodoping (0.18 eV) and thermal
doping (1.6 V) (Ref. 11) also suggests that the photodop-
ing phenomenon is governed by the photoprocess. Our re-
sult of the reciprocity law (Fig. 3) and the large difference
in the activation energies support the idea recently pro-
posed by Wagner and co-workers>® for the photodoping
mechanism.

The kinetics after the acceleration period with the fast
dissolution rate did not exactly satisfy the relation of the
reciprocity law, i.e., the rate normalized by light intensity
was relatively greater at low-power illumination than at
high power. The result suggests that the effect of the ther-
mal process appears slightly in the phenomenon at the
decay period toward the saturation level.

C. Composition dependence

Recently, Kluge et al.’ reported the photodoping ki-
netics of Ag/Ge,Se g _, (10<x<40) samples. Although
their experimental procedures are different from ours, the
kinetic data can be qualitatively compared with our results,
since the sample configuration and illumination system are
the same as those in this study.

Figure 12(a) shows the comparison of the normalized
y(o) of Ag/Ge-S and Ag/Ge-Se systems. The respective

2200  J. Appl. Phys., Vol. 71, No. 5, 1 March 1992

—

Normalized y (o)
&

puey

05 ]

O 1 L I ) 1 x:_l B -—(4)—
10 20 30 40
Ag/ GexSigp-x ,Ag I GexSeipo-x

Normalized IPR

FIG. 12. Comparison of composition dependencies of (O) Ag/Ge-S and
(X) Ag/Ge-Se systems for (a) y(w) and (b) IPR. The curves are
normalized by putting the maximum value to unity.

data are taken from Fig. 6 in this paper and Fig. 3 in Ref.
5. Since the data of x = 40 for the Ag/Ge-Se system are
ambiguous, they are shown in parentheses, as is x = 45 of
the Ag/Ge-S system. Both composition dependencies are
similar to each other and show a maximum around the
stoichiometric composition (GeS, and GeSe,). However,
this result is different from the data reported for the
Ag/As-S system (minimum around AsS,,'* almost
constant®).

The y( ) value is closely related to the solubility of
Ag in chalcogenide film, i.e., the thermodynamic stability
of Ag-containing amorphous phase (amorphous-forming
ability). In connection with this, the composition depen-
dence is qualitatively explained by the glass-forming ability
of the Ag-Ge-S system: The glass-forming region is limited
to less than 35 at. % for Ag content in a triangle formed by
the Ag-Gey S0 and Ag-GeysSss lines.2%? If the Ag-Ge-S
phase is prepared by an evaporation method, however, the
amorphous region extends considerably, as revealed by the
data of the (Gey3S;7)i00_ A8, System (amorphous re-
gion: 0<x<67).%® The fact supports that the photodoping
can be observed in the film sample, even if the composition
fairly deviates from the glass-forming region.

The raw data of IPR before the correction (Fig. 6) can
be compared with the data of Kluge er al.,” as shown in
Fig. 12(b). Although the comparison of the data is limited
to the range of 20<x<34, it can be said that both curves
are similar to each other and the IPR decreases with an
increase in the Ge content toward GeS, and GeSe, com-
positions. In this study, moreover, the IPR of the Ag/Ge-S
system was corrected by the parameter ¢ concerning the
total photon flux absorbed in the Ge-S layer. The IPR/g
value in the range of x<25 increases considerably with
increase of the S content (Fig. 8). The result is related to
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the fact that the free sulfur (which easily reacts with Ag)
is present in the Ge-S layer of x<25.2%3 Since the reaction
between the free sulfur and Ag proceeds quickly,” the slow
rising at the early stage is hardly observed in the S-rich
region (Fig. 5).

The composition dependence of IPR for the Ag/Ge-
S(Se) system is different from that for the Ag/As-S system
(increases up to As3S; and decreases with increasing S
content®'*). The result for the Ag/As-S system was ex-
plained by Wagner and co-workers:> the maximum rate
occurs near the composition with the lowest compactness
of structure (the greatest molar volume) in view of the
diffusion of the Ag ion. In the case of the Ge-S system, the
molar volume of Ge,S;qy_, bulk glass (25 <x<44) in-
creases with increase of the S content except around
GeS,.*! Therefore, the monotonic increase of IPR for the
Ag/Ge-S(Se) system is qualitatively explained by the same
idea.

However, the details cannot be fully explained by the
structure of Ge-S bulk glass and the glass-forming ability
of Ag-Ge-S bulk glass, though such explanations are suc-
cessful in the Ag/As-S system.>® Further, the difference in
the glass-forming regions of the Ag-Ge-S (Refs. 26 and 27)
and Ag-Ge-Se (Ref. 32) systems does not lead to the sim-
ilarity of the composition dependencies. Strictly speaking,
the photodoping phenomena of Ag/Ge-S(Se) systems
must be discussed on the basis of the film properties of
Ge-S(Se) systems and the amorphous-forming ability for
~ the film samples of Ag-Ge-S(Se) systems. Actually, the
physical properties and the structure of Ge-S film are con-
siderably different from those of bulk glass with the same
composi'(ion,33 and the difference seems to be more signif-
icant than that of the As-S system. Preparations of Ag-Ge-
S(Se) film samples by evaporating bulk glass and metallic
Ag simultaneously using two W baskets are now in
progress to elucidate the amorphous-forming regions of the
film samples.

V. CONCLUSION

The composition dependence of Ag photodoping into
Ge,Sipo_» (21<x<45) films was studied using optical
transmission measurements. The kinetic data were com-
pared with the results reported for Ag/Ge,Sejg_ .
(10<x<40) samples. The aging effect for the photodoping
sample and the reciprocity law concerning the illumination
power were also examined using a Ag/Ge;;S, sample. In
summary, the results are as follows.

(i) The initial photodoping rate (IPR) increases with
increasing S content. The total amount of photodoped Ag,
y(e0), at the saturation level shows a maximum around
the stoichiometric composition GeS,. The composition de-
pendencies are similar to those of the Ag/Ge-Se system but
are different from those of the Ag/As-S system. They are
qualitatively explained by the structure of Ge-S bulk glass
and the glass-forming ability of Ag-Ge-S bulk glass.

" (ii) The decrease in the sample thickness by photodop-
ing shows a minimum around GeS,, whereas the change in
the optical density evaluated at 800 nm in wavelength
shows a maximum around GeS,.
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(iii) The aging effects at room temperature are re-
markable within 5 h for IPR and 20 h for the optical
transmission spectrum after the sample preparation.

(iv) It was found using the well-aged Ag/Ge;S+, sam-
ple that the reciprocity law holds between IPR and the
illumination power.
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