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Optical, electrical, and structural properties of amorphous Ag–Ge–S
and Ag–Ge–Se films and comparison of photoinduced and thermally
induced phenomena of both systems

Takeshi Kawaguchia) and Shigeo Maruno
Department of Electrical and Computer Engineering, Nagoya Institute of Technology, Showa-ku,
Nagoya 466, Japan

Stephen R. Elliott
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~Received 4 December 1995; accepted for publication 15 March 1996!

To understand the nature of Ag-rich chalcogenide glasses, the optical, electrical, and structural
properties of evaporated amorphous~Ge0.3S0.7!1002xAgx and ~Ge0.3Se0.7!1002yAgy films have been
examined and compared with each other over a wide compositional range in Ag content. The
maximum Ag content for the amorphous films was 67 at. % for the S-based system and 40 at. % for
the Se-based system. The physical properties of both systems depended significantly on the Ag
content but the compositional trends resembled each other. All the photoinduced and thermally
induced phenomena observed for the S-based system were also observed for the Se-based system
but with the compositional ranges shifted to lower Ag concentration: the photo- and thermal
bleachings~0<y,22 for the Se-based system, 0<x,40 for the S-based system!, the photoinduced
surface deposition~PSD! of metallic Ag phenomenon, and the phase separation on annealing
~25,y<40, 50,x<67!. The Se-based system was found to exhibit the PSD phenomenon at low Ag
concentrations where the S-based system never exhibits this effect. ©1996 American Institute of
Physics.@S0021-8979~96!07912-1#
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I. INTRODUCTION

It is known that Ag-rich Ag–As~Ge!–S glasses exhibit a
phenomenon of so-called photoinduced surface deposit
~PSD! of metallic Ag, that is, photoinduced segregation o
fine Ag particles to the glass surface.1,2 This effect has at-
tracted interest in application to direct positive patternin
with high contrast. However, bulk glasses~maximum Ag
content of 45 at. %! have not been suitable samples for th
application since the photosensitivity is very much lowe
than that of conventional photographic films. For the resol
ing power of Ag pattern printed by PSD, bulk glasses a
also inferior to the photographic films, since the photodepo
ited Ag particles are larger in size than the AgCl~Br! crys-
tallites in the photographic films.

Film samples with much higher Ag contents are nece
sary to increase the PSD photosensitivity. Therefore,
have studied amorphous Ag-rich Ag–Ge–S films with A
contents of 60–65 at. %.3,4 The photosensitivities of these
films were 10–100 times greater than those of the bu
glasses but have not yet achieved the level of photograp
films. However, with respect to the resolving power of th
Ag patterns, these films were comparable or superior to ph
tographic films, since the photodeposited Ag particles we
very small in size~less than 0.2mm in diameter!. Further, it
was recently found that these films exhibited reversibility
photowriting and thermal erasing of the Ag patterns.4 This
reversibility is an advantage for the application of PSD
new optical recording devices.

a!Electonic mail: kawa@elcom.nitech.ac.jp
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To consider the further development for applications,
is essential to know the nature of the Ag-rich chalcogen
films, especially the optical, electrical, and structural prop
ties, since these physical properties are closely related to
mechanism of the PSD phenomenon.1,5 Furthermore, to un-
derstand the physical properties, it is necessary to comp
the data obtained for samples with different chalcogen
elements. Therefore, in this study we have prepared Ag-r
Ag–Ge–S films~S-based system! and Ag-rich Ag–Ge–Se
films ~Se-based system! by co-evaporation of the chalcogen
ide glasses and metallic Ag. The compositional depende
of the physical properties has been examined for a w
range of Ag contents through measurements of the x-ray
fraction pattern, optical and infrared spectra, dc resistivi
and capacitance.

Differences in the PSD phenomenon between the S-
Se-based systems have also been examined using t
samples. The Se-based system was found to exhibit the
phenomenon at lower Ag concentrations than the S-ba
system, suggesting that the Se-based system is superi
the S-based system in regard to the PSD photosensitiv
The relationship between the photoinduced and thermally
duced phenomena and the Ag content of the Ag-rich fil
has been discussed on the basis of data on the optical,
trical, and structural properties for both systems. Several
portant pieces of knowledge for understanding Ag-rich ch
cogenide amorphous films have been obtained in this stu

II. EXPERIMENT

The ~Ge0.3S0.7!1002xAgx system was selected for th
S-based system, since the photoinduced and thermally
duced phenomena have been previously examined in det6
/79(12)/9096/9/$10.00 © 1996 American Institute of Physics
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Films in this system~0<x<70! were prepared by co-
evaporation of Ge30S70 glass fragments and metallic Ag us
ing two W baskets in a vacuum of;1026 Torr. The
~Ge0.3Se0.7!1002yAgy system was selected for study of a Se
based system and the films~0<y<50! were prepared in the
same manner as the S-based system using Ge30Se70 glass and
Ag. The deposition rates of the raw glasses and Ag we
separately controlled with two monitor systems to obta
samples compositionally homogeneous throughout the thi
ness. The respective deposition rates were changed to ob
film samples with various Ag contents: 10–50 Å/s fo
Ge30S~Se!70 glass and 0–50 Å/s for Ag. The deposition tim
was controlled to adjust the thicknesses of all the films to
5000 Å. However, there was a scatter of64% in the film
thicknesses~50006200 Å!. Cleaned quartz glass and Si wa
fers were used as substrates for the films. The temperatur
the substrates was maintained at 2062 °C by water cooling.
The configuration of the substrates and the two monitors w
the same as that reported previously.6

The Ag content of the film samples was evaluated fro
the thicknesses of the Ge30S~Se!70 and Ag films measured by
the respective monitors in the same manner as repor
previously.6 The composition of the samples was checke
using an electron-probe microanalyzer~EPMA! ~JEOL,
JCXA-733! with an energy-dispersive x-ray instrument~Tra-
cor Northern, TN-5500!. The raw Ge30S~Se!70 glasses and
Ag were used as the standard materials for this analysis
was confirmed that the Ag content estimated using the mo
tor system was almost equal to that obtained by the EPM
analysis. For the composition of Ge and S~Se!, the Ge con-
tent of the films was slightly greater than that of the ra
Ge30S~Se!70 glasses. However, this difference was within th
experimental error of the EPMA analysis.

The experimental procedures for x-ray diffraction, sca
ning electron microscopy~SEM!, optical and infrared spec-
troscopy, and for measurements of dc resistivity and capa
tance have been described in our recent article.7

The photoinduced and thermally induced phenomena
the films were examined after the films were placed in
optical cryostat kept in a vacuum of;1023 Torr. Illumina-
tion was provided with light from a 500 W Xe lamp~Ushio–
Denki! through an ir-cut filter. Annealing was done at a tem
perature of 150 °C. All the experiments on the as-deposi
films were carried out immediately after the film prepar
tions, because thermal bleaching of the films proceeds a
appreciably high rate even at room temperature.6

III. RESULTS

The open and closed circles in Fig. 1 show the comp
sitions of the S-based and Se-based films, respectively, p
pared in this study. The Ag contents werex50, 20, 28, 38,
52, 60, 67, and 70 at. % for the S-based system andy50, 18,
22, 30, 35, 40, and 50 at. % for the Se-based system. T
surface of all the as-deposited films, except for the compo
tions x570 andy550, was mirrorlike and the color ranged
from white–yellow to black for the S-based system, an
from orange–yellow to black for the Se-based system, w
an increase in Ag content. The surface of the films wi
x570 andy550 was lusterless and brilliant white in color
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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The homogeneous glass-forming regions of the Ag–Ge
S~Se! system are also shown in Fig. 1. The solid curve show
the region of the Ag–Ge–S system reported by Kawamo
and Tsuchihashi8 and it is located only at the Ge-rich side o
the GeS2–Ag2S tie line. The dashed curves show the glas
forming regions of the Ag–Ge–Se system reported b
Borisovaet al.9 and they are located on either side of th
GeSe2–Ag2Se tie line. This difference, one region for the
Ag–Ge–S system and two regions for the Ag–Ge–Se sy
tem, seems to be strange. Therefore, in the early stage of
study, we checked the glass-forming region of the Ag–Ge–
system under almost the same conditions as reported
Kawamoto and Tsuchihashi.8 We obtained the same glass
forming region as reported by them on the Ge-rich side
the GeS2–Ag2S tie line. However, it was found that there
was another homogeneous glass-forming region on t
S-rich side, as shown by the dotted curve in Fig. 1. Th
shape, size, and location of this region are very similar
those characteristic of the glass-forming region on the S
rich side for the Ag–Ge–Se system.

A. X-ray diffraction patterns

Figure 2 shows x-ray diffraction patterns of the as
deposited films for the S-based system. The patterns
samples with up to 60 at. % Ag do not show any crystallin
peaks and the peaks for Ag metal are only seen in the patt
for x570. This result suggests that the films with 0<x<60
are amorphous. It seemed by SEM observation that the
amorphous films were homogeneous@see~a! in Fig. 10#. On
the other hand, a large number of white spots were observ
by SEM for the film surface ofx570. These spots were
confirmed to be fine particles of pure Ag by EPMA analysis
This result suggests that the appearance of a white and l

FIG. 1. Phase diagram of the Ag–Ge–S~Se! system and compositions of the
film samples prepared in this study. The open circles on the tie line betwe
Ge30S70 and Ag show the compositions in the~Ge0.3S0.7!1002xAgx system:
x50, 20, 28, 38, 52, 60, 67, and 70. The closed circles on the tie lin
between Ge30Se70 and Ag show the compositions in the
~Ge0.3Se0.7!1002yAgy system:y50, 18, 22, 30, 35, 40, and 50. The solid and
dashed curves show the homogeneous glass-forming regions of
Ag–Ge–S8 and Ag–Ge–Se9 systems, respectively. The dotted curve on th
S-rich side of the GeS2–Ag2S tie line shows another homogeneous glass
forming region of the Ag–Ge–S system found in this study.
9097Kawaguchi, Maruno, and Elliott
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terless film surface for this composition is due to the fine
particles deposited on the surface during preparation.

A film with x567 was also prepared, although the x-r
pattern is not shown in Fig. 2. This film was partially inho
mogeneous on a macroscopic scale, since sparse s
white, and lusterless domains were observed on a smo
black surface by using an optical microscope. A sample
this composition with a large smooth surface unfortunat
could not be obtained in this study. Therefore, the x-ray d
fraction pattern and infrared transmission spectrum could
be taken for this sample, because these experiments
samples with a large size over 2.532.5 cm2 to obtain reliable
data. However, data on optical and electrical properties co
be obtained, since samples with a small size~130.5 cm2!
were sufficient for the experiments.

Although the film withx567 was partially inhomoge-
neous on a macroscopic scale, we regard the maximum
content of amorphous films for the S-based system as
at. %, since this value agrees with the maximum Ag cont
reported previously~66 at. %,3 67 at. %!.4 It seems that
Ge30S70 films cannot contain more than 67 at. % Ag and th
the excess Ag deposits as elemental metal on the film sur
during preparation.

Figure 3 shows x-ray diffraction patterns of the a
deposited films for the Se-based system. The patterns
samples up to 40 at. % do not show any crystalline peaks
the peaks for Ag metal are only seen in the pattern fory550.
The film with y540 was slightly inhomogeneous on a ma
roscopic scale. However, since samples with a large smo
surface could be obtained, in contrast to the films withx567
for the S-based system, all the experiments could be car
out using these samples. We regard the maximum Ag c
tent of amorphous films for the Se-based system to be
at. % in the same way as for the S-based system. For the
with y550, it is also suggested that a large number of fi
particles of pure Ag were deposited on the surface dur
preparation.

In Fig. 2 for the S-based system, the first diffraction ha
at around 2u515° ~Cu Ka!, the first sharp diffraction peak
~FSDP!, shifts toward higher angles with increasing Ag co
tent. The intensity decreases with an increase in the Ag c

FIG. 2. X-ray diffraction patterns of as-deposited~Ge0.3S0.7!1002xAgx films
~S-based system!. The peaks marked by the small closed circles on
x570 pattern correspond to peaks of metallic crystalline Ag.
9098 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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centration and becomes negligible atx538. The second halo
at around 2u530° also shifts toward higher angles but th
intensity increases with an increase in Ag content. The sa
features can be observed for the Se-based system but
the FSDP becomes negligible aty535, as shown in Fig. 3.

B. Infrared and optical transmission spectra

Figure 4 shows the infrared transmission spectra of
deposited films for the S-based system. The spectrum w
x50 ~Ge30S70! is almost the same as the spectrum for
as-deposited Ge27S73 film reported by Tichyet al.10 The ab-

e
FIG. 3. X-ray diffraction patterns of as-deposited~Ge0.3Se0.7!1002yAgy films
~Se-based system!. The peaks marked by the small closed circles on t
y550 pattern correspond to peaks of metallic crystalline Ag.

FIG. 4. Infrared transmission spectra of as-deposited films for the S-ba
system. The dashed line at around 370 cm21 indicates the position of the
fundamental Ge–S vibration band.
Kawaguchi, Maruno, and Elliott
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sorption band of the fundamental Ge–S vibration at 3
cm21 broadens and its intensity decreases with an increas
the Ag content. For films withx>38, another broad pea
appears in the region of 200–300 cm21 and the peak is domi
nant in the spectrum for the film withx560. From this result,
it is suggested that Ag atoms incorporated in Ge30S70 films
break up the Ge–S network structure through the forma
of Ag–S bonds. The Ag–S bonds become dominant in
Ag-rich films with x>38 and the breakup of the Ge–S ne
work structure is associated with the disappearance of
FSDP in the x-ray patterns.

Figure 5 shows the infrared transmission spectra of
as-deposited films for the Se-based system. The spec
with y50 ~Ge30Se70! is almost the same as the spectrum
an as-deposited Ge31Se69 film reported by Tichyet al.11 The
absorption band of the fundamental Ge–Se vibration at
cm21 broadens and its intensity decreases with increasing
content. For films withy>30, another broad peak appears
the region of 100–200 cm21 and this peak is dominant in th
spectrum for the film withy540. The changes in the spect
betweeny522 and 30 seem to be more remarkable in co
parison with the changes betweenx528 and 38 for the
S-based system.

Figure 6 shows the optical transmission spectra of
as-deposited films for the Se-based system. The data fo
S-based system have been given in Refs. 3 and 6. In Fi
the spectra shift to longer wavelength with an increase in
content. This result agrees with the change in color of
films observed by eye~from orange–yellow to black!. The
very low transmission of the film withy550 is due to the
scattering associated with the lusterless surface. Furtherm

FIG. 5. Infrared transmission spectra of as-deposited films for the Se-b
system. The dashed line at around 250 cm21 indicates the position of the
fundamental Ge–Se vibration band.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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the brilliant white color can be explained by reflection an
scattering of light from the fine Ag particles on the film
surface.

Figure 6 also shows the spectra after illumination~dotted
curves!. Changes in the spectra on illumination are observe
for all the films except for that withy522. The blueshifts
exhibited by films withy50 and 18 are due to the pho-
tobleaching phenomenon6,7 and seem to decrease with an
increase in Ag content. The changes exhibited by films wit
y530 and 40 are due to the PSD phenomenon4,6 and seem to
increase with increasing Ag content.

A blueshift was also observed for annealed films wit
y50 and 18. This shift is due to the thermal bleachin
phenomenon6,7 and decreased with increasing Ag conten
with the same tendency as for photobleaching. The film
with y530 and 40 exhibited a spectral change on annealin
This change is due to phase separation into Ag-poor a
Ag-rich phases, as observed for the S-based system.6 The
phase separation was confirmed by SEM observation. Fu
thermore, the Ag concentrations of the respective phas
were evaluated by EPMA analysis to be;22 at. % for the
Ag-poor phase and;45 at. % for the Ag-rich phase. The
relationship between these spectral changes on annealing
the Ag content is discussed later when comparing with th
data for the S-based system.

The optical transmission edge~ledge! of the as-deposited
films for S- and Se-based systems was evaluated as a fu
tion of Ag content, as shown in the right ordinate in Fig. 7
We definedledge as the wavelength corresponding to 5%
transmission in the same way as reported previously.7 In this
study, since the film thicknesses were 5000 Å, the value
ledge on a scale of photon energy~eV! corresponds to an
optical band gap with an optical absorption coefficient~a! of
63104 cm21.7 Since the value ofledgedepends on the film
thickness, the scatter of values of film thickness studied w
kept within64% ~50006200 Å!, as mentioned in Sec. II.

The photon energy thus determined ata563104 cm21

for the as-deposited Ge30S70 film ~3.4 eV! is consistent with
the photon energy reported by Tichyet al.12 ~3.5 eV at the
samea for an as-deposited Ge30S70 film!. Furthermore, the

ased

FIG. 6. Optical transmission spectra of as-deposited films for the Se-bas
system and for the illuminated films. The solid curves show the spectra
the as-deposited films and the dotted curves show the spectra after expo
to light from a Xe lamp~110 mW/cm2! for 30 min at 20 °C.
9099Kawaguchi, Maruno, and Elliott
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photon energy for the as-deposited Ge30Se70 film ~2.5 eV! is
consistent with that of an as-deposited Ge33Se67 film ~2.4 eV
at the samea! reported by Theyeet al.13 As shown in Fig. 7,
the optical band gap corresponding toa563104 cm21 de-
creases with an increase in Ag content for both systems
the compositional trends resemble each other.

C. Resistivity and capacitance

Two types of samples were prepared with different el
trode configurations for measurement of the dc resistiv
~rdc!. The sandwich type was used for 0<x<20 for the
S-based system and 0<y<18 for the Se-based system, sin
these films have high resistivities. The planar gap-cell ty
@see the inset~a! in Fig. 8# was used for the other low
resistivity films. For the sandwich type, we prepared film
with thicknesses greater than 5mm to avoid short circuits
between the sandwich electrodes through pinholes in
films. Values ofrdc of the films with low Ag concentration
~0<x<20,0<y<18! were measured using a dc field. On t
other hand, values ofrdc of the Ag-rich films~x>28,y>22!
were evaluated from the frequency dependence of the a
sistivities from 100 to 5000 Hz~Cole–Cole plots!,5 extrapo-
lated to zero frequency, since these films exhibit a mar
ionic conduction of Ag1 ions under a dc field.

Figure 7 also showsrdc of the as-deposited films for S
and Se-based systems as a function of Ag content. The v
of rdc of the Ge30S70 film ~1014 V cm at 20 °C! is close tordc
of bulk glassy GeS2 reported by Nagelset al.

14 ~1014 V cm at
60 °C!. The value ofrdc of the Ge30Se70 film ~531012 V cm
at 20 °C! is between that of the two bulk glasses Ge22Se78
~Ref. 15! @1012 V cm at 20 °C# and GeSe2 ~Ref. 16! @1014

V cm at 20 °C by extrapolation ofrdc data for 80–350 °C#.
Furthermore,rdc of the film with x528 ~Ag28Ge22S50! has
the same order of magnitude as Ag28Ge20S52 bulk glass17

FIG. 7. DC resistivity~rdc! and optical transmission edge~ledge! of as-
deposited films for S- and Se-based systems as a function of Ag con
The open and closed circles showrdc of the S- and Se-based films, respe
tively. The open and closed triangles showledge of the S- and Se-based
films, respectively. The quantityledgeis evaluated as the wavelength corr
sponding to 5% transmission.7 All the data were obtained at 20 °C.
9100 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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~;105 V cm at 20 °C!. As shown in Fig. 7,rdc for both
systems drastically decreases with increasing Ag conte
The value ofrdc for the S-based films is about 100 time
greater thanrdc for the Se-based films with the same Ag
content over the range 20<(x,y)<40, but the compositional
trends of both systems strongly resemble each other.

The electrical conduction of the Ag-rich films is gov
erned by ionic conduction of Ag1 ions ~superionic conduc-
tor!. The dc conductivitysdc is given bysdc51/rdc5nem,
wheren and m are the concentration of the movable Ag1

ions and their mobility, respectively. Therefore, the 10
times difference inrdc is attributable ton and/orm, since e is
a constant. Miyamotoet al.18 recently suggested, from data
obtained using a time-of-flight method, thatn of Ag-rich
Ag–As–S bulk glasses~15–45 at. % Ag! is constant
~;1019 cm23! andm increases exponentially with increasing
Ag content. That is, according to their suggestion, the co
ductivity of the Ag-rich glasses depends only onm. There-
fore, to obtain information about the movable Ag1 ions in
the Ag-rich S- and Se-based films, we have examined t
frequency dependence of the capacitance.

Figure 8 shows the raw capacitance data from 102 to 105

Hz. The capacitance of the Ag-rich films is very large at lo
frequencies and markedly decreases with an increase in
quency. On the other hand, the capacitance of Ge30S~Se!70
films was very low~;0.9 pF! and a frequency dependenc
was not observed. Therefore, the frequency dependence
the Ag-rich films is due to the ionic conduction of Ag1 ions
and the high capacitance at low frequencies can be explai
by the formation of a thin depletion layer of Ag1 ions near
the positive Au electrode.19

The insets in Fig. 8 show the sample~planar gap-cell
type! used in this capacitance experiment and the equival

tent.
c-

e-

FIG. 8. Frequency dependence of the capacitance of as-deposited films
S- and Se-based systems. The open circles and triangles show the raw
for S-based films~x552 and 38! and the closed circles and triangles show
the raw data for Se-based films~y540 and 30!. All the data were obtained
at 20 °C. The inset~a! shows the sample used in this experiment with plana
gap-cell geometry for the electrode configuration~w5180 mm!. The inset
~b! shows the equivalent circuit of the sample, whereC and R are the
capacitance and resistance of the films, respectively.Cf represents the float-
ing capacitance of the sample.
Kawaguchi, Maruno, and Elliott
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circuit. The sandwich type is usually preferable for capa
tance measurements, since the floating capacitance ca
neglected for the film samples. However, thick films wi
high Ag concentrations could not be obtained in this stu
because of the low heating power of the evaporation syst
The capacitance of all the samples is observed to approa
constant level of;0.9 pF at high frequency, since th
sample capacitance (C) becomes less than the floating c
pacitance (Cf) in this frequency region.

In Fig. 8, the capacitance at low frequency~for example,
100 Hz! increases with increasing Ag content for both sy
tems and the capacitance of the Se-based system is gr
than that of the S-based system with the same Ag cont
On the other hand, the capacitance of all the samples
creases in an almost parallel fashion from low to high f
quencies. Therefore, samples with higher Ag content exh
a capacitance greater than theCf level up to higher frequen-
cies. If Ag1 ions can move fast and can follow the alterna
ing electric field with high frequency, a large capacitance d
to the Ag1 movement seems to be observable up to
higher frequency region. However, further interpretation
difficult at the present stage because of a lack of deta
information about the thin depletion layer of Ag1 ions.

IV. DISCUSSION

A. Photoinduced and thermally induced phenomena

Figure 9 shows the shift in the optical transmission sp
tra induced by illumination and annealing as a function
Ag content. These are data for the Se-based system; the
for the S-based system are given in Ref. 6. The magnitud
the shift was evaluated by the change in wavelength at 1
transmission~Dl! in the same way as reported previously6

The values ofDl were almost the same as those evaluated
5% transmission, since the spectra shift in a parallel fash
~see Fig. 6 in this article and Fig. 10 in Ref. 6!. A positive
value ofDl means a shift to shorter wavelength~blueshift!:6

FIG. 9. Composition dependence ofDl for the Se-based system, whereDl
denotes the wavelength shift of the optical transmission spectrum on illu
nation or annealing. The value ofDl was evaluated as the change in wav
length corresponding to 15% transmission.6 The closed circles showDl
after illumination~Xe lamp, 110 mW/cm2, 30 min, 20 °C!. The open circles
showDl after annealing~150 °C, 1.5 h, in Ar gas!. A positive value ofDl
means a shift to shorter wavelength~blueshift!:6 Dl5lT515% ~as-deposited
film!2lT515% ~illuminated or annealed film!, wherelT515% is the wave-
length corresponding to 15% transmission.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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Dl5lT515% ~as-deposited film!2lT515% ~illuminated or an-
nealed film!, wherelT515% is the wavelength corresponding
to 15% transmission.

For the range 0<y,22 ~Dl decreases with an increase
in Ag content!, the shifts induced by illumination and an-
nealing are considered to be due to photobleaching and th
mal bleaching phenomena, respectively, since the compo
tional trends are similar to those of the S-based syste
~0<x,40!.6 Therefore, in the same way as for the S-base
system, the compositional trends can be accounted for
supposing that Ag atoms incorporated in the Se-based fil
break up the Ge–Se network structure through the formati
of Ag–Se ionic bonds. The photobleaching observed for lo
values ofx, y is namely possible photoinduced bond break
ing and subsequent rebonding~polymerization! processes, as
for as-deposited chalcogenide films.6

In the range 22,y<40, the shifts induced by illumina-
tion and annealing are considered to be due to the PSD p
nomenon and phase separation, respectively. Similar com
sitional trends have also been observed for the S-bas
system~45,x<67!.6

Figure 10 shows a comparison using SEM of PSD ph
nomena for both S- and Se-based systems. In~b!, more Ag
particles are deposited in a shorter illumination time in com
parison with~c!. Therefore, at first sight, the Se-based film
seem to exhibit a low sensitivity for the PSD phenomeno
However, these samples are very different with respect to t
Ag content ~x560, y535! and the S-based films with the
low Ag content of 35 at. % never exhibit the PSD phenom
enon. Therefore, if Se-based samples with the high Ag co
tent of 60 at. % could be obtained as amorphous films, it
expected that the Se-based film would be more sensitive
the PSD phenomenon than the S-based film withx560.

The PSD phenomenon has been observed in Ag-ri
Ag–As~Ge!–S glasses or films and the related Ag-rich crys
talline compounds did not exhibit PSD.1,4 Therefore, we
have considered that the PSD phenomenon is limited to th
modynamically unstable glasses containing a large amou

mi-
e-

FIG. 10. Electron scanning microphotographs of surfaces of Ag-rich film
for S- and Se-based systems:~a! an as-deposited film withx560 ~S-based
system!, ~b! an illuminated film withx560, ~c! an illuminated film with
y535 ~Se-based system!. The surface of the as-deposited film withy535
was as smooth as~a!. Illumination was provided with light from a Xe lamp
~110 mW/cm2! through an ir-cut filter at 20 °C for~b! 5 min and~c! 30 min.
All the photographs are to the same scale.
9101Kawaguchi, Maruno, and Elliott

ense¬or¬copyright;¬see¬http://jap.aip.org/about/rights_and_permissions



y

a

h

b
c

h

d
s
t
d

o
e

2

20
nd
P is

ow-
ition
t

i-
the
s by

d
for

nt,

be-
o-
an
Ag

l
red

ak.
se
ing
e in
ith
nge

ctra
de-
g to
ure
he
film

cal-
on-
se.

ited
Ag,
ob-
the
occur

can
ned
d
eal-
on-
and
be-

c
lm

p

Downloa
of Ag and is a photochemical reaction toward a thermod
namically stable state with segregation of excess Ag atoms
the glass.1 Further, to explain the movement of Ag in the
PSD process, we have considered that a photoelectron
ionic interaction is necessary for the Ag migration toward th
illuminated surface.5 This means that Ag1 ions in the glasses
can move fast. In this connection, we recently found th
Cu-rich Cu–Ge–S films did not exhibit the PSD phenom
enon ~even with a Cu content of 62 at. %! because of the
absence of ionic conduction of Cu in the films.7

Therefore, the PSD photosensitivity is suggested to d
pend on both the thermodynamical instability of the Ag-ric
glasses and the diffusivity of Ag1 ions in the glasses. These
factors are closely connected to each other and seem to
come greatest at around the maximum Ag content. In fa
for all the systems which have been yet examined, the a
pearance of the PSD phenomenon is limited to near t
maximum Ag content.

B. Structure of Ag-rich films

As demonstrated by the x-ray patterns and infrare
spectra, the structure of S- and Se-based films depends
nificantly on the Ag content. A marked change seems
appear betweenx520 and 38 for the S-based system an
betweeny518 and 30 for the Se-based system. Correspon
ingly, different photoinduced and thermally induced phe
nomena are observed: photo- and thermal bleaching at l
Ag concentrations and the PSD phenomenon and phase s
ration at high Ag content.

Figure 11 shows the peak intensity and position of th
2nd and 3rd haloes in the x-ray diffraction patterns of Fig.

FIG. 11. Peak intensity and position of 2nd and 3rd haloes in x-ray diffra
tion patterns as a function of Ag content. The data are for as-deposited fi
for the S-based system. The closed and open circles show the peak inten
and position of the haloes, respectively. The inset illustrates the decom
sition of the respective haloes in the x-ray patterns.
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~S-based system!. A marked change in observed between
and 40 at. % Ag, except for the peak position of the 2
halo. In addition to the change in these haloes, the FSD
observed to disappear at around 40 at. % Ag~see Fig. 2!. A
similar tendency is observed for the Se-based system. H
ever, the marked change appears at a lower compos
range~between 15 and 30 at. %! and the FSDP disappears a
around 30 at. % Ag.

A similar decrease in intensity of the FSDP with add
tion of a network modifier has also been observed in
cases of the corresponding bulk glasses, namely studie
neutron diffraction of a glass in the Ag–Ge–Se system20 and
of three compositions in the~Ag2S!x~GeS2!12x system

21 ~x
50.3, 0.4, and 0.5!. Furthermore, the intensity of the secon
peak in the neutron-derived distinct scattering function
the ~Ag2S!x~GeS2!12x glass system was also observed21 to
increase approximately linearly with increasing Ag conte
x, i.e., very similar to the behavior found in this study~Fig.
11!. Thus, amorphous films and bulk glasses appear to
have in a similar structural way in this regard. This comp
sitional behavior, a decrease in the FSDP intensity and
increase in the second-peak intensity with increasing
modifier content, has been explained21 in terms of the void
model22 for the origin of the FSDP. In this model, interstitia
voids that are chemically ordered around cation-cente
structural units@e.g., GeS~Se!4 tetrahedra# are responsible for
the production of the FSDP as a chemical-order prepe
Extrinsic atoms~e.g., Ag! then are assumed to occupy the
interstitial voids, thereby reducing the neutron-scatter
contrast and hence the intensity of the FSDP. The increas
intensity of the second peak in the diffraction pattern w
increasing Ag content is merely a consequence of the cha
in average neutron scattering length~or x-ray scattering fac-
tor! with Ag content.21

Such changes are also observed for the infrared spe
of both systems. It was found that the spectra could be
composed into two absorption components correspondin
Ag-poor and Ag-rich phases. Figure 12 shows the proced
of the decomposition. For simplicity, it is assumed that t
spectrum of the Ag-poor phase is the same as that of the
with y522. The dotted curves in~a! show the absorption
component of the Ag-poor phase matched by a suitable s
ing. The residue after subtraction of the component is c
sidered to be the absorption component of the Ag-rich pha
As shown in~b!, the residues for the films withy530 and 35
are similar to each other and resemble the spectrum ofy540
~see Fig. 5!. Therefore, phase separation of the as-depos
Se-based films is suggested to occur above 30 at. %
although clear evidence could not be obtained by SEM
servation. Such decomposition was also available for
S-based system and the phase separation seemed to
above 38 at. % Ag.

The idea of phase separation on a microscopic scale
be supported by the data of the annealed films. As mentio
in Sec. III B, the Ag-rich films of both systems exhibite
phase separation into Ag-poor and Ag-rich phases on ann
ing at 150 °C for 1.5 h and the phase separation was c
firmed by the change in the optical transmission spectra
by SEM observation. It seems that the diffuse boundary

-
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tween Ag-poor and Ag-rich phases for the as-deposited fi
was made clear by the annealing.

Figure 13 shows a schematic illustration of the pha
separation model.~a! shows the films with low Ag concen
tration~x,45,y,22!. the small dots schematically represe
the Ag concentration and do not signify phase separation~b!
shows the films completely comprising the Ag-poor pha
~x5;45, y5;22!. The photo- and thermal bleaching b

FIG. 12. Decomposition of absorption components in infrared spectr
as-deposited films for the Se-based system. The upper figure~a! shows the
subtraction of the absorption component ofy522 ~hatched area! from the
spectra ofy530 and 35~solid curves!. The dotted curves are the absorptio
components matched by a suitable scaling. The lower figure~b! shows the
residual components after the subtraction.

FIG. 13. Schematic illustration of the change in structure of S- and Se-b
films with an increase in Ag content. The Ag content increases from~a! to
~f!. The small dots in~a!–~d! display schematically the Ag concentratio
i.e., a high density means a high Ag concentration. The Ag concentratio
the Ag-rich phase~hatched area! is close to the maximum Ag concentration
The large dots in~f! represent fine Ag particles formed on the film durin
preparation.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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come negligible and the FSDP disappears at this stage~c!
shows the phase-separated films~x5;50,y5;30!. The Ag-
poor phase is present to a greater extent than the Ag-
phase. The PSD phenomenon can be observed from
stage.~d! shows the phase-separated films with a higher
concentration than~c! ~x5;60,y5;35!. The Ag-rich phase
is dominant with respect to the Ag-poor phase at this sta
~e! represents the films completely comprising the Ag-ri
phase~x5;67, y5;40; maximum Ag content!. The PSD
phenomenon is the most pronounced at this stage.~f! depicts
the films prepared with a higher deposition rate for Ag th
~e!. Metallic Ag particles are formed on the film surfac
during preparation, as indicated by the large dots.

The PSD phenomenon was also observed for the
nealed films and the photosensitivity was almost the sa
before and after annealing. Furthermore, it was found
SEM observation that most of the photodeposited Ag p
ticles were located on the Ag-rich phase, suggesting that
PSD phenomenon appears only on the Ag-rich phase. T
result agrees with the fact that the films withx5;45 and
y5;22 did not exhibit the PSD phenomenon, since the
films are considered to be comprised of the Ag-poor pha
The PSD phenomenon approximately increases in propor
to the increment of the Ag concentration beyondx545 and
y522. This fact can be explained by the idea that the fract
of the Ag-rich phase increases corresponding to the inc
ment of the Ag concentration.

All the phenomena observed for the S-based syst
were also observed for the Se-based system but the com
sitional ranges shifted to lower Ag concentration. This d
ference in the compositional ranges can be ascribed to
Ge–Se network structure being weaker than the Ge–S
work structure against breaking up by Ag atoms through
formation of Ag–S~Se! ionic bonds, since Ge–Se bonds a
weaker than Ge–S bonds.23

V. CONCLUSIONS

The optical, electrical, and structural properties of am
phous ~Ge0.3S0.7!1002xAgx and ~Ge0.3Se0.7! 1002yAgy films
have been studied over a wide composition range~0<x<67,
0<y<40!. The photoinduced and thermally induced ph
nomena of the Se-based system have also been examine
compared with existing data for the S-based system. T
following conclusions can be reached from this study.

~i! The dc resistivity decreases drastically but the opti
band gap decreases gradually with an increase in
content. These compositional trends resemble e
other for both systems.

~ii ! The Se-based films exhibit all the photoinduced a
thermally induced phenomena observed for t
S-based films. The compositional trends resem
each other but the phenomena for the Se-based sys
are observed at lower Ag concentration.

~iii ! The structure of the S- and Se-based films depe
significantly on the Ag content and the composition
trends resemble each other. Phase separation into
poor and Ag-rich phases seems to occur in the A
rich films of both systems~x.45, y.22!.
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