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To understand the nature of Ag-rich chalcogenide glasses, the optical, electrical, and structural
properties of evaporated amorphdi®e, 55 7)100-xAdx and (Ge, 358 7)100-yAdy 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
bleachingg0<y<22 for the Se-based systems8<40 for the S-based systenihe photoinduced
surface depositiofPSD 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 effect99® American Institute of
Physics[S0021-89786)07912-1

I. INTRODUCTION To consider the further development for applications, it
is essential to know the nature of the Ag-rich chalcogenide
It is known that Ag-rich Ag—A&Ge)—S glasses exhibit a films, especially the optical, electrical, and structural proper-
phenomenon of so-called photoinduced surface depositioties, since these physical properties are closely related to the
(PSD of metallic Ag, that is, photoinduced segregation of mechanism of the PSD phenomerfohFurthermore, to un-
fine Ag particles to the glass surfat@This effect has at- derstand the physical properties, it is necessary to compare
tracted interest in application to direct positive patterningthe data obtained for samples with different chalcogenide
with high contrast. However, bulk glassémaximum Ag elements. Therefore, in this study we have prepared Ag-rich
content of 45 at. Yhave not been suitable samples for thisAg—Ge—S films(S-based systenand Ag-rich Ag—Ge-Se
application since the photosensitivity is very much lowerfilms (Se-based systenby co-evaporation of the chalcogen-

than that of conventional photographic films. For the resolv-/d€ glasses and metallic Ag. The compositional dependence

ing power of Ag pattern printed by PSD, bulk glasses areof the physical properties has been examined for a wide

also inferior to the photographic films, since the photodepos[alnge of Ag contents through measurements of the x-ray dif-

ited Ag particles are larger in size than the AG) crys- fraction pattern, optical and infrared spectra, dc resistivity,

tallites in the phot hic fi and capacitance.
aflites h the pnotographic 1ims. Differences in the PSD phenomenon between the S- and

Film _samples with much higher Ag_ (_:o_ntents areé NeceSya_pased systems have also been examined using these
sary to increase the PSD photosensitivity. Therefore, Weamples. The Se-based system was found to exhibit the PSD
have studied amorphous Ag-rich Ag—Ge-S films with Agphenomenon at lower Ag concentrations than the S-based
contents of 60—65 at. %* The photosensitivities of these system, suggesting that the Se-based system is superior to
films were 10-100 times greater than those of the bulkhe S-based system in regard to the PSD photosensitivity.
glasses but have not yet achieved the level of photographithe relationship between the photoinduced and thermally in-
films. However, with respect to the resolving power of theduced phenomena and the Ag content of the Ag-rich films
Ag patterns, these films were comparable or superior to phdaas been discussed on the basis of data on the optical, elec-
tographic films, since the photodeposited Ag particles werérical, and structural properties for both systems. Several im-
very small in sizg(less than 0.2um in diamete). Further, it  portant pieces of knowledge for understanding Ag-rich chal-
was recently found that these films exhibited reversibility incogenide amorphous films have been obtained in this study.
photowriting and thermal erasing of the Ag pattetriBhis
reversibility is an advantage for the application of PSD toll. EXPERIMENT

new optical recording devices. The (GeysSy7)100-xAdx System was selected for the

S-based system, since the photoinduced and thermally in-
dElectonic mail: kawa@elcom.nitech.ac.jp duced phenomena have been previously examined in Getail.
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Films in this system(0=x<70) were prepared by co-
evaporation of GgS;, glass fragments and metallic Ag us-
ing two W baskets in a vacuum of10® Torr. The

(G& 358 7)100-yADy System was selected for study of a Se-
based system and the filni@<y<50) were prepared in the
same manner as the S-based system usingS8g glass and

Ag. The deposition rates of the raw glasses and Ag were
separately controlled with two monitor systems to obtain
samples compositionally homogeneous throughout the thick-
ness. The respective deposition rates were changed to obtain
film samples with various Ag contents: 10-50 A/s for
Gey3(Se-, glass and 0-50 A/s for Ag. The deposition time
was controlled to adjust the thicknesses of all the films to be e
5000 A. However, there was a scatter #% in the film Ge 20 0 % 60 80 S(Se)
thicknesse$5000+200 A). Cleaned quartz glass and Si wa- GeS(Se) GeS(Se);
fers were used as substrates for the films. The temperature of

the substrates was maintained at-20°C by water cooling.  FIG. 1. Phase diagram of the Ag—G&S8 system and compositions of the

The configuration of the substrates and the two monitors wafim samples prepared in this study. The open circles on the tie line between

the same as that reported previodsly. GeyS;o and Ag show the compositions in tHE&e, 35 7)100- xAdx System:
h pf h fpl )ll | df x=0, 20, 28, 38, 52, 60, 67, and 70. The closed circles on the tie line
The Ag content of the film samples was evaluate MOMpetween GgSey and Ag show the compositions in the

the thicknesses of the GfS(Se);o and Ag films measured by  (Ge, ;Se; 7)100-,Ag, Systemy=0, 18, 22, 30, 35, 40, and 50. The solid and
the respective monitors in the same manner as reportedshed curves show the homogeneous glass-forming regions of the

; 6 i g-Ge-3$ and Ag—Ge—Sksystems, respectively. The dotted curve on the
preVIOUS|y' The composition of the samples was CheCkedg\-rich side of the GeS-Ag,S tie line shows another homogeneous glass-

using an electron-probe microanalyz€EPMA) (JEOL,  forming region of the Ag—Ge—S system found in this study.
JCXA-733 with an energy-dispersive x-ray instruméiiita-

cor Northern, TN-5500 The raw Gg,S(Se-, glasses and
Ag were used as the standard materials for this analysis. It The homogeneous glass-forming regions of the Ag—Ge—
was confirmed that the Ag content estimated using the moni:

tor system was almost equal to that obtained by the EPMA,[TS?ESBS:?'; ?Lia’l\so_sggzvg |Sn :;ghl'r;hgrfei:liCUI?;?NZ?T?:S
analysis. For the composition of Ge an(5§), the Ge con- g 9 Y P y

) : and Tsuchihasfiand it is located only at the Ge-rich side of
tent of the films was slightly greater than that of the raw o
o - the GeS—Ag,S tie line. The dashed curves show the glass-
GeyS(Se, glasses. However, this difference was within the : ;
. ; forming regions of the Ag—Ge-Se system reported by
experimental error of the EPMA analysis. : 9 . .
; . : Borisovaet al” and they are located on either side of the
The experimental procedures for x-ray diffraction, scan- - - .
ning electron microscopySEM), optical and infrared spec GeSg-Ag,Se tie line. This difference, one region for the
9 P » OP P Ag—Ge-S system and two regions for the Ag—Ge—-Se sys-

troscopy, and for measurements of dc resistivity and CapPACtam, seems to be strange. Therefore, in the early stage of this
tance have been described in our recent arficle. X ' '

The photoinduced and thermally induced phenomena 0§tudy, we checked the glass-forming region of the Ag-Ge-S
i . . : system under almost the same conditions as reported by
the films were examined after the films were placed in a

optical cryostat kept in a vacuum o102 Torr. lllumina- kawamoto and Tsuchihashiwe obtained the same glass-

tion was provided with light from a 500 W Xe lam{shio— forming region as r_eported by them on the Ge-rich side of
. f : the GeS—Ag,S tie line. However, it was found that there
Denki) through an ir-cut filter. Annealing was done at a tem- . .
. .. _was another homogeneous glass-forming region on the
perature of 150 °C. All the experiments on the as-deposite rich side. as shown by the dotted curve in Fia. 1. The
films were carried out immediately after the film prepara- ' y g. =

. . : shape, size, and location of this region are very similar to
tions, because thermal bleaching of the films proceeds at - . .

: ) ose characteristic of the glass-forming region on the Se-
appreciably high rate even at room temperafure.

rich side for the Ag—Ge—Se system.

Ill. RESULTS A. X-ray diffraction patterns

The open and closed circles in Fig. 1 show the compo-  Figure 2 shows x-ray diffraction patterns of the as-
sitions of the S-based and Se-based films, respectively, preleposited films for the S-based system. The patterns for
pared in this study. The Ag contents were0, 20, 28, 38, samples with up to 60 at. % Ag do not show any crystalline
52, 60, 67, and 70 at. % for the S-based systemyanfl, 18, peaks and the peaks for Ag metal are only seen in the pattern
22, 30, 35, 40, and 50 at. % for the Se-based system. Ther x=70. This result suggests that the films witkeX<60
surface of all the as-deposited films, except for the composiare amorphous. It seemed by SEM observation that these
tions x=70 andy=50, was mirrorlike and the color ranged amorphous films were homogenedsse(a) in Fig. 10]. On
from white—yellow to black for the S-based system, andthe other hand, a large number of white spots were observed
from orange—yellow to black for the Se-based system, witthy SEM for the film surface ok=70. These spots were
an increase in Ag content. The surface of the films withconfirmed to be fine particles of pure Ag by EPMA analysis.
x=70 andy=50 was lusterless and brilliant white in color. This result suggests that the appearance of a white and lus-
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FIG. 2. X-ray diffraction patterns of as-deposité8e, ;5 7)100- xAdx films FIG. 3. X-ray diffraction patterns of as-deposit@i, :5& 7)100-yAgy films
(S-based systemThe peaks marked by the small closed circles on the(Se-based systemThe peaks marked by the small closed circles on the
x=70 pattern correspond to peaks of metallic crystalline Ag. y=50 pattern correspond to peaks of metallic crystalline Ag.

terless film surface for this composition is due to the fine Agcentration and becomes negligiblexat 38. The second halo
particles deposited on the surface during preparation. at around 2=30° also shifts toward higher angles but the

A film with x=67 was also prepared, although the x-rayintensity increases with an increase in Ag content. The same
pattern is not shown in Fig. 2. This film was partially inho- features can be observed for the Se-based system but there
mogeneous on a macroscopic scale, since sparse smaltie FSDP becomes negligible w35, as shown in Fig. 3.
white, and lusterless domains were observed on a smooth
blgck surfac_e_ by u_sing an optical microscope. A sample of | ared and optical transmission spectra
this composition with a large smooth surface unfortunately
could not be obtained in this study. Therefore, the x-ray dif-  Figure 4 shows the infrared transmission spectra of as-
fraction pattern and infrared transmission spectrum could naieposited films for the S-based system. The spectrum with
be taken for this sample, because these experiments ne&&0 (GeS;o) is almost the same as the spectrum for an
samples with a large size over X3.5 cn? to obtain reliable  as-deposited GgS;; film reported by Tichyet al'® The ab-
data. However, data on optical and electrical properties could
be obtained, since samples with a small siz&0.5 cnf)
were sufficient for the experiments.

Although the film withx=67 was partially inhomoge- X
neous on a macroscopic scale, we regard the maximum Ag
content of amorphous films for the S-based system as 67
at. %, since this value agrees with the maximum Ag content 20
reported previously(66 at. %> 67 at.%.* It seems that
Gey0S; films cannot contain more than 67 at. % Ag and that !

-
o]
o

the excess Ag deposits as elemental metal on the film surface z 28
during preparation. = '

Figure 3 shows x-ray diffraction patterns of the as- 2 [
deposited films for the Se-based system. The patterns for ‘é : 38
samples up to 40 at. % do not show any crystalline peaks and a I
the peaks for Ag metal are only seen in the patterryfeb0. 'g : 52

The film with y=40 was slightly inhomogeneous on a mac-
roscopic scale. However, since samples with a large smooth I

surface could be obtained, in contrast to the films with67 ' 60
for the S-based system, all the experiments could be carried
out using these samples. We regard the maximum Ag con-
tent of amorphous films for the Se-based system to be 40 (Gep5507 h00xAGx
at. % in the same way as for the S-based system. For the film I | film

with y=50, it is also suggested that a large number of fine |
particles of pure Ag were deposited on the surface during 500 z.(l)ol 3(')0 2(')0 1(')0
preparation.

. . . . Wavenumber (cm™)
In Fig. 2 for the S-based system, the first diffraction halo

— o H 1 1
at around .2_ 15 (Cu K.a)’ the first Sharp dlffrac.:tlon peak FIG. 4. Infrared transmission spectra of as-deposited films for the S-based
(FSDB, ShlftS tqward higher angles W|'th increasing Ag CON-gystem. The dashed line at around 370 &rindicates the position of the
tent. The intensity decreases with an increase in the Ag corfundamental Ge—S vibration band.
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| the brilliant white color can be explained by reflection and
I

scattering of light from the fine Ag particles on the film
surface.
Figure 6 also shows the spectra after illuminatidatted

. _ curves. Changes in the spectra on illumination are observed
FIG. 5. Infrared transmission spectra of as-deposited films for the Se-basefd 3 9 P

system. The dashed line at around 250 érimdicates the position of the or a” the fiIm_s exce_pt for that witfy=22. The blueshifts
fundamental Ge—Se vibration band. exhibited by films withy=0 and 18 are due to the pho-

tobleaching phenomen®h and seem to decrease with an
increase in Ag content. The changes exhibited by films with

sorption band of the fundamental Ge—S vibration at 370/=30 and 40 are due to the PSD phenoméff@nd seem to
cm™ ! broadens and its intensity decreases with an increase increase with increasing Ag content.
the Ag content. For films withk=38, another broad peak A blueshift was also observed for annealed films with
appears in the region of 200—300 chand the peak is domi- y=0 and 18. This shift is due to the thermal bleaching
nant in the spectrum for the film witk=60. From this result, phenomenoh’ and decreased with increasing Ag content
it is suggested that Ag atoms incorporated ins(Sg, films  with the same tendency as for photobleaching. The films
break up the Ge-S network structure through the formationvith y=30 and 40 exhibited a spectral change on annealing.
of Ag—S bonds. The Ag-S bonds become dominant in th&his change is due to phase separation into Ag-poor and
Ag-rich films with x=38 and the breakup of the Ge—S net- Ag-rich phases, as observed for the S-based sy3t&he
work structure is associated with the disappearance of thphase separation was confirmed by SEM observation. Fur-
FSDP in the x-ray patterns. thermore, the Ag concentrations of the respective phases

Figure 5 shows the infrared transmission spectra of thevere evaluated by EPMA analysis to b&22 at. % for the
as-deposited films for the Se-based system. The spectrufkg-poor phase and-45 at. % for the Ag-rich phase. The
with y=0 (Ge;;Se is almost the same as the spectrum forrelationship between these spectral changes on annealing and
an as-deposited GgSey, film reported by Tichyet al'! The  the Ag content is discussed later when comparing with the
absorption band of the fundamental Ge—Se vibration at 25@ata for the S-based system.
cm ! broadens and its intensity decreases with increasing Ag  The optical transmission eddk.q49 Of the as-deposited
content. For films withy=30, another broad peak appears infilms for S- and Se-based systems was evaluated as a func-
the region of 100—200 cit and this peak is dominant in the tion of Ag content, as shown in the right ordinate in Fig. 7.
spectrum for the film withy=40. The changes in the spectra We definedAq4e as the wavelength corresponding to 5%
betweeny=22 and 30 seem to be more remarkable in comtransmission in the same way as reported previoliythis
parison with the changes betweern=28 and 38 for the study, since the film thicknesses were 5000 A, the value of
S-based system. Aedge ON @ scale of photon energgV) corresponds to an

Figure 6 shows the optical transmission spectra of theptical band gap with an optical absorption coefficigntof
as-deposited films for the Se-based system. The data for tf&<10* cm . Since the value ORegge depends on the film
S-based system have been given in Refs. 3 and 6. In Fig. @hickness, the scatter of values of film thickness studied was
the spectra shift to longer wavelength with an increase in Adept within 4% (5000200 A), as mentioned in Sec. II.
content. This result agrees with the change in color of the = The photon energy thus determinedaat6x10* cm ™!
films observed by eyéfrom orange—yellow to blagk The for the as-deposited G¢S;, film (3.4 eV) is consistent with
very low transmission of the film witly=50 is due to the the photon energy reported by Ticley al'? (3.5 eV at the
scattering associated with the lusterless surface. Furthermorgamea for an as-deposited GgS;, film). Furthermore, the

] | i !
500 400 300 200 100
Wavenumber (cm™)
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Ag confent (at.%) FIG. 8. Frequency dependence of the capacitance of as-deposited films for

S- and Se-based systems. The open circles and triangles show the raw data
FIG. 7. DC resistivity(ps) and optical transmission edg@q,) of as- for S-based filmgx=52 and .38 and the closed circles and triangles. show
deposited films for S- and Se-based systems as a function of Ag conterffe raw data for Se-based filnjg=40 and 30. All the data were obtained
The open and closed circles shay. of the S- and Se-based films, respec- at 20 °C. The inseta) shows the sample u;ed in.this experiment wi;h planar
tively. The open and closed triangles shaw,, of the S- and Se-based 9ap-cell geometry for the electrode configuration=180 um). The inset
films, respectively. The quantity.ye.is evaluated as the wavelength corre- (b) shows the equivalent circuit of the sample, whéteand R are the

sponding to 5% transmissidnAll the data were obtained at 20 °C. capacitance and resistance of the films, respecti@lyepresents the float-
ing capacitance of the sample.

photon energy for the as-deposited g8, film (2.5 eV) is
consistent with that of an as-deposited;§5&; film (2.4 eV

?r:efh(? ‘z’z r;;elb)arrfgorLEdct:){rzze}(/)ﬁ;?r:. d’;sf;hfgnc'r:_ﬁ'%;’ systems drastically decreases with increasing Ag content.
P 9ap P 9 The value ofpy. for the S-based films is about 100 times

creases Wlth an increase in Ag content for both systems ang(;jreater thanpy, for the Se-based films with the same Ag
the compositional trends resemble each other.

content over the range 2{qx,y) <40, but the compositional
trends of both systems strongly resemble each other.
The electrical conduction of the Ag-rich films is gov-
Two types of samples were prepared with different elecerned by ionic conduction of Agions (superionic conduc-
trode configurations for measurement of the dc resistivitytor). The dc conductivityoy. is given by oy.=1l/pg.=hnew,
(pgd). The sandwich type was used fors®<20 for the wheren and u are the concentration of the movable Ag
S-based system and<y<18 for the Se-based system, sinceions and their mobility, respectively. Therefore, the 100
these films have high resistivities. The planar gap-cell typaimes difference irpy. is attributable tan and/orw, since e is
[see the inseta) in Fig. 8] was used for the other low- a constant. Miyamotet al!® recently suggested, from data
resistivity films. For the sandwich type, we prepared filmsobtained using a time-of-flight method, thatof Ag-rich
with thicknesses greater than&n to avoid short circuits Ag—As—S bulk glasseg15-45 at. % Ag is constant
between the sandwich electrodes through pinholes in thé~10 cm™3) and u increases exponentially with increasing
films. Values ofpy. of the films with low Ag concentration Ag content. That is, according to their suggestion, the con-
(0=x=20,0<y=<18) were measured using a dc field. On the ductivity of the Ag-rich glasses depends only anThere-
other hand, values gfy of the Ag-rich films(x=28y=22)  fore, to obtain information about the movable Agpns in
were evaluated from the frequency dependence of the ac r¢éhe Ag-rich S- and Se-based films, we have examined the
sistivities from 100 to 5000 H#Cole—Cole plots® extrapo-  frequency dependence of the capacitance.
lated to zero frequency, since these films exhibit a marked Figure 8 shows the raw capacitance data frorhtaQLCP
ionic conduction of Ag ions under a dc field. Hz. The capacitance of the Ag-rich films is very large at low
Figure 7 also showgy. of the as-deposited films for S- frequencies and markedly decreases with an increase in fre-
and Se-based systems as a function of Ag content. The valuiguency. On the other hand, the capacitance of;&86,
of pyc Of the GgyS;, film (10 Q cm at 20 °Gis close topy,  films was very low(~0.9 pP and a frequency dependence
of bulk glassy Gegreported by Nagelst al1* (10" Q) cmat  was not observed. Therefore, the frequency dependence of
60 °C). The value ofpy, Of the Gg,Sey, film (5x10" QO cm  the Ag-rich films is due to the ionic conduction of Agons
at 20 °Q is between that of the two bulk glasses. 6883 and the high capacitance at low frequencies can be explained
(Ref. 15 [10'? Q. cm at 20 °Q and GeSg (Ref. 16 [10'* by the formation of a thin depletion layer of Agons near
Q cm at 20 °C by extrapolation gfy data for 80—350 °C  the positive Au electrod®
Furthermore py. of the film with x=28 (Ag,sG&,S50) has The insets in Fig. 8 show the sampglanar gap-cell
the same order of magnitude as 4@e,,Ss, bulk glass’  type) used in this capacitance experiment and the equivalent

(~10° Q cm at 20 °Q. As shown in Fig. 7,p4 for both

C. Resistivity and capacitance
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FIG. 9. Composition dependence bk for the Se-based system, whexg

denotes the wavelength shift of the optical transmission spectrum on illumix, - 10 Ejectron scanning microphotographs of surfaces of Ag-rich films
nation or annealing. The value ah was evaluated as the change in wave- ¢, < 2nd Se-based systental an as-deposited film witk=60 (S-based

length corresponding to 15% transmissfolthe closed circles shou\ system, (b) an illuminated film withx=60, (c) an illuminated film with

fter illumination(Xe | , 110 mWi/i 30 min, 20 °Q. Th ircl ~ : . :
s aetons oy, 10 5 28° Tocer s T2 e S of o gt i S
101, g P was as smooth ag). lllumination was provided with light from a Xe lamp

means a shift t‘o Shf’”er Wavelengb'lueshiﬁ):e AN=Nr-15% (_as-deposited (110 mW/cn?) through an ir-cut filter at 20 °C fafb) 5 min and(c) 30 min.
film) —Nr_150, (illuminated or annealed filn where\r_;5y, is the wave- the photographs are to the same scale.
length corresponding to 15% transmission.

o . . . AN=N\t_150, (as-deposited filon-A1_ 50, (illuminated or an-
circuit. The sandwich type is usually _preferable_ for capaci- ealed film, wherehr_ s, is the wavelength corresponding
tance measurements, since the floating capacitance can €1 504 transmission

neglected for the film samples. However, thick films with For the range g§/<22 (AN decreases with an increase
high Ag concentrations could not be obtained in this studyIn Ag contenj, the shifts induced by illumination and an-

because Of the low heating power O.f the evaporation SySterT}fealing are considered to be due to photobleaching and ther-
The capacitance of all the samplgs is observed to.approachn%l bleaching phenomena, respectively, since the composi-
constant Ievel_ of~0.9 pF at high frequency, since the tional trends are similar to those of the S-based system
Sa”?p'e capac!tanc_eco becomes Ie_ss than the floating ca- (0=<x<40).° Therefore, in the same way as for the S-based
paC||tarl1:(_:e %f)ﬂ']n this frgtquencytrleglan. | system, the compositional trends can be accounted for by
100 nH '9. ©, the cap_?rc]| ance at OWA requetr(ég}rrfex%mt;i]e, supposing that Ag atoms incorporated in the Se-based films
2 increases with increasing Ag content for bo SYS preak up the Ge—Se network structure through the formation

tems and the capacitance of the Se-based system is grea&qrAg_Se ionic bonds. The photobleaching observed for low

tohan r:hat ?}f thﬁ S(—jbaied syste_m with t?e"sarr]ne A9 CIO medmfalues ofx, y is namely possible photoinduced bond break-
n the other hand, the capacitance of all the samples ?ﬁg and subsequent rebondifgplymerization processes, as

creases in an almost parallel fashion from low to high fre-for as-deposited chalcogenide filfis

quenciei. Therefori:, s;mplsﬁs \:Vith Ihighter ﬁghconftent exhibit In the range 22 y=<40, the shifts induced by illumina-
a capacitance greater than faglevel up 1o igher Tequen- —,, 54 annealing are considered to be due to the PSD phe-

. 4
cles. I Ag" fons can move fast and can follow the_ alternat- o, menon and phase separation, respectively. Similar compo-
ing electric field with high frequency, a large capacitance due'sitional trends have also been observed for the S-based
to the Ag”- movement seems to be observable up to thesystem(45<x<67)6

higher frequency region. However, further interpretation is Figure 10 shows a comparison using SEM of PSD phe-

Qiﬁicult gt the present s_tage beg:ause of a Iac_;k of deta“eﬁomena for both S- and Se-based systemsbjnmore Ag
information about the thin depletion layer of Agons. particles are deposited in a shorter illumination time in com-
parison with(c). Therefore, at first sight, the Se-based films
IV. DISCUSSION seem to exhibit a low sensitivity for the PSD phenomenon.
However, these samples are very different with respect to the
Ag content(x=60, y=35) and the S-based films with the
Figure 9 shows the shift in the optical transmission spectow Ag content of 35 at. % never exhibit the PSD phenom-
tra induced by illumination and annealing as a function ofenon. Therefore, if Se-based samples with the high Ag con-
Ag content. These are data for the Se-based system; the daent of 60 at. % could be obtained as amorphous films, it is
for the S-based system are given in Ref. 6. The magnitude afxpected that the Se-based film would be more sensitive for
the shift was evaluated by the change in wavelength at 15%he PSD phenomenon than the S-based film wit60.
transmissionA\) in the same way as reported previouSly. The PSD phenomenon has been observed in Ag-rich
The values ofAN were almost the same as those evaluated aAg—As(Ge)—S glasses or films and the related Ag-rich crys-
5% transmission, since the spectra shift in a parallel fashiotalline compounds did not exhibit PSH. Therefore, we
(see Fig. 6 in this article and Fig. 10 in Ref.. & positive  have considered that the PSD phenomenon is limited to ther-
value of A\ means a shift to shorter wavelengdtiueshif):°  modynamically unstable glasses containing a large amount

A. Photoinduced and thermally induced phenomena

J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Kawaguchi, Maruno, and Elliott 9101

Downloaded-03-Sep-2010-t0-133.68.192.97.-Redistribution—subject-to-AlP-license-or-copyright;=see-http://jap.aip.org/about/rights_and_permissions



- T - | - (S-based systemA marked change in observed between 20
R and 40 at. % Ag, except for the peak position of the 2nd
halo. In addition to the change in these haloes, the FSDP is
3rd observed to disappear at around 40 at. %(8ee Fig. 2. A
similar tendency is observed for the Se-based system. How-
ever, the marked change appears at a lower composition
range(between 15 and 30 at.?and the FSDP disappears at
around 30 at. % Ag.

A similar decrease in intensity of the FSDP with addi-
tion of a network modifier has also been observed in the
cases of the corresponding bulk glasses, namely studies by
neutron diffraction of a glass in the Ag—Ge—Se sy<ftand
of three compositions in théAg,S),(GeS),_, system? (x
=0.3, 0.4, and 0.6 Furthermore, the intensity of the second
peak in the neutron-derived distinct scattering function for
the (Ag,9),(GeS),_, glass system was also obsertetb
increase approximately linearly with increasing Ag content,
X, i.e., very similar to the behavior found in this stu@ig.

11). Thus, amorphous films and bulk glasses appear to be-
have in a similar structural way in this regard. This compo-
sitional behavior, a decrease in the FSDP intensity and an
increase in the second-peak intensity with increasing Ag
FIG. 11. Peak intensity and position of 2nd and 3rd haloes in x-ray diffrac-modifier content, has been explaiﬁédh terms of the void

tion patterns as a function of Ag content. The da_lta are for as-deposite_zd ﬁlmﬁ’]oder for the origin of the FSDP. In this model, interstitial

for the S-based system. The closed and open circles show the peak mtenSé%idS that are chemically ordered around cation-centered
and position of the haloes, respectively. The inset illustrates the decompo*

sition of the respective haloes in the x-ray patterns. structural unit§e.g., Ge8Se, tetrahedr@are responsible for
the production of the FSDP as a chemical-order prepeak.

i i . Extrinsic atomge.g., Ag then are assumed to occupy these
of Ag and is a photochemical reaction toward a thermodyynersiitial voids, thereby reducing the neutron-scattering

namically stable state with segregation of excess Ag atoms ifgntrast and hence the intensity of the FSDP. The increase in
the glass. Further, to explain the movement of Ag in the jntensity of the second peak in the diffraction pattern with

PSD process, we have considered that a photoelectronigycreasing Ag content is merely a consequence of the change
ionic interaction is necessary for the Ag migration toward the;, average neutron scattering lendtir x-ray scattering fac-
illuminated surfac&.This means that Agions in the glasses tor) with Ag content?*

can .mr:)ve fast. In tfqis Czn dnection, hv,‘ng r(;cently fouhnd that g ,cp changes are also observed for the infrared spectra
Cu-ric C”—Q‘;—S ims di notfex 1oit (E/be PSD p fer;]om—of both systems. It was found that the spectra could be de-
enon (even with a Cu content of 62 at.)%because of the composed into two absorption components corresponding to

absence of ionic conduction of Cu |n j[he. filrhs. Ag-poor and Ag-rich phases. Figure 12 shows the procedure
Therefore, the PSD photosensitivity is suggested to de-

d on both the th d ical instability of the Ad-ri hof the decomposition. For simplicity, it is assumed that the
pend on bo € thermodynamical Instability ot the Ag-Tic spectrum of the Ag-poor phase is the same as that of the film
glasses and the diffusivity of Agions in the glasses. These

fact losel ted t h oth q ; bWith y=22. The dotted curves ifa) show the absorption
actors are closely connected o each other and seem to gémponent of the Ag-poor phase matched by a suitable scal-

come greatest at arou_nd the maximum Ag content. In faCti'ng. The residue after subtraction of the component is con-
for all the systems which have been yet examined, the ap

f the PSD bh s limited t ths’idered to be the absorption component of the Ag-rich phase.
pearance of ine phenomenon 1S fimited 1o near ag shown in(b), the residues for the films with=30 and 35
maximum Ag content.

are similar to each other and resemble the spectruy=af0o
(see Fig. 5. Therefore, phase separation of the as-deposited
Se-based films is suggested to occur above 30 at. % Ag,
As demonstrated by the x-ray patterns and infraredalthough clear evidence could not be obtained by SEM ob-
spectra, the structure of S- and Se-based films depends sigervation. Such decomposition was also available for the
nificantly on the Ag content. A marked change seems td-based system and the phase separation seemed to occur
appear betweer=20 and 38 for the S-based system andabove 38 at. % Ag.
betweeny=18 and 30 for the Se-based system. Correspond- The idea of phase separation on a microscopic scale can
ingly, different photoinduced and thermally induced phe-be supported by the data of the annealed films. As mentioned
nomena are observed: photo- and thermal bleaching at loim Sec. Ill B, the Ag-rich films of both systems exhibited
Ag concentrations and the PSD phenomenon and phase sepdrase separation into Ag-poor and Ag-rich phases on anneal-
ration at high Ag content. ing at 150 °C for 1.5 h and the phase separation was con-
Figure 11 shows the peak intensity and position of thefirmed by the change in the optical transmission spectra and
2nd and 3rd haloes in the x-ray diffraction patterns of Fig. 2by SEM observation. It seems that the diffuse boundary be-

T
N
<

25

20 2nd halo

30

28

3rd halo -54

Peak intensity (arb. unit)
Peak position (deg.)

Ag content (at.%)

B. Structure of Ag-rich films
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PN B B come negligible and the FSDP disappears at this staye.

Y=22 shows the phase-separated filirs-~50,y=~30). The Ag-
\WW\ poor phase is present to a greater extent than the Ag-rich

phase. The PSD phenomenon can be observed from this

— 3 stage.(d) shows the phase-separated films with a higher Ag
< concentration thafc) (x=~60,y=~35). The Ag-rich phase
< is dominant with respect to the Ag-poor phase at this stage.
c S 35 . .. .
2 lre P- (e) represents the films completely comprising the Ag-rich
K] LC_’ phase(x=~67, y=~40; maximum Ag content The PSD
5 e , phenomenon is the most pronounced at this stdgéeepicts
S | {b) ) the films prepared with a higher deposition rate for Ag than
- \‘Vvﬁ— (e). Metallic Ag particles are formed on the film surface

during preparation, as indicated by the large dots.

35 The PSD phenomenon was also observed for the an-
% nealed films and the photosensitivity was almost the same
before and after annealing. Furthermore, it was found by
SEM observation that most of the photodeposited Ag par-
ticles were located on the Ag-rich phase, suggesting that the
PSD phenomenon appears only on the Ag-rich phase. This
FIG. 12. Decomposition of absorption components in infrared spectra of €SUlt agrees with the fact that the films witk=~45 and
as-deposited films for the Se-based system. The upper figushows the  y=~22 did not exhibit the PSD phenomenon, since these

subtraction of the absorption componentysf22 (hatched areafrom the films are considered to be Comprised of the Ag-poor phase.
spectra ofy=30 and 35(solid curve$. The dotted curves are the absorption

components matched by a suitable scaling. The lower figorshows the The PS,D phenomenon approximately ,mcreases In proportion
residual components after the subtraction. to the increment of the Ag concentration beyond45 and
y=22. This fact can be explained by the idea that the fraction
of the Ag-rich phase increases corresponding to the incre-
tween Ag-poor and Ag-rich phases for the as-deposited filmsent of the Ag concentration.
was made clear by the annealing. All the phenomena observed for the S-based system
Figure 13 shows a schematic illustration of the phasewvere also observed for the Se-based system but the compo-
separation modela) shows the films with low Ag concen- sitional ranges shifted to lower Ag concentration. This dif-
tration (x<45,y<22). the small dots schematically representference in the compositional ranges can be ascribed to the
the Ag concentration and do not signify phase separatipn. Ge-Se network structure being weaker than the Ge-S net-
shows the films completely comprising the Ag-poor phasework structure against breaking up by Ag atoms through the
(x=~45, y=~22). The photo- and thermal bleaching be- formation of Ag—%Se ionic bonds, since Ge—Se bonds are
weaker than Ge—S bonds.

L Lo
500 400 300 200 100
Wavenumber (cm'1)

Ag-poor phase. V. CONCLUSIONS

The optical, electrical, and structural properties of amor-
phous (Gey 55 7)100-xAGx and (G& 35 7) 100-yAgy films
have been studied over a wide composition raflyex<67,
b O<y=40). The photoinduced and thermally induced phe-
Ag—rich’phuse nomena of the Se-based system have also been examined and
compared with existing data for the S-based system. The
{a) (b (c) following conclusions can be reached from this study.

(i) The dc resistivity decreases drastically but the optical
band gap decreases gradually with an increase in Ag
content. These compositional trends resemble each
other for both systems.

(i)  The Se-based films exhibit all the photoinduced and

Ag p’urﬁc[e thermally _induced phenome_na observed for the
(d) (e) (f) S-based films. The compositional trends resemble
each other but the phenomena for the Se-based system
FIG. 13. Schematic illustration of the change in structure of S- and Se-based are observed at lower Ag concentration.
films with an increase in Ag content. The Ag content increases f@no (iii)  The structure of the S- and Se-based films depends
(f). The small dots ina)—(d) display schematically the Ag concentration, significantly on the Ag content and the compositional

i.e., a high density means a high Ag concentration. The Ag concentration of

the Ag-rich phaséhatched areds close to the maximum Ag concentration. trends resemble each other. Phase separation into Ag-

The large dots ir(f) represent fine Ag particles formed on the film during poor 'and Ag-rich phases seems to occur in the Ag-
preparation. rich films of both system&x>45, y>22).
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