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Results of photoinduced processes study in two-layer Cu-Pbl, and three-layer Cu—Pbl,-
chalkogenide glassy semiconductor (Ge—As—S) systems are presented. Reversible changes
of optical transmittance in Cu—Pbl,~Ge—-As-S systems under consecutive irradiation with
different wavelength light (442 and 633 nm) have been found. It has been established that
irradiation of the systems with linearly polarized weakly absorbed light results in forma-
tion of periodic diffraction structures. The phenomena observed have been considered
taking into account the Cu photodiffusion processes, formation and degradation of small
metallic particles in the Pbl, layer and the light waveguide propagation in the film
systems.

IIpencraBieHbl pe3yJabTaThl MCCAEJOBAHMS (POTOMHAYIMPOBAHHLIX IIPOILIECCOB B IBYX- W
rpexcaoiHbIx cucremax Cu—Pbl, m Cu-Pbl,-xampKoreHnaHbIN CcTEKI006Pa3HEIH TONYIIPOBOJ-
Huk (Ge—As—S). OGuapyikeHbl OOpATHMBIE HM3MEHEHU:A OITUYECKOIO MIPOIYCKAHUS CHUCTEM
Cu—-Pbl,—Ge—-As—S mpu mociezoBaTelbHOM BO3JEHCTBHM HA HUX M3JIYYEHHUS C PABIHYHBIMU
mnuHaMu BONH (442 m 633 HM). YCTAHOBJIEHO, YTO O0JydYEHME CHUCTEM CJa0OIIOIJIOIAaeMbIM
JUHENHO MOJIAPU30BAHHBEIM U3JydYEeHHEeM IPUBOAUT K (DOPMHUPOBAHUIO B HUX IEPUOJUYECKUX
I PaKUOHHEIX CTPYKTYp. Habarogaemble ABJIeHUS IPOAHAIMBMPOBAHBLI C YYETOM IIPOILEC-
coB porogudpPysuu Cu, 06pasoBaHnA U PaspylIeHns MeJKUX MeTaJJUYecKHUX YACTHUI] B CJOe
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Pb|2 1 BOJTHOBOJHOI'O pPacCIIPOCTPaHEHHUs CBeTa B IIJeHOUYHOU CcHCTeMe.

The action of a photoactive optical radia-
tion on metal-semiconductor thin-film sys-
tems is known to result in the metal pene-
tration into the semiconductor (so-called
photodiffusion) [1, 2]. This phenomenon is
characterized by a number of parallel simul-
taneous processes accompanied by changes
in the system structure and physico-chemi-
cal properties, including the optical ones.
Reversible changes of optical properties can
be realized in light-sensitive Ag-Pbl, sys-
tems as well as in layered ones consisting of
silver and a chalkogenide glassy semicon-
ductor (CGS) based on Ge, As(P), and S(Se)
compounds with a polycrystalline Pbl, inter-
layer [3, 4]. It has been shown that as such
systems are exposed to monochromatic line-
arly polarized light, the waveguide modes
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and diffraction periodic structures (PS) can
be generated.

The photostimulated of metal-semicon-
ductor interaction was studied before
mainly in systems containing a silver layer.
Those systems are characterized by a very
high chemical and thermal stability. At the
same time, as is noted in [2], photosensitive
systems where copper is used as the metal
are of interest and promise.

In this work, studied are some features
of photoinduced phenomena occurring in a
bilayer Cu-Pbl, system and in a three-layer
Cu—Pbl,-CGS one. The layers of those sys-
tems were evaporated successively in vac-
uum (6.7-1073 Pa) onto glass substrates (the
copper layer adjacent to the substrate) at
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room temperature. The direct thermal
evaporation of copper and Pbl, as well as a
discrete pulse evaporation of the CGS was
used. A glassy Ge—-As-S system was used as
the semiconductor layer. The deposition
rate (0.5 to 5 nm/s) as well as the thickness
of individual layers and the total film sys-
tem thickness were monitored photometri-
cally at the laser emission wavelength of
633 nm. As is evidenced by electron micros-
copy and electron diffraction, this deposi-
tion technique results in insular copper
films (the average particle size about
100 nm); the Pbl, layer consists of 2H
polytype crystallites of about 50 nm size
with optical axis C oriented perpendicular
to the substrate; the CGS film is amor-
phous. The prepared sample thickness was
measured using interferometry (multi-beam
interferometry and optical transmission
spectra in the transparency region). The
layer thickness for copper and Pbl, was 5 to
30 nm and for the CGS, about 100 nm.
When selecting the layer thickness, it was
taken into account that the samples of pho-
tosensitive systems should provide optimum
photographic characteristics at the reading
emission wavelength (light sensitivity, con-
trast, etc.). Using the known calculation
methods [5, 6], the optical constants, the
dispersion and photoinduced changes
thereof were determined for the CGS film
controls. The transmission spectra of
freshly prepared and irradiated samples
were measured in the 360 to 1100 nm
range. The samples were irradiated by laser
sources of A, =442 nm and 2, = 633 nm
wavelengths as well as by a mercury arc
lamp at 436 nm. Both continuous optical
exposure and the intensity-modulated one
(modulation period 102 to 1072 s) were
used. The attenuated A, emission from the
relative transparency region of Pbl, and
CGS was also used to read the optical trans-
mission changes in the course of the system
irradiation.

Figs. 1 and 2 represent the experimental
and calculated T()A) dependences for the bi-
layer and three-layer systems both in the
initial state and after irradiation by light of
various spectral compositions. The calcu-
lated dependences were obtained using the
known relationships concerning the optics
of multilayer interference systems as well
as the classic theory of granular film dis-
persion [7—10]. Various modeling thin film
systems were considered. The optical con-
stants of copper, Pbl,, CGS, and possible
interaction products thereof [1, 11-14] were
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Fig. 1. Spectral dependences of optical trans-
mittance for a Cu-Pbl, bilayer system. Solid
lines — experimental data: 1, a freshly pre-
pared sample (layer thickness: Cu about 12 nm,
Pbl, about 16 nm); 2, the sample irradiated at
h, =436 nm and energy exposure He =
15 J/cm?; 3, the sample irradiated at Ay =
633 nm, He = 15 J/cm2. Dashed lines — cal-
culated spectra for modeling systems.

used in calculations. The intense oxidation
processes typical of copper-containing sys-
tems were taken into account, too.

The calculated T(L) dependences for the
bilayer and three-layer systems with flat
layer interfaces are different from the
transmission spectra of initial samples
(curves 1 in Fig. 1, 2), especially in the
long-wavelength region. This suggests that
copper penetrates the Pbl, layer already at
the system preparation stage. The penetra-
tion may be favored by the substrate sur-
face roughness, macroscale defects of the
polycrystal layer, etc. The experimental de-
pendences of the optical transmittance agree
satisfactorily with calculated curves (dashed
lines 1' in Figs. 1, 2) obtained using rela-
tionships of the granular film optics. The
calculations have been done under assump-
tion that in the initial systems, there is a
thin interlayer at the Cu/Pbl, interface con-
sisting of finely dispersed copper particles
(<10 nm size) surrounded with Pbl, (so-
called bidimensional colloid model [10]).

Under optical irradiation, the transmis-
sion spectra of Cu—Pbl, and Cu-Pbl,—CGS
systems become transformed, that is typical
of a direct photographic recording in photo-
diffusion-based media. As the electron dif-
fraction shows, the photoinduced optical
phenomena in thin-film systems are accom-
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Fig. 2. Spectral dependences of optical trans-
mittance for a Cu—-Pbl,—Ge,pAs,;Sg, three-layer
system. Solid lines — experimental data: 1 — a
freshly prepared sample (layer thickness: Cu about
18 nm, Pbl, about 17 nm, Ge,jAs,;Sg, about
90 nm); ); 2 — the sample irradiated at 1, =
436 nm and energy exposure He = 15 J/cm?; 3,
the sample irradiated at iy, = 633 nm, He =
15 J/cm2. Dashed lines — calculated spectra
for modeling systems.

panied by formation of hexagonal and cubic
Cul phases while in the bilayer system, cop-
per (CuO and Cu,0) and lead (PbO) oxide
phases are formed. Moreover, the Pbl,
crystal lattice becomes distorted consider-
ably and the crystallite size diminishes.
Irradiation of the thin-film systems with
light at A, = 442 (or 436) nm from the ab-
sorption edge region of Pbl, and CGS (the
absorption coefficients being about 10° [14]
and 10% ecm™1, respectively) and at energy
exposures H_ <15 J/em? causes a diffuse
band with the transmittance minimum at
610 to 640 nm (curves 2 in Figs. 1, 2). This
feature is similar to the resonance absorp-
tion band of colloidal silver in silver halide
[10] and Pbl, [8] layers. However, in con-
trast to the silver-containing bilayer sys-
tem, the absorption band appears in the Cu-—
Pbl, system spectra also in the case of its
exposure to the A, light from the Pbl,
transparency region [14]. Moreover, that
band does not disappear as the system is
subjected to consecutive irradiation with
different wavelengths. In this case, a short-
wave band shift (up to 40 nm) occurs and
the transmittance increases within the es-
sentially whole spectral region (curves 2-4
in Fig. 1). Thus, no reversible transmit-
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Fig. 3. Photoinduced changes of optical

transmittance in bilayer and three-layer sys-
tems Cu—Pbl, (1) and Cu-Pbl,~Ge,;As,,Sg, (2).
Solid lines refer to irradiation at X, =
442 nm and energy illuminance E,=
1 W/cm?; dashed lines, to A, = 633 nm, E, =
6 W/cm2; Cu_PbIZ_GeZOASZOSBO’ continuous
irradiation at A, =442 nm and E,6 =
1 W/em? (3).

tance changes take place in the Cu—Pbl, sys-
tem (curve I in Fig. 3).

The irradiation of the initial three-layer
system at A, (the film absorption coefficient
being about 1 em™l) causes a considerable
transmittance increase (AT = 0.5 to 0.6), no
colloid band being appeared. Accordingly,
the colloid band disappears in the samples
irradiated previously with short-wavelength
emission (curve 3 in Fig. 2). The changes in
the optical spectra are repeated regularly in
the three-layer systems subjected to A,/2,
irradiation cycles at the cycle number ex-
ceeding 10 (curve 2 in Fig. 3). The revers-
ible T changes can occur against a very long
initial section of parabolic kinetics (curve 3
in Fig. 3). This stage is typical of various
photographic media where the image is gen-
erated immediately in the course of expo-
sure. It is to note that the rate of photoin-
duced changes is considerably lower (about
a decimal order) than that is silver layer
containing systems [1, 15].

The studies evidence a complex character
of the photoinduced changes in the optical
transmittance of Cu—Pbl, and Cu-Pbl,—CGS
thin film systems. That is due to simultane-
ous running of a series of physicochemical
processes. In this connection, the modeling
of the phenomena observed and the consid-
eration thereof turn out to be rather diffi-
cult. Nevertheless, some suggestions can be
formulated. The irradiation of initial Cu-—
Pbl, and Cu—Pbl,—CGS samples seems to
cause the photostimulated copper penetra-
tion into the Pbl, layer accompanied by the
metal segregation in the macro-scale voids
of the polycrystalline layer and formation
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of metal particles [1-83] that absorb the
light within a relatively narrow spectral re-
gion. Figs. 1, 2 (curves 2') present the cal-
culated dependences of optical transmit-
tance obtained for modeling thin-film struc-
tures where a part of the Pbl, layer
contains spherical copper grains of about
10 nm size at the volume filling factor of
0.45. When modeling the bilayer systems,
the copper oxidation with air oxygen both
in the bulk Pbl; layer and at its free surface
was taken into account.

The reversible processes involving the
copper particles in the Pbl, layer and ac-
companied by Cul photolysis seem to be of
considerable importance in the observed
photoinduced optical transmittance changes
of the Cu-Pbl,—CGS system in the colloid
band region. The crystalline Cul phases
seem to be formed at the Pbl, crystallite
boundaries, the formation thereof being fa-
vored by a high concentration of atoms with
distorted coordination and broken lead-io-
dine bonds [16]. Accordingly, the Pbl, con-
tent lowers. In those processes, the A, irra-
diation favors the photoinduced Cu penetra-
tion into the Pbl, layer and formation of
relatively large metal particles and, at the
same time, hinders the copper iodide forma-
tion (the light quantum energy and the pho-
tolysis reaction threshold one are close to
one another being 2.81 and >2.7 eV, respec-
tively [17]). The copper particle size may be
considerably smaller due to formation of
Cul phases if the freshly deposited samples
are irradiated at A,, that is, at low quantum
energy (about 1.95 eV). In Fig. 2, curve 3
is the calculated optical transmission de-
pendence for the three-layer thin-film sys-
tem obtained under assumption that copper
migrates towards the Pbl,/CGS interface
and the filling factor is lowered (g = 0.15).

In the calculation, the dipole interaction
of copper particles surrounded with Cul
shells was taken into account as well as the
photoinduced change in the CGS optical
properties and formation of a granular
metal interlayer at the Pbl,/CGS interface.
A subsequent short-wavelength irradiation
can cause the Cul decomposition resulting in
the metal particle size increase and forma-
tion of the new particles. The Cu grains of
photolytic origin are responsible for an in-
tense absorption band in optical spectrum
while the transmittance at the reading emis-
sion wavelength decreases respectively
(curves 2 and 2’ in Fig. 2).
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Fig. 4. Micrograph of a Cu-Pbl, sample irra-
diated at 1, = 633 nm. The layer thickness of
the initial system: Cu about 12 nm, Pbl,
about 23 nm. E is the electric field strength
of the light wave; d, the PS line spacing
(period).

In Cu-Pbl,—CGS systems, the outer
amorphous layer seems to act as a protec-
tive coating preventing the copper oxidation
with air oxygen penetrating through the Pbl,
layer. When the bilayer Cu—Pbl, are exposed,
the copper oxidation hinders to a certain ex-
tent the formation of unstable crystalline Cul
phases and, respectively, the reversible phe-
nomena. The calculated optical transmittance
dependences (curves 2'—4' in Fig. 1) have
been obtained under assumption that a part
of the Pbl, layer contains copper particles
surrounded with Cu,O and a layer of Cu
oxidation products is formed at the Pbl,
free surface. It is just the low refractive
index values of that layer that can cause
the observed optical transmittance increase
(so-called clarification effect). The de-
creased dielectric constant of the medium
surrounding the copper particles is testified
by the short-wave shift of the colloid absorp-
tion band under cycling [10].

Imperfect periodic structures (PS) simi-
lar to those observed before in the systems
containing a silver layer [3, 18] have been
found in bilayer and three-layer system
samples irradiated with linearly polarized
light at &,. It follows from microphotos and
electron diffraction patterns that the PS are
formed by particles of various sizes (10 to
100 nm). In contrast to the silver-containing
system case, these particles are not metallic
but consist of the copper-Pbl, interaction
products, CGS, and oxides. The PS lines are
oriented predominantly in parallel to the po-
larization plane of A, emission. The PS period
determined from the diffraction measure-
ments agrees well with the electron micros-
copy data (Fig. 4 presents a PS microphotog-
raphy for a Cu-Pbl, system, d~320 nm) as
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well as with calculated values obtained
under taking into account the TE; mode
propagation in a planar waveguide (single-
layer and bilayer for Cu—Pbl, and Cu-Pbl,—
CGS systems, respectively). In three-layer
systems, the refractive index of the CGS
layer varies with its chemical composition,
thus causing variations in the waveguide
mode propagation constant, § and, as a conse-
quence, in the PS period (d being decreased
as the refractive index increases, d = 2n/B).
The results obtained can be useful in the
studies of optical emission interaction
mechanisms with various thin-film light-
sensitive systems as well as of realization
conditions of reversible optical recording, for-
mation of periodic diffraction structures, etc.
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DoTOiHAYKOBAHI ABUNIA Y TOHKOILIIBKOBHUX CHCTEMax
Cu-Pbl, Ta Cu-Pbl,-xanskorenigauii ckiaomoxioHmii
HANIiBIIPOBiTHUK

B.B.Myccin, E.T./Iemeweecvra, B.B.ITununenko

HasemeHo pesyabTaTH JOCHigKeHHs (POTOIHIYKOBAHMUX IIPOIECiB ¥ ABOX- 1 TPHOXIIAPOBUX
cucremax Cu—Pbl, ra Cu-Pbl,-xanpkoremiganii ckiromoxioumit HamienpoBigauK (Ge—As-S).
Busineno o6oporHi smimm omrumunoro mpomyckauus cucrem Cu-Pbl,—Ge-As-S mpm ix mo-
cIimoBHOMY OmpoMiHeHHI cBitTsiom 3 pisHumMu moB:KuHAMH XBuIb (442 i 633 um). 3Haligeno,
[0 ONPOMIiHEHHS CHCTEM JIiHINHO MOJAPM30BAHHM CBiTIOM, [0 Ccaa00 IIOTJIMHAETHCS, IIPU-
3BOJUTH [0 YTBOPEHHS B HUX AUMPPAKIINHMX [IEePiofUUYHUX CTPYKTYpP. SBMINA, IO cIOCTEpi-
raloTbCsA, IPOAHAJII30BAHO 3 ypaxyBaHHAM mpoueciB @orozudysii Cu, yreBopeHHsa i pyHHy-
BaHHA APi6GHUX MeTaneBUX YacTHHOK y mapi Pbl, Ta xBuIeBogHOro posmoOBCIOAKEHHSA CBiTIIA

y NJIiBKOBi#l cucreMmi.
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