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. Introduction

Abstract. In this paper, we present the results of studying the features of plasmon-
enhanced photostimulated diffusion of silver into thin films of chalcogenide glasses (ChG),
in particular, As,S; and GeSe,. To ensure excitation of surface plasmon-polaritons (SPPs)
at the interface between silver and ChG films, silver diffraction gratings with periods of
899 and 694 nm were used as substrates. The samples were exposed to the p-polarized
radiation of a He-Ne laser (A = 632.8 nm). The radiation of the same laser, attenuated by
two orders of magnitude, was used to detect SPP, which enabled to study the Kinetics of
photostimulated processes in the thin-layer structure of Ag—ChG. It has been established
that in the initial period of exposure, the SPP electromagnetic field significantly enhances
the photostimulated flux of silver ions in ChG (by 2-3 times). The photodissolution kinetics
of Ag in ChG is defined by the features of the granular structure of the investigated thin
chalcogenide films. For the GeSe, film with the effective thickness 8 nm, the kinetics of the
film refractive index increase caused by silver photodoping is well approximated by a
logarithmic dependence. For the Ag-As,S; structure (the effective thickness of the As,S;
film is 14.8 nm), this Kinetics is closer to the linear one; moreover, for photodoping without
SPP excitation, the kinetics is somewhat superlinear, while with plasmon excitation, it is
sublinear. The main physical mechanism responsible for the acceleration of the process of
photostimulated diffusion in the structure under study appears to be an accelerated
generation of electron-hole pairs, which takes place in the ChG layer near the interface with
the metal, where the SPP electromagnetic field strength is maximum, and/or plasmon-
assisted hot carrier generation due to plasmon scattering on the surface of the metal film
and subsequent internal photoemission of electrons from silver into chalcogenide.
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for recording information, including for nonvolatile
memory devices, in photoelectric devices, etc. [2-7]. As

Photostimulated dissolution of silver in thin layers of
chalcogenide glasses (ChG) leads to significant changes
in both the optical characteristics of these layers and the
rate of their dissolution in selective etchants. The pheno-
menon of photodissolution (the terms “photodissolution”,
“photodoping”, “photostimulated diffusion” are used in
the literature as synonyms) is observed when light,
electron or ion beams are falling onto a thin-layer
structure consisting of films of amorphous chalcogenide
glass (As,Sz, GeSe,, etc.) and silver. This phenomenon,
discovered more than half a century ago [1], serves
as the basis for the use of thin layer photosensitive
Ag-ChG structures in photolithography, optotechnics,

a result of studying the mechanism of light-stimulated
processes in thin-layer Ag—ChG structures [8-11], it was
found that at the first stage of silver photodissolution, the
defining factor is absorption of light at the interface
between ChG and Ag; therefore, the intensity of
photostimulated silver diffusion depends on the light
intensity in the region of this interface.

In recent years, the attention of researchers has been
attracted by the possibility to increase the photo-
sensitivity of these structures due to excitation of surface
plasmon-polaritons (SPPs) at the interface between silver
and ChG layers, when the Ag—-ChG structure is exposed
[12-14]. SPPs are characterized by the localization of the
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electromagnetic field near the metal-dielectric interface,
where the strength of the electromagnetic field
significantly exceeds the one of the exciting radiation.
Such a local amplification of the electro-magnetic field
near a metal film or nanostructure due to excitation of the
SPP has found wide practical application in various
sensors [15-17]. In previous works [12-14], it was found
that at the initial stage of the photodoping process in the
Ag-ChG structure, an increase in the diffusion flux of
silver into the chalcogenide layer is observed, when a
surface plasmon-polariton is excited at the silver-
chalcogenide interface during exposure. This indicates
acceleration of the process of photostimulated diffusion
in these structures under the action of a plasmon field.
These results were obtained on the most studied
structures based on As,S; [12, 13], as well as on the basis
of As,GezoSes triple glasses. However, the recent studies
[6, 7] have shown that the most promising chalcogenides
for use in non-volatile memory devices and photovoltaic
installations are germanium chalcogenides. In addition,
they are more environmentally compatible than arsenic
chalcogenides. Therefore, this paper presents the results
of comparative studies of the features inherent to the
plasmon enhancement of photostimulated diffusion of
silver in ChGs of two compositions As,S; and GeSe;.

2. Experimental

To provide SPP excitation, diffraction gratings on
polished glass plates, fabricated by interference
lithography based on vacuum chalcogenide photoresists,
were used as sample substrates. The technique for
manufacturing these gratings is described in detail in our
previous papers [3, 18]. The resulting gratings formed on
a film of As,S,Se chalcogenide photoresist thermally
deposited in vacuum were covered with the 80-nm thick
Al layer, on which an opaque 85-nm thick silver layer
was deposited (both of these layers were also deposited
by thermal evaporation in vacuum). The thickness of the
silver film was chosen in such a way as to prevent SPP
excitation at the lower boundary of the Ag layer. The
aluminum layer was deposited to prevent diffusion of
silver into the bottom layer of the chalcogenide
photoresist. The gratings had spatial periods a = 899 and
694 nm, as well as relief depths h = 95 and 28 nm,
respectively, which ensured sufficient SPP excitation
efficiency, when the structure is exposed at the resonant
angle of incidence [14]. Then layers of chalcogenide
As,S; or GeSe, with the thickness close to 14.8 and
8 nm, respectively, were thermally deposited on silver in
vacuum. In this case, the vacuum chamber and the
obtained light-sensitive samples were shielded from
external illumination. Thermal evaporation of the
chalcogenides (the As,S,Se photoresist and thin As,S;
and GeSe, films) was carried out using a labyrinth-type
molybdenum evaporator, making it possible to reproduce
the ChG stoichiometry in the deposited films with the
accuracy of approximately 1 at.%.
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Fig. 1. AFM images of the gratings with the periods 899 nm (a)
and 694 nm (b).

The thickness of the layers was controlled during
deposition using a KIT-1 graduated quartz thickness
gauge, and for thin layers of chalcogenides it was also
measured after deposition using a LEF3-M-1 laser
ellipsometer. To record the grating relief and study the
structure of reference samples of the As,S; and GeSe,
thin films, we used a Dimension 3000 scanning probe
microscope (Digital Instruments Inc., Tonawanda, New
York, USA). Since the depth of the grating relief in our
case was significantly less than their periods (h/a < 12%),
the thin layers of Al, Ag, and ChG deposited on its
surface (as shown by AFM studies) almost did not distort
the profile of these “shallow” grooves inherent to the
original substrates. Fig. 1 shows an AFM image of the
grating relief with the periods 899 nm (a) and 694 nm
(b). The shown images were obtained after depositing the
aluminum layer onto the corresponding chalcogenide
gratings. The cross-sectional shape of the surface typical
to the grooves of this gratings is somewhat different from
the sinusoidal one (slightly expanded peaks and
narrowed troughs), which is due to the characteristics of
the chalcogenide photoresist (the degree of linearity of its
characteristic curve) and the technological mode of
sample preparation [19].

To observe photostimulated diffusion of silver in
the investigated Ag—ChG structures, they were exposed
from chalcogenide side by the p-polarized radiation of a
He-Ne laser (A = 632.8 nm). The power density of the
light incident on the sample upon exposure was
32 mW/cm? As it is known [8-11], the photosensitivity
spectrum of these structures mainly correlates with the
absorption spectrum of the corresponding chalcogenide.
Therefore, the As,S;-Ag and GeSe,—Ag structures are
weakly sensitive to radiation of this wavelength, which
corresponds to the spectral region of the Urbach
absorption of these glasses. This enables to study in
sufficient detail the initial stage of photodoping in our
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samples. The grating with the deposited structure was
fixed on a rotating table of a stand mounted on the basis
of a G5M goniometer and a Microscope Universal Stage
(LOMO 5-axis Universal Fedorov Stage). The angle of
incidence 6 of the laser beam could be varied within
0...90° with the accuracy 0.01° (the angle of incidence is
defined as the angle between the laser beam incident on
the grating and the normal to the sample surface), and the
azimuth angle ¢ (the angle between the plane of
incidence and the reciprocal grating vector) — within the
same limits with the accuracy 0.1°. In these studies, the
sample was oriented in such a way that the grating
grooves were perpendicular to the plane of incidence of
the exposing radiation (¢ = 0).

To control the photostimulated changes in the
Ag-ChG structures as a result of exposure, we also used
registration of SPP. These studies were carried out on the
same test bench by measuring the specular reflection of
p-polarized radiation from the same laser. In this case,
the intensity of the laser beam was attenuated by two
orders of magnitude by using neutral grey filters in order
to reduce the effect of the probing beam on the light-
sensitive structure under study. The plane of incidence of
the probing beam was the same as that for the exposure
radiation. The laser radiation passed through the first
polarizer, was reflected from the grating, and, after
passing through the second polarizer, hit the photodiode.
Separating the p-component in the reflected light with the
second polarizer and comparing it with the incident
polarized radiation, we obtain the angular dependences of
the absolute value of the p-component specular reflection
coefficient (Rp).

3. Results and discussion

The light-sensitive ChG-Ag structures studied in this
work contain an “excessive” thickness silver layer and
much thinner layers of As,S; and GeSe,. The term
“excessive” is understood to mean such an amount of
silver that clearly cannot be photo-dissolved in the used
thin ChG layers. In addition, thin ChG layers with a
thickness of 5 to 20 nm thermally deposited in vacuum
can have a granular structure, which will significantly
affect their optical characteristics. Therefore, reference
samples of thin As,S; and GeSe, layers on the silicon
substrates were prepared using simultaneous deposition
of these ChGs on the silver gratings and silicon sub-
strates. AFM and ellipsometric studies were performed
on the control samples to determine morphology and the
effective thickness of these layers.

Fig. 2a shows an AFM image of the relief of
reference As,S; layer obtained using a probe with a tip
radius of 7 nm. It can be seen that the film has a granular
structure; the distribution histograms of granule
diameters and relief heights are shown in Figs 2b and 2c.
Relief heights are measured relatively to the minimum
height value on the sample area under study
10001000 nm.
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Fig. 2. AFM image (a) and distribution histograms of granule
diameters (b) and relief heights (c) of thin As,S; layer deposited
onto a silicon substrate.

Similar results were also obtained for the reference
GeSe, layer (not shown). The film also has a granular
structure, but the granule diameters and relief heights are
much smaller than those for the As,S; layer. Thus, for the
reference As,S; layer, the granule diameters vary from
20 up to 60 nm, and the maximum of the distribution
histograms of granule diameters corresponds to the size
range of 30...35 nm. In the same film, the relief heights
vary from 0 to 15nm, and the maximum of the
distribution histogram corresponds to the height of
9.5 nm. For the GeSe, film, the granule size range is
from 4 to 22 nm (the histogram maximum corresponds to
the diameter range of 7 to 9 nm); the heights of the relief
vary from 0 to 4 nm, with a distribution maximum at
1.4 nm. This difference in the structure of the films may
be caused by the conditions of their deposition. It is
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known that the granularity of a thermally deposited film
is related with the ratio T¢/T,, where Ts is the substrate
temperature and T, is the melting temperature of bulk
material [20]. The smaller the ratio, the more fine-
grained the film structure is. In our case, the melting
temperature of GeSe, is much higher (by almost 200 °C)
than that of As,S; at almost identical substrate
temperatures. This will favor formation of larger granules
during deposition of As,Ss. In addition, the size of the
granules may depend on the thickness of film. In a
thinner GeSe, film, smaller granules can be formed.

Ellipsometric multi-angle measurements enabled to
determine the effective thickness d; and refractive index
n¢ of these granular films. The values di= 14.8 nm,
n; =2.16 for the As,S; film, and d; = 8.0 nm, n; = 2.09 for
the GeSe, film were obtained.

When the plane of incidence of the laser beam is
oriented along the normal to the grooves of the metal
grating, the condition for excitation of the SPP at the
boundary of the grating with a dielectric medium is to
ensure the conservation of the quasi-momentum, taking
into account the wave vector of SPP (kspp), the
component of the light’s wave vector (kg = 2rt/A, A is the
wavelength of the probing radiation), parallel to the
grating surface, and the grating vector (G = 2n/a):

@

where m is an integer (m=0) and means a plasmon
resonance order, n is the refractive index of the environ-
ment (for air n = 1). In this work, we limited ourselves to
studying the effect of only first-order plasmon
resonances (m=1) on photostimulated diffusion. By
solving equation (1) with respect to 0 for the chosen
wavelength of the exciting radiation, the grating period,
and the given permittivities of the metal (silver) and the
medium (air), one can determine the resonant angle of
incidence 0,, at which SPP excitation is observed. At a
fixed excitation wavelength, the plasmon resonance can
be observed as a narrow minimum in the angular
dependence of the specular reflection (R,) of p-polarized
excitation radiation. Since gratings with a small modu-
lation depth are used in this work, for an approximate
estimate of the magnitude of SPP wave vector, we used
the expression obtained for the flat interface of semi-
infinite media. The value of the permittivity for Ag was
taken from [21] (¢ = —18.28 +i-0.481). The calculated
values of 6, for the gratings under study when being
excited using He-Ne laser radiation with A =632.8 nm
(6, = 18.9° for a period a = 899 nm and 6.28° for a =
694 nm) correspond to the excitation of SPPs in these
gratings with an extremely shallow depth relief. As
shown in many theoretical and experimental studies [22],
with an increase in the depth of the grating relief, the
value of 0, also slightly increases (for an excitation wave-
length smaller than the grating period, as in our cases), in
addition, the plasmon resonance range expands. When
weakly absorbing dielectric films are deposited on these
gratings, the resonance is also shifted to larger angles,

Re(kepp ) =| Nk, siN O+ MG,
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Fig. 3. Dependence of specular reflection R, on the angle of
incidence 6 for silver-coated grating with the period 694 nm
before (1) and after (1') deposition of the 8.0-nm thick GeSe,
layer; the same for the silver-coated grating with the period
899 nm before (2) and after (2') deposition of the 14.8-nm thick
As,S; layer. The probing wavelength A = 632.8 nm.

and its half-width also increases. The magnitude of this
shift is defined mainly by the optical density of the
deposited film, i.e., the product of the film thickness and
its refractive index.

Fig. 3 shows the angular dependences of the
specular reflection of p-polarized light from the studied
silver gratings (curves 1 and 2), as well as for these
samples after deposition of thin ChG layers (curves 1'
and 2"). The curves 1 and 2 show rather narrow reflection
minima associated with SPP excitation, which position
corresponds to the resonant angles 6, = 7.04° and 21.6°.
After depositing the GeSe, and As,S; layers, the
resonance minimum R, is shifted towards large angles
(up to 8, = 9.76° and 28.2°, accordingly). In addition, the
minima of R, widen. A slight decrease in the depth of R,
minima as a result of deposition of thin ChG layers,
which is observed in Fig. 3, is a consequence of the small
absorption of these layers at the probing wavelength.

The fabricated structures ‘Ag grating — thin ChG
layer’ were used to study the effect of SPP excitation on
the photostimulated diffusion of silver into chalcogenide.
To do this, identical sections of the sample were exposed
to an unattenuated He-Ne laser beam from the side of the
chalcogenide layer in two ways: at an angle of incidence
normal to the sample surface (in this case, SPP was not
excited) and at a resonant angle of incidence 6,, which
corresponds to the SPP excitation condition for this
sample. As a result of exposure in both cases, photo-
stimulated doping of ChG films with silver occurs, which
leads to a change in their optical characteristics, namely:
the refractive index and absorption coefficient [9, 11].
To quantitatively register these changes, we used the
measurement of the angular dependences of R, for
the exposed samples and analyzed the changes in the
characteristics of plasmon resonances (in particular, the
position and depth of the R, minimum and its half-width)
as a result of exposing. As shown in previous studies
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[12-14], this method of recording photostimulated
changes in Ag—ChG structures is more sensitive than
traditional photometric methods, especially at the initial
stages of the process and in thin-layer structures. To
study the Kinetics of photostimulated changes, the
exposure was carried out intermittently: after a certain
time, the exposure was turned off and the angular
dependence of R, was measured with an attenuated beam,
then the exposure was continued at the same point of the
sample and the angular dependence of R, was recorded
again. The process was repeated as many times as
necessary. For the samples that were exposed with SPP
excitation, after each exposure, the angle of exposure was
changed, in accordance with the shift of the R, minimum.

Figs 4a and 4b show the angular dependence of R,
for the samples ‘Ag grating — GeSe, film’ and ‘Ag
grating — As,S; film’, exposed at resonant angles (Oeyp =
9.7...10.3° for the 8-nm-thick GeSe, and 28.3...30.54°
for the 14.8-nm-thick A,S; layer). The similar
measurements were made with the samples exposed to
the laser beam oriented along the normal to the sample
surface (Bexp = 0°); i.e., when SPP was not excited during
exposure (not shown). For both exposure directions, as
well as for both structures, there is a shift (A8,) in the
position of the R, minimum in the direction to larger
angles of incidence, simultaneously with expansion
(increase in the half-width, A6,,,) and decrease in the R,
minimum depth (AR,™). It is known that the indicated
characteristics of the plasmon resonance of the ‘metal
grating — thin dielectric layer’ structure for a given metal
are mainly defined by the characteristics of the dielectric
film [22]: AO, depends on n; d;; Ay, is defined by both
n; dr and the presence of absorption in the dielectric layer;
AR,™" depends on the absorption in the deposited layer,
and/or the roughness of the Ag-film interface. This
means that as a result of photodoping in the studied
GeSe, and A,S; films with silver, their optical thickness
and absorption increase in the region of the light
wavelength of 632.8 nm, which is consistent with
preliminary studies of photostimulated diffusion in these
structures [6, 11, 23].

However, for our samples exposed with SPP
excitation, a more significant increase in all three
characteristics of the plasmon resonance is observed, as
compared to the samples exposed along the normal to the
sample surface. It indicates that photostimulated silver
doping of ChG films occurs more effectively, when the
structure is irradiated together with SPP excitation,
especially in the initial period of irradiation. To obtain
quantitative characteristics of this process, let us estimate
the changes in the optical characteristics of ChG films as
a result of photodoping, in particular, changes in the
refractive index. We begin by analyzing the morphology
of these thin films. As it follows from the analysis of
results obtained in AFM investigations, the studied
GeSe, and As,S; films are granular, and their optical
characteristics can be described using the Bruggemann
effective medium model. Before photodoping with silver,
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Fig. 4. Angular dependences of specular reflection R, for the
‘Ag grating — 8-nm-thick GeSe, layer’ (a) and ‘Ag grating —
14.8-nm-thick A,S; layer’ (b) structures exposed at resonance
angles. Exposure and measurement wavelength A = 632.8 nm.
Exposure time (min) in Fig. 4a: 0 (1), 0.5 (2), 1.5 (3), 3.5 (4),
7.5 (5), 11.5(6); in Fig. 4b: 0 (1), 1.0 (2), 2.33(3), 3.67 (4),
6.33 (5).

they have a two-phase structure (ChG and air) with a
significant air content (porosity, pj). This is also
evidenced by the above effective values of n; for
deposited films (2.16 for As,Sz and 2.09 for GeSe,),
which are much smaller than the literature data and the
results of our measurements [24-26] for thicker non-
porous layers and glasses (2.66 for GeSe, and 2.46 for
As,S3). Using these results, it is possible to estimate the
porosity of the studied ChG films after deposition by
applying the Bruggeman model. We obtain the values
ps = 0.35 for GeSe, and 0.21 for As,Ss. This significant
porosity values allow us to fairly reasonably neglect the
possible change in the effective thickness of the ChG
film upon photodoping with silver, in subsequent
estimates of the change in the refractive index, since
expansion of chalcogenide matrix upon photodoping with
silver will be damped due to the “collapse” of the voids.
Thus, assuming di to be a constant, we use the
approximate formula proposed by Homola [27] to
estimate the change in the effective refractive index of
SPP (Nspp = Re(kspp)/Ko) as a result of deposition of a thin
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Fig. 5. Kinetics of the increase in the effective refractive index
(An¢ = ng (texp) — Ns (texp = 0)) during photodoping with silver of
the GeSe, (a) and As,S; (b) layers for the exposure at 8, = 0°
(l) and eexp = 9res (2)

dielectric layer of thickness d; with a refractive index n;
on the grating surface:

@

where An = n;—n, n is the refractive index of the
medium (in our case for air n =1). Using the equations
(1) and (2), as well as the experimental values of A6,, we
calculated the average values of n; for the both
photodoped chalcogenide films.

Fig. 5 shows the obtained Kkinetics of the growth of
the effective refractive index of the studied granular
GeSe, (5a) and As,S; (5b) films upon photodoping with
silver. The samples were exposed both perpendicular to
the sample surface (0., = 0°), that is, without excitation
of SPP (curves 1), and at resonant angles corresponding
to the excitation of SPP (0ey, = Ores, CUrVES 2).

The more significant increase in An; was observed
for both samples upon exposure with SPP excitation,
especially in the initial period of irradiation. The
maximum ratio of An; for curves 1 and 2 An; (2)/Ans (1)
was observed after irradiation for the first exposure
interval and was equal to 2.22 and 3.15 for ‘Ag grating —
GeSe,’ and ‘Ag grating — As,S3’ structures, accordingly.
Since SPP “degraded” upon further irradiation, the plas-
mon field strength continued to decrease. Consequently,

the growth rates of the effective refractive index became
comparable for both directions of irradiation, as can be
seen from the almost identical behavior of curves 1 and 2
during the third and fourth exposure intervals.

The kinetics of the photostimulated process
observed in our samples (Fig. 5) differs significantly
from the traditional sigmoidal kinetics of photodoping in
ChG-Ag structures [9, 11]. The main feature of the
obtained kinetics is the absence of the initial, the so-
called “induction” period of a very slow process of
formation of the silver diffusion front in the ChG layers.
Apparently, this is caused by the granular structure of
these thin films. All traditional studies of photodoping in
ChG-Ag structures were carried out on much thicker,
continuous films of chalcogenides. In our case, the films
have a granular structure, and the presence of gaps
between the granules can contribute to the rapid surface
diffusion of silver into the ChG layer during the initial
exposure period for both samples. With further
irradiation, the kinetics for ‘Ag grating — GeSe,’ and ‘Ag
grating — As,S3’ structures begin to differ. For the ‘Ag
grating — As,S3” sample, the n¢ growth kinetics are closer
to linear, and for photodoping without SPP excitation, the
kinetics is somewhat superlinear, and with plasmon
excitation, it is somewhat sublinear.

However, for the structure ‘Ag grating — GeSe,’
neither a linear nor a parabolic dependence describes the
obtained experimental points on the Kinetic dependence
of Any. This kinetics is well approximated by a logarith-
mic dependence (Fig. 6). Direct and inverse logarithmic
kinetics has been reported for oxidation of some metals
in the intermediate temperature range (30...300°C), and
most generally for relatively small oxide thickness
(< 50 nm). This kinetics is also typical to porous films, in
which the rapid deceleration of the oxidation rate is
caused by an increase in their density during growth [28],
that is, due to the “slamming” of pores. As it follows
from the results of our AFM studies, for GeSe, films the
sizes of granules (and, accordingly, the spaces between
them) are 3-4 times smaller than those for As,S,.
Therefore, for the structures ‘Ag grating — GeSe, film’
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Fig. 6. Kinetics of the increase in the effective refractive index
(Ang =g (tep) — Nt (texp = 0)) during photodoping with silver of
the GeSe, layers in semi-log coordinates for the exposure at
Oexp = 0° (1) and Oep = Ores (2).
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Table 1. Characteristics of the 8.0-nm thick GeSe, film photodoped with silver: refractive index (ns) of the film, value of x in
Ag,GeSe, matrix, atomic concentration of Ag (C), refractive index of Ag,GeSe, matrix (n,), porosity of the film (p;).

Exposure angle Exposure time, min Nt X C (at.%) Ny Ps

- 0 2.09 0 0 2.66 0.347
normal 0.5 2.13 0.06 1.9 2.72 0.340
normal 15 2.15 0.09 2.9 2.74 0.336
normal 35 2.19 0.14 45 2.78 0.330
normal 7.5 221 0.17 5.2 2.80 0.327
normal 115 2.24 0.21 6.5 2.83 0.322
resonance 0.5 2.18 0.13 4.1 2.77 0.332
resonance 1.5 2.23 0.19 6.0 2.82 0.324
resonance 3.5 2.25 0.22 6.8 2.84 0.321
resonance 75 2.29 0.27 8.3 2.88 0.314
resonance 115 231 0.29 8.9 2.90 0.312

Table 2. Characteristics of the 14.8-nm thick As,S; film photodoped with silver: refractive index (n¢) of the film, value of x in
Ag,As,S; matrix, atomic concentration of Ag (C), refractive index of Ag,As,S; matrix (n,), porosity of the film (p;).

Exposure angle Exposure time, min Nt X C (at.%) Ny o)

- 0 2.16 0 0 2.46 0.211
normal 1.0 2.19 0.10 1.9 2.50 0.203
normal 2.33 2.23 0.21 4.0 2.53 0.194
normal 3.67 231 0.42 7.7 2.59 0.177
normal 6.33 2.49 0.90 15.2 2.73 0.139
resonance 1.0 2.27 0.30 5.6 2.56 0.187
resonance 2.33 2.34 0.49 9.0 2.61 0.171
resonance 3.67 244 0.76 13.2 2.69 0.149
resonance 6.33 2.57 1.09 17.9 2.79 0.123

the effect of “collapse” of pores appears at lower
concentrations of photodoped silver, i.e., at shorter
exposures than those for Ag-As,S;. This, apparently,
leads to the logarithmic kinetics of the photodoping
process for the structures based on GeSe,.

The thin granular silver photodoped ChG films
studied in this work can be represented as a two-phase
nanocomposite consisting of an Ag,ChG matrix and air-
filled pores. During photodoping, an increase in the
atomic content of silver (x) in the matrix, some expansion
of the matrix (and a corresponding decrease in porosity
of the sample p;) occur. It results in an increase in the
refractive index of the doped matrix (n,) and the
refractive index of the porous composite film (ny).
We ascertained the dependence of n; on the exposure
value for our samples experimentally. To evaluate the
remaining characteristics of the studied nanocomposites,
we used the literature data on the results of previous
studies of GeSe, and As,S; layers photodoped with silver
[29, 26]. It turned out that the dependence of n, on x for
these compositions is best approximated by straight lines:
ny (x) = 2.671 + 0.768x for Ag,GeSe, films and n,(x) =
2.470 + 0.293x for Ag,As,S; films. The second empirical

relationship we used: the thickness of the photodoped
pore-free film up to a few percent is equal to the sum of
the thicknesses of the components (Ag and ChG). This
dependence, taking into account the densities of the com-
ponents, connects x and p;. In addition, the Bruggemann
effective medium model relates ny, ny, and pr. By solving
numerically this system of three equations in three
unknowns, we determined the values of x, p;, ny, as well
as the atomic concentration of Ag (C) in photodoped
GeSe, film (Table 1) and As,S; film (Table 2).

For the first sample (Ag-GeSe,) during the initial
30 s of exposure with SPP excitation, 2.2 times more
silver is photodissolved in the GeSe, layer than that
during the same exposure time without SPP, in accord
with the data from Table 1. For the Ag—As,S; structure,
this difference after the first minute of exposure is
2.9 times (Table 2). Thus, SPP excitation during photo-
doping leads to a significant increase in the photo-
stimulated flux of Ag into the ChG layer in the initial
exposure period. The maximum obtained value of silver
content in our samples is 8.9 at.% for the GeSe, layer and
17.9 at.% for the As,S; layer. This is much less than the
maximum concentration values obtained in previous
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studies for thick layers: 33 at.% for GeSe, [30] and
41 at.% for As,S; [11]. That is, in our study, we register
mainly the initial stage of the photodoping process in
ChG-Ag structures.

The main physical mechanism responsible for
acceleration of the process of photostimulated diffusion
in the structure under study seems to be the accelerated
generation of electron-hole pairs, which occurs in the
ChG layer near the interface with the metal, where the
intensity of the SPP electromagnetic field has its
maximum. Another possible mechanism for the
generation of carriers that stimulate the photoenhanced
diffusion of Ag ions during SPP excitation can be
plasmon-assisted generation of hot carriers due to
plasmon decay on the surface of the metal film and
internal photoemission of electrons from silver into
chalcogenide [31, 32]. The emitted electrons are captured
by traps in the ChG layer near the interface with the
metal. Then, this excitation and relaxation of the electron
subsystem in the irradiated structure is accompanied by
mass transfer through the Ag-ChG interface due to
diffusion and/or drift of silver ions.

4. Conclusions

It has been ascertained that in the initial period of
irradiation of the light-sensitive Ag—ChG structure, the
electromagnetic field of surface plasmon-polaritons
significantly enhances the photostimulated flux of silver
ions in ChG (2-3 times). As a result, the photosensitivity
of the structures increases: upon irradiation at the angle
corresponding to SPP excitation, the photodoping
process is completed several times faster. For the GeSe,
film, the kinetics of ns growth due to silver photodoping
is well approximated by a logarithmic dependence. But
for the As,S; sample, the n; growth kinetics is closer to
the linear one, and for photodoping without SPP
excitation the kinetics is somewhat superlinear, while
with plasmon excitation, it is somewhat sublinear. This
difference in kinetics is mainly caused by the difference
in the characteristics of the granular structure of thin
chalcogenide films.

The concentration of photodissolved silver in
chalcogenide layers has been estimated. Possible
mechanisms promoting acceleration of photostimulated
metal diffusion in the Ag—ChG structure as a result of
SPP excitation have been discussed. In particular, an
increase in the electromagnetic field strength of the
incident radiation near the Ag—ChG interface as a result
of SPP excitation, as well as generation of hot carriers
due to plasmon scattering on the surface of the metal
film, can stimulate an increase in the flux of drifting Ag*
ions and accelerate photodissolution of silver in ChG.
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IIna3mMoHHe MiCHJICHHS CBITJIOYYTIUBOCTI TOHKOILIIBKOBUX CTPYKTYP Ag—XaJbKOTeHiTHEe CKJI0
1.3. lupyThumii, C.B. Mamukin, B.l. Munsko, M.B. Conincekuii, A.A. KopuoBmii

AHoOTamisgs. Y JaHidi CTarTi HaBEACHO pE3yJabTaTH JOCHIIKCHHS OCOOJUBOCTEH IUIa3MOHHOTO ITiICHJICHHS
¢dorocTuMynbpoBanoi audy3ii cpibia B TOHKI IuTiBKKM XanbkoreHimHux crekod (XC), 3okpema As,S; ta GeSep. s
3abe3nedeHHs 30ymkeHHs oBepxHeBuX 1mia3MoH-nosiputoHiB (III1I1) Ha iHTepdetici Mk cpidmom Ta miiBkamu XC
SIK TIIKIaAKH BUKOPHCTOBYBAIIKCH CpiOHI An(pakiiiiHi rpaTtku 3 nepiogamu 899 ta 694 HM. 3pa3Kku eKCIOHYBAIKCH 3
0OKy mIapy XaibKOTEHiIy P-IoJisipu3oBaHMM BunpoMiHioBaHHsM He-Ne-nmazepa (A = 632,8 HM). BunpominroBaHHs
LBOTO JK JIa3epa, ocliablieHe Ha JBa MOPSIKH, BUKOpHCTOBYBajocs s peectparii III1I], mo 103BoaMIO IOCHimuTH
KIHETUKY (OTOCTUMYJILOBAHUX MPOLECIB Y TOHKOMIApoBii cTpykTypi Ag—XC. 3’sicoBaHO, 10 y MMOYATKOBHN Mepiof
eKcrioHyBaHHs enekrpomarHirHe moste IIIIIT cyrreBo mimcwmoe ¢oTocTMMynboBaHMM TOTIK i0HIB cpidia B XC
(y 2-3 pasm). Kineruka ¢oropo3unHerHs Ag y XC BH3HAYaeThCAd XapaKTEPUCTUKAMHU TPAHYISPHOI CTPYKTYypHU
JMOCTIKYBAaHUX TOHKHX IUTIBOK XambkoreHimiB. Jlnms tumiBku GeSe; 3 e(eKkTHBHOI TOBIIMHOK 8§ HM KiHETHKA
3pOoCTaHHS TIOKa3HWKAa 3aJOMJIEHHS IUTIBKH BHACTIZOK (OTONEryBaHHA CpiOloM 100pe  ampoKCHMYEThCS
norapudmiuHoro 3anexHictio. s crpykrypu Ag—AS,;S; (eekTHBHA TOBIIMHA ILIIBKM CTaHOBUTH 14,8 HM) KiHeTHKa
OlTpII ONH3BKA N0 JIHIHHOT, TpuYoMy Ui GoToneryBanHs Oc3 30ymkeHHs [1I1I1 kiHeTHKa IemIo cymepiiHiiiHa, a Ipu
30y/KeHHI MIa3MoHa — cyOniHiiHa. OCHOBHEM (i3MYHUM MEXaHI3MOM, BiIIIOBIZaJbHUM 3a MPHUCKOPEHHS IPOIEeCy
¢dorocTuMynboBaHoI 1Mdy3ii B AOCTIHKYBaHUX CTPYKTypax, € MPUCKOPEHa TeHepallisi elIeKTPOHHO-IIPKOBHX Tap, siKa
BigOyBaerbcst B mapi XC mobiam3y Mexi HMOJTy 3 MeTajoM, J¢ HalpyXeHIicTh enekrpomarHirHoro mosist ITIIIT
MaKkCHUMallbHa, Ta/ab0 TeHEepyBaHHS IapsurX HOCIIB BHACIIAOK PO3CISHHS IJIA3MOHY Ha IMOBEPXHI METAIICBOI IUTIBKU Ta
M0JIAJIBIIOT BHYTPILIHBOT (hOoTOEMICIT eIEKTPOHIB 31 Cpibiia B XaJIbKOTEHI/.

KoaiouoBi ciioBa: moBepxHEBUH MIIa3MOH-TIOJSIPUTOH, (POTOCTUMYIbOBaHA AN(Y3is, XaIbKOTEHIHE CKII0, Ag.
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