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A holographic grating (HG) with period A = 2 um has been formed in an AgCIAg film
on a glass substrate using two symmetric laser beams (L = 532 nm). A nonlinear self-dif-
fraction effect takes place at the HG formation. The light-generated structure has been
implanted into quartz by irradiating with a CO, laser beam.

B dorouyscrBuTrensuoit mienke AGCI-AQ Ha CTEKJIAHHON MONJIOMKKE ABYMS CHMMETPHUY-
HBIMU JadepHbiMu nyukamu (A = 532 mm) samucana rosorpadudeckas pemerka (I'P) ¢ mepu-

omoMm A = 2 mrm. Ilpu dpopmuposanuu I'P umeer mecTo HenuHeHHBIH shPerT camogudpak-
muu. CdopMupoBaHHAS CBETOM CTPYKTypa HMILIAHTHPOBAaHA B KBapIll OyTeM OOJydYeHUs

o6pasma myuxom CO, nasepa.

1. Introduction

The implantation of metal nanoparticles
into dielectrics draws attention in connec-
tion with development of nanosize object
physies, nonlinear optics, and optoelectron-
ics [1, 2]. The silver chloride films coated
with a thin island silver layer (the AgCI-Ag
films)are known to show a photosensitivity
to the visual spectral range radiation and to
provide periodic structures (PS) consisting
of silver particles due to waveguide and
nonlinear properties [3-5]. The PS im-
planted with light into AgCIl under action of
one S- or P-polarized monochromatic beam
on an AgCI-Ag film. The PS are known to
arise also under action of two beams that
form a holographic grating (HG) in the film
[6]. In [6], the S-polarized laser beams were
used and the PS development was consid-
ered as an adverse factor resulting in re-
duced diffraction efficiency of the HG. Note
that the noise PS under action of two cross-
ing laser beams were observed to arise in
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photorefractive crystals, too [7]. It is the
space orientation of the linear polarization
direction E of the active beams that is of
importance for the PS development in AgCl—
Ag. In this work, the HG and PS recording
at two symmetrical beams with E oriented
at 45° to the plane of incidence onto the
film has been realized for the first time. It
has been found that the linear self-diffrac-
tion effect [5, 8] appearing at the HG re-
cording is of a great importance in the PS
development.

To prepare the films, various dielectric
substrates can be used, for example, the
optical quartz glass (0OQG). At present, sev-
eral methods are known to implant the col-
loidal metallic particles into silicate glasses
[1, 9]. However, some of those are unsuit-
able to implant the particles into OQG. The
ion-exchange chemical reactions are inappli-
cable as the implantation method due to ab-
sence of impurities in the OQG that are
usual in silicate glasses. The thermo-
stimulated implantation is another example.
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a)

b)

Fig. 1. Diffraction pattern (a) and micrograph (b) of structure forming the diffraction pattern (a). The

structure (b) scale is defined by the broad parallel bends of the holographic grating with period 2 pm.

There are data on the OQG coloration with
colloidal copper when during the high-tem-
perature annealing of the glass in a furnace
including copper-containing parts [10]. At
the same time, there is only scarce informa-
tion in literature on the possibility of colloi-
dal silver thermostimulated implantation
into OQG [9]. Recently, the isotropic colloid
was implanted into the near-surface layer of
OQG by heating the island Ag film at the
0QG surface using a CO, laser beam [11,
12]. Further studies of that method have
shown that it is possible to implant into
0QG not only isotropic colloid but also or-
dered structures consisting of silver patri-
cles [13]. In this work, the HG and PS
formed at the OQG surface by thermo-
stimulated implantation of the HG and PS
into the AgCI-Ag film followed by its fixa-
tion have been implanted into OQG using
the same implantation technique.

2. Experimental

About 2 mm thick plates of 0QG (KU
grade) and optical glass (K-8 grade) were
used in our experiments. An AgCl| film of
about 35 nm thickness was thermally sput-
tered onto the plate in vacuum and then an
about 10 nm thick island Ag film was de-
posited thereon. The AgCI-Ag film is di-
rectly photosensitive to irradiation within
the whole visible spectral range. The standard
double-beam interference scheme of polar-
ized laser beams (Ay = 532 nm, P = 25 mW)
was used to record the HG. The interference
bands were oriented perpendicular to the
convergence plane of two beams. Both the
light beams were of the same intensity and
converged in a horizontal plane of incidence
onto the film. The polarization directions E
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of the beams make angle of 45° with the
incidence plane. The light-induced transfor-
mations at the HG recording should occur
in the film areas corresponding to the inter-
ference maxima. A specific feature of the
AgCIl-Ag films consists in that in the holo-
graphic interference maxima, the PS con-
nected with the excitation of waveguide
modes are induced and developed, too [3—5],
and the PS grooves penetrate partially also
the area of holographic minima. As a conse-
quence, a combined structure consisting of
HG and PS gratings is formed in the film
due to the Ag photostimulated implantation.

The HG and PS were recorded at the ex-
posure time of 30 min that corresponds ap-
proximately to the development of the
structures till saturation. Due to photoin-
duced implantation, the most part of silver
goes from the AgCI-Ag film surface to the
film/substrate interface. After the irradia-
tion was over, the AgCl film was removed
by dissolving it in fixer (aqueous hyposul-
fite solution) followed by the sample wash-
ing in water, the excess water was removed
from the surface by air blowing. In those
conditions, the structure pattern and dif-
fraction properties are retained but the pho-
tosensitivity of the sample disappears [4].
To observe the whole diffraction pattern at
small incidence angles, a UV beam form a
nitrogen laser (A = 337 nm) was used. To
improve the reflection factor and the dif-
fraction efficiency, the sample was coated
in vacuum with a thin (about 50 nm) alumi-
num mirror. The Al layer provides also the
conductivity of the sample surface and
makes it possible to study the structure
using a SEM (JSM-80070, U = 20 kV, spa-
tial resolution 3 nm). The thermostimulated
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a)

b)

Fig. 2. The figure differs from Fig. 1] in the sample orientation. The structure micrograph is
orientes so that the spatial position of the structure periodic elements corresponds to the diffrac-

tion pattern.

implantation of the interference structures
into OQG was carried out using a CO, laser
beam (A =10.6 um, P =20 W), the expo-
sure time being about 1 min. The retained
periodicity of the implanted structures (HG
and PS) is evidenced by retained diffraction
properties thereof.

3. Resultls and discussion

Fig. 1la presents the diffraction pattern
from a fixed and aluminum-coated sample.
The diffraction from HG is seen in the left-
hand figure part as symmtrical light spots
located along a line. The brightest spot is
formed by the specular beam. In the right
part, there are four discrete arc-shaped
bands that correspond to diffraction from
the PS formed in the film. The sample is
placed on a horizontal goniometer, and in
the position shown in the photo, the PS
periods d were measured. When measuring,
the incidence angle ¢ was increased so that
the diffraction band coincided with the hole
in the screen, that corresponds to the auto-
collimation condition (the diffraction beam
is directed opposite to the incident one and
¢ =-¢, O, being the autocollimation
angle). At ¢ close to ¢,, the 5th band be-
comes visible in the diffraction pattern
from PS. For PS, all the diffraction bands
correspond to the "—1" order diffraction
and the periods are calculated from the
measured ¢, angles as d = X(Zsin(pa)’l. How-
ever, to measure the PS period at high ac-
curacy, a small section of an arc-shaped
band with maximum intensity is to be used.
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Due to differences in curvature, slopes, and
spatial positions of the bands with respect
to the horizontal line of angle measure-
ment, the measurement errors for different
bands differ considerably. The highest error
is found for weak side bands. The measure-
ment results for the bands 1 through 5
(from left to right) are as follows:

dqy =470+ 10nm; dy=421+3nm; (1)
dg =373+ 1nm; dy =331 =% 1nm;
ds =301+ 10nm.

To present the diffraction pattern more
precisely, Fig. 2a shows the diffraction ob-
served after the sample was rotated about
the normal into the position providing the
vertical arrangement of the diffraction
spots from HG. When comparing Fig. la
and Fig. 2a, it is to note that in the first
case, the incidence angle was adjusted by
rotating the goniometer counterclockwise
while in the second one, clockwise. That is
why the diffraction bands from PS in the
photos diverge oppositely (down and up) and
are in different positions (right, left). More-
over, the angle of incidence in the 24 case
exceeds about twice that in the 15% one. The
increase of the incidence angle results in in-
creased curvature of the line where the HG
diffraction reflections are arranged (round
spots in the photo, positioned right). If the
former band numbering is retained (but now
from right to left), the diffraction band I
from PS is weak but the band 5 is seen
clearly. Moreover, the tangency point of
bright bands 3 and 4 is seen well. This point
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is positioned at the horizontal and makes it
possible to measure the autocollimation
angle correspondiong thereto. The period d;
determined from that angle is 350 nm.

The HG period A was measured, too. To
that end, the sample was rotated about the
normal to it so that the line where the dif-
fraction spots of different orders are ar-
ranged is horizontal and passed the hole in
the screen. The measurements provided the
value A = 240.005 pm. That value should
coincide with the calculated HG period:

A =g/ 2sin(o/ 2). (2)

From the measured A, the incidence an-
gles ¢ for both beams are determined:
o =o0/2="7.6°

In Fig. 1b and 2b, the SEM images of the
sample structure are shown. The images are
oriented so that the diffraction patterns are
in accordance with the structures. The
broad alternating dark and bright bands
present the HG grooves and their period
(A = 2 um) points the image scale. A much
thinner structure corresponds to the PS.
The spatial scatter in the mutual orienta-
tion of the PS grooves as well as the scatter
thereof with respect to the strictly fixed
direction of the HG grooves. It is seen also
that the PS are concentrated mainly in the
bright HG bands that correspond to the in-
terference maxima at the HG recording.
However, in many cases, the PS grooves
penetrate also the dark HG bands (the holo-
graphic interference minima). Those fea-
tures evidence a gradual HG deterioration
during the PS development. The HG dete-
rioration should be mainfested most
strongly if both HG and PS have similar
periods [6]. In this experiment, the HG to
PS period ratio is high (A/d = 5). That is
why the HG are not broken completely. The
HG diffraction efficiency of the HG remains
high also at exposures corresponding to the
saturation in the HG development.

Interrelation between HG and PS. The
existence of an interrelation between the
HG and PS is the most interesting result
from the viewpoint of the structure devel-
opment. That interrelation makes it possible
to explain why the PS with different peri-
ods indicated in (1) arise. The AgCI-Ag film is
a nonlinear medium and the HG are recorded
therein according to the laws of nonlinear
self-diffraction effect. The components ka of
the wave vectors of the diffracted beams on
the film plane are related to the components
k, of the acting beams [5] as
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Fig. 3. Polar diagram illustrating the forma-
tion of periodic structures under action of
two incident beams. O is the incidence point
of the beams; k,, the projections of the inci-
dent beam wave vectors onto the film plane;
XX, the incidence plane trace on the film; E,
the direction of the beam linear polarization;
B, the predominant directions and values of
the wave vectors of the scattered waveguide
modes; K+7_ — the vectors of the PS formed.

E = (2m + Dk, (3)

where m = +1, 2, ... are the diffraction
orders; the signs + and — refer to the beams
(1) and (2), respectively. It is seen from (3)
that at different combinations of m, the
components k,% have values

kS =pk; p=+1, +3, 15.... (4)

The PS are nucleated due to interference
of the incident beam and waveguide modes
that appear in the film due to the Rayleigh
scattering of the incident beam. The devel-
opment of PS occurs according to the posi-
tive feedback mechanism: the PS nucleation
results in an amplification of the mode,
thus favoring the further PS growth. At a
small thickness of the AgCl film (about
35 nm), only the TE; type limiting mode is
excited therein with the effective refractive
index n, equal to that of the substrate (at
Ao = 532 nm, n, = 1.52 for K-8 and n, = 1.46
for OQG) [4, 13]. The predominant scetter-
ing direction of the mode is that perpendicu-
lar to the polarization direction E of the in-
ducing light wave incident the film. Let the
vector K be that of PS (K = 2n/d); B, the
wave vector of the mode (the mode propaga-
tion constant B = (2n/Ag)n,) and k., the com-
ponent of the incident wave vector at the film
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surface (k, = (2n/Ag)sing). The PS develop-
ment is defined by the formula [4, 13]

K=pB-k, (5)

The sense of condition (5) is disclosed by
the vector diagram shown in Fig. 8. The
diagram is referred to the film plane and
constructed in the orientation according to
the film irradiation conditions (the inci-
dence plane is horizontal). The point O is
the incidence point of the beams. The XX
line is that of the incidence plane intersec-
tion with the film. The direction of the
beam linear polarization is shown by the

line E. The angle y = 45°. The vectors [3
show the predominant directions and values
of the propagation constants for the modes
scattered in opposite directions. The compo-
nents k, correspond to two incident beams.
When only one beam is acting (e.g., that
with the right-hand component k,), the
modules of PS vectors are determined from

AOBC and AODC:
K2=p2+k2+2B -k, - cosy. (6)

The even PS are formed by the second
beam (k, to the left, AODA and AOAB). The
simultaneous action of two symmetrical
beams amplifies the PS development, since
the values of PS vectors K, are pairwise
parallel to each other.

The formula (6) explains the develop-
ment of two PS with the vector values K,.
However, the diffraction pattern shows that
PS with other periods are developed in the
film. To explain the additional PS, it is to
take into account that those are developed
due to action not only of two incident
beams but also of the diffraction beams
arising during the HG development. The
diffraction beams from HG have the wave
vector components at the film surface equal
to uneven k, values (formula (4)). In spite
of the fact that those beams are proceeding
from the film itself, the field thereof stimu-
lates the PS development similar to the
field of the incident beams. Due to such a
relation between the HG and PS, it is neces-
sary to use in the formulas (5) and (6) the
quantity pk, instead of k,; without account
for the sign, p=1, 3, 5.... Then we get from
(6) the formula to calculate the periods of all
possible PS:

Ao (N
(@i = 1/2°
(n? +(p - sing)® £ 2p - n, - sing - cosq/)
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where i =1, 2, 3, 4, 5 are the numbers of
diffraction bands from PS observed in ex-
periment. The calculations using (7) for ex-
perimental values Ay =532 nm, n,= 1.52
(K-8), ¢ = 7.6°, y = 45° have given the fol-
lowing results:

"(d*(l))3 = 372nm, "(d+(1))4 = 329’lm,
..(d+(3))5 = 292’7/’77/.

The periods calculated using (7) agree
satisfactorily with those measured ones in-
dicated above (1). Thus, the assumption of
the interrelation between the self-diffrac-
tionon HG and developing PS is valid.

The value dgy= 350 nm obtained by
measurement of the autocollimation posi-
tion of the intersection point between the
bands 3 and 4 (Fig. 2a) corresponds pre-
cisely to the period of a PS that would be
formed at the normal incidence of the in-
ducing beam with Ay = 532 nm and vertical
linear polarization. As it follows from (5),
in this K= and dy=2x1y/n,=
350 nm.

The substantial difference between the
diffraction beams from HG and from PS is
well seen in Fig. 1a, 2a. The HG being a
perfect diffraction grating gives the dif-
fraction beams of the same shape as the
measuring laser beam and forming round
light spots on the screen. In contrast, the
diffraction from PS does not form spots,
but arc-shaped bands. That shape of the dif-
fraction beams indicates that the PS as a
whole are imperfect diffraction gratings.
Those consist of a set of individual mi-
croscale gratings that are developed as the
modes are scattered on different scattering
centers. The modes being excited show an
angular scatter with respect to the predomi-
nant scattering direction shown in Fig. 3.
This results in a scattering of vectors re-
lated to different microgratings, thus caus-
ing the expansion of the diffraction beam
from PS [4].

All the above results are related to the
K-8 glass substrate. As to the 0QG sub-
strate, the same results are remained, ex-
cept for the PS periods. They follow also
the formula (7) at n, = 1.46. As an example,
the calculated PS periods corresponding to
the coefficient p =1 in (7) and having the
highest diffraction efficiency are as follows:

case,
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The periods measured for PS on the 0QG
surface are essentially the same as the cal-
culated ones. The subsequent thermo-
stimulated implantation of the structures
formed by silver particles into the near-sur-
face OQG layer has been carried out using a
CO, laser beam (see [13] for details). That
is why the implanted structure contains not
only the PS with periods (9) but also a regu-
lar HG with 2 pym period. The conservation of
PS and HG periods after the implantation has
been confirmed by diffraction measurements.
The fact of implantation itself is comfirmed
by the structure stability against mechanical
and chemical actions, as in [13].

4. Conclusion

In this work, considered has been the
photoinduced implantation of colloidal sil-
ver nanoparticles into photosensitive AgCIl-
Ag film on glass substrates under action of
two stymmetrical laser beams. Due to non-
linear light absorption in the film, the Ag
particles form the grooves of a holographic
grating (HG) that is developed under mani-
festation of the self-diffraction effect. Con-
sidered is the case when the beams acting
on the film are linearly polarized at the
angle of 45° to the plane of incidence onth
the film. The linear polarization of the
beams results in development, side-by-side
HG, of periodical structures (PS) related to
excitation of TE, type waveguide modes in

the film. The PS have been found to develop
not only due to the incident beams but also
to the diffraction beams from HG.
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M.Yu.Goulkov,

IMmnaanTanisa rojsorpagiyaol Ta XBHJIEBITHUX
NMEePiOAUIHUX CTPYKTYP, YTBOPEHUX HAHOPO3MipHHUMH
yacTHHKaMu cpidaa, y miaisry AgCl-Ag
Ta y KBapuoBe CKJO

K.C.Berowenxo, JI. A.Azeece, B.K.Minocanaeécvrxui

Y dorouyrausiit maisui AgQCI-AQ Ha criaanil migkiIagni ZBOMa CHUMETPUYHUMU JIA3€PHU-
mu nyukamu (A = 532 HM) 3anucano rojgorpadiuny rpatky (I'P) 3 mepiogom A = 2 mrm. IIpu
dopmyBauHi I'P mae micue memimiitinuii edpext camomudpariiii. ChopmoBana CBiTIOM CTPYK-
Typa iMIJIaHTOBaHA y KBapI| INLIAXOM oIpoMiHeHHA spaska myukom CO, nasepa.
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