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in AgCIl-Ag film on surface of silicone gel
composition SYLGARD-184

L.A.Ageevl, N.Z.Galunov1’2, V.M.Rieznikoval,
E.D.Makovetskyl, N .L.Karavaevaz, A.V.Kr'ech2

ly Karazin Kharkiv National University, 4 Svobody Sq., 61022 Kharkiv, Ukraine
®Institute for Single Crystals, STC "Institute for Single Crystals”, National
Academy of Sciences of Ukraine, 60 Nauky Ave., 61001 Kharkiv, Ukraine

Received December 14, 2015

To extract and record scintillations, application of thin silver diffraction grating (DG) on fiber
surface has been proposed, the fiber being based on gel composition SYLGARD-184. Such a grating
has been formed in photosensitive composite AGCHAg film which was thermally deposited on the
fiber surface in vacuum. This method has been shown to be suitable for making a film with
required waveguide properties and photosensitivity. After irradiation with linearly polarized laser
beam and after fixing removal of AgCl, a DG of Ag nanoparticles was obtained. Using diffraction
from the DG, refractive index of the optical fiber has been measured. It has been shown that high
dose of radiation exposure does not result in changes of properties of the sample obtained.

Keywords: photosensitive film; laser irradiation; diffraction grating; silicone gel com-
position; ionizing radiation.

I BBIBOZIA M PETUCTPAIIUY CIIMHTWIIAIUI TpearaeTcs TPUMEHUTh TOHKYIO cepe0pAHYyo
mudpaknoHHy0 pelteTky ([IP) Ha MOBEepPXHOCTU AOTIOJHUTENLHOTO CBETOBOMA, TTOJYUEHHOTO HA
ocHoBe reab-koMmosutuu SYLGARD-184. Takasa pemietka copmMmpoBana B (POTOUYBCTBUTEb-
Hoit KommoauTHo# mienke AGCHAQ, HaHeceHHO! HA MMOBEPXHOCTH CBETOBOIA METOJOM TEpMITYEeC-
KOT0 BaKYyMHOTO HambleHUsd. IIoKasaHo, YTO 9TOT METOJ TMPHUTOMEH AJs TPUTOTOBJICHUS TIIEH-
K1, 00nagaoniell HeoOXoAUMBIMU (POTOUYBCTBUTEILHLIMU M BOJHOBOAHBIMU cBoiicTBamu. IIpu
OBJIyUEeHUN JWHEHHO TOJMAPU30BAHHBIM JIA3€PHBIM MYYKOM U Tocjae (PUKCUPYIONIEro yAaIeHUs
AgCI moanyuena [P, cocrosimjas us Hanouactun Ag. ITo pqudparkumu or [P usmepeH IOKasaTelsb
npesoMyeHVs cBeToBoja. [IokasaHo, UTO BBICOKAH 032 PASUAIIOHHOIO OOJNyUeHUA He IIPUBOJUT
K HN3MEHEHUAM CBOICTB IOJyYE€HHOro odpasia.

®oroingyroBaHi gudpakiiiiai rpatkn y naiskax AgCl-Ag Ha moBepxHi CcHIIKOHOBOI
reas-komvmosunii SYLGARD-184. J1.O.Acees, M.3.I'anynos, B.M.Pesuixosa, €./].Maxogeyvruil,
H.JI.Kapasacsa, A.B.Kpeu.

i BUBeleHHS Ta peecTpallii CHUHTUIAIIN TPOTMOHYETHCS B34CTOCYBATH TOHKY CpPiOHY
mudpakiiiiny rpatry (I') Ha moBepxXHi JOJATKOBOTO CBITJIOBOAA, OTPUMAHOTO HA OCHOBI TIeJb-
kKommosuilii SYLGARD-184. Taky rpatky cdopmMoBamno y (OTOUYYTIUBIH KOMITOBUTHIH TLIiBITL
AgCl-Ag, 110 mHameceHa Ha TTOBEPXHIO CBITJIOBOJA METOJOM TEPMIiYHOTO BAKYyMHOTO HATIMJIEHHS.
ITokasamo, 1110 1€ MeTOA € TMPUAATHUM JJIiA TMPUTOTYBAHHA ILIIBKU, KA Mae HeoOximui ¢oTto-
gyTauBi Ta xBuieBoAHI BiactuBocti. IIpm ompominioBanHi JiHifiHO NOJAPUBOBAHUM JIa3EepPHUM
myukoM i micns supasenns AgCl, mo dikcye, orpumano AT, 1m0 CKJIAZAETHCH 3 HAHOYACTHHOK
Ag. ITo gudparnii Bixg A" Bumipsano moxasHuk sasomieHHs cBitioBoza. Ilokasano, oo BuUCOKA
I03a pamialiiiHoro OIpPOMiHIOBaHHS He IIPU3BOLUTH IO 3MiH BJIACTHBOCTEIl OTPHUMAHOIO 3Pas3Ka.
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1.Introduction

Currently, much attention is paid to de-
velopment of scintillators resistant to high
doses of ionizing radiation [1]. Recently, it
was discovered that gel compositions pre-
pared on basis of silicone gel composition
SYLGARD-184 have this property [2]. The
gel composition retains its characteristics at
radiation doses up to 170 Mrad. However,
disadvantages of the composition are its
high plasticity and high volume extinction
coefficient for scintillation, which prevents
scintillation from registering through the
ends of plane-parallel sample. So there is
need of a system for collecting and display-
ing radiation scintillation in a planar direc-
tion using a fiber with low scattering fac-
tor. This can be done using a diffraction
grating (DG) deposited to the surface of op-
tical fiber transparent to scintillation and
set in optical contact with the scintillator.

The purpose of this research is preparation
of gratings from Ag nanoparticles on gel com-
position surface using a photosensitive thin
polycrystalline film of AgCl-Ag [3] and radia-
tion resistance test of the obtained sample.

2. Experimental

2.1. Preparation of substrate, and vac-
uum deposition of films

Photosensitive AgCI-Ag film is usually
made by alternating thermal vacuum deposi-
tion of chemically pure AgCIl and Ag from a
flat molybdenum evaporator on the mirror
surface of the substrate [3, 4].

In this experiment for the first time sub-
strate was prepared from a gel composition
SYLGARD-184 in the form of practically
plane-parallel disk of 25 mm in diameter
and 5 mm in thickness with mirror sur-
faces. To prepare the substrate, components
of the gel composition were mixed at pro-
portions specified by manufacturer [5],
thoroughly mixed and poured into a fiber-
shaped container. Then the samples re-
mained in the shaping container till comple-
tion of polymerization (from 24 +to
48 hours, depending on the polymerization
conditions). Then the samples were ex-
tracted from the container and were fully
ready for deposition of films on them.

Film deposition was conducted in a vac-
uum post VUP-5. A substrate was placed in
a vacuum chamber at a distance of 15 em
from the evaporator. The evaporator had
been loaded with 10 mg of AgCl which was
completely evaporated by gradually raising
the temperature of the evaporator through
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AgCl melting point T, =455°C to
T = 900+1000°C. Thickness of the polycrys-
talline layer deposited on the substrate was
25 nm. Then, after air repressuring and
pumping out again, deposition of 5 mg of
Ag was conducted (from T, = 961°C to
T = 2000°C) which delivers surface granular
layer of AgC| with thickness of Ag of ap-
proximately 8 nm (Fig. 1). Approximate
thicknesses of the film were estimated by
weight of the vaporized substances for both
layers of AgCl-Ag composition [4]. Duration
of deposition was 8 min for AgCl and
0.25 min for Ag. Parameters of deposition
conditions are important because on the one
hand they affect sensitivity of AgCIl-Ag
composition, and at the same time they can
provide a negative impact on condition of
the substrate surface (violation of its
smoothness) because of radiation heating
from evaporator, and because of damage to
the surface during film deposition process.

Damage to the sample surface is revealed
through appearance of light scattering.
Scattering has not been observed after
preparation, and the sample was subjected
to further studies.

2.2. Photosensitivity and waveguide prop-
erties of AgCI-Ag

A photosensitive AgCl-Ag thin-film com-
position has properties of an asymmetric di-
electric waveguide [6] due to presence of a
transparent dielectric layer of AgCl on a
transparent substrate which refractive
index ng is smaller than n of AgCl. Interfer-
ence of an incident light beam with
waveguide modes scattered in the sample
results in a variety of structures created
from silver within this composition.

Direct photosensitivity of AgCI-Ag to in-
tense light exposure is associated with exci-
tation of localized plasmons [7, 8] in small
Ag particles (Fig. 1), with photoelectric ef-
fect on these particles and subsequent ion
transfer of Ag mass to the acting field min-
ima [3, 4]. Irradiation with continuous line-
arly polarized laser beam with wavelength A
and polarization direction E; results in gen-
eration of a diffraction grating (DG). A typi-
cal micrograph of DG is shown in Fig. 2.
Photographs in Fig. 1,2 were obtained with
transmission electron microscope JSM-840
after special fixing processing of AgCI-Ag
film [4]. When observing DG with a laser
beam during DG formation, diffraction
beams 6 and 7 appear to be stretched along
direction parallel to Ejy, and their angular
positions on screens 8 and 9 depend on the

Functional materials, 23, 1, 2016



L.AAgeev et al. / Photoinduced diffraction grating ...

s a®
(ol LA 1.."‘
PSSO RS

0.5 um

Fig. 1. Microphotograph of Ag film at AgCl
surface after preparation of AgCl-Ag film.

incidence angle ¢ (Fig. 3). Besides diffrac-
tion, there are small-angle scattering
fringes 4 and 5, the angular position of
which is permanently connected with the in-
cident beam 1 and reflected beam 2.

As a rule, development of DG is associ-
ated with excitation of TE,-type waveguide
modes [3, 6]. The propagation constant [ of
the mode is § = k-n-sin® where k& = 2n/A. In
geometrical optics approximation, 6 is the
angle of incidence on film boundaries for a
mode-shaping wave propagating inside the
film in a zigzag manner. Instead of B, we
use the effective refractive index n, =
n-sinf. Film thickness # changing, the value
of n,s ranges within

ng < ne<n,

(1)

where Nef —> 1 at h — . The characteristic
equation for guided TE,-modes of the film
can be written as

A
"= e - n; 8 2)

,/nz—l 1[nz—nZ
X (arctan % + arctan % + mn}
n® - ng n

- n%

For each mode with index m there is a
minimum thickness #, (cutoff thickness)
for the mode to exist. Cutoff condition is
determined by (2) at second arc tangent
equaling zero due to n, = ng, and the cut-
off thicknesses are
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Fig. 2. Microphotograph of diffraction grating
created from Ag particles on substrate surface.

Fig. 3. Observations of diffraction and an-
isotropic scattering from diffraction grating:
a) scheme, top view: b) photograph of the
actual scheme; I — S-polarized laser beam; 2
— reflected beam; 3 — the sample; 4,56 —
scattering beams: the counter beam and the
beam opposite to the reflected one; 6,7 —
diffraction beams in reflected and transmit-
ted light; 8,9 — observation screens.

A / nZ, — 1 3
arctan e - + mnj( )

h
n2 - ngf

A
™ 2m\n? - nZ (

Generation of DG in AgCI-Ag under ac-
tion of a laser beam begins with action of
seed mode on the film due to Rayleigh scat-
tering of the beam by small scattering cen-
ters and due to interference of the beam
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and the modes. Photosensitivity leads to ac-
cumulation of Ag particles in the minima of
interference. Further DG development goes
by mechanism of positive feedback: the DG
amplifies the mode, interference contrast
increases and the DG continues to grow
until it reaches saturation stage. During
photostructural transformations leading to
Ag mass transfer, optical constants of AgCIl—
Ag composition change over the exposure.
At a stage close to saturation, when almost
all the silver was transferred to the minima
of interference, the absorption coefficient
for A of the acting beam tends to zero, and
the refractive index becomes n — refractive
index of AgCI. This circumstance just allows
us to describe the development of DG to a
saturation stage on the basis of waveguide
properties of only a transparent AgCI layer,
without considering any absorbing impuri-
ties of Ag [9].

Distinction of DG, which develops in the
film, from a perfect grating is determined
by the fact that DG consists of a set of
microgratings (MG), each one of them de-
veloping at excitation of modes on an indi-
vidual scattering center (Fig. 2). At oblique
incidence of the inducing beam with the
component k, = ksin@ on the film plane,
moduli of MG wave vectors (K = 2mn/d
where d is MG period) and modes [} are
related by the following condition at S-po-
larization of the beam (E; is perpendicular
to the plane of incidence) [4]:

K.=B =k, (4)

At saturation in DG development, it is
K_-microgratings that have an advantage,
and as follows from (4), their period is
equal to

g R )

Ny — Sing’

DG in reflection provides diffraction of
"—1" order, which, by selecting a desired
angle of incidence ¢,, allows to fulfill the
autocollimation condition (beam diffraction
is directed strictly towards incident beam,
¢, =—¢). At autocollimation, DG period is
equal to

_ (6)
2 - sin@’

From (5) and (6), the formula for meas-
uring n,; is obtained:

Nef= 3sing. (7
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Formula (7) makes it possible to measure
the effective refractive index of the mode
which excitation helps developing the DG,
and in the case of boundary TEj-mode,
when n,; = ng, we get a method of measur-
ing the refractive index of dielectric sub-
strate. Conducting measurements with a go-
niometer with accuracy of 0.1° and setting
angles manually, we get refractive index
measurement error of approximately
10.003. Note that expression (7) allows to
measure ng dispersion in all visible spec-
trum (at irradiation by intense S-polarized
laser beams with different wavelengths A)
and requires exact autocollimation angle
setting only. Experience shows that in many
cases measurements can be performed on a
very small area when focusing the beam.

AgCl-Ag composition is reversible, and
its structure changes under changing condi-
tions of irradiation by intense light. In ad-
dition, AgQCI is decomposed by an electron
beam. Therefore, observation of diffraction
of laser beams and microscopic or electron
microscopic observations are performed
after fixing the DG, i.e. removing AQCI| in
hyposulphite solution [4]. It is important
for silver-formed DG to be localized on the
substrate surface in order to remain un-
changed after fixing.

2.3. Forming of DG and measuring re-
fractive index of the subsirate

We have studied the case when DG is
developing due to excitation of boundary
TEp-mode (m = 0, Nef = Ng) which is the
boundary one between discrete modes of the
film and almost continuous spectrum of
substrate modes. For A = 650 nm, n = 2.06
(AgCl) and ng = 1.4 (substrate) from (3) we
obtain thickness of the cutoff TEj-
mode = 27 nm which is slightly larger than
the thickness hy =25 nm of the prepared
AgCl film in the sample. For an asymmetric
waveguide, when a thin film of AgCl is on
thick (nearly semi-infinite) substrate, and
provided & < hy, DG development is deter-
mined by TEj;-mode only [6].

The sample was irradiated by a linearly
polarized beam from continuous semicon-
ductor laser (A =650 nm, P =25 mW). In
one case, the beam fell along the normal to
AgCIl-Ag film. The irradiated area on the
film had a size of 2 by 3 mm. In another
case, irradiation was conducted by S-polar-
ized beam, and size of the irradiated area
depended on the angle of incidence. The in-
cidence angle ¢ was selected correspond-
ingly to the autocollimation angle ¢, for
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diffraction in reflection (¢, = —¢). The expo-
sure time was ¢t = 30+40 min and corresponded
to saturation in the development of DG.

When the sample is irradiated by a nor-
mally incident laser beam, diffraction from
DG is not visible on screens 8 and 9 (Fig. 3)
because d < A. After irradiation, the sample
was fixed, reinstalled on the goniometer,
and diffraction was observed at the angle of
autocollimation, which was equal to ¢, =
44.6°. As follows from (5, 6), DG period is
equal to d=2A/ng=262.6 nm and ng=
2sin@, = 1.405.

To measure ng and d in the case of irra-
diation by S-polarized beam, it is not neces-
sary to fix the obtained DG to preserve it
under laser beam with modified angle of
incidence. After completion of the exposure,
diffraction is immediately observed on
screen 8 (Fig. 3) if autocollimation angle is
properly selected, in this case the value is
¢, = 27.9°. According to formula (7), this
angle gives the same value ng = 1.405 as in
the case of normal incidence. But DG period
is different in this case. Its value
d = 693.7 nm is given by (5).

2.4. Resistance to radiation

Fixed sample with DG obtained was sub-
jected to irradiation by electrons with en-
ergy of 9.1-9.4 eV and by photons of decel-
eration emission from KIPT qaccelerator to
a dose of approximately 170 Mrad (expo-
sure rate of 1500 Mrad/h). After the irra-
diation there were no observed changes of
the sample (e.g. a change in transparency or
possible staining of the substrate, disap-
pearance of diffraction from the area where
DG were formed). Measurements of DG pe-
riod d gave the same result as before irra-
diation. Note that diffraction from the DG
provides a picture which is the Fourier
transform of the DG structure. Possible
changes in the structure would be repro-
duced in the diffraction pattern inevitably.
However, in the experiment no changes
were observed in shape, intensity or angular
position of the diffraction reflection, which
indicates that there were no changes in
structure of the DG after exposing to high
doses of radiation.
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3. Conclusions

Experiment on preparation of diffraction
grating of Ag particles on the surface of gel
composition SYLGARD-184 gave positive
results. There was shown the possibility of
preparing composite photosensitive AgCI-Ag
film by thermal vacuum deposition while
not damaging smoothness of the gel compo-
sition surface; the known method for form-
ing DG by polarized laser beam and then
fixing the DG was verified; it was shown
that diffraction measurements make it pos-
sible to measure the refractive index of the
fiber obtained; high radiation resistance of
the prepared sample has been proved.
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