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Optical bistability in the formation of spontaneous gratings in
photosensitive AQCl-Ag waveguide films
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An experiment was conducted to create periodic structures in light-sensitive waveguide AgCl-Ag films on glass surface under
irradiation by He-Ne laser beam (A = 632.8 nm). So-called spontaneous gratings were formed from Ag granules within AgCl film
on the interference pattern created by the beam and scattered waveguide modes. These gratings developed due to positive feedback:
diffraction efficiency of spontaneous grating and intensity of waveguide mode are mutually amplified for account of the beam energy.
Doubling of the spontaneous grating diffraction reflex has been found, and optical bistability has been shown to occur based on spatial
analogy to stimulated temporal oscillations of a harmonic oscillator.
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[IpoBenennii ekciepuMeHT 3 POPMYBaHHS EPIOANTHUX CTPYKTYP Y CBITIIOUY TNIMBHX XBIJICBOIHUX IUTiBKax AgCl-Ag Ha mOBepXHi
CKJIa IpH onpoMiHioBaHHI my4ykoM He-Ne nazepa (A = 632,8 am). Ha inTepdepeHniiiinoMy nomi my4ka Ta po3CisIHUX XBHJICBOAHUX MOJ
(opMyBaMCh T. 3B. CIIOHTAaHHI IpaTky 3 TpaHyl Ag y mriBui AgCl, 1o po3BHBAINCE 33 PaXyHOK HO3UTHBHOTO 3BOPOTHOTO 3B’S3KY:
B3a€EMHOTO IiJCHICHHS TU(PaKIiifHOI epeKTHBHOCTI CIIOHTAHHOI I'PaTKH Ta IHTEHCHBHOCTI XBHMJIEBOIHOI MO 3a PaXyHOK €Hepril
mmy4ka. BusiBineHe nmonBoeHHs qudpakiiifHOro pedyiekcy Bif CHOHTAaHHUX I'pAaToOK, Ta HA MiJCTaBi MPOCTOPOBOI aHAJIOTI 3 YACOBIMH
KOJIMBAHHSMH TapMOHIYHOTO OCHIIITOPA MOKa3aHo, IO Ma€ MiCIle ONTHYHA 6icTabiIbHICTb.

KurouoBi ci0Ba: CBITIOUYTIINBI MaTepiaiy, XBuieBoaHa miiBka, AgCl, Ag, XBuiIeBogHA MOJa, TIEPIOANYHA CTPYKTypa, ONTHYHA
0icTabUIBHICTB.

[IpoBeneH sSKcreprMEHT MO (H)OPMHUPOBAHUIO IIEPUOAUYECKHX CTPYKTYP B CBETOUYBCTBHTEIBHBIX BOJHOBOIHBIX IICHKAaX
AgCl-Ag Ha mOBepXHOCTH cTekiIa npu obmydenun myukoM He-Ne masepa (A = 632,8 um). Ha unTephepeHIIHORHOM T0JIe ITydKa U
paccesHHBIX BOJIHOBOAHBIX MOJ (DOPMHPOBAIKCH T. HA3. CIIOHTAHHbIE PEIIeTKH U3 rpaHyn Ag B ruieHke AgCl, pa3BuBaBLnecs 3a cuer
TIOJIOKUTETEHOH 00paTHOM CBSA3M: B3aMMHOTO YCHICHHS AU(PAKIMOHHON 3()OEKTUBHOCTH CIIOHTAHHOH PEIIeTKH ¥ HHTEHCUBHOCTH
BOJIHOBOJIHOM MOIBI 32 cyeT 3Hepruu myuka. OOHapyKeHO pa3gBoeHHe AU(PaKIMOHHOTO peduiekca OT CIIOHTAHHBIX PELIEeTOK, U Ha
OCHOBaHMY NPOCTPAHCTBEHHOW aHAJIOTUH C BPEMEHHBIMH BBIHY)KICHHBIMH KOJICOAHHSIMH TapMOHHYECKOTO OCHMILIATOpA HOKa3aHo,
YTO MIMEET MECTO ONTHYecKas ONCTaOMILHOCTS.

KnroueBnle ci10Ba: CBETOUYBCTBUTENIBHBIE MaTepUalbl, BOMHOBOAHAS IUeHKa, AgCl, Ag, BOIHOBOIHAS MOJA, IEPUOITIECKas
CTPYKTypa, ONTHYECKast ONCTaOMIBHOCTD.

Introduction silver layer is thin (about 10 nm) and therefore granular.

The effects of optical bistability and multistability
are of permanent interest when studying nonlinear optical
systems [1]. Due to significant concentration of wave
energy in a small region of space when light propagation is
limited by the interior of the waveguide, nonlinear effects
may have a significant impact on propagation of waveguide
modes [2]. It has long been known that thin silver halide
films with excess of silver are photosensitive. AgCl-Ag
films, which are objects of study in this work, are among
them [3]. Characteristic feature of photosensitivity of
composite AgCl-Ag films is transfer of silver granules
to the darker areas of the interference pattern, provided
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The pattern is created either by two acting beams or by
single beam interference with scattered waveguide modes.
Transfer of substance is the cause of proportionality of
changes not to intensity / but to energy H = It where ¢ is
duration of irradiation. Therefore, researchers’ attention is
mainly focused on the issue of film changes dependence on
H and other exposure conditions.

In this paper we reveal existence of bistability in
dependence of waveguide mode intensities in AgCl-Ag
films on intensity of the irradiating laser beam, not on value
of exposition H.
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Experiment

Waveguide silver chloride films with addition of Ag
were used in the experiments. AgCl film with thickness
~ 80 nm and Ag film (= 10 nm) were deposited sequentially
in vacuum system at a pressure of ~ 10 mm Hg on a glass
substrate. AgCl film thickness was controlled by mass of the
thermally vaporized substance (30 mg), and Ag thickness
was controlled by frequency change of the quartz thickness
meter (Av = 15 Hz). The thickness of the resulting AgCl—
Ag sample was measured using lines of equal chromatic
order and was 92+2 nm.

After deposition, the sample was irradiated by
‘white’ light of an incandescent lamp to provide more
uniform distribution of silver within the matrix of AgCl.
Such a distribution of silver (in the form of granules) is
indicated by an absorption band in the spectrum of the
optical density. The band is associated with irradiation-
induced plasma oscillations of free electrons in nanometer-
sized silver granules. There is a resonance behavior of
these oscillations when the frequency of light matches
eigenfrequency of plasma oscillations of free electrons in
the granules surrounded by silver chloride. This resonance
has a maximum at 4 = 500 nm.

The layout of the recording of spontaneous gratings
(SG) is shown in Fig.la. The photosensitive waveguide
AgCl-Ag film is irradiated with a normally incident beam
of He-Ne laser. Due to the interference of the incident wave
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Fig. 1. a) Experimental layout used to record spontaneous
gratings (SG) in photosensitive waveguide AgCl-Ag
films on a glass substrates using a He-Ne laser, light
filter F and aperture D. b) Scheme for observation and
measurements of SG periods using autocollimation
diffraction after fixing film, top view. L is a lens to
focus the beam on the sample mounted on a horizontal
goniometer. S is a screen on which the diffraction pattern
was observed in reflected light. O is the observation
point from which the screen was photographed, see
photographs in Fig.2.
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with scattered waveguide modes in the film, an interference
pattern emerges, and Ag granules move from maxima to
minima of the interference. Prior to irradiation, silver
granules are statistically uniformly distributed on the surface
and inside the AgCl film. During SG recording under the
laser irradiation, silver is redistributed to form a periodic
structure which is a diffraction grating. Experimental
evidence of SG formation are microphotographs, see [3.4].

After completion of grating recording, the sample was
washed by photographic fixer to remove AgCl in order to
eliminate photosensitivity. Silver granules remain on the
surface of glass substrate and form the gratings which
create diffraction reflections observable in autocollimation
diffraction scheme (a diffracted beam propagates oppositely
to the incident one). To increase brightness of the diffraction
pattern, highly reflective aluminum layer was deposited
onto the post-fixed sample. The test beam of He-Ne laser
was focused at the center (or elsewhere) of the spot with the
gratings recorded. Diffraction reflection from SG located
within the particular area was observed on the screen
installed across the laser beam with an aperture letting the
beam through, see Fig.1b. According to the measured value
of the rotation angle ¢ of the sample on goniometer under
autocollimation conditions, SG period d was determined by
formula d = A/2sin@ where 4 = 632.8 nm is the
wavelength of He-Ne laser beam which was used both to
record SG and to observe diffraction patterns.

Experimental results

Both SG recording process according to the scheme
in Fig.1a and observation of diffraction from SG according
to the scheme Fig.1b are convenient to describe in terms of
wave vectors. It is known that interference of two coherent
waves with wave vectors k; and Kk, creates an interference
pattern with vector K = k, -k, in the overlapping area. On
the other hand, |K| = 2z/d where d is the spatial period of
the interference pattern, and direction of the vector K is
perpendicular to the stripes of interference.

In the case of SG there is interference of the incident
wave with wave vector k and waveguide modes with wave
vector B. Since the AgCl-Ag waveguide is thin (less than
100 nm), only projection of the wave vector k to the plane
of the film is important when creating the interference
pattern. Assuming x axis is the crossing of the plane of
incidence and the plane of the film, we get an interference
pattern vector K as

Ezi(ﬁ-kx) . )
The vector B belongs to the layer plane, its value is

determined by the dispersion equation for the propagation
constant of the waveguide mode in a planar waveguide [5],

k,=(27/A)sina where a is the angle of incidence of

the laser beam on the film. In the case of normal incidence

BicHuk XHY, cepis «®isuka», sun. 24, 2016



V. I Lymar, E. D. Makovetsky

b

a

c d

Fig.2. Photographs of diffraction reflections obtained in scheme Fig.1b. In each photograph there is an aperture in the
screen and vertically elongated diffraction reflections to the left of the aperture. a) The beam intensity /= 0.75 W/cm?,
exposure H = 56.6 kJ/cm?, the test beam is focused to the center of the irradiated spot on the sample. b) /= 7.45 W/cm?,
H=58.1 kl/cm?, the center of the irradiated spot. ¢,d) consecutive change in diffraction pattern shown in Fig.2b when
shifting the test beam from the center to periphery of the spot.

of the laser wave there is a = 0, hence £ _= 0, and from (1)
we obtain B .

K=%8, )
i.e. the wave vector of the interference pattern is determined
by a ‘set’ of f vectors of the waveguide modes. A vector ff can
be directed anywhere in the waveguide layer plane because
of scattering process, therefore the ends of all the vectors
K plotted from the point of origin in the wave vector space
is a circle of radius . Directions of the greatest probability
of scattering of TE waveguide mode are perpendicular to
the polarization vector E; of the incident laser wave, so the
‘set’ of the vectors f and K is concentrated around these
directions.

Since the AgCl-Ag photosensitive,
interference patterns are recorded as gratings with ‘fan’-
like vectors K. In this case the spatial period of the gratings
corresponds to the spatial period (wavelength) of the
waveguide modes because of (2).

When observing diffraction from the SG in
autocollimation scheme on the screen, one can see
diffraction reflections from the SG demonstrating the ‘fan’-
like gratings. These reflections provide information both on
propagation constant of waveguide modes and spread of
directions of the wave vectors § whose appearance caused
development of the SG.

Photographs in Fig.2a,b display the diffraction
reflections from the SG recorded in centers of irradiated
spots at different intensities of the laser beam and
approximately the same energy doses. The difference in
diffraction reflection brightness indicates the difference in
the amplitude of the scattered waveguide modes, and their
different positions (different distances to the aperture in the
screen) indicate different radii of circles, i.e. the value of
propagation constant  of waveguide modes depends on
intensity of the incident beam.

system is
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When shifting the focused test laser beam from the
center of the spot (see Fig.2b) to the periphery of the same
spot (see Fig.2c,d), we can clearly see that diffraction
reflection acquires double structure. We associate such a
structure with manifestation of spatial bistability affecting
formation of SG.

Discussion

It is possible to describe the effect of bistability on the
basis of analogy of the spatial problem of waveguide mode
excitation inside a film with a grating and the problem of
forced oscillations of a harmonic oscillator in time, see
Fig.3.

If a pump wave s falls on a waveguide with a grating,
its field is modulated with the spatial frequency of the
grating B, = 2n/d where d is the grating period. The

—ifsx

modulated field of the incident wave s = Se acts as a

driving force for the field of the waveguide mode a in the
film, resulting in developing of a waveguide mode
a=Ae " with forced spatial frequency f,. However,

the waveguide mode has its ‘own’ resonance frequency

B,(1—k |a ') with attenuation factor y. The multiplier
(1—k|al) with nonlinearity coefficient k takes into

account dependence of the resonant propagation constant
B, of the waveguide mode on the value of mode amplitude
|a|, as it follows from Fig.2. As a result, we can write down
the equation for coupled modes a and s [6]:

d_a:[_-ﬂo(l—k|a|2)—7}a+qs,

3
. )

where ¢ is coupling coefficient for waves a and s. We look
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Fig.3. The scheme of spatial connection of the wave s
incident on the waveguide (gray bar) with waveguide
mode a through the grating with spatial frequency
B, = 2n/d. SG strokes are black oblique lines in the
waveguide.

for a ‘stationary’ solution in the form § = SeFs ,

a= Ae " therefore
—ifAe” S = [—iﬁo (1 - k|a|2 ) - ;/} Ae™ " +

+gSe™’* {—i[ﬁs -5, (1 —k|a|2 )} + 7} A=4qS |

Similar equation must be true for the complex
conjugate form, i.e.

{i[ﬂs B (1—k|a|2)J+;/}A* —g'S".
By multiplying (4) and (5), we obtain

2
{[ﬂs -1 —k|a|2)} - 72}|A|2 =g ©

We introduce new variables: / = [A]* > 0 is field
intensity of the waveguide mode; I = |gS”? = 0 is intensity
of the external pump wave, at the expense of which the
intensity of the waveguide mode increases, see (3). Thus
(6) can be rewritten as

4)

®)

KB 1,, +
Lo (L )= Lo | 426y (Bs = By) Lo +
+(,Bs _:Bo)2 +72

This is a cubic equation for / , and the shape of
this curve is qualitatively shown in Fig.4 as an inverse
dependence /(1 ).

Provided the external wave intensity is low (hence the
nonlinearity may be neglected), low-intensity waveguide
mode a is excited in the waveguide film due to the external
wave s diffraction on the grating:

1
= Lt 5 > ®)
(,Bs - ﬂo) +r

Dependence Ipw(lwm) may be studied concerning

extremums. Solving the quadratic equation in /_, obtained

. ()

wm

by equating [/ }gw (] Wm) to zero yields values
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(ﬂo — ﬂs )2

3k6,

I, value provides the largest intensity of waveguide
mode on the lower branch in Fig.4, and I, provides the
smallest one on the top branch.

2+

wml2 —

At values [ €[l ,,1,, ] (see Fig.4) waveguide

modes with two intensity levels can be excited, which
corresponds to bistability. Intermediate branch is unstable,
and the states corresponding to it can not be realized [6].

Assuming absorption to be low, which means
7 — 0, we get

I ~ ﬂo — :Bs I ~ ﬁo — :Bs
wml > Fwm2 .
3kp, kp,

Thus, the excitation levels of waveguide modes should
differ about 3 times or more, as is observed in the images of
double diffraction reflections in Fig.2c,d.

Since it is assumed that the resonant value of the
propagation constant is determined as f,(1—kZ ), asit

(10)

follows from (10), we obtain two values for the resonant
propagation constants of the waveguide modes. The

propagation constant [, = f; corresponds to I,

intensity level, ie. the upper branch in Fig.4, and
B =Q2pB,+ )/ 3 corresponds to the I intensity
level, i.e. the lower branch. The value of f is the resonant
value for the ‘entry’ level of excitation (see (8), i.e. for the
emerging SG. Grating period values , 27/f,,
d =2r/p,, and d, =27/ 5, were calculated from

angles of autocollimation diffraction and are d, = 385.8 nm,
d, =392.5 nm, and d, = 403.7 nm. On the other hand, using
two of three experimentally measured periods, one can
calculate the third period. So, from &, and d, the theoretical

tim

Fig.4. The qualitative form of the intensity of the
waveguide mode / on the intensity of the pump wave
(laser beam) IpW obtained from the equation (7).
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value d| is
heor O 3dd,

e = = =391.6nm.
28,+ 5, d,+2d,

Divergence between dltheor and d, is less than 1 nm.
This result may be considered as confirmation of the
hypothesis of the optical bistability as the main cause of
doubling the diffraction reflections observed on Fig.2c,d.

Conclusions

In this paper, an experimental study of the parameters
of the plane wave diffraction on a grating in a nonlinear
waveguide was conducted, and a theoretical model has
been proposed to describe them. The model is based on
spatial analogy with the problem of establishing forced
oscillations of a harmonic oscillator. It has been shown that at
diffraction on a grating in a nonlinear optical waveguide the
optical bistability effect may manifest itself in dependence
of the intensity of the waveguide mode on the intensity
of the external incident wave. The double structure of the
diffraction reflections of spontaneous gratings recorded
by laser in waveguide photosensitive AgCl-Ag films is
considered as a manifestation of spatial bistability effect.
The calculated values of periods and intensities of grating
diffraction reflections are in accordance to those observed
in the experiment.
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