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Abstract. The structure of granular silver films at the interface of liquid crystal (LC) cells and
their influence on LC molecule orientation and ionic contamination are examined. Granular
silver films were deposited on a glass substrate covered with an ITO electrode and a-C:H thin
films. The morphology structure of the silver films was changed after their annealing at 200 °C.
The silver granules became spheroidal with an average diameter of —30 nm and the channel
area between them increased. The change in the structure of the Ag films led to an increase in
the phase retardation and a decrease in the pretilt angle of the LC director from 51° to 7°. The
density of ionic impurities in the LG cell with the annealed silver film was three times more than
in the LC cell with the unannealed film. The impact of the alignment of the LC molecules at the
surface of the granular silver films on the intensity of the plasmonic peak and its red shift in the
absorption spectra is shown.
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BNMAHWUE MOP®0J1I0r UK TPAHYNIMPOBAHHBIX CEPEBPAHDIX
MIEHOK HA OPUEHTALIUKO MOJIEKYNT U NOHHOE 3ATPA3HEHUE
HEMATUYECKOI0 XXNAKOIro KPUCTAIIA
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AxHoTayms. B faHHoi paboTte uccriefyetca CTPYKTypa cepebpsiHbIX rpaHyiMpoBaHHbIX NIEHOK
Ha MexdasHbIx rpaHnuax XK s4eek n ux BlnSHNE HA OPUEHTALMIO MOSTEKYN 1 MOHHOE 3arps3-
HeHue KK. [paHynnpoBaHHble cepebpsHble NNEHKN 0CDKAANMCh HA CTEKNIAHHbIE MOAMOXKM
nokpbITbie anekTpogamu ITO n ToHkuMmu nneHkamu a-G:H. Mocne omkura npu Temneparype
200 °C mopdonorns CTPyKTYpbl CepebpsiHbIX NNEHOK uU3MeHsnacb. CepebpsiHbie rpaHynbl
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npuHUManu cd)epongHyto dpopmy co cpegHum aumeTpom 30 HM, KaHanbl Mexay rpaHynamu
ywmpanuce. IsmMeneHne CTpYKTYpbl CepebpsaHOI NiIeHKN NPUBENO K YBENNYeHW0 ha3oBoi 3a-
Aepxkn B cnoe XK 1 ymeHbLLIEHMIO yria npefHakioHa aupekropa ot 51° go 7°. MnoTHOCTb
MOHHbIX Npumeceli B XKK si4eiike ¢ OTOXOKEHHOW cepebpsHON NNEHKO Gbina B TPWU pas3a BhbiLLe,
YyeM B AYelike C HeOTOXEHHOM NNEHKON. [okasaHOo BnnsHWe opueHTauumn XKK mMonekyn Ha no-
BEPXHOCTU rpaHynnupoBaHHON CepedpsHON NNEHKN HA UHTEHCMBHOCTb M 6ATOXPOMHbIA COBUM
NnuKa nnasMeHHoro pe3oHaHca B CrnekTpax nornoLeHus.

KnroyeBbie cnoBa: cepedbpsHble NNEHKK, a-C:H NNEHKKM, HEMATUYECKINIA XNAKNIA KpUCTANN, NOH-
Hble MPUMECH, CNEKTPbI NOrNOLLEHNS

1. Introduction

Currently, the study of metallic nanostructures and liquid crystals (LC) interaction
is relevant. It is important from a fundamental point of view and attracts scientist’s
attention due to the possibilities of practical use of such systems. Periodic metal films
and liquid crystals allow to create new types of photonic devices. Plasmonic properties
of metal films are sensitive to a change of the refractive index of surrounding media.
LC refractive index depends on LC molecule orientation and can be controlled by an
external action. The combination of periodic metal surfaces with LCs provides the pos-
sibility of tuning their plasmonic properties by an external electric field [1-3]. Metal/
LC interfaces are employed as tunable microwave and IR devices [4-6].

The orientation of LC molecules depends on Van der Waalse intermolecular forces
and an anisotropic elastic interaction at interfaces with a solid surface [7]. Modern
techniques of preparing thin solid films allow to control a pretilt angle and LC mol-
ecules alignment by changing a surface morphology and physicochemical properties
[8-13]. Previous studies established that the orientation of LC molecules on metals
surfaces depends on the properties of these materials, thickness of metal films and
morphology of metal film surfaces. Au, Cr and Al films were used to produce a planar
orientation of LC molecules. The use of smooth silver film provides a vertical LC orien-
tation, while relief surfaces resulted in a planar or a tilted orientation of LC molecules
(1; 14-18].

Liquid crystals are not an ideal dielectric and contain ionic impurities. Nanoparticles
added in LC bulk and orienting layers on an interface affect the ionic density. The bal-
ance between the processes of ion adsorption and desorption on nanoparticles and
thin film surfaces determine the ionic density in LC bulk [19-21]. Doping metal nano-
particles in LC can enhance LC conductivity [22-27]. In the case with LC display the
increase of ionic conductivity is a drawback. However, LC conductivity enhancement
may be used in non-display applications, such as diffuse light scattering devices [28],
wave-front correctors [29] and generator of low-frequency oscillations [30].

The impact of granular silver films morphology on the orientation of molecules
and ion contamination of nematic liquid crystal are discussed in this paper. We have
studied how the morphology changing of granular silver films as a result of their
annealing impacted on liquid crystal alignment at the interface. SEM images of the
structures of granular silver films before and after annealing were compared. We
measured the transmittance versus voltage curves of the LC cells with unannealed
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and annealed Ag films to compare phase retardations and the pretilt angle of direc-
tor. The diffuse currents were measured in LC cells with unannealed and annealed

Ag films at the interface to determine ionic densities. The impact of interaction of
granular silver films with liquid crystal on their absorption spectra is discussed
also.

2, Experimental details

We have examined granular silver films and plane-parallel LC cells with these films
at the interface. Granular silver films were produced by thermal evaporation in a PVD
75 vacuum chamber (Kurt J. Lesker) at a residual pressure of ~1,3x10~° Pa and room
temperature. The silver films thickness was about 40 E [31]. These films were depos-
ited on glass substrates covered with ITO transparent electrode and a-C:H thin film.
ITO transparent electrodes were obtained by cathode sputtering. The a-C:H insulat-
ing layers were deposited in glow discharge plasma from toluene vapor at a pressure
of 2,7x107* Pa and a room temperature. Such a-C:H layers can be used as LC alignment
layers [13]. To change the structure morphology, the granular silver films were an-
nealed at 200 °C for 20 minutes in vacuum after deposition. ITO, a-C-H and granular
silver films were deposited on the LC cell surface of substrate in series. Plane-parallel
LC cells were assembled from the two substrates separated by spacers. The second LC
cell substrate with ITO electrode was coated with a polyimide layer to align LC mol-
ecules parallel to the interface. This layer was obtained by spin coating of the solu-
tion, followed by annealing at a temperature of 180 °C. Then the polyimide surface was
rubbed in one direction. An electrically controlled LC cell with a gap of 12,5 + 0,5 um
was filled with a nematic liquid crystal under the action of capillary forces. The nematic
LC ZhK-1282 (NIOPIK, Moscow) with optical anisotropy An = 0,17 at 632,8 nm wave-
length, phase transition temperature 63 °C, and positive dielectric anisotropy Ag = 9.9
at a frequency of 1 kHz was used for cells fabrication. The homogeneity of LC orienta-
tion had verified before experiments using polarized optical microspore.

The morphology features of the granular silver films were investigated by a Merlin
scanning electron microscope (SEM) (Carl Zeiss). The sizes and areas of silver nano-
particles were analyzed by statistical image processing using the Toup View computer
program. Spectral studies of the Ag / a-C:H / ITO structures on a glass substrate and
in the LC cells were performed with an SF-56 spectrophotometer (LOMO). Non-
polarized light beam with a wave vector always perpendicular to the substrate was used
to measure optical density.

To measure curves of the transmittance vs. voltage (T-V) of LC cells we used the
electro optic setup comprising a laser LED with a wavelength of 650 nm, a photo detec-
tor, a voltage generator, an oscilloscope and computer. LC cells were placed between
crossed polarizers in such a way that the angle between the directions of the long axes
of LC molecules and polarized light vector to be 45°. Sinusoidal voltage with 1 kHz
frequency was applied to the cells to measure T-V curves at a wavelength of 650 nm.
Pretilt angle in LC cells are estimated using equation [32]:
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27‘Cd1’l0 n,
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n?sin*0, +n?cos’ 0,

L, (1)

Ry is the phase retardation at initial time, 1, and #. are ordinary and extraordinary
refractive index, A — wavelength.

The contact of the liquid crystal with the granular silver film results in ionic con-
tamination. To characterize this process a diffuse current leakage was measured after
removing DC voltage applied to the cell. We used the circuitry in which a LC cell was
connected in series with a resistor and voltage generator. The drop of voltage at probing
resistor was measured with an oscilloscope connected in parallel to the resistor. The
current in the circuit was calculated by the Ohm law. For the experiments we used a 10
kQ) probing resistor. The density of the ions was evaluated as

|
C—@tl(t)dt, (2)

where e — elementary charge, S — electrodes area, d — cell gap, i — measured current,
t — time [33].

3. Results and discussion

SEM images of the structures of granular silver films before (a) and after annealing
(b) are depicted in Figure 1.

The granules of silver films are separated by channels with a-C:H. Flat granules of Ag
became more relief after annealing and had an almost spheroid shape with an average
diameter of ~30 nm.

The filling factor was determined as the ratio of the sum of nanoparticle areas to the
substrate area. The estimation showed that this factor decreased from 53 % to 42 % after
annealing of silver films. Our study has indicated the decrease of nanoparticle dimension
in the plane of the substrate and the increase of the channel area between the granules [34].

LC molecules orientation on the surfaces consisted of several materials depend on
the ratio of areas, the anchoring strength and the relief of materials surface [18]. On the
smooth Ag film surface LC molecules tend to align perpendicular [15]. In Figure 2 the

QLA TR ’ % o, , © re D ebsra M -
Fig. 1. SEM images of the granular silver films deposited on a-C:H/ ITO thin multilayer
films on glass substrate before (a) and after annealing (b) at the temperature of 200 °C

in vacuum [34].
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Fig. 2. Experimental T-V curves at a wavelength of 650 nm, obtained by applying
an AC voltage with a frequency of 1 kHz, for the planar-oriented LC cell without Ag (a)
and hybrid cells with unannealed (b) and annealed (c) granular silver films on one interface
of the LC cells.

Phase retardation, ©

Voltage, V

Fig. 3. Phase retardations vs. AC voltage with a frequency of 1 kHz at a wavelength
of 650 nm for the planar-oriented LC cell without Ag film (a) and hybrid cells with
unannealed (b) and annealed (c) granular silver films on one interface of the LC cells.

T-V dependences are shown at a wavelength of 650 nm for the planar-oriented LC cells
using a-CH thin films without Ag (a), with unannealed (b) and annealed (c) granular
silver films at the one interface.

T-V curves were obtained applying sinusoidal voltage at a frequency of 1 kHz. The
T-V curves were used to calculate the phase retardation and a pretilt angle of the LC
cells as was described in [31].

107



ISSN 2072-8387 ‘ BectHuk MockoBckoro rocyaapcteHHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Matematuka [ 2017/Ne4

Figure 3 shows the phase retardation curves for the studied LC cells. The phase retar-
dation curve of the hybrid LC cell with an annealed silver film at the interface differed
from the curve for planar oriented LC cell with the a-C:H layers without silver film in
the voltage range below 4 V. That is due to different threshold voltages and phase retar-
dation in initial time.

In case of the LC cell without Ag films, the phase retardation was 6,6 and the pretilt
angle was equaled to 3°. The phase retardations were 2,3n and 6,47 in the LC cells with the
unannealed and annealed films respectively. The calculation of the pretilt angle from equa-
tion (1) showed that it is equal to 51° in the LC cell with an unannealed Ag film. This means
that the LC cell has a hybrid orientation of the LC, since the polyimide layer deposited on
the opposite substrate had a pretilt angle close to zero. Thus, at the interface with the unan-
nealed granular silver film, the LC molecules align with a pretilt angle more than 51°.

A pretilt angle of the LC cell with the annealed Ag film was near 7°. This means that
a change in the structure of the Ag film as a result of annealing causes a planar orienta-
tion of LC molecules with a small pretilt angle at the interface. Annealing the granular
films led to the diffusion of Ag atoms and small clusters in the channels. The shape and
size of individual granules varied and the channels area increased (fig. 1b) as the filling
factor decreased on 11%. Thus, it can be concluded that the change of LC orientation as
a result of the films annealing can be explained by three factors - increasing the chan-
nels area, removing silver atoms from the channels and changing the surface relief.

We have studied changes in the ion density in the LC cells with the granular silver films.
fig. 4 shows the dependence of the diffusion current of ions (I) on the time (¢) after the re-
moval of the rectangular pulse amplitude of 20 V with the duration of 300 ms applied to the
LC cells without Ag films (a) and with unannealed (b) and annealed (c) Ag films.

The ion density in the LC cell with the annealed Ag film estimated by integrating the
curves c in fig. 4 was 1,8x10'° cm™. In the LC cell with the unannealed Ag film the ion
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Fig. 4. Diffusion current of charges after removing a rectangular pulse with an amplitude
of 20 V and a duration of 300 ms applied to the LC cells without Ag films (a),
with the unannealed (b) and the annealed (c) Ag film at one interface.
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density was less and equaled 5,5x10" cm™. In the cell without Ag films ion density was
equaled to 0,23x10" cm™. The presence of granular silver film at the interface of the
LC cells led to the generation of additional ions. Additional ions in the LC cells with
such structures may also arise as a result of a disengagement of ions from the surface
of the granular Ag film. Thus, the morphology change in the granular silver films after
annealing affected both the orientation of the LC molecules and the ion density in the
LC cell. Increasing the charge carriers in the LC cell with the annealed Ag film can
result from the enhancement of electron emission from the surface of Ag/ a-C:H/ITO
thin multilayer films by applying constant electric field. We suppose that the presence
of Ag nanoparticles on the surface of multilayer structure may result in the reduction
of electron work function that facilitates electron emission.

To show the effect of the interaction of granular silver films with liquid crystals, we com-
pared the extinction spectra of these films on glass substrates in structures with a-C:H/
ITO and in the LC cells. The measured optical density D depends on the extinction cross
section, which is the sum of the absorption and scattering cross sections. In our case, the
scattering can be neglected, since the size of the silver granules is much less than 100 nm
[35]. Only one peak in the absorption spectra was observed due to the use of non-polarized
light beam with a wave vector always perpendicular to the substrate. The plasmonic peak
in the spectra of metal nanoparticles depends on their form and size [35; 36] as well as the
distance between nanoparticles [37]. The extinction spectra of the granulated silver film,
which characterize its plasmon properties, are shown in fig. 5.
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Fig. 5. The absorbance spectra of the granular silver films on the top of ITO/a-C:H
thin multilayer films before (1, 3) and after annealing (2, 4) at 200°C on glass substrates
and at the interface in LC cells.
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The comparison of the extinction spectra 1 and 2 in fig. 5 has shown the blue shift of the
absorption band peak after annealing. The value of blue shift was about 16 nm. We can con-
clude that both the decrease of the granules dimension and increase of the distance between
them lead to the blue shift after annealing as other conditions do not change.

The liquid crystal is transparent in the visible region [38]. Thus, observed in the absorp-
tion spectra 3 and 4 in fig. 5 peaks are associated only with the localized surface plasmons
in granular silver films. The red shift of plasmonic peak was observed in the LC cells spec-
tra for both annealed and unannealed Ag films at the interface. The oscillations in the
spectral curves appeared due to the interference in LC layer. The red shift values in the
absorption spectra of granular silver films in LC cells were approximately the same for an-
nealed and unannealed Ag films and equal to 45 nm comparing with the films on a glass
substrate. Moreover, the peak intensity increased almost about 1.6 times for the annealed
Ag film and 1,4 times for the unannealed film. The data of a wavelength and optical den-
sity of the localized plasmon excitation peak of the LC cells are listed in Table 1. The peak
intensity was bigger for the annealed Ag film at the interface with LC (fig. 5, curve 4). The
absorption cross-section of metal nanoparticles depends on refractive index of surround-
ing media. Its increasing results in the red shift of the plasmonic peak and influences on
the maximum absorption [35; 36]. The changes observed in the spectra 3 and 4 in fig. 5
are related to the change in the refraction index of LC at the interface with the Ag films.

Table 1.
The parameters of the absorption spectra of unannealed and annealed granular silver films on
glass substrates covered with thin films of a-C:H/ITO and at the interface in LC cells.

Granular Wavelength of peak, nm Optical density in maximum

sitver film | op glass substrate | In LCcell | On glass substrate | In LC cell
Unannealed 447 492 0,52 0,72
Annealed 425 470 0,51 0,82

4. Conclusion

We have studied the change in the structure and plasmonic properties of granular
silver films deposited by thermal evaporation in vacuum and then annealed at 200 °C.
These Ag films were formed on a surface of a-C:H thin films deposited in glow dis-
charge plasma which are aligned LC molecules planar. It has been shown by statisti-
cal analyses of SEM images that annealing the granular silver film on glass substrate
covered with a-C:H/ITO films leads to the spheroid form of Ag nanoparticles with the
average diameter of ~30 nm and increase of the area of channels between them. It has
been shown the impact of granular Ag films at the interface of LC cells on the mol-
ecules orientation by the studies of the transmission of LC cells in dependence on the
applied voltage and the calculations of the phase retardation and the pretilt angle of the
molecules. The pretilt angel of LC molecules was about 51° before annealing film and
decreased to 7° after that. It has been founded the density of ion impurities in the LC
cell with the annealed granular silver film at the interface in LC cells was three times
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higher than in the case of the unannealed film by measurement of the diffuse current
of charges. We have studied the extinction spectra of the granulated silver film and
observed that the intensity of plasmonic peak and its red shift in the absorption spec-
tra of granular silver films at the interface in the LC cell depend on the LC molecules
alignment on nanoparticles surface. The obtained results contribute to gain a more
thorough understanding of the interaction between metallic nanostructured surfaces
and liquid crystals for the development of optical device technology based on them.
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