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Ellipsometric diagnostics of hybrid organic-inorganic films of copper thiocyanate CuSCN with stilbazo-
lium dye of different concentrations was carried out. The investigated samples with 4-(N,N-dimethyl-
amino)-4'-(N'-methyl) stilbazolium tosylate concentrations of 0, 25, 250 and 1000 umol/dm? were deposited
on F-doped tin oxide substrate. To characterize the optical properties of hybrid organic-inorganic films, the
angular dependences of such ellipsometric parameters as the phase shift A between p- and s-components of
the polarization vector and the azimuth W of the restored linear polarization were measured within a wide
range of light incidence angles. Due to their angular dependences, the principal angle ¢, of light incidence
and the value of tgWmin were determined. To characterize the electronic properties of the subsurface layers
of the investigated hybrid organic-inorganic films, the refractive n and absorption k indices and the optical
conductivity o were defined according to the semi-infinite medium approximation. It was found that an in-
crease in the concentration of stilbazolium dye in hybrid organic-inorganic films from 25 to 250 pmol/dm3
leads to an increase in the principal angle of light incidence and the refractive index. However, the behav-
ior of the ellipsometric parameters of a film with a maximum dye concentration of 1000 pmol/dm3 cannot
be explained only by an increase in the dye concentration. It was assumed that this modification of the op-
tical properties of hybrid organic-inorganic films with a maximum dye concentration is associated with a
structural phase transition from the rhombohedral g-phase to the orthorhombic a-phase of CuSCN at high
dye concentrations, which is confirmed by X-ray diffraction data presented in other works. It is concluded
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that there is no optical anisotropy of the subsurface layers of the studied samples.
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1. INTRODUCTION

The combination of inorganic and organic substanc-
es can significantly expand the possibilities for creating
new materials. Hybrid inorganic/organic films with
new functional properties are promising materials for
practical use. Unlike composites, which are formed to
simultaneously exploit the best physical properties of
each component, hybrid films, due to the chemical in-
teraction between organic and inorganic components,
can be formed into structures with completely new
properties. In particular, they can simultaneously have
high strength, ductility, high corrosion resistance and
be sound and heat insulating material. Also, nanostruc-
tured hybrid organic-inorganic films, in which one of
the components is an organic dye, can be used as a ma-
terial for solar panels. As a result of the so-called elec-
trochemical self-assembly process, the inorganic com-
ponent becomes porous with a large surface area, but
retains its single crystal structure and, thus, is ideal as
a photoanode material in solar cells [1].

In [2, 3], the optical and structural properties of hy-
brid organic-inorganic CuSCN films with stilbazolium
dye (4-(N,N-dimethylamino)-4'-(N'-methyl) stilbazolium
tosylate (DAST) were studied by optical spectroscopy,
photoluminescence, X-ray diffraction and scanning
electron microscopy. Using X-ray diffraction, it was
found that at high concentrations of DAST dye there is
the structural phase transition from the rhombohedral
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S-phase to the orthorhombic a-phase of CuSCN. Using
the method of scanning electron microscopy, it was
shown that a change in the dye concentration leads to a
sharp change in the morphology of the film. At a dye
concentration of 250 pmol/dm?, a unique nanostructure
similar to a "comb" appears. In this case, DAST in the
form of a separate phase fills in the gaps between the
"teeth of the comb". An analysis of the obtained absorp-
tion spectra allowed the authors of [2] to detect a blue
shift of the absorption maximum (from 499 nm at
DAST =50 pmol/dm? to 487nm at DAST=
500 umol/dm?3). A narrowing of this maximum was also
observed with increasing dye concentration. These
changes in the optical properties were associated with a
greater ordering of the dye structure.

To obtain hybrid films with controlled properties it
is necessary, first of all, to investigate these properties
by various experimental techniques. Ellipsometry has
proven to be an effective method for studying the opti-
cal properties and parameters of thin films as it is a
highly sensitive non-contact and therefore non-
destructive technique [4].

The aim of the work was to study by ellipsometric
method the optical properties of hybrid organic-
inorganic films of copper thiocyanate CuSCN with
stilbazolium dye of different concentrations obtained in
the process of electrochemical self-assembly.
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2. SAMPLES AND RESEARCH METHODS

Hybrid organic-inorganic films of copper thiocya-
nate CuSCN with stilbazolium dye of different concen-
trations were deposited on F-doped tin oxide substrate.
Accordingly, these samples had varying degrees of red
color. One sample was a transparent CuSCN film on
the substrate (#1). The concentration of stilbazolium
dye, namely 4-(N,N-dimethylamino)-4'-(N'-methyl) stil-
bazolium tosylate (DAST), of other three samples was
25 (#2), 250 (#3) and 1000 (#4) pmol/dm3. This organic
component was combined with inorganic CuSCN dur-
ing electrodeposition fabrication. This process is called
electrochemical self-assembly [2]. As a result, a hybrid
organic-inorganic film was formed on the substrate
surface: an electrochemically self-assembled CuSCN/
stilbazolium dye hybrid thin film. The thickness of the
film samples was about 800 nm. The process of produc-
tion of these samples is described in detail in [2, 3].

Optical polarization measurements were carried out
using an LEF-3M-1 laser ellipsometer at a wavelength
of 632.8 nm under atmospheric conditions. For hybrid
organic-inorganic films of copper thiocyanate CuSCN
with stilbazolium dye, such ellipsometric parameters as
the phase shift A between p- and s-components of the
polarization vector and the azimuth W of the restored
linear polarization [4] were measured in the wide range
of angles ¢ of the light incidence. All angular depend-
ences of the ellipsometric parameters cosA(¢) and
tg¥(¢) of the investigated samples were analyzed and
the principal angle ¢ (cosA = 0) of light incidence and
the minimum value tg¥min were obtained. The errors in
determining the ellipsometric parameters were
8¢p =% 0.1° and 3tgWmin = + 0.01, respectively.

To estimate the electronic properties of the surface
layers of the investigated hybrid organic-inorganic
films of copper thiocyanate CuSCN with stilbazolium
dye of different concentrations, the optical conductivity
o was calculated according to the semi-infinite medium
approximation:

n = singptg@Epcos2¥p,
k = singptggpsin2¥p,
o= nkclA,

where n is the refractive index, % is the absorption in-
dex, c is the light speed, o is the optical conductivity, @
is the principal angle, ¥, is the azimuth W at ¢,.

In [5, 6], ellipsometry has proven to be an effective
method for diagnosing optical anisotropy in the subsur-
face layers of materials. Therefore, in this work, the
dependences of the ellipsometric parameters cosA and
tg¥ on the azimuthal angle « of rotation of the studied
samples in their own planes at a certain angle of light
incidence were also measured. The samples were rotat-
ed in their own planes with an interval of 5-10°.

3. RESULTS AND DISCUSSION

The angular dependences of the ellipsometric pa-
rameters cosA and tg¥ obtained for all investigated
samples of hybrid organic-inorganic films of copper
thiocyanate CuSCN with stilbazolium dye are shown in
Fig. 1. It is seen that the behavior of the cosA(¢) and
tg¥(¢) curves for sample #1 (copper thiocyanate
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CuSCN film without stilbazolium dye) strongly differs
from the behavior of ellipsometric parameters for the
other three samples (#2, #3, and #4) of hybrid organic-
inorganic films of copper thiocyanate CuSCN with
stilbazolium dye. In particular, a minimum is observed
on the cosA(¢) curve for sample #1 at an angle of light
incidence of 61°.
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Fig. 1 — Dependences of cosA(p) (a) and tg¥(¢) (b) of hybrid
organic-inorganic films of copper thiocyanate CuSCN with
stilbazolium dye of different concentrations; q: ¢ = 0 (curve 1),
q = 25 pumol/dm3 (curve 2), ¢ =250 umol/dm3 (curve 3), and
q = 1000 pmol/dm3 (curve 4)

Table 1 — The values of ellipsometric and optical parameters
of hybrid organic-inorganic films of CuSCN copper thiocyanate
with stilbazolium dye of different concentrations

umotf/,dm?’ @, ° | tg¥min n k o, 1014 s-1
25 56.26 | 0.092 1.22 0.24 1.39
250 57.71 | 0.094 1.31 0.25 1.55

1000 62.23 | 0.026 1.68 0.10 0.80

Probably, the cosA(p) and tg¥(¢) curves have such a
form due to the large thickness of the transparent
CuSCN film and the presence of interference effects.
Thus, the values of @, tg¥min, 1, £ and o were obtained
for samples #2, #3, and #4 only (Table 1).

One can see that for the hybrid CuSCN-DAST film
with the lowest dye concentration of 25 umol/dm?3, there
is a smooth dependence of the ellipsometric parameters
on the angle of light incidence (Fig. 1).

Similar angular dependences of the ellipsometric
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parameters were obtained for sample #3 with a dye
concentration of 250 umol/dm3. But for sample #3, a
certain increase in the principal angle of light incidence
and the value of the angular position of the minimum
azimuth of linear polarization by about 1.5° is observed
compared to sample #2. Such an increase in ¢ for a
weakly absorbing medium, namely, the studied films at
a wavelength of 632.8 nm, can be explained primarily
by an increase in the refractive index due to an in-
crease in the dye concentration.

From Fig. 1, it is seen that the behavior of the ellip-
sometric parameters for sample #4 with a maximum
dye concentration of 1000 pmol/dm? differs significantly
from the one for samples #2 and #3. First, the phase
shift is characterized by a sharper change from — 1 to
+ 1 near the principal angle, and second, the value of
the azimuth of the restored linear polarization in the
minimum decreases more than 3 times compared to the
similar values for samples #2 and #3.

That is, sample #4 in its optical properties is closer
to an ideal dielectric than samples #2 and #3. The value
of optical conductivity for sample #4 is also significant-
ly lower compared to samples #2 and #3. This behavior
of the ellipsometric and optical parameters of the hy-
brid CuSCN-DAST film cannot be explained only by an
increase in the dye concentration.

Using X-ray diffraction, it was found [2, 3] that at
high concentrations of DAST (approximately 700-800
pmol/dm?) there is a structural phase transition from
the rhombohedral g-phase to the orthorhombic a-phase
of CuSCN in hybrid CuSCN-DAST films. It is likely
that significant changes in the optical properties of the
investigated sample #4 with a high dye concentration of
1000 pmol/dm3 are also associated with similar changes
in the structure of the hybrid CuSCN-DAST film, and
not only with changes in the dye concentration.

In this work, ellipsometric diagnosis of the optical
anisotropy of the studied hybrid organic-inorganic
CuSCN-DAST films was also performed. In Fig. 2b, the
dependences of the ellipsometric parameters cosA and
tg¥ on the azimuthal angle « of rotation of sample #3
in its own plane are presented at an angle of light inci-
dence of 58°. It is seen that the ellipsometric parame-
ters do not change significantly when the azimuthal
angle a changes. Similar dependences of the ellipso-
metric parameters were obtained for other samples of
the investigated films. Therefore, optical anisotropy for
the studied samples of hybrid organic-inorganic
CuSCN-DAST films was not observed.

4. CONCLUSIONS

It was found that the behavior of the ellipsometric

REFERENCES

1. K.Uda, Yu.Tsuda, Sh.Okada, R.Yamakado, L. Sun,
Yo. Suzuri, M.Sch. White, M. Furis, Ph. Stadler, O. Dimitriev,
T. Yoshida, ECS Transactions 88, 323 (2018).

2. Yu.Tsuda, H.Sun, L.Sun, Sh.Okada, A.Masuhara,
Ph. Stadler, N.S. Sariciftci, M.Sch. White, T. Yoshida,
Monatsh. Chem. 148, 845 (2017).

JJ. NANO- ELECTRON. PHYS. 13, 06033 (2021)

COSA
I,

T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
a, degree
a

0,20 4

0,154

0,104
D

tg¥

0,05

0,00 - T T T T T T
0 20 40 60 80 100 120 140
a, degree

b

T )
160 180
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angle of rotation « of sample #3 in its own plane at an angle of
light incidence of 58°
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IIpoBeneno esimcoMeTpUYHY TIATHOCTUKY TIOPUIHUX OPraHIYHO-HEOPTaHIYHUX ILIIBOK TIOIIAHATY Ml
CuSCN 3i crinpbasomieBuM 6apBHUKOM pisdHOI KoHIeHTpaIil. JJocmimkeHl 3paskn 3 KOHIIEHTPALAMA 0apB-
uka 4-N,N-mumernnamino-4'-N'-metui-crinbbasomiym  Tosiar, 1o mgopiBHioBaau 0, 25, 250 Ta
1000 mrmouTR/IM3, OyJI0 HAHECeHO Ha IIKJIAIKNA 3 OKCH/IY 0JI0Ba, qomoBaHoro dropom. Jaa xapakrepuaarii
ONTHUYHUX BJIACTUBOCTEH TOPUIHUX OPTraHIYHO-HEOPTAHIYHUX ILIIBOK BUMIPIOBAJIMCH KYTOBI 3AJIEMKHOCTI Ta-
KHUX eJIIICOMETPUYHIX IapaMeTPIB K 3CyB a3 A MiK p- Ta S-KOMIIOHEHTAMH BEKTOpA IOJISIPU3allii Ta asu-
myT ¥ BIIHOBJIEHOI JIIHIMHOI MTOJIAPU3AITil B IMMPOKOMY 1HTEPBAJI KyTiB MAIIHHA CBiT/IA. 3 IX KyTOBUX 3aJjie-
JKHOCTEM BU3HAYAJINCH TOJIOBHUHN KyT HAIHHS CBITIA ¢ TAa BeauduHa tgWmin. [y xapaxrepuaariii esexr-
POHHHX BJIACTHUBOCTEH JOCJIIPKEHUX TIOPUIHUX OPraHIYHO-HEOPTaHIYHUX IUIIBOK 0yJI0 BU3HAYEHO ITOKA3HU-
KU 3aJI0MJIEHHS N 1 IOTJIMHAHHS R Ta ONTHYHY IIPOBINHICTE Oy MOZeJI HAIllBHECKIHUYEHHOTO CepeoBUINA.
3HaliieHo, 10 3POCTAHHA KOHIIEHTPAIIl cTiaI60a30/i€Boro 0apBHUKA B TIOPUIHUX OPraHIYHO-HEOPTaHIYHUX
WriBKax 3 25 10 250 MEMOJIE/IM? TPU3BOIUTE 70 30LIIBITIEHHS TOJIOBHOTO KyTa IIATIHHS CBITJIA Ta IIOKA3HUKA
3aJIOMJIeHHs. AJle II0BEJIHKY €JIIICOMETPUYHUXK ITapaMeTpiB JJIs IUIBKY 3 MAKCUMAJIbHOI KOHIIEHTPAITIE
bapsamKa 1000 MKMOJIB/IM3 He MOYKHA MOSCHUTHU JIMIIE 301IbIIEHHAM KOHIIEHTPAI[l 0apBHHUKA. ﬁMOBipHO,
Taka MOOU(IKAIlA ONTUYHUX BJIACTUBOCTEHM TiOPHUIHMX OPTraHIYHO-HEOPTaHIYHHUX ILIIBOK 3 MAKCHMAJIHLHOIO
KOHIIEHTpAIli€l0 OAPBHUKA IIOB'SI3aHA 31 CTPYKTYPHUM (Da30BHM IEPexoioM Bijg pombGoempuaHoi f-dasu 1o
opropombGiunoi a-dasu CuSCN mpu BHCOKHX KOHIIEHTPAIIAX OapBHUKA, IO IMATBEPIKYEThCSI TaHUMU TUQ-
paKIlii peHTreHIBChbKUX IMPOMEHIB y IHIINX poboTax. 3po0JIeH0 BUCHOBOK PO BIICYTHICTH OITHYHOI aHI30T-
porrii IpUIOBEePXHEBUX IIAPIB IIIBOK.
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