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Abstract

In this report, we present the influence of polymer matrix on morphological and optical properties of thin films containing
zinc oxide (ZnO), tris(8-hydroxyquinolinato)aluminium (Alq,) and ZnO:Alq;. Polyvinylpyrrolidone (PVP) and poly(methyl
methacrylate) (PMMA) dissolved in isopropanol and tetrahydrofuran, respectively, were used as polymeric matrices of
fabricated composites. The analysed thin layers were deposited on Si substrates using a dip-coating method and character-
ized by Fourier-Transform Infrared Spectroscopy (FTIR), Energy-Dispersive X-ray spectroscopy (EDX), Atomic Force
Microscopy (AFM), Scanning Electron Microscopy (SEM), Spectroscopic Ellipsometry (SE) and photoluminescence (PL).
It was found that adding the polymer to Alq, causes a blueshift in absorption compared to pure Alq, layers. We also observed
photoluminescence in the region of 2.2-2.8 eV for ZnO:Alq;:PMMA and ZnO:Alq;:PVP, as well as for Alq;:PMMA at room
temperature. PL measurements showed that adding ZnO to Alq;:polymer matrix did not result in any shift in PL spectra
compared to the results of Alq;:polymer layer. AFM and SEM measurements show that relatively smooth films were obtained
in the case of composites based on PVP and PMMA. Moreover, a change in the size of ZnO agglomerates depending on
polymer used is observed for the three-component layers. We also noticed that the values of the refractive index are higher
for the samples in the PVP matrix. However, the opposite behaviour was observed in the case of the extinction coefficient.

Keywords Zinc oxide - Tris(8-hydroxyquinolinato)aluminium - PVP - PMMA - Physico-chemical properties -
Spectroscopic ellipsometry - Photoluminescence

Introduction

In recent years, inorganic/organic hybrid materials have
attracted more and more interest, as even though individual
materials have distinct physical or chemical properties, the
final new composite, instead of adding the properties of the
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two materials, can show improved properties or entirely new
ones (Yoshida et al. 2009; Boeckler et al. 2007; Sanchez
et al. 2005). The combination of organic/inorganic hybrid
materials provides better transport properties of charge
carriers, which offers excellent potential for improving the
parameters of optoelectronic devices (Onlaor et al. 2012;
Coe et al. 2002).

Tris(8-hydroxyquinolinato)aluminium (Alq;) is one of
the most widely studied organometallic compounds due
to its interesting properties and potential applications in
optoelectronics. It exhibits features similar to inorganic
semiconductors, i.e. relative stability, simple synthesis and
good electronic transport (Cuba and Muralidharan 2014a;
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Dalasinski et al. 2006; Duvenhage et al. 2015). Alq; is a
metal chelate that is commonly used as an electron transport
layer in organic light-emitting diodes (OLEDs) (Cuba and
Muralidharan 2014a). Tang and Van Slyke in 1987 described
the use of this material in OLED for the first time (Tang and
Slyke 1987), and interest in Alq; has been growing ever
since. In contrast, the hole transport properties of Alq; were
investigated by Fong and So (Fong and So 2006).

In our previous research (Derkowska-Zielinska 2017) we
have shown that Alq; has two main absorption bands (called
A and B), which are ligand-centered electronic transitions.
The A band (visible in the spectral range of 350-450 nm) is
associated with the transition from the ground state to the
excited one and is also assigned to charge transfer (CT) from
the quinolate ring containing oxygen to the pyridyl ring. It
corresponds to the m—n* transition of the qH>*. Therefore,
it is attributed to the excitation of n—n* by the molecular
orbitals of quinolinate ligands. Whereas B band, which
absorption is located in the spectral range of 210-280 nm,
suggests the presence of a p-band associated with the central
metal atoms, where the transition p—r* is more prominent.
It means that the electronic transitions from 3p electronic
orbitals to ©* molecular orbitals are allowed (Derkowska-
Zielinska 2017). Alqs is a green emitter with photolumines-
cence observed in the range of 520 nm. Its emission occurs
due to the transition from the highest occupied molecular
orbit (HOMO), lying mainly on the phenoxide ring, to the
lowest unoccupied molecular orbit (LUMO) located on the
pyridyl ring (Lessmann and Hummelgen 2004). In Alqs, the
optical transition responsible for PL is centred on the organic
ligand, and the luminescent properties of this compound are
mainly associated with the metal (Al)-nitrogen bond (Halls
and Schlegel 2001).

Zinc oxide (ZnO) is a promising inorganic semiconductor
material. Due to its excellent optical and electrical proper-
ties, it has the potential applications in light emitting diodes
(LEDs), ultraviolet lasers, photodetectors and piezoelectric
devices (Sypniewska et al. 2020). ZnO is n-type metal oxide
semiconductor, which has a direct band gap (~3.37 eV at
RT), large exciton binding energy (60 meV), high electron
mobility and high optical transmittance (Sypniewska et al.
2020; Abed et al. 2015; Kapustianyk et al. 2007; Sofiani
et al. 2007).

A polymeric material with unique properties, such as light
weight, high flexibility and the possibility of production at
low temperature and at low-cost, can be used to improve
the quality of the thin composite layer (Dorranian et al.
2009). One of the most commonly used polymeric material
is poly(methyl methacrylate) (PMMA). Its main advantages
are excellent mechanical properties, high chemical resist-
ance, simple synthesis, low-cost, good tensile strength,
low optical loss in visible spectral range, good insulation
properties and thermal stability. PMMA is considered to be

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

an excellent matrix material due to its good transparency
(Suhailath et al. 2017; Derkowska-Zielinska et al. 2016;
Ismail et al. 2012). The use of this polymer with Alqg; was
described by Ke-Qin et al. (Ke-Qin et al. 2008), as well as by
Mahakhode et al. (Mahakhode et al. 2011). In both studies,
the authors observed a blueshift in the luminescence of Alq;,
dispersed in PMMA matrix compared to pure Alq; film. The
second polymer matrix used in this study was polyvinylpyr-
rolidone (PVP), which is attractive due to the strong affinity
of the pyridine group and its ability to form a hydrogen bond
with polar species (Kumar and Buddhudu 2014). Due to the
fact that it binds very well with polar particles, it is used
in coatings for photo-quality ink-jet papers (Aboud et al.
2009). The formation of transition metal particles inside
the polymer system is of interest for some potential applica-
tions, such as laser systems, optical lenses and optical planar
waveguides (Rzayev et al. 2008). The PVP polymer film has
the ability to store charges in response to dopant-dependent
optical properties and has a strong tendency to complex with
various molecules (Sivaiah et al. 2010).

To develop a new hybrid organic—inorganic structures,
which can be used in the production of novel OLED devices,
we have prepared thin films containing ZnO, Alq; and
Zn0:Alq; in polymer matrix (PVP or PMMA) by a dip-
coating method. Prepared samples were characterized with
AFM, SEM, EDX, FTIR spectroscopy, SE and PL. In this
studies, we investigated which of the used polymers permits
to create more homogeneous and uniform layers, and above
all, how (and if) homogeneously Alq; and ZnO are embed-
ded in these matrices.

Experimental
Materials

Alg;, PMMA and PVP (M,, ~40 000 g/mol) powders were
purchased from Sigma-Aldrich. PMMA was dissolved in tet-
rahydrofuran (THF) for 7 days forming a 0.2% solution. The
5% PVP solution was obtained by adding polymer powder to
isopropanol (Chempur, pure p.a.) and mixed in an ultrasonic
cleaner for 30 min.

To obtain the Alqg, solution with the polymer, 0.02 g of
tris(8-quinolinolato)aluminium powder was added to the
previously prepared polymer solutions (10 mL) and placed
in an ultrasonic bath for approximately 30 min. In the case
of Alq;:PVP layers, the solution was left still for 24 h before
deposition.

To obtain a ZnO:Alq;:polymer suspension, 5 mg of ZnO
powder was added to the Alg;:polymer solutions (10 mL).
Then, the Alqg;:polymer solution with added ZnO powder
was placed in an ultrasonic bath for 30 min. ZnO powder
was prepared using the sol-gel method described in detail
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elsewhere (Sypniewska et al. 2020) and annealed from the
obtained sol at 500 °C. It should be mentioned that to pre-
pare the sol solution, the zinc acetate dihydrate (Merck) and
monoethanolamine (MEA, Sigma-Aldrich, 99.5%) were
added to isopropanol alcohol (Chempur, pure p.a.). The sol
solution was then heated to 70 °C with continuous stirring
and maintained at this temperature for 60 min (Sypniewska
et al. 2020).

Thin films preparation

Thin films of polymers, ZnO:polymers, Alq;:polymers and
Zn0:Algs:polymers were deposited on a p-Si (100) substrate
by dip-coating method (Qualtech QPI-168, Denver, CO,
USA) at a substrate withdrawal speed equal of 10 mm/min.
The obtained layers were dried at room temperature in an
ambient atmosphere for 24 h. The thickness of the thin layers
was about 100 nm (the exact values are given in Table 2).

Measurement methods and equipments

The FTIR spectra were measured using FT-IR Vertex 70 V
with a Hyperion 1000/2000 microscope by Bruker Optik
from 400 cm™~! to 4000 cm™'. The luminescent properties of
prepared thin layers on Si substrates were registered by the
spectrometer FP-8200 in the range of 2.1-3.4 eV
(Aex =325 nm, Xe lamp). The refractive indices (n) and
extinction coefficients (k) were determined by the ellipso-
metric method using the V-VASE spectroscopic ellipsometer
(J. A. Woollam Co., Inc.) (Skowronski et al. 2015). The
ellipsometric azimuths ¥ and A were recorded at the differ-
ent three angles of incidence (65°, 70° and 75°). The disper-
sion properties of extinction coefficient (k) and refractive
index (n) were parameterized using Gaussian oscillators and
Tauc-Lorentz oscillators (for ZnO:polymer layers). The
analysis of the surface topography of the studied films was
performed using Atomic Force Microscopy (AFM, Veeco
microscope, Plainview, NY, USA) with the following scan
parameters: size 5 X 5 pm? with the scan rate of 1 Hz in the
tapping mode. The mean surface roughness i.e. the average
roughness (Ra = 1%/ Zi‘\;o |yi|> and the root mean square

Fig. 1 FTIR spectra of (a)

roughness <Rq = % Zfio yf) were determined using the

NanoScope Analysis software. The quantities y; and N used
in R, and R, are the current surface height value and number
of measured points, respectively. Scanning electron micros-
copy (SEM) studies were performed with a Quanta 3D FEG
(FEI, Hillsboro, OR, USA) (EHT =30 kV) instrument.
Energy Dispersive X-ray spectroscopy (EDX) studies were
performed with a Quantax 200 with XFlash 4010 detector
by Bruker AXS (Germany).

Results and discussion

Thin films of pure polymers PVP and PMMA, Alq;:polymer
(PVP or PMMA), ZnO:polymer (PVP or PMMA) and
ZnO:Alqs:polymer (PVP or PMMA) composites were
deposited on silicon substrates by dip-coating method. Iso-
propanol and tetrahydrofuran (THF) were used as solvents.
It was found that isopropanol is a good solvent for PVP and
Alqs, while THF (Bistac and Schultz 1997) was more suit-
able for PMMA and Alq; samples preparation. It should be
noted that dip-coating method used for the production of thin
films is not only a simple technique, but also very useful for
creating smooth layers of composite materials (Cuba and
Muralidharan 2014a; Szczesny et al. 2016).

FTIR spectra measured for thin films of pure polymers,
Algs:polymer (PVP or PMMA), ZnO:polymer (PVP or
PMMA) and ZnO:Alqs:polymer (PVP or PMMA) com-
posites are presented in Fig. 1. The peak positions and the
assigned vibration modes are summarized in Table 1.

The characteristic vibration mode for pure Alq; lay-
ers are: a wide band observed around 3414 cm™! (caused
by characteristic OH stretching vibrations), a band at
3047 cm™' (attributed to (C—H) stretching vibrations in the
Alq; aromatic ring), a band at 1601 cm™! (C=C), bands
at 1582 cm™', 1491 cm™! and 1425 cm™! (result from the
conjugated action of aromatic rings in the Alq; molecule),
bands at 13701250 cm™! (C-N-C bond), band at 758 cm™"
(Al-O-Al), bands at 557—-644 cm™' (Al-O) and band at

—_
=2
~
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Table 1 Peak positions and the assigned vibration modes for polymers and Alq;, ZnO and ZnO:Alq; thin layers in polymer matrices: PVP and

PMMA (pp—peak position, vm—yvibration mode)

PVP Alq;:PVP ZnO:PVP Zn0:Alq;:PVP
pp [em™'] vm pp [em™'] vm pp [em™'] vm pp [em™'] vm
735 p(CH,) 445 WAI-N) 512 v(Zn-0) 436 UWAI-N)
958 Y(C-0) 557:604;678 V(AI-0) 738 p(CH,) 457 V(Al-0)
996 ®(CH,) 585 5(N-C=0) 1104 ©(CH,) 520 1(Zn-0)
1097 ©(CH,) 743 v (AI-O-Al) 1163 Y(C-0-C) 585 5(N-C=0)
1172 U(C-0-C) 813-836 8(CH,) 1287 Y(C-0) 781 v (AI-O-Al)
1277 U(C-0) 1032 8(C-C) 1372 ©(CH,) 958 5(C-C)
1377 ©(CH,) 1368 8(C-H) 1687 Y(C=0) 1023 5(C-C)
1732 Y(C=0) 3100-3600 V(OH) 30002800 8(C-H) 1163 v(C-OH)
2924 8,,(C-H) 1368 85(C-H)
2943 8,,(C-H) 1730 UC=0)
2933 U(CH,)
3200-3600 V(OH)
PMMA Alg;:PMMA ZnO:PMMA ZnO:Alq;:PMMA
pp [em™'] vm pp [em™'] vm pp [em™'] vm pp [em™'] vm
750 5(C-C) 426 WAI-N) 512 v (Zn-0) 463 UWAI-N)
836 V(CH,) 613 V(AI-0) 738 p(CH,) 510 v(Zn-0)
986 8(0-CH,) 750 5(C-C) 816 V(CH,) 557-604 v (Al-0)
1144 UC-0-C) 752 v (AI-O-Al) 970 8(0-CH,) 752 5(C-C)
1237 UC-0-C) 827 V(CH,) 1150 Y(C-0-C) 790 v (AI-O-Al)
1433 85(C-H) 995 8(0-CH,) 1279 UC=0) 980 8(0—CH,)
1489 V(CH,) 1140 YC-0-C) 1448 V(CH,) 1107 V(C-OH)
1635 UC=0) 1218 Y(C-0-C) 1726 UC=0) 1144 UC-0-C)
1712 UC=0) 1256 V(C-N-C) 1247 V(C-N-C)
2853 8(C-H) 1489 5(C-H) 1386 5(C-H)
2961 8(C-H) 1732 YC=0) 1741 UC=0)
3000 85(C-H) 2952 8(C-H) 2961 5(C—H)
3100-3600 V(OH) 3200 V(OH)

about 460 cm™' (AlI-N) (Cuba and Muralidharan 2014b).
Typical bands for ZnO annealed at 500 °C are presented
in Ref. (Sypniewska et al. 2020). From Fig. 1 and Table 1,
we can see that in the FTIR spectrum of ZnO:Alqs:polymer
thin film exists a contribution coming from the polymer
matrix and the corresponding Alq; and ZnO bands. FTIR
measurements thus confirm the presence of all constituent
composites.

Figure 2 shows the topographic images for all studied
samples obtained by the Atomic Force Microscopy, while
Table 2 presents the calculated roughness parameters R, and
R, (see also subsection 2.3).

For the pure polymers, the parameter R, is in the range
of 1.3-2.5 nm, and Rq takes the values 1.8-3 nm. After add-
ing Alq; and ZnO to the polymer matrices, a substantial
increase in the R, and R, parameters is observed. In the
case of ZnO:Alq; in PVP thin films, the island shape was
scattered. Similar behavior was found by Kim et al. (2019).
However, their obtained Rq value for the PVP-ZnO thin
layer is 5.0 nm, which is slightly lower compared to our film.

The morphology of the investigated thin layers is shown
in Fig. 3. These SEM images confirm that we obtained
smooth layers for the PVP and PMMA polymers (see
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Fig. 3a, b). ZnO particles visible in Fig. 3h are unevenly
distributed on the surface of the samples. We found that
for ZnO:polymer and ZnO:Alq,:polymer samples, the ZnO
crystallite size is the largest for the PMMA polymer. The
ZnO agglomerates in the PMMA polymer have a lateral
size of about 2—-3 pm. This is not evident in the PVP poly-
mer as this polymer prevents the formation of agglomerates
(Koczkur et al. 2015). SEM micrographs for Alq;:PMMA
and ZnO:Alq;:PMMA show Alq; agglomerates with elon-
gated shape, which are not noticeable in the case of the PVP
polymer.

EDX mapping analysis of ZnO:Alq;:PVP and
Zn0:Alq;:PMMA are shown in Fig. 4. It should be men-
tioned that the EDX analysis complements the SEM and
AFM studies. From these mapping, we can see how the
individual particles containing Zn and Al in their composi-
tion are distributed on the sample surface. EDX shows that
agglomerates containing Zn and Al are formed for the sam-
ple with the PMMA polymer, which is not observed for the
PVP polymer matrix.

Spectroscopic ellipsometry (SE) allows determining the
optical constants, such as the refractive index (n) and the
extinction coefficient (k). These constants were determined
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(g) ZnO:Alg::PVP (h) ZnO:Alq::PMMA

Fig.2 Surface topography obtained from AFM (5 x 5 um?) of: pure
polymers a PVP, b PMMA, respectively; Alq; in the polymer matrix
of: ¢ PVP, d PMMA, respectively; ZnO in the polymer matrix of: e
PVP, f PMMA, respectively; ZnO:Alqs in the polymer matrix of: g
PVP, h PMMA

using the silicon/silicon oxide/Alqs;:polymer layer/rough
layer/ambient or silicon/silicon oxide/ZnO:Alq;:polymer
layer/rough layer/ambient optical model of the sample.
We used the Gaussian and Tauc—Lorentz oscillators (for

Table2 Values of roughness parameters R, and R, as well as the val-
ues of a thickness (d) and optical energy band gap (E,)

Sample Rq [nm] R, [nm] d [nm] Eg [eV]
PVP 3.0 2.5 - -
Alq;:PVP 8.7 7.5 1161  2.74+0.02
ZnO:PVP 8.9 8.5 135+1  5.14+0.04
Zn0:Alq;:PVP 8.8 12.0 1101  2.79+0.02
PMMA 1.8 1.3 - -
Alq;:PMMA 2.7 2.9 102+1  2.99+0.02
ZnO:PMMA 4.0 2.0 84+1 4.45+0.02
Zn0:Alq;:PMMA 10.8 8.6 114+1 3.13+0.03

ZnO:polymer layers) to parametrize the dispersion proper-
ties of n and k.

Figure 5 presents the refractive index (n) as a function
of photon energy for all studied thin films. One can see
that the refractive index exhibits normal dispersion in the
spectral range up to 3.0-3.2 eV, and it shows anomalous
dispersion at energies above 3.2 eV. Plots for ZnO:polymer
show the shapes typical of PVP and PMMA polymers due
to insufficient number of ZnO particles on the sample sur-
face. In addition, we can notice that the values of the refrac-
tive index of ZnO:Alq;:PVP and ZnO:Alq;:PMMA are
higher compared to Alq;:PVP, Alq;:PMMA, ZnO:PVP and
ZnO:PMMA in normal dispersion region. We also found that
the n values for Alq;:PVP, ZnO:PVP and ZnO:Alq;:PVP
are higher compared to studied materials in PMMA
matrix. Similar shapes of refractive index are obtained for
Alq;:PVP and Alq;:PMMA, as well as for ZnO:Alq;:PVP
and ZnO:Alq;:PMMA.

Figure 6 shows the extinction coefficient (k) as a function
of the photon energy for studied samples. In the spectra for
two-component thin layers, Alqs:polymers, three bands are
observed: two strong ones in the ranges of 2.3-3.7 eV and
4.3-5.2 eV and weak bands in the range of 3.7-4.3 eV. Band
in region of 2.3-3.7 eV (called A band) is connected with
a transition from a ground state to an excited state and is
attributed to the n—xt* excitation involving molecular orbit-
als of the quinolinate ligands. The location of the second
band 4.3-5.2 eV (B band) suggests the presence of a p-band
associated with the central metal atoms, where the transi-
tion p—x* is more prominent. Weak bands in the range of
3.7-4.3 eV (called C and D bands) are identified with vibri-
onic progression due to the deformation mode of the electron
transition ring. These bands can be attributed to different
electronic transitions than the main strong bands.

From Fig. 6, we can also see a redshift of only A
band (i.e. from 3.1 to 3.3 eV) for Alq;:PVP compared to
Alqg;:PMMA. For samples ZnO:Alq;:polymer we observe
only two main bands 2.2-4.3 eV and 4.3-5.3 eV. In addi-
tion, we can observe the redshift of extinction coefficient
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Fig.3 SEM micrographs of thin
films of: pure polymers a PVP,
b PMMA, respectively; Alq; in
the polymer matrix of: ¢ PVP,

d PMMA, respectively; ZnO in
the polymer matrix of e PVP, f
PMMA, respectively; ZnO:Alq;
in the polymer matrix of: g
PVP, h PMMA, respectively

_—

(a) PVP (b) PMMA

(c) Alqs:PVP (d) Alq::PMMA

(e) ZnO:PVP (f) ZnO:PMMA

(g) ZnO:Alqs3:PVP (h) ZnO:Alq3;:PMMA
of ZnO:Alq;:PVP compared to ZnO:Alq;:PMMA. In addi- Figure 7 presents the Tauc plots of the studied thin
tion, in the case of ZnO:Alq;:PMMA, an additional band  films as a function of photon energy with the extrapola-
at 5.2 eV can be seen due to visible band in Alq;:PMMA. tion of the linear part of the (ahv)? relation (where o is
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Fig.4 EDX mapping analysis
images for a ZnO:Alq;:PVP
and b ZnO:Alq;:PMMA thin
films. The Zn particles are

blue and Al are purple for the
Zn0:Alq;:PVP sample (a) for
the ZnO:Alq;:PMMA sample,
Zn particles are also blue, while
Al-containing areas are red (b)

g zn

ZAPVP_2000x_map
MAG: 2000 x HV: 28.0 KV WD: 25.0 mm

(a) ZnO:Algs:PVP

1.70 7—=r == -PMMA
——Algy:PVP - = -Alq3:PMMA
Zn0:PVP - = -ZnO:PMMA
2Zn0:Alqy:PVP 2Zn0:Alg;:PM

1.65 1

160— - ; 7 // ,
0 15 20 Y X
Photon energy [eV]

Refractive index

1.55

1.50 T T T T

Photon energy [eV]

Fig.5 Refractive index (n) versus photon energy for thin films Alqgs,
Zn0O and ZnO:Alq; in PVP and PMMA polymer matrix, respectively

0.08

—Alq:PVP - -~ Alq;:PMMA N
ZnO:PVP - - - ZnO:PMMA o
- ZnO:Alq,:PVP- - - ZnO:Alq,:PMMA
: 3 '3
.2 0.06
L
&=
[
8
p 0.04 -
(=]
=
o
£
R 0.024
11]
0.00 4——==
2 6

Photon energy [eV]

Fig.6 Extinction coefficient versus photon energy for thin films Alqs,
Zn0 and ZnO:Alq; in PVP and PMMA matrix

absorption coefficient calculated from a = 78y The deter-
mined values of optical energy band gap (E,) are shown in
Table 2. Prepared thin layers of Alq; in a polymer matrix
were found to exhibit the energy gap of 2.74 eV for PVP

8 zn

ZAPMMA_2000x_map
MAG: 2000 x HV: 28.0 kV WD: 25.0 mm

(b) ZnO:Algs;:PMMA

and 2.99 eV for PMMA. These values are similar to those
reported by Cuba et al. (Cuba and Muralidharan 2014b),
ie. E,=2.87 eV for Alqs film prepared by dip-coating
method. For ZnO:Alqs;:polymer thin layers, the energy gap
were determined as 2.79 eV for the PVP polymer matrix,
and 3.13 eV for the PMMA polymer. Increasing the optical
energy gap has the effect of shifting the absorption threshold
toward the shorter wavelengths, along with the decreasing
particle size. This relationship is called the quantum size
effect. It also leads to an increase in the molar absorption
coefficient, which is related to the overlapping of the wave
functions of the charge carriers (Trindade et al. 2001). We
found that the values of E, are 5.14 eV and 4.45 eV for the
ZnO:PVP and ZnO:PMMA, respectively. These values are
approximate for the literature values of energy band gaps in
the range given by Baskoutas et al. (~5-7 eV) for the PVP
polymer (Vempati et al. 2013; Baskoutas and Terzis 2006)
and 4.9 eV for PMMA (Aziz et al. 2017).

Figure 8 shows the photoluminescence spectra for
thin films of pure PVP and PMMA, Alq;:polymer
(PVP or PMMA), ZnO:polymer (PVP or PMMA) and
ZnO0:Algs:polymer (PVP or PMMA), which were obtained
using an excitation wavelength of 325 nm at room
temperature.

A typical Alqg; luminescence spectrum is characterized
by a single broad peak in the range of 2.13-2.75 eV with a
maximum at ca. 2.38 eV (Cuba and Muralidharan 2014a).
On the other hand, PL spectrum of ZnO layer demonstrates
two bands: a strong emission band focused around 3.26 eV
due to the emission of a free exciton and second band at
2.58 eV to 1.55 eV (yellow—orange emission) (Sypniewska
et al. 2020). In the case of Alqs:polymer (PVP or PMMA)
samples, it can be supposed that the final luminescence spec-
trum is the combination of the typical spectrum of the Alq;
and the one of the pure polymer. The addition of polymer
to Alq; caused the luminescence maximum to shift toward
higher energies, 2.46 eV for PVP and 2.45 eV for PMMA.
After the addition of ZnO, the maxima for the three-com-
ponent layers were not changed. In the case of the ternary
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Fig.8 PL spectra for PVP, PMMA, as well as Alq;, ZnO and
Zn0:Alq; in PVP and PMMA polymer matrix, respectively

samples for PVP polymers, an increase in the intensity of
luminescence can be noticed compared to the samples with
Algj alone. Such enhancement may result from compatible
energy levels of the organic and inorganic material. They can
also be attributed to the distortion caused by the incorpora-
tion of ZnO over the Alq; molecules (Cuba and Muralid-

haran 2014b).

Conclusions

The main object of the present work was to develop a new
hybrid organic—inorganic structure, which can be used in the
production of innovative OLED devices.

The AFM and SEM measurements show that relatively
smooth layers were obtained for the PVP and PMMA poly-
mers. Thin layers with smooth surfaces of Alqs;, ZnO and
ZnO:Alq; were also successfully prepared in PVP and
PMMA polymer matrices using the dip-coating method.
In addition, the sizes of the visible ZnO crystallites in the
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and 4.3-5.2 eV and weak bands in the range of 3.7-4.3 eV.
For samples ZnO:Alq;:polymer, we can see two main bands
2.2-4.3 eV and 4.3-5.3 eV. In addition, the optical energy
band gaps were determined for the thin layers under study
and were equal to 2.74 eV and 2.99 eV for Alq;:PVP and
Alq;:PMMA, respectively. For the three-component layers,
we obtained the E, values as 2.79 eV for the PVP polymer
and 3.13 eV for the PMMA polymer. Measurements of PL
of Alqs in polymer matrices under 325 nm excitation showed
a blue shift in relation to pure Alqs layers.

In conclusion, after analysing the produced thin films and
examining their optical and structural properties, we found
that PVP would be a better polymer for OLED applications.
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