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ARTICLE INFO ABSTRACT

The work is focused on power efficiency and luminance of polymer light-emitting diodes (PLED) based on
polymer matrix and nanoparticulate filler. As polymer matrices poly[2-methoxy-5-(2-ethylhexy-
loxy)-1,4-phenylenevinylene] (MEH-PPV) and poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadia-
zol-4,8-diyl)] (F8BT) were used. Nanofillers, aluminium-doped ZnO nanoparticles, were prepared by mi-
crowave-assisted polyol method and characterized by XRD, SEM, and TEM. Obtained nanoparticle colloids were
mixed with dissolved polymer. Then, nanocomposite active layers of prepared PLEDs were spin-cast in one pro-
cessing step. Specific optoelectronic and electric properties of nanocomposite materials and performance of PLED
devices were investigated using UV-Vis absorption, photoluminescence, energy-resolved electrochemical imped-
ance spectroscopy (ER-EIS), and I-V and luminance measurements. The addition of Al-doped ZnO nanoparticles
PLED improved power efficiency of diodes exhibiting an order of magnitude enhancement in electroluminescence in-
tensity, luminance (from 1 900 to 20 700 cd/m? for MEH-PPV and from 4 600 to 38 000 cd/m? for F8BT) and
had pronounced effect on opening bias voltage of final devices. In addition, two effects of nanoparticulate dop-
ing were revealed. The first, specific one, related with electronic structure of used nanoparticles. The second,
non-specific, which indirectly contributes to structural ordering of the polymer matrix. Observed phenomena are
related to electronic band structure affected by the addition of nanoparticles as revealed by ER-EIS.
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1. Introduction

Polymer light-emitting diodes (PLEDs) achieve high brightness and
efficiency and their operation lifetimes improve rapidly [1]. This is al-
lowed due to the enormous development of solution-processable mate-
rials based on polymers. Such materials combine excellent processabil-
ity, appropriate physical properties, and sufficient efficiency to prepare
devices fulfilling the following features: high-luminance efficiency, full
colour/large-area display, wide-viewing angle, lightweight and trans-
parency and low power consumption [2-6]. Moreover, PLEDs open new
potential applications such as wallpapers emitting light on-demand, flex-
ible displays, easy integration into the interior of cars, home furniture,
for example in kitchens and bathrooms, allowing revolutionary lighting
design [7].
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In general, organic and polymer materials are soft and frail and can
undergo degradation when exposed to moisture and atmospheric oxy-
gen [8]. This issue can be easily solved if rigid technologies are used
and whole processes are conducted in an inert atmosphere. Finally, an
encapsulation protects a device against interaction with the external en-
vironment. Despite substantial progress and improvement that has been
made in this scientific field, some challenges remain. Among others, effi-
cient charge carrier transport, electron-hole balance and recombination,
and proper bandgap adjusting are the most challenging [9-11]. The
working efficiency of PLED devices (the external quantum efficiency,
neqe) can be described by the following equation [7]:

NEQE =V *Ns/T * Deff * Mout (@9)]

where y is a factor expressing whether the charges are in equilibrium;
ns,1 is the ratio of singlet and triplet excitons; ge is a factor representing
the efficiency of excitons contributing to radiative recombination; 7oy
indicates the number of irradiative photons.

The majority of conjugated polymers applied in PLEDs are p-con-
ductive; thus, the major carriers are the positively charged holes. The
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charge carrier balance can be improved by the introduction of donor
molecules, donating comonomers, and very easily by the addition of
suitable nanoparticles [12,13]. If the p-conductive nanoparticles are
incorporated into the polymer matrix, it is expected that the ratio of
electrons and holes will shift more in favour of the positively charged
holes, which can improve the mobility of holes that pertinently influ-
ence the opening voltage and also the conductivity of the entire device.
On the opposite side, if the n-conductive nanoparticles are introduced
into the polymer matrix, it is expected that the ratio of electrons and
holes will shift more in favour of the negatively charged carriers. If the
ratio of carriers is appropriately balanced, the efficiency of devices is im-
proved, and the luminance is increased. For these reasons, nanocompos-
ite materials consisting of conducting polymers and inorganic nanopar-
ticles have attracted great interest and considerable research because
of their high potential for optoelectronic and photovoltaic applications
[14-20].

Applicable nanoparticles in electronic devices can be based on zinc
oxide, which is an II-VI semiconductor with a direct bandgap of ca.
3.37 eV and a large exciton binding energy (about 60 meV). Due to
these characteristics, along with high thermal stability [21], zinc oxide
has already been demonstrated as a promising material for versatile ap-
plications in optoelectronic and piezoelectric devices [22].

Doping of zinc oxide with various metals provides an effective path-
way for tuning its optoelectronic properties [23,24]. Due to interest-
ing optoelectronic properties [25], aluminum-doped ZnO is widely stud-
ied for its application in optoelectronic devices [25-30]. For these pur-
poses, the homogeneity and stability of prepared nanoparticles and their
dispersibility and are considered crucial and decisive properties for the
preparation of thin nanocomposite films. From this point of view, the
nanoparticles synthesis method is one of the critical factors that affect
the performance of final devices. It has already been reported that mi-
crowave-assisted syntheses provide well defined nanocrystalline parti-
cles [31]. For example, Hammarberg and coworkers reported MW-as-
sisted polyol synthesis of nanocrystalline aluminium-doped ZnO
nanoparticles with sizes of about 9-15 nm [32].

In previous work, we synthesised ZnO nanoparticles doped by Co
and Fe atoms and studied their optoelectronic properties [33,34]. The
bandgaps of the nanoparticles were successfully tailored, and their sta-
bility and homogeneity of prepared nanodispersions were achieved. It
was also found to be beneficial for their utilisation in PLED devices with
high performance in both studies; mainly because one technological step
could be omitted and active layer with better transport properties is cast
in one step.

In this paper, we present an extensive study wherein we synthesised
aluminium-doped ZnO nanoparticles using the facile microwave-assisted
polyol method introduced in the previous work [35]; and prepared
thin nanocomposite films based on polymer matrices and doped ZnO
nanoparticles. As polymer matrices, the MEH-PPV (a representative of
p-type semiconductor polymers) and F8BT (an example of a balanced
p- and n-type semiconductor copolymer) were used because both ma-
terials are prototypical electroluminescent conductive polymers which
have been widely studied and still serve as model materials for under-
standing the complex behaviour [36-38]. The influence of the nanopar-
ticles and the aluminium dopant concentration on the PLED perfor-
mance were investigated. Observed strong positive effects in the PLEDs
devices performance are correlated to the electronic structure of poly-
mers, nanoparticles and polymers/nanoparticle composite layers charac-
terised by the energy-resolved electrochemical impedance spectroscopy
(ER-EIS) which was proven extremely powerful for electronic structure
studies [39-41], even in the field of corrosion control [42,43], and
other optical spectroscopic methods.

2. Materials and methods
2.1. Chemical compounds

Zinc acetate dihydrate (Zn(OAc),2H,0, p.a., M,, = 219.51 g/moll),
diethylene glycol (p.a., DEG), oleic acid (p.a. M,, = 282.46 g/moll),
toluene (p.a.), and methanol (p.a.) were purchased from PENTA Czech
Republic. Aluminum(Ill) acetylacetonate (Al(II)(Acac);, 99%,
Mw = 324.31 g/mol'), and MEH-PPV - Poly[2-methoxy-5-(2-ethyl-
hexyloxy)-1,4-phenylenevinylene] (Mw = 40 000-70 000 g/molb),
F8BT - Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3] thiadia-
zol-4,8-diyl)] (Mw = 15 000-25 000 g/moll) were obtained from
Sigma-Aldrich. PEDOT:PSS (poly(3,4-ethylenedioxythiophene)poly-
styrene sulfonate - Clevios™ P AI 4083) was supplied by Heraeus.

2.2. Synthesis of nanoparticles

The synthesis of Al-doped ZnO nanoparticles was carried out in a
PTFE-lined microwave reactor ERTEC Magnum II (600 W; 2.45 GHz).
A typical reaction was performed as follows. Zn(OAc),2H,0 (0.721 g,
3.28 mmol) was mixed with 50 ml of diethylene glycol (DEG), and then
Al(IIT)(Acac)s (0.119 g, 0.36 mmol) and oleic acid (0.653 g, 2.31 mmol)
was added into the stirred solution. Teflon lined vessel with reaction
precursors suspension was placed into the microwave reactor and tightly
closed. Then the microwave power (100%) was applied for 15 min, and
the reaction mixture was heated up to 250 °C. In the Supplementary
Info, see the MW record for details (Fig. S1). When the reaction mix-
ture was cooled down to reaction temperature, the product was sepa-
rated by centrifugation and washed with methanol. The resulting white
or white-yellowish precipitate (0.296 g) was dried in an oven at 80 °C.

2.3. Characterisation of nanoparticles

The UV-Vis measurements were performed on a Perkin-Elmer
Lambda 1050. The optical bandgaps were determined using Tauc plot
analysis from data sets achieved by DR-UV/VIS measurements. The
powder XRD patterns were recorded on a Rigaku MiniFlex 600 dif-
fractometer equipped with a CoKa (A = 1.7903 A) X-ray tube (40 kV,
15 mA). Data processing and crystal size calculations were done with
Rigaku PDXL2 software. The average size of AlyZn;,O crystallites was
evaluated using the Scherrer's formula, d = Ki/fcosd, where d is the
crystallite size, K is a grain shape-dependent constant (0.94), 1 is the
wavelength, ¢ is a Bragg reflection angle, and $ is the full-width
half-maximum (in 20 scale). The observed line broadening was corrected
to intrinsic sample broadening by instrumental function using B-spline
background subtraction and Split pseudo-Voigt peak shape function. The
crystallite sizes were also calculated by Williamson-Hall method using
the external LaBg standard. Obtained size of the diffracting area was
rounded to nanometer units expressing thus the estimated precision.
Transmission electron microscopy was carried out on a JEOL JEM 2100
microscope operated at 200 kV (LaBg cathode, point resolution 2.3 A)
equipped with OLYMPUS SYS TENGRA camera (2048 x 2048 pixels).
An OLYMPUS Soft Imaging Solutions software was used for the par-
ticle size distribution calculations. The sample for TEM analyses was
prepared by dropping of Al,Zn; O dispersions on carbon-coated cop-
per grids (300 mesh) and subsequently dried at 80 °C for 1 h. The SEM
images and EDX analysis of calcined (400 °C) Al,Zn; 4O powders were
recorded on a Nova NanoSEM (FEI) apparatus with a Schottky field
emission electron source (0.02-30 keV) and a TLD detector at 5 kV.
EDS platform Octane plus (SDD detector) by EDAX, AMETEK, Inc. was
used for EDX analysis. Photoluminescence (PL) spectra of AlyZn; 4O dis-
persions were collected at fluorescence spectrometer FLS920 from Ed-
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inburgh Instruments, (excitation laser 332.2 nm; Xe lamp excitation
515 nm).

2.4. Thin film deposition and device preparation

The polymers (F8BT and MEH-PPV; 10 mg in all cases) were dis-
solved in 3.5ml of AlyZn;,O nanodispersion containing 10 mg of
nanoparticle powder and homogenised in an ultrasonic bath. The weight
ratio of polymer/Al,Zn; 4O in the nanocomposites were set to 1:1 in
all solutions. Thin layers of polymer/AlyZn; 4O nanocomposites were
cast onto ITO substrates by spin coating technique as follows: 120 pl of
nanocomposite solution was dropped onto the substrate spinning at the
speed 1000 rpm. The duration of the spin coating process was 30 s. Af-
ter deposition, the layers were dried in an inert atmosphere at 100 °C
for 2 h. The thicknesses of the composite layers were measured by a pro-
filometer with resolution 1 nm. For the sake of comparison, the layers of
pure F8BT, F8BT/ZnO-NPs, MEH-PPV and MEH-PPV/ZnO-NPs respec-
tively were deposited as well.

The PLED devices with a composite active layer consisted of poly-
mer/Al,Zn; O were prepared in an inert (N,) atmosphere as follows:
Standard patterned ITO substrates (Ossila Ltd.) with six active pixels
were used for device fabrication. PEDOT:PSS was filtered through a
0.45 pm PVDF filter before being deposited as HTL (hole transporting
layer) by standard procedure. The solution of polymer/AlyZn 4O in
toluene (100 pl) was deposited onto the HTL layer by spin coating at
1000 rpm using Laurell WS-650-MZ-23NPP followed by drying at 150 °C
on a hot plate. In consequence, a magnesium cathode was sputtered by
Quorum Technologies Q300TT sputter-coater. All PLED devices were en-
capsulated by an epoxy resin prior to removing them from the protective
atmosphere. The whole process of sample preparation was carried out in
a glove box JACOMEX GP Concept, keeping relative partial pressure of
H,0 and O, below 10 ppm.

2.5. Thin-film characterisation

The thickness of the layers was measured on a profilometer Dektak
XT-E (Bruker) with 1 nm resolution. The novel ER-EIS method [39],
was used to map the density of states (DOS) in MEH-PPV, MEH-PPV/
ZnO and MEH-PPV/ALZn; O, F8BT, F8BT/ZnO and F8BT/Al,Zn; O
nanocomposite layers. Then, the layers for this analysis were deposited
onto non-patterned ITO substrates by spin coating in the glove box de-
scribed above. The ER-EIS method is based on the measurement of the
charge transfer resistance, R, of a semiconductor/electrolyte interface
at a frequency where the redox reactions determine the real component
of the impedance. Further, the DOS function g(E) in the semiconduc-
tor at the electrochemical potential Ef reqox = €U is given in terms of R,
measured at the applied voltage U as [39]

1
8 (Eredon = €U) = o T TATSE, @
where e is the elementary charge, k. is the charge-transfer rate con-
stant, [A] is the concentration of the electrolyte redox (donor/acceptor)
species in the interphase region of the solid/liquid contact, and S is the
sample area. The reciprocal value of the R resistance measured as a
response to the harmonic perturbation with the amplitude dU, and an
appropriate frequency provides direct information about the electronic
DOS at the energy-adjusted using an external voltage.

The impedance/gain-phase analyser Solartron analytical, model
1260 was used for the ER-EIS experiment. The frequency was set to
0.5 Hz, the amplitude of AC voltage, dU, was 100 mV, and the average
sweep rate of the DC voltage ramp was 10 mV s~1. The measurements
were performed in a glove box with protective N, atmosphere (oxygen
and moisture below 20 ppm and 2 ppm, respectively) using a common
three-electrode electrochemical cell with a volume of about 200 pl. The

solution of 0.1 M TBAPF6 in acetonitrile was used as the supporting
electrolyte. The potential of the working electrode with respect to the
reference Ag/AgCl electrode was controlled via the potentiostat. Pt wire
was used as the counter electrode. The potential recorded with respect
to the reference Ag/AgCl electrode can be recalculated to the local vac-
uum level assuming the Ag/AgCl energy vs vacuum value of 4.66 eV.

2.6. SEM analysis of diodes

Description of experimental sample preparation and the cross-sec-
tioned images of prepared PLED are placed in Supplementary Materi-
als.

2.7. Characterisation of device performance

Measurement of PLED performance was performed by utilising the
Source Measure Unit (SMU) XTralien X100 (Ossila Ltd.). The J-V-L (cur-
rent-voltage-luminance) characteristics were measured simultaneously.
Electroluminescence spectra and intensity of PLEDs were measured us-
ing the integrating sphere (Avantes AvaSpec 2048 fibre spectrometer)
under forwarding bias 10 V powered by the SMU.

The current efficiency, CE, is obtained as the ratio of the luminance
Lyprrp and the current density. Lyprgp is obtained by calculation from
luminous intensity and area of tested PLED pixel. The method of lumi-
nance and current determination is described in Supplementary Mate-
rials in more details.

3. Results and discussion
3.1. Al,Zn;_,O nanoparticle syntheses and characterisation of products

Aluminium doped ZnO nanoparticles (AlyZn; O, x = 0.01, 0.05,
0.1) were prepared by microwave-assisted thermal decomposition of
zinc acetate dihydrate and Al(II) acetylacetonate in diethylene glycol
(DEG) with the use of oleic acid (OA) as a surfactant. The precursors
and the surfactant amounts are detailed in Table 1. This method pro-
duces stable nanodispersions applicable to further PLED development
[33,35].

The XRD patterns displayed in Fig. 1 show diffraction lines of pure
ZnO and Al,Zn; 4O samples. Positions of all diffraction lines (at 26 an-
gles 37.04°, 40.26°, 42.29°, 55.76°, 66.69°, 74.56°, 78.98°, 80.91°, 82.38°
as obtained with CoKa radiation source) identified in the diffractogram
by the Miller indices of corresponding planes are in accordance with
the hexagonal wurtzite phase of ZnO diffraction pattern (PDF 36-1451).
Furthermore, neither phase separation of Al,0O3 nor other diffractions
related to a dopant or unreacted precursor were observed. Lattice para-
meters for ZnO and AlyZn; 4O nanoparticles are given in Suplementary
materials in Table S2.

The morphology of prepared nanoparticles was studied by transmis-
sion electron microscopy. TEM images of ZnO and AlxZn1-xO nanopar-
ticles are displayed in Fig. 2. Observed nanoparticles are well defined.
The formation of small single layer agglomerates can be ascribed to the
evaporation of toluene solvent within TEM sample preparation. The av-
erage particle size of prepared nanoparticles was estimated from TEM

Table 1
The molar amounts of precursors and surfactant in reaction solutions.

Sample nz, [mmol] ny [mmol] npa [mmol]
Al1ZnO 3.58 0.05 2.63
Al5ZnO 3.46 0.18 2.28
Al10ZnO 3.45 0.36 2.31
ZnO 3.67 - 2.04
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Fig. 1. Powder XRD patterns of pure ZnO and AlyZn; ,O nanopowders. Observed diffrac-
tions match with the hexagonal wurtzite phase of ZnO.

images. These values are compared with the average crystallite size
calculated from XRD diffraction line broadening patterns (Fig. 2) by
Scherrer formula (Table 2) as described in paragraph 2.3. Moreover,
the Williamson-Hall method was employed for the crystallite size calcu-

lation and obtained values are given in Table 2. The average particle
size of ZnO and Al,Zn; 4O estimated by two methods does not show sig-
nificant differences. The elemental composition of prepared nanoparti-
cles was verified by SEM EDX and corresponded to the aluminium con-
tent calculated from the initial precursor concentrations (see Table 2,
Fig. S3 and Table S2 in Supplement file).

TEM nanoparticle size is expressed with the standard deviation while
the XRD calculated values are rounded to unit nm, the x* was calcu-
lated from the ratio na/(na; + nzy) in the source solution, and the x?
was experimentally verified by SEM EDX, where the at% found by EDX
were used in npy/(na + nzy) calculation. Crystallite size expressed by
the Williamson-Hall method [44].

The UV-Vis spectra of ZnO and Al,Zn; 4O nanodispersions in Fig.
3a show strong absorption in UV region and a shift of the absorption
band maximum toward lower wavelengths with increasing Al dopant
content. It seems that the absorption band edge blue-shifts too. This hyp-
sochromic shift is similar to that reported in [45] and indicates that the
A%+ ions are located in lattice sites substituting Zn?* positions. Substi-
tution of Zn atoms in ZnO by Al, an element belonging to the p-block
of elements in the periodic table (group 13, a post-transition metal)
results in the n-type doping. The optical bandgaps were estimated us-
ing Tauc plots derived from the DRUV-Vis spectra in Fig. 3b. To es-
timate the direct bandgap energy, the linear part of the curve was ex-
trapolated to [F(R).E]®> = 0, where the F(R) represents Kubelka-Munk
remission function. Compared to undoped ZnO nanoparticles

AIM0Zn0O

Fig. 2. TEM images of pure ZnO and AlyZn; 4O nanoparticles. Scale bar: 20 nm.
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Table 2

The particle size characterisation, bandgaps of AlZn; 4O products, and the Al dopant concentrations in the particles.

TEM nanoparticle size XRD apparent crystallite size (Scherrer) XRD crystallite size Williamson-Hall method Al content x Bandgap
Sample [nm] [nm] [nm] [at %] [eV]
x¢ xb
calculated EDX
Al1ZnO 10 £ 2 12 9.8 1.28 1.4 3.12
Al5ZnO 10 £ 2 10 7.9 5.24 5.7 3.14
Al10ZnO 9+2 10 8.7 9.89 10 3.16
ZnO 85+ 13 10 8.5 - - 3.23
—a—Zn0 ] —=—zno
200
_D_:"z"n { o A1ZNO
= = AR 1 =e—ASInD
E —0—Al102n0 _ ] —o—mnozno
o 1504
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<E ]
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Fig. 3. a) UV-Vis spectra of ZnO and Al,Zn;_,O nanodispersions. The arrow marks the wavelength 332 nm. b) Plot of [F(R)*E]? versus photon energy (E) for ZnO and Al,Zn;_,O nanopar-
ticles. To obtain the bandgap values, the linear part of the curve was extrapolated to [F(R)*E]? = 0.

(8.23 eV), pronounced shift to lower energies in the bandgap values
of Al-doped ZnO nanopowders was evidenced (Fig. 3, Table 2). Both
trends of lowering [46] and increasing [27,30] bandgap energy can
be found in the literature. This behaviour is proposed to be a result of
a specific structure of prepared AlyZn,,O, which is caused by differ-
ent conditions of the reaction procedure. Moreover, the estimation of
the bandgap energy may be influenced by the evaluation method. The
use of DRUV-Vis data is more sensitive for the band edge changes than
the use of UV-Vis absorption measured on colloidal samples. The dif-
ference between a dry sample in air and particles dispersed in a lig-
uid with a higher refraction index may play a role as well. A plausible
explanation of the observed feature is the distortion of the conductive

il Tl

== AN Zn0
—— ST
=0 A OZ R0

Intensity {a.u.)

400
Wavelength (nm)

360 380

band structure by the formation of new shallow states and partial filling
of the conduction band [47].

Room temperature photoluminescence spectra (Fig. 4) were mea-
sured with the use of laser source with excitation wavelength 332.2 nm.
The PL spectra illustrated on the left in Fig. 4, show that the PL inten-
sity is increasing with the content of Al dopant. At the same time, a shift
of UV emission PL peak toward lower wavelength is observed.

The energy of emission maximum shifts from 377 nm (3.29 eV) for
neat ZnO to 367 nm (3.38 eV) for Al10ZnO. Surprisingly, the energy of
this transition is larger than the bandgap estimated from the Tauc plot.
In this region, many emission origin mechanisms are possible. Radia-
tive recombinations from zinc vacancies, donor-bound excitonic (DBE)

Normalised intensity (-)

380 400
Wavelength (nm)

Fig. 4. a) Room temperature PL spectra of AlyZn; 4O nanodispersions compared with pure ZnO nanocolloid. b) The same spectra as in the left graph normalised. Laser with the wavelength

332 nm was used as an excitation source.
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emission, electron-hole recombination, free exciton recombination,
free-to-bound transition, surface-bound ionised acceptor-exciton com-
plexes, donor-acceptor pair transition, exciton—-exciton collision process
are considered [48]. The energy of the excitation laser beam 332 nm
(3.74 eV) is sufficient to pump the system for all these transitions as in-
dicated by the arrow in Fig. 3a. Despite the decrease of bandgap en-
ergies with increasing doping, the emission maxima exhibit the hyp-
sochromic shift implying thus a complex change of radiative deexcita-
tion channels in the material rather than just the formation of additional
new dopant levels. Eventual filling of the lowest states in the conduction
band of ZnO by electrons from the dopant may affect the relaxation of
excitons which results to the higher energy of radiative recombination
transition (Burstein-Moss shift) [47].

3.2. PL study of polymers/AlL.Zn; O layers

UV-Vis absorption spectra (see Fig. S4 in the Supplement) were
measured to confirm the absorption maximum wavelength (1 max) of
prepared thin layers. Indeed, the addition of nanofillers did not alter the
spectra of used polymers significantly. Hence, the 14 max was used as ex-
citation wavelength for PL experiments with larger information depth.
Fig. 5a represents the room temperature PL spectra of pure MEH-PPV,
MEH-PPV/ZnO, and MEH-PPV/Al,Zn; ,O composite films with different
Al concentration (x = 0.01, 0.05, 0.10) measured with excitation light
wavelength 515 nm. As mentioned previously, the concentration of par-
ticles was 50 wt%, i.e. 15 vol% in prepared films. The wavelength range
of emission from 560 nm to 800 nm is mainly due to the conductive
polymer MEH-PPV. The incorporation of nanoparticles influences the in-
tensity ratio of the 0-0/0-1 emission (at 1., 595 nm/646 nm), which
testifies structural changes in the cast nanocomposite thin film. The
changes favour the interchain interaction over the intra-molecular one if
nanoparticles are added. In other words, the formation of H-aggregates
is more favoured than the formation of J-aggregates. Such mutual in-
terplay of these two aggregation modes has already been demonstrated
for some other conductive polymers [49,50]. It enhances strongly the
exciton diffusion length, which has a direct effect on the performance
of any electronic device based on MEH-PPV due to its straightforward
relation to the charge carrier mobility [51]. The room temperature PL
spectra of F8BT samples are introduced in Fig. 5b. The same phenom-
ena of the changing intensity ratio of the 0-0/0-1 emission (at Agp
540 nm/575 nm) are observed for F8BT nanocomposite films. Similarly,
to MEH-PPV, the formation of H-aggregates is favoured for F8BT after
the addition of the nanoparticles.

Note, the incorporation of undoped ZnO nanoparticle into both poly-
mers resulted in a decrease in PL emission intensity of the thin films.
On the other hand, the Al-doped ZnO incorporated into MEH-PPV and
F8BT polymer matrix yield an increase in photoluminescence

a) 0-0 0-1

=& ripal MEH-FFY
== MEH-PPVIZr)
=0— MEH-PPV{AI Zn)
== MEH-PPYIAISING
=—O— MEH-PPVAN DEND

Intensity (a.u.)

Wavelength (nm)

intensities in the whole emission interval compared to the PL emission
of the undoped ZnO nanocomposite thin-films. This result already im-
plies that the Al-doping of zinc oxide filler in the nanocomposite emis-
sive layer used in PLEDs shall be a promising approach to enhance their
performance. In the case of F8BT, the trend is not clear as observed for
MEH-PPV, but the highest doping level in ZnO nanoparticle filler pro-
vides PL emission intensity reasonably exceeding PL emission intensity
of the neat F8BT film.

3.3. The ER-EIS of neat polymers and polymers/nanoparticle composite
layers

The electronic structure in terms of density of states (DOS) function,
g(E), was measured in both conjugated polymers based thin layers, in-
cluding the deep states, which are crucial for recombination, and the
shallow HOMO (highest occupied molecular orbital) and LUMO (low-
est unoccupied molecular orbital) states, which are essential for charge
transport. The DOS axis recalculated from the measured resistance, R,
using Eq. (2) taking into account the concentration at the HOMO and
LUMO in the order of 102° em=3ev-! [52].

Presented DOS spectra (Fig. 6) imply hopping charge transport via
the Gaussian distributed localised states to be the predominant transport
path. It can be clearly seen that the incorporation of nanoparticles into
the polymer matrices influenced the density of states in the bandgap in
comparison with neat polymers.

In the case of nanocomposite prepared by incorporation of ZnO into
MEH-PPV, the DOS is roughly half order of magnitude higher than
neat MEH-PPV. This increase is observed over the whole width of the
bandgap. It can be interpreted as a general increase of structural dis-
order in the polymer matrix, which should result in a decrease of lu-
minescence intensity. Indeed, the decrease of luminescence efficiency
was observed for undoped MEH-PPV/ZnO nanocomposite thin films
(Fig. 5a). In the case of Al-doped ZnO, the density of deep states near
HOMO of the polymer is decreased even in comparison with the neat
MEH-PPV film. The increase of DOS nearby LUMO is due to the increase
of the n-doping character of the nanoparticles in comparison with the
MEH-PPV polymer. Explanation of this phenomenon due to the filling of
the traps is more likely than a (highly improbable) increase of conforma-
tional order of the polymer chains due to the presence of nanoparticles.
The first one of the two explanations are supported by the observed in-
crease of luminescence intensity from the MEH-PPV/Al-doped ZnO thin
films.

A similar situation occurs in the case of F8BT. The addition of ZnO
nanoparticles introduces the new deep states into the middle of the
bandgap with the maximum population at about —4.5 eV. This can be
interpreted as in case of MEH-PPV as a structural disorder in the poly-
mer matrix. Moreover, the steepness of the HOMO band is decreased

b) 00 0
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500 550 600 650 700 750
Wavelength {nm)

Fig. 5. Photoluminescence spectra of thin films based on a) MEH-PPV, 4., = 515 nm and b) F8BT, A, = 467 nm.
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and new states were induced 0.3 eV above the HOMO energy level
(—6.1 eV). Since positive doping by the nanoparticles is not expected,
the state population may be caused by a conformational change of
the polymer chain similarly as it was observed for poly(9,9-dioctylflu-
orene) [53]. There are shallow states present 0.5 eV below the LUMO
(—2.65eV) in the pristine polymer film. The introduction of the
nanoparticles generated an enormous increase of the population of the
states at this energy (at about —3.15 eV) practically achieving the den-
sity of the neat polymer LUMO. Since transport bandgap structure is
mapped by the ER-EIS, it can be expected, the new prevailing electron
transfer channel was created. The exciton binding energy in the neat
polymer film is relatively high, i.e. ca 1.2 eV as calculated from the dif-
ference between HOMO and LUMO estimated by ER-EIS (3.5 eV in Fig.
6) and the energy of the 0-0 radiative transition (540 nm ~ 2.3 eV in
the PL spectra in Fig. 5) [54,55]. It is in accordance with the known
localized nature of the electron in the LUMO of F8BT, which is unique
and very different from other conjugated polymers. Nevertheless, the
introduction of the nanoparticles decreases the exciton binding energy
by 0.5 eV independently on the aluminium doping level (see Fig. 6).
Thus, it is most likely the introduction of polymer chain packing disor-
der that may deteriorate the alternating structure of adjacent BT and F8
mer units in neighboring polymer chains [56]. Such structural feature
should enhance the interchain electron transfer (hopping) through the
population of states at ca —3.15 eV and improve the charge carrier bal-
ance in the nanocomposite F8BT polymer thin film when operated in a
PLED device.

3.4. Electroluminescence and performance of PLED devices

The doped nanoparticle material Aly;Zn;.g10 was chosen as the
most promising candidate among synthesised fillers for the fabrication
of PLED devices, based on PL and ER-EIS investigation of its nanocom-
posites in MEH-PPV and F8BT polymer matrices.

The current-voltage (I-V) characteristics of prepared orange
MEH-PPV based PLEDs are presented in Fig. 7a. The dependences of
the luminance on the power in the sample are in Fig. 7c. The lumi-
nance is recorded as the photodiode current (PD) from the detecting
diode collecting directly the light emitted from the tested specimen. The
I-V curves zoomed in the graph inset in Fig. 7a characteristically dis-
play a decrease in the opening bias with polymer-nanoparticle compos-
ite compared to the neat polymer-based device. The opening bias of
neat MEH-PPV device is around 5.1 V, and that of MEH-PPV/ZnO is ap-
proximately 4.1 V. PLED devices with aluminium-doped ZnO nanopar-
ticles exhibited the opening bias about 2.4 V, which is close to the
value 2.5 eV of the transport bandgap estimated by ER-EIS. This seem-

ingly contradictory result is explained by the Auger-like energy upcon-
version mechanism, which enables electroluminescence at sub-bandgap
voltages [57].

The superiority of nanocomposite diodes over the neat MEH-PPV one
is manifested by enhanced luminance at higher input powers (Fig. 7c).
The nanocomposite diodes provide similar emission intensity when pow-
ered below 0.2 W, which is the critical maximum for a neat MEH-PPV
diode. The nanocomposite diode with undoped ZnO can be operated up
to ca 0.3 W while the one with Al-doped ZnO nanoparticles can be op-
erated up to ca 0.7 W with nearly ten times higher luminance than the
maximum achievable for the neat MEH-PPV diode. Based on this result,
a longer lifetime can be predicted for the Al-doped ZnO nanocomposite
diodes.

The electroluminescence spectra are plotted in the graph shown
in Fig. 8a. A significant increase in EL peak maxima intensity with
Al-doped nanoparticles was observed. The sample MEH-PPV/AI10ZnO
has four times higher EL intensity than the sample containing undoped
ZnO, and 15 times higher than the neat MEH-PPV reference when for-
warded up to 10 V. According to the typical shape of the emission spec-
tra, the electroluminescence is a result of radiative recombination be-
tween electrons and holes in MEH-PPV polymer matrix where the 0-0
transition path is mainly preferred. In contrast, 0-1 vibronic relaxation
path is mostly suppressed.

Current-voltage characteristics of prepared yellow F8BT PLEDs are
presented in Fig. 7b, the dependences of PD current of detecting diode
on the sample power input are shown in Fig. 7d. As in the case of
orange diodes, the decrease in opening bias in comparison with the
neat polymer-based device was confirmed for nanoparticle addition. The
opening bias of the neat F8BT device is around 4.9 V, that of F8BT/ZnO
is approximately 2.8 V, and that of F8BT/A110ZnO is 4.8 V. The trans-
port gap estimated by ER-EIS is 3.5 eV for the neat F8BT. The differ-
ence between opening bias and the transport gap can be explained by
the sub-bandgap voltage electroluminescence [57]. The PD current is
much lower than that of the neat F8BT reference over the whole op-
eration power range. Nevertheless, the ending point in both PD curves
shows slightly higher luminance for the nanocomposite PLED. Both were
recorded at 10 V of powering voltage, see also the ending point of the
I-V curves in Fig. 7b. Altogether, the poor luminance efficiency of this
nanocomposite diode could be explained by a high leakage current. Nev-
ertheless, in the case of doped ZnO nanoparticles, the behaviour dif-
fers in comparison with pure ZnO. In the composite F8BT/Al10ZnO
layer, the opening bias increases again. However, the PD current grows
much faster with power input compared to the neat polymer reference.
The F8BT/AlI10ZnO diode can be optimally operated at 0.25 W with
ten times higher luminance than observed for the neat F8BT diode at
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0.18 W. Utilization of the ZnO nanoparticles with the highest Al dop-
ing concentration in the nanoparticle-polymer bulk heterostructure
nanocomposite yielded the best performing diode among all tested de-
vices.

The electroluminescence spectra of the F8BT based devices are plot-
ted in the graph in Fig. 8b. Also here, the 0-0 transition in F8BT poly-
mer chains evidently prevails as the dominant radiative recombination
mechanism.

The chromaticity of the light emitted by the prepared diodes is de-
picted in trichromatic diagram CIE 1931 2° in Fig. 9 to compare the ap-
pearance of the prepared light sources.

In the case of MEH-PPV based diodes, it seems that the addition
of nanoparticles shifts the chromaticity to the spectral locus, and the
emitted light from diodes with nanocomposite layers appear monochro-

matic. In the case of F8BT based diodes, a similar shift is also observed,
but the points are not located directly on the monochromatic locus. In
Fig. 10, the photographs of prepared diodes are shown to visualise how
the emitted lights look like in a real situation.

To analyse and discuss the performance of prepared devices, their
parameters should also be expressed in terms of luminance and current
efficiency. Such an approach enables comparing the performance of pre-
pared PLEDs with data reported once. Performance indicators for all
prepared and tested samples are summarized in Table 3. It should be
noted that the used method involves measurement with the integrating
sphere only, which does not allow to measure the angular dependency
of the luminous intensity. Hence, the value of the apex angle is fixed
at 180°. Therefore, the method provides the lowest possible (and most
sceptic) estimate of the device luminance. Nevertheless, within the pre-
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PLEDs
based on

Fig. 10. Examples of best-performing diodes consisted of a — MEH-PPV/AI10ZnO and b —
F8BT/AI10ZnO. The scale bar in the right panel applies for both images.

Table 3
Comparison of parameters of prepared polymer LEDs operated at the forward bias 10 V.

Luminance, Current Current

Lyprep [cd/ efficiency, CE density, J Performance
Sample type m?] [ed/A] [A/m 2] ratio
neat MEH-PPV 1 900.00 0.37 5 200.00 1.0
neat F8BT 4 600.00 0.60 7 600.00 1.0
MEH-PPV/ZnO 5100.00 0.63 8100.00 2.7
F8BT/ZnO 6 700.00 0.38 18 000.00 1.5
MEH-PPV/ 21 000.00 1.3 16 000.00 10.9
Al10ZnO
F8BT/A110ZnO 38 000.00 4.6 8200.00 8.3

pared sample set, the individual devices can be ranked easily using the
performance ratio, which is a value describing the luminance improve-
ment of devices with active layer from nanocomposite in comparison
with devices based on neat polymer active layer. Addition of any ZnO
nanoparticles always resulted in performance improvement. Moreover,
the use of A110ZnO nanoparticles as fillers for the nanocomposite emis-
sive layer allowed fabrication of diodes with the current efficiency ex-
ceeding at least the value of 1 cd/A for MEH-PPV/A110Zn0O and 4 cd/A

for F8BT/Al10ZnO. Numerous studies have already reported current
efficiency in order of units or tens of cd/A for F8BT and MEH-PPV
based diodes with precise and elaborated multilayer structure using vac-
uum-based technology [58-60]. Nevertheless, the performances pre-
sented in this work were achieved with the simplest possible device
structure and fabrication technology, thus, testifying to the superior-
ity of the nanoparticle-polymer nanocomposite bulk heterostructure for
the emissive layer. Achieved luminances were one order of magnitude
higher than the results presented in the literature [61].

3.5. Discussion of the band structure of prepared PLED devices

As already stated above, the radiative recombination occurs always
on the polymer chain preferring the 0-0 transition in EL spectra of all
studied PLEDs. The increased current density and enhanced EL inten-
sity by the incorporation of ZnO nanofillers may be ascribed partly to
the enhancement of charge injection and transport and associated im-
proved balance of the charge carriers polarity. The role of ZnO nanopar-
ticulate fillers in emissive layers of prepared PLEDs shall be understood
in terms of the energy-level diagrams of the devices. The DOS mapping
performed by ER-EIS in section 3.3. yielded transport gaps unlike all
the literature reporting optical gaps and band positions. Therefore, the
following discussion and developed schemes correspond to the values
taken from the literature [57,62-66] and obtained experimentally by
optical spectroscopies, while the features detected by the ER-EIS in the
bandgap are located on the energy scale according to their relative posi-
tions related to LUMO or HOMO of the respective polymers.

Fig. 11 illustrates the standard band structure of prepared neat
MEH-PPV (a) and F8BT (b) devices.

In both cases, the electrons are injected directly from the magnesium
cathode to the LUMO of the polymers as illustrated by the path el. The
electrons must overcome the energy barrier which is almost two times
higher for MEH-PPV than for F8BT. The hole injection from ITO anode
to the HOMO of the polymer is facilitated by a cascade of hl and h2
pathways through a standard PEDOT:PSS buffer layer. Owing to the typ-
ical hole conductivity of MEH-PPV as well as the energy barriers in pre-
pared devices, the charge carrier balance is highly distorted in the de-
vice based on this polymer. Due to the better-balanced charge carrier
concentrations of the F8BT and more favourable energy barriers in the
el and h2 pathways, the neat F8BT based PLED is more efficient than
the neat MEH-PPV one [7,67].

It was demonstrated that the addition of the undoped ZnO nanopar-
ticles to the emissive layer can improve the current density and elec-
troluminescence intensity of prepared PLEDs. The nanoparticles have an
electron type of conductivity. As such, they may improve electron in-
jection into the emissive layer as their incorporation increases of the
p-n interface area between the polymer and semiconductor phase in the
bulk heterostructure which shall be especially important for the almost
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Fig. 11. Schematic energy level diagram of a) MEH-PPV and b) F8BT devices.
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purely p-type polymer MEH-PPV [35,68,69]. The connection between
polymer chains adjacent to the same ZnO nanoparticle with enhanced
electron conductivity may also increase charge carriers transport in the
nanocomposite layers. Thus, the current would not be limited by hop-
ping of the charge carriers between individual polymer chains only. Ac-
cording to the ER-EIS analysis, the performance of prepared PLED can
be influenced by the introduction of ZnO nanoparticles principally in a
twofold manner.

First, the nanoparticles can directly improve the electron injection
from the Mg cathode to LUMO of the polymer via a sequence of e2 and
e3 pathways, while el remains still possible as illustrated in Fig. 12.

The position of the conduction band of ZnO versus the Fermi level
of Mg enhances electron injection through e2 for all devices in the same
way. The energy barrier between involved energy levels in e3 is much
smaller for F8BT/ZnO (Fig. 12 b) than for MEH-PPV/ZnO (Fig. 12 a).
Therefore, the effect shall be more pronounced for the former case. Nev-
ertheless, the e3 energy barrier can be overcome by the Auger-like en-
ergy upconversion mechanism even at sub-bandgap voltages. Each elec-
tron upconversion event is realised at the expense of futile recombina-
tion of another electron and a hole [57]. This relatively subtle effect
may be more important for MEH-PPV/ZnO material. On the other hand,
the hole blocking effect h3 of ZnO is expected for both polymer matrices
due to its high energy barrier. Again here, its contribution may be more
important in case of the MEH-PPV since it is a hole transporting polymer
mainly and it combines with the el and e3 pathway barriers which are
higher than for F8BT.

The second effect of the ZnO nanoparticle addition is indirect. In-
corporation of the nanofiller influences structural order of the polymer
matrix inducing thus new energy states in the bandgap of the poly-
mer. For MEH-PPV/ZnO, only the general increase of structural disor-
der in the polymer matrix was observed as illustrated in Fig. 12 a) by
plotting a schematic distribution of newly created DOS over the whole
width of the bandgap. The indirect effect is much more pronounced in
case of the F8BT/ZnO (see Fig. 12 b). Deterioration of the alternat-
ing structure of adjacent BT and F8 mer units in neighbouring F8BT
chains changes the electronic structure of the material [56]. Our ER-EIS
analysis revealed that the structural disorder resulted in a new prevail-
ing electron transfer channel located about 0.5 eV below LUMO of the
neat F8BT. The band is relatively narrow (ca 0.3 eV), as can be seen
in Fig. 6 b. This alternative LUMO energy level formed in disordered
F8BT practically aligns with the Fermi level of the cathode (el path-
way) and reduces the energy barrier for the e3 pathway significantly
too. In Fig. 12 b, an increase in density of deep states is observable in
the middle of the bandgap of the F8BT which may also be due to the
disorder increase [56]. Moreover, the new states induced 0.3 eV above
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Fig. 12. Schematic energy level diagram of a) MEH-PPV/ZnO and b) F8BT/ZnO devices.

the HOMO of F8BT in F8BT/ZnO may influence the hole injection and
transport as well as provide an alternative and less energetically de-
manding pathway h2’ for h2.

The n-type doping of ZnO nanoparticles by Al resulted in new states
both below and in its conduction band as schematically depicted in Fig.
13. The edge of the conduction band of the doped ZnO became more
blurred rather than shifted as indicated by the optical spectroscopies.
The width of the distribution of states around the conduction band edge
of the ZnO is only roughly guessed from the change of the absorption
spectrum in Fig. 3 to be about 0.4 to 0.5 eV.

Thus, more energy levels are provided for alignment of the conduc-
tion bands with the Fermi level of the cathode. Moreover, the disper-
sion of energy states in unoccupied bands both in the polymer as well
as in the semiconductor nanoparticles may overlap and reduce the barri-
ers for hopping, which may cause an overall increase in carrier density.
Unlike promoted electron pathways el, e2, and e3, the barrier for h3
remains unchanged by the n-doping of the nanoparticles and contributes
positively to the charge carrier transfer balance in the devices.

Besides the same indirect effects as in the case of undoped nanoparti-
cles, the addition of Al-doped ZnO nanoparticles significantly alters the
electronic structure of deep states in the bandgap MEH-PPV while the
structure of F8BT seems to be affected in the very same way as in case of
the F8BT/ZnO nanocomposite. MEH-PPV is almost purely a hole trans-
porting polymer and addition of Al-doped ZnO increased DOS (local
maximum at ca —3.5 eV) nearby LUMO by n-doping while the DOS (lo-
cal minimum ca —4.5 eV) near HOMO is decreased in comparison with
the neat MEH-PPV film most likely by filling of the traps (see Fig. 13 a).
The inflexion point of this deep state distribution is found around —4 eV
in Fig. 6 a) and the width of this feature testifies for a similar wide dis-
tribution of states around the conduction band edge of the doped ZnO.
As a result, higher efficacy of the Al-doped ZnO nanocomposite based
PLEDs in comparison with those with emissive layers filled by undoped
ZnO nanoparticles was observed.

To summarize, observed properties of ZnO and Al-doped ZnO
nanoparticle nanocomposites used as emissive layers can be rationalized
in terms of the energy-level diagrams of prepared PLEDs and give a con-
clusive picture of their effects resulting to the enhanced performance of
tested sample devices. The ER-EIS spectroscopy offers direct insight into
the electronic structure of the thin films. Thus, it is a powerful method-
ology complementing contemporary analytical approaches used for the
fabrication of high-efficiency organic light-emitting diodes [13].
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Fig. 13. Schematic energy level diagram of a) MEH-PPV/AL:ZnO and b) F8BT/AlL:ZnO de-
vices.



J. Sevcik et al. / Materials and Design xxx (xxxx) 109738 11

4, Conclusions

Our work presented the facile microwave-assisted synthesis of
Al-doped ZnO nanoparticles, which have been successfully incorporated
into the polymer matrices to prepare nanocomposite thin films by spin
coating. The photoluminescence spectra of the nanocomposites testify
to the influence of nanoparticle incorporation on the development of
the polymer structure of the thin films which was revealed by the en-
ergy-resolved electrochemical impedance spectroscopy (ER-EIS). These
films were used as active layers in the polymer light-emitting diodes.

The PLED devices were fabricated with the use of MEH-PPV and
F8BT polymers in a simple manner with easy control of processing con-
ditions. No ETL layer, no oxidising metal, only a nanocomposite active
layer cast in one step is used. The incorporation of ZnO nanoparticles
as fillers in the nanoparticle-polymer nanocomposite bulk heterostruc-
ture for the emissive layer improved the performance of the prepared
PLEDs in all cases. The electroluminescence spectrum comprised only
the polymer matrix emission with increased intensity attributed to the
0-0 vibronic transition. Besides an increase in luminance, such change
shifts the emission closer to monochromaticity. Moreover, n-type dop-
ing of ZnO nanoparticles by Al greatly (10 times) enhances the electro-
luminescence and luminance of the nanocomposite PLED devices, even
in contrast to neat polymer and polymer/ZnO-based nanocomposites
(from 1 900 to 20 700 cd/m? in case of MEH-PPV and from 4 600 to
38 000 cd/m? in case of F8BT).

The effect of nanoparticle incorporation to the emissive layer is
twofold:

1. The direct involvement of the ZnO nanoparticles into the charge car-
rier injection and transport processes. The electroluminescence is en-
hanced due partly to promoting electron injection of electrons from
the cathode to the layer (e2) and their transport through the layer
and injection onto polymer chains in the bulk heterostructure in-
terface (e2), and due partly to impeding the hole transport (h3).
Aluminium doping of the ZnO nanoparticles improves then signifi-
cantly the pathways for electron transport (both e2 and e3), while
the blocking barrier remains unaffected. This should positively con-
tribute to the charge carrier balance. It was also found that Al-doped
ZnO nanoparticles fill the traps above HOMO and increase the den-
sity of states below LUMO in MEH-PPV polymer as they may be
n-doping to MEH-PPV. In the case of F8BT, the increased dispersion
of energy states below and above the edge of ZnO due to aluminium
doping contributes to better alignment of the electron injection and
transport levels (bands) in the active layer as they may overlap more
reducing thus the barriers for hopping.

2. The second kind of effects is indirect and unspecific to doping by alu-
minium. The addition of nanoparticles increases the disorder in the
polymer structure, which impacts on the electronic structure of the
polymer matrix itself. The disorder increase was manifested only as
an overall increase of DOS in the bandgap in MEH-PPV. On the other
hand, the effect on F8BT was dramatic. A new transport-level 0.5 eV
below the original LUMO level with nearly the same DOS as a result
of the deterioration of the alternating structure of adjacent BT and
F8 mer units in neighboring F8BT chains. Notably, this new electron
transport level corresponds to the Fermi level of the Mg cathode, im-
proving thus the electron injection (el). Moreover, a possible alter-
native pathway for hole transport (h2’) with a lower energy barrier
yet of a lower density of states created 0.3 eV above the HOMO of
the polymer as well.
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