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 Tris(8-hydroxyquinoline)aluminium with poly(N-vinylcarbazole) (Alq3:PVK) or polystyrene 

sulfonate (Alq3:PSS) were deposited by spin-coating on glass and silicon substrates. SEM 

measurements show that relatively smooth thin films were obtained. Fourier transform 

infrared measurements were performed to confirm the composition of the samples. The 

optical properties of thin films containing Alq3:PVK and Alq3:PSS were characterised using 

absorption spectroscopy and spectroscopic ellipsometry. It was found that the absorption 

spectrum of Alq3:PVK is characterised by four bands, while for Alq3:PSS only three bands 

are visible. The photoluminescence of the studied thin layers shows a peak with a maximum 

at about 500 nm. Additionally, cyclic voltammetry of Alq3 is also presented. Theoretical 

density functional theory calculations provide the insight into the interaction  

and nature of Alq3:PVK and Alq3:PSS excited states. Finally, the organic light-emitting  

diode (OLED) structure based on Alq3:PVK was fabricated and showed strong electro-

luminescence with a green emission at 520 nm. The results of the device show that the 

ITO/PEDOT:PSS/Alq3:PVK/Ca/Al system can be useful for the production of low-cost 

OLEDs with Alq3:PVK as an active layer for future lighting applications. 
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1. Introduction  

There is a growing interest in organic light-emitting 

diodes (OLEDs) thanks to their high brightness, high 

efficiency, low-cost and easy production of large area 

devices [1, 2], and availability of a wide range of emission 

colours [3]. The ability to transfer charge to the electrode 

and effectively transport charge, as well as fluorescence, 

are fundamental requirements for organic electrolumines-

cent materials (ELMs). Various organic materials (OMs) 

were tested as an active component of a device to optimize 

its efficiency [4]. Due to the molecular structure of OMs, 

they can be divided into one of four groups as follows: 

conjugated polymers, conjugated oligomers, backbone 

polymers with isolated chromophores and side chain 

polymers with linked chromophores, which include  

low molecular weight materials (such as metal chelates). 

Conjugated polymers are in other words organic semi-

conductors with delocalized π-molecular orbitals along the 

polymeric chain. Various types of conjugated polymers 

have been developed, for example: polyacetylene, polyani-

line, polythiophene, poly(p-phenylene), poly(p-phenylene 

vinylene), polypyrrole, etc. [5]. Conjugated oligomers, 

thanks to strict control of the effective conjugation length *Corresponding author at: beata@fizyka.umk.pl 
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and precisely defined structure, have been used as new 

materials in electro-optical applications [5].  

Poly(p-phenylene vinylene) (PPV) was the first 

conjugated polymer used to make OLEDs [6]. In the 

ITO/PPV/Al device configuration, emission in the yellow-

green part of the electromagnetic spectrum and significant 

charge injection just below 14 V was observed, and an 

external quantum efficiency of 0.05% was achieved. 

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS), as a conductive polymer, is widely used in 

optoelectronic applications due to its high conductivity, as 

well as excellent mechanical properties. PEDOT:PSS is 

considered one of the most famous and important 

electronic materials due to its high electronic conductivity, 

which at room temperature exceeds 1000 S/cm [7, 8]. This 

makes it a potential candidate for use as a transparent 

conductive material to replace indium tin oxide (ITO) and 

reduce the cost of producing flexible films [8]. In chemical 

structure, PEDOT and PSS molecules are built as a 

sequence of monomers. The secondary structure of PEDOT 

and PSS is a polyionic complex where they are connected 

by electrostatic interactions, and PSS acts as a counter-ion 

to balance the charge transfer, resulting in PEDOT hole 

carriers [9]. The disadvantages of PEDOT:PSS include: 

insufficient conductivity, sensitivity to air, poor adhesion 

to hydrophobic substrates [10], or poor lifetime which 

limits its use in OLEDs [11, 12]. 

Tris(8-hydroxyquinoline)aluminium (Alq3) can be used 

in the development of long-life OLEDs [13], as well as 

organic solid-state lasers, large-screen displays, and organic 

solar cells [14]. In 1987, Tang and Van Slyke reported the 

first high-performance OLED display, which was built 

with two active layers with Alq3 serving as an electron 

transporting material and an emitting layer [15]. The basic 

requirement in the broadcast technology is to guarantee the 

appropriate stability of the device. Many studies have been 

conducted and it has been found that the efficiency of 

OLEDs is influenced by the manufacturing processes. For 

example, the efficiency of OLEDs with Alq3 depends on 

the material deposition rate [16, 17]. Despite the high 

luminescence efficiency [18], Alq3-based OLEDs show 

poor luminescence stability. In OLEDs based on Alq3, the 

time needed to lower the luminance to half of its initial 

value (diode half-life) is only a few hundred hours [19]. 

Therefore, research into the use of Alq3 in OLEDs is 

important and still needed. 

In OLEDs, Alq3 is used as the green emitter and 

electron transport layer. Perez-Bolivar et al. investigated 

whether its normal blue-green luminescence could be fine-

tuned by adding substitution groups into the Alq3 structure 

[20]. They found that the presence of methyl substituents 

in Alq3 causes a hypsochromic luminescence shift, which 

can be attributed to the shift in the energy of the lowest 

unoccupied molecular orbital (LUMO) level. In contrast, 

modification of the Alq3 structure with F or CN groups can 

lower the energy of highest occupied molecular orbital 

(HOMO) levels, causing blue emission with a wavelength 

of 480 nm. Multilayer devices containing Alq3 (i.e., 

PEDOT:PSS/NPD/Alq3/CsF/Al) showed a high luminance 

of 52300 cd/m2 for a turn-on voltage of 5.5 V [20]. Zhang, 

et al. produced a diode like ITO/PEDOT/PVK:Alq3/Ca/Al 

[21]. They found that the electroluminescence (EL) 

efficiency of the produced OLED structure depends on the 

concentration of Alq3 and poly(9-vinylcarbazole) (PVK). 

In addition, it was found that the device with Alq3:PVK 

film, where the ratio of Alq3:PVK is 2:10, showed the 

maximum efficiency of EL. This indicates that the electron 

and hole transport balance in such a layer can be reached 

by adjusting the concentration of Alq3 in PVK. A decrease 

in EL efficiency in extreme cases (i.e., low and high 

concentrations of Alq3 in PVK) can be observed, which can 

be attributed to unbalanced transport of electron and hole. 

They also found that in the PVK:Alq3 layer, the hole 

mobility decreased when the Alq3 content increased, which 

was interpreted as increasing the hole hopping distance 

during Alq3 mixing. Thus, the charge carriers mobility can 

be adjusted by changing the composition of the Alq3:PVK 

mixture to achieve a balance of electron and hole transport 

and improve the performance of OLED display. Fukushima 

et al. fabricated OLED with a structure of ITO/a-

NPD/Alq3/Cs2CO3/Al, using three kinds of crystalline 

polymorphs of Alq3 powder (i.e., α-Alq3, δ-Alq3, or  

αγδ-Alq3) [22]. All these OLEDs showed green EL at about 

525 nm, independent of the crystalline Alq3 polymorph 

before vacuum deposition. They also showed that the EL 

efficiency of OLEDs made of δ-Alq3 and αγδ-Alq3 

(mixture of α-, γ-, and δ-forms) was increased by a factor 

of 1.1 and 1.4, respectively, compared to the case of α-Alq3 

for the same device structure.  

In this work, we focus on the study of differences in the 

properties of Alq3 dispersed in PVK and polystyrene 

sulfonate (PSS) polymer matrices. This issue is very 

important due to the efficiency of the produced OLEDs. 

Thus, Alq3 powder was dispersed in PVK or PSS polymer 

matrices, and then Alq3:polymer (i.e., Alq3:PVK or 

Alq3:PSS) was deposited on glass or silicon substrates by 

spin-coating technique. The optical and structural properties 

of thin layers obtained in this way were investigated using 

ultraviolet-visible (UV-VIS), spectroscopic ellipsometry 

(SE) and infrared (IR) spectroscopies, as well as  

scanning electron microscopy (SEM). The photo-lumines-

cence (PL) of the Alq3:polymer thin layers was also  

analysed. Finally, a simple OLED structure (i.e., 

ITO/PEDOT:PSS/Alq3:PVK/Ca/Al) was prepared, and its 

EL was measured. To the best of our knowledge, the 

ITO/PEDOT:PSS/Alq3:PVK/Ca/Al structure with Alq3:PVK 

as the active film is described here for the first time. 

Additionally, experimental results of cyclic voltammetry of 

Alq3 and theoretical density functional theory (DFT) 

calculations of Alq3:polymer model systems are also 

presented, which were aimed at estimating the energy of 

HOMO-LUMO levels of the studied layers, as well as the 

theoretical estimation of OLED parameters. 

2. Materials and methods  

2.1. Materials 

Tris(8-hydroxyquinoline)aluminium, poly N-vinyl-

carbazole (Mw ~ 1000000 g/mol) and poly(styrene sulfonate) 

(Mw ~ 70000 g/mol) powders were bought from Sigma-

Aldrich.  

Alq3 is a chelate formed by an aluminium metal ion 

(Al3+) and three molecules of 8-hydroxyquinoline which 

can arrange to form a facial [see Fig. 1(a)] or meridional 

Alq3 isomer [22]. The HOMO (π orbitals) states are found 

https://doi.org/10.24425/opelre.2023.146105
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on the phenoxide (O) ring of quinoline, while the LUMO 

(π* orbitals) is located mainly on the pyridyl (N) side [23]. 

Alq3 has strong stability in a dry environment because  

the electronic structure of Al3+ (1s22s22p6) is similar to  

the atomic structure of the corresponding inert gas [24].  

Alq3 is thermally stable. Its glass transition temperature is 

172 °C. Due to the intrinsic behaviour of Alq3 in the 

polymorphic phase, it can be easily thermally deposited to 

form amorphous layers [25]. 

Emission of PVK, the holes transport material, includes 

the whole blue region thanks to the carbazole groups [26]. 

PVK is widely used in the production of blue OLEDs [27], 

instead of conjugated polymers, which have low blue 

emission. PVK is an amorphous conductive polymer 

consisting of linear chains of repeating (H2C–HC)n groups 

with carbazole side groups ((C6H4)2NH) randomly 

distributed around the same chain [see Fig. 1(b)]. These 

groups work as both electroluminescent chromophores and 

hole conducting centres, and are, therefore, mainly 

responsible for the electrical and electroluminescent 

properties of the polymer. The electrical conductivity in 

PVK is regulated by both field-assisted and temperature-

activated hopping processes. PL, on the other hand, occurs 

through the radiation decay of Frenkel excitons. Charge 

transport in PVK is influenced by the presence of 

impurities, which can significantly reduce the mass 

conductivity and charge carrier injection [28].  

PSS is built of a non-conjugated linear backbone with 

randomly oriented pendant functionalities [see Fig. 1(c)]. 

PSS has electrical insulating properties. PSS acts as a 

counterion to stabilize charge carriers, so it is essential for 

conductivity [29]. However, it is known that a large amount 

of hygroscopic PSS has a negative effect on the conduc-

tivity of the polymer electrode. In addition, PSS degrades 

the efficiency of OLEDs over time by acid attack on ITO 

anodes [30]. PSS is also hydrophilic, which makes OLEDs 

vulnerable to water in the air [31].  

2.2. Thin films preparation 

PVK and PSS were dissolved in dichloroethane (HPLC 

 99.8%, Sigma Aldrich) for 24 h forming a 5% solution. 

To obtain Alq3 solution with polymer, 0.02 g of Alq3 

powder was added to the ready solutions of polymer and 

put in an ultrasonic bath for about 30 min. The mixture of 

Alq3:polymers was deposited on glass and silicon (p-Si 

(100)) substrates. Alq3:polymer thin films were obtained 

using the spin-coating method (Spin-coater Laurell WS-

650SZ-6NPP/A1/AR1/ OND, 1600 rpm). Finally, the 

obtained films were dried for 24 h at room temperature.  

2.3. OLED preparation  

Figure 2(a) shows a fabricated multilayer device with 

the glass/ITO/PEDOT:PSS/Alq3:PVK/Ca/Al structure.  

As illustrated in Fig. 2, the glass substrate was covered 

with an ITO layer (Sigma Aldrich, thickness of 118 nm, 

sheet resistance of 15 W/sq), which is an optically trans-

parent anode in the system. The glass/ITO structure was then 

cleaned in an ultrasonic bath with isopropanol (P 99.5%), 

acetone (ACS reagent, P 99.5%), organic solvent 

(tetrahydrofuran (THF), anhydrous, 99.9%), detergent and 

distilled water [32]. Next, an aqueous solution of 

PEDOT:PSS (1.1 wt% dispersed in H2O), which is a p-type 

organic semiconductor and hole transporting material, was 

deposited on the ITO. The thickness of the PEDOT:PSS 

spin-coated layer was 60 nm. The entire structure with 

PEDOT:PSS (surfactant free, high-conductive grade) was 

dried under vacuum (100 °C, 30 min.). The active layer 

represents 1.5% of Alq3 in PVK. It turned out that this 

proportion provides the strongest electroluminescent 

emission. The mixture of Alq3 and PVK was dissolved in 

THF (anhydrous, 99.9%) and the resulting solution was 

deposited on the PEDOT:PSS film under argon using a 

spin-coating technique. The Alq3:PVK layer was about 

103 nm thick. The obtained structure was dried (70 °C, 

30 min.) to eliminate traces of THF. Finally, layers of 

calcium (Ca, 10 nm) and aluminium (Al, 100 nm) were 

evaporated on the Alq3:PVK film under high vacuum 

(10−6 bar). An OLED structure was obtained with an active 

area of about 24 mm2 [33]. All the powders and solvents 

used were purchased from Sigma-Aldrich. 

 

Fig. 1. Molecular structures of the facial Alq3 isomer (a), PVK (b) 

and PSS (c). 

 

 
Fig. 2. OLED structure (a) and energy levels (b)  

of ITO/PEDOT:PSS/Alq3:PVK/Ca/Al.  

 

(a)

(b)

(a) (b) (c)
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difference between p- and s-polarized light waves. The 

Tauc-Lorentz model with Gaussian oscillators was used to 

fit to the experimental data and to determine the layer 

parameters [34]. The Gaussian oscillators are described as 

follows: 

𝜀2_𝑁 = 𝐴𝑁𝑒
−(

𝐸−𝐸𝑁
𝐵𝑟𝜎𝑁

)
2

− 𝐴𝑁𝑒
−(

𝐸+𝐸𝑁
𝐵𝑟𝜎𝑁

)
2

, (1) 

where the fitting parameters often used to model thin 

polymer films are: 𝐴𝑁 – absorption amplitude, 𝐵𝑟  – boarding, 

and 𝐸𝑁 – the oscillator energy, 𝑁 – oscillators (𝑁 = 6, fitting 

for four Gaussian oscillators), and 𝜎𝑁 =
1

2√ln2
. 

The EL of the OLED structure was detected at forward-

bias voltages (ITO, positive; Ca/Al, negative) from 9 V to 

15 V. The emitted light was recorded using a CCD 

spectrophotometer MS125 (Oriel Instruments Corp.) in the 

range of 400–750 nm. The obtained device was exposed to 

air without encapsulation. 

Alq3 thin films were also characterised by electro-

chemical methods. These films were prepared by dissolving 

1 mg of compound in 1 mL of THF. The solution was 

casted on the top of a flat glassy carbon electrode 

(diameter = 3 mm) and dried over night at room temperature. 

The glassy carbon was previously treated with a polishing 

pad using alumina suspension and rinsed in distilled water.  

The electrochemical measurements were carried out in 

a three-electrode cell, using Ag/AgCl (3.0M KCl) as 

reference electrode, a graphite wire as counter electrode 

and modified glassy carbon as working electrode. 

Acetonitrile (CH3CN, anhydrous 99.8%) containing 0.1M 

tetrabutylammonium hexafluorophosphate (TBAPF6, electro-

chemical analysis 99%) was used as the electrolytic solution 

due to its electrochemical stability in a wide potential  

range. Cyclic voltammograms were recorded at room 

temperature, setting a potential scan rate of 100 mV/s and  

starting from the open circuit potential to +2.0V/(Ag/AgCl) 

via Ivium Vertex Potentiostat/Galvanostat. 

All measurements were performed at room temperature. 

2.5. Quantum-chemical calculations 

The full optimization of the geometry for the facial (fac-

Alq3) and meridional (mer-Alq3) isomers of Alq3, polymer 

models and Alq3:polymer complexes were performed 

within the ωB97X-D/def2-SVP approach in the gas phase. 

The nature of the stationary points on the potential energy 

surface was confirmed using harmonic vibrational analysis. 

The chain length of the polymer applied in the present study 

was limited to five mers, in order to provide enough 

flexibility and size to feature the interaction with the Alq3 

molecule and, at the same time, keep the calculation costs 

at a reasonable level. The HOMO-LUMO gap was 

confirmed to stabilize already for this size of the model. 

Three initial Alq3:polymer arrangements, generated in a 

random way, were considered. The super molecular 

approach was adopted for the estimation of the intermole-

cular interaction energy, in its counterpoise-corrected 

version. Additionally, to gain insight into the nature of the 

Alq3:polymer interaction, the SAPT0/def2-SVP interaction 

energy components were evaluated [35–37]. Frontier 

orbital energies and HOMO-LUMO gap values were 

estimated according to the recommendations of Scuseria et 

al. with the HSE06 screened density functional [38] for the 

geometries optimized within the ωB97X-D/def2-SVP 

approach. These calculations were carried out with the 

Gaussian16 program [39], while the SAPT0 decomposition 

was performed in PSI4 [40]. 

The vertical absorption spectra of the gas-phase 

systems were modelled by time-dependent DFT (TD-DFT) 

using the ωB97X-D functional in combination with the 

def2-SVP basis set. These TD-DFT calculations were 

performed in Q-Chem 5.2 [41] and the nature of the excited 

states was analysed based on the attachment and detachment 

densities [42]. These densities were computed using the 

libwfa module of Q-Chem [43]. The attachment and 

detachment densities were further analysed quantitatively 

using a python library for the analysis and visualization of 

electronic densities and transitions in molecules [44]. 

  Figure  2(b)  shows  the  diagram  of  energy  bands  of

individual layers in the  ITO/PEDOT:PSS/Alq3:PVK/Ca/Al

system. The glass substrate supports  the  OLED.  The highly

transparent ITO  layer  is used as an anode for light visibility.

ITO is  also a good conductor with a high work function to 

facilitate the injection of holes into  PEDOT:PSS. When a

voltage  is  applied  to  the  OLED  electrodes,  holes  are 

injected  and  transported  from  ITO  (anode)  to  Alq3:PVK,

i.e.,  the  emitting  layer  (EML),  via  PEDOT:PSS,  while

electrons are injected and transported from  Ca/Al  (cathode)

to  EML.  PEDOT:PSS  is  used  as  a  hole  injection  layer

(HIL) and facilitates hole injection from ITO to Alq3:PVK.

Thus,  electron  and  hole  carriers  are  transported  to
Alq3:PVK,  where  recombination  of  electron-hole  pairs

occurs.  It  should  be  noted  that  PVK  is  responsible  for

transporting  holes in this layer. The excitons produced in

EML are returned to a ground state and emit light.

2.4.  Experimental measurement methods and equipment

  Fourier  transform  infrared  (FTIR)  spectra  of

Alq3:polymer  (i.e.,  Alq3:PVK  or  Alq3:PSS)  deposited  on

Si substrates  were  obtained  with  FT-IR Vertex 70  V with

a Hyperion 1000/2000 microscope by Bruker Optik from

200 to  2000  cm−1.  UV-VIS measurements of  Alq3:polymer

thin  films  deposited  on  glass  substrates  were  performed

at  room  temperature  using  a  Specord  200  spectrometer

in the range of 270–600  nm. The photoluminescent signal

of  Alq3:polymer  layers  deposited  on  Si  substrates  was

detected  using  HITACHI  f-2500  fluorescence  spectro-

photometer  in  the  range  of  420–600  nm  (λex  =  325  nm,

Xe  lamp).  SEM  images  of  Alq3:polymer  films  were

recorded  with  a  Quanta  3D  FEG  (FEI,  Hillsboro,

OR,  USA)  (EHT  =  30  kV).  Extinction  coefficients  and

refractive  indices  of  Alq3:PVK  active  layer  over  the

PEDOT:PSS/ITO/glass  substrate  were  measured  using

Woollam  M2000  spectroscopic  ellipsometer  (J.  A.

Woollam  Co.  Inc.)  and  analysed  using  CompleteEASE

software. The  𝛥  and  𝛹  ellipsometric angles were measured

for three angles  of incidence of  light  (i.e.,  60°, 65°, and 70°)

in the spectral range of  300–1200  nm. They are  determined

as  the  ratio  of  the  amplitude  reflection  coefficients

for  p-  and  s-polarizations  in  the  following  way:

𝜌  =  
𝑅p  

=  tan  𝛹𝑒𝑖𝛥,  where  𝛹  –  amplitude  ratio and  𝛥  –  phase
𝑅s

https://doi.org/10.24425/opelre.2023.146105
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3. Results and discussion 

3.1. Optical and structural characterisation 

FTIR spectra of thin films of Alq3 dispersed in PVK or 

PSS polymer matrix on a silicon substrate are shown in 

Fig. 3. FTIR measurements were performed to confirm the 

initial composition of Alq3 in the selected polymer matrix. 

The characteristic vibration modes of the studied 

Alq3:polymer layers are at: 450 cm−1 (Al-N), 550–644 cm−1 

(Al-O) and band at about 740 cm−1 (Al-O-Al) [45]. Three 

bands at 1109–1116 cm−1, 1230 cm−1, 1364–1380 cm–1 are 

assigned to CH/CCN bending and CN tensile vibrations. 

The hydroxyquinol group is observed at 1460 and 

1493 cm−1, where these peaks correspond to CC/CN + CH 

bending stretch vibrations associated with both pyridyl and 

phenyl groups in Alq3 [46]. In the higher wavenumber 

region, the IR transmittance peak centred at 1580–

1595 cm−1 is attributed to the CC stretching vibration 

involving the quinoline group of the ligands [47].  

The absorption and PL spectra of Alq3:polymer (i.e., 

PSS or PVK) thin films are presented in Fig. 4. In the case 

of Alq3:PVK, absorption is characterised by four bands 

with maximum at: 279 nm (B band), 382 nm (A band), 

330 nm (C band), and 344 nm (D band). It should be noted 

that the A band is related to the transition from the ground 

state (S0) to the first excited state (S1) and is associated with 

charge transfer (CT) from the quinolinate ring containing 

oxygen to the pyridyl ring. It is, therefore, attributed to the 

π-π* excitation involving molecular orbitals of the 

quinolinate ligands. The B band indicates the presence of 

the p-band related to the central metal atoms, where the p-

π* transition is more prominent [48]. The C and D bands 

are partly assigned to vibrionic progression caused by the 

deformation mode of the electron transition ring. Additio-

nally, these bands can be related to several other electronic 

transitions. For the Alq3:PSS thin film, only three bands can 

be recognized: the B band visible at 278 nm, the C and D 

bands merge into a single band, and a very weak A band 

located at 381 nm [49]. From the theoretical calculations, 

three transitions are visible: from S0 → S1, S0 → S2, and  

S0 → S3 assigned to Alq3. The first pass concerns the A band, 

while the second (and third) is assigned to the B band. 

PL spectra of Alq3:polymer thin films on a silicon sub-

strate are shown in Fig. 4. After excitation, the thin layers 

emit a strong green light. The PL spectrum of Alq3:PSS thin 

film shows the band at 500 nm, which corresponds to Alq3. 

The emission bands for Alq3:PVK at 502 nm refer to the 

recombination of excited states in Alq3. The excited states 

responsible for PL in Alq3 are localised in the ligands. The 

HOMO is localised on the phenoxide side and the LUMO 

on the pyridyl side [50]. As can be seen from Fig. 4, PL of 

Alq3:PVK is much more intense than Alq3:PSS.  

The refractive index (n) and extinction index (k) of the 

Alq3:PVK thin layer in the system: Alq3:PVK/PEDOT: 

PSS/ITO/glass substrate were determined using SE. The 

experimentally obtained ellipsometric azimuths (Δ, Ψ) 

measured for three illumination angles (i.e., 60, 65 and 

70) are plotted in Fig. 5 in individual colours. The 

theoretical characteristics using the Tauc-Lorentz model, 

corresponding to the best match to the experimental data, 

are drawn with black lines [34]. As can be seen, for each 

angle of illumination of the sample, a perfect match between 

theoretical and experimental characteristics was obtained.  

The dispersion features of n and k obtained from the 

best fits are presented in Fig. 6. For wavelengths above 

700 nm, the extinction coefficient is close to zero. As can 

be seen, in this spectral range, the refractive index shows 

normal dispersion. However, below 650 nm, k reaches very 

high values. In the course of its characteristics, the presence 

Fig. 3. FTIR transmittance spectrum of the Alq3:polymer  

thin film.  

 

Fig. 4. Absorbance and PL spectra of the Alq3:polymer. The 

absorption bands of Alq3:PVK are labelled A – D, while 

the PL bands are labelled according to their assignment 

to different film components. 

 

Fig. 5. Spectral dependence of 𝛹 and 𝛥 azimuths for the Alq3:PVK 

layer deposited on the PEDOT:PSS/ITO/glass. 
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of three absorption bands can be seen: the first one near 

600 nm and other two located close to each other near the 

wavelength of 500 nm. The refractive index in this spectral 

range (i.e.,  < 650 nm) shows anomalous dispersion.  

Figure 7 shows the SEM images of Alq3 samples 

dispersed in PSS or PVK polymer matrix at a magnification 

of 500x. Both scans show surface smoothness and even 

distribution of Alq3 grains on the surface of the sample, 

which is very important for OLED structures. 

3.2. Quantum-chemical calculations 

In order to determine which materials combination is 

more favourable for OLED applications, DFT calculations 

were performed to determine the possible structures of the 

Alq3:polymer interface, as well as TD-DFT calculations to 

determine the nature of the lowest energy excited states. 

Several Alq3:polymer configurations were considered, 

where the most stable among the exemplary optimized 

structures of Alq3:polymer models are presented in 

Figs. 8(a) and 8(b) for PSS and PVK, respectively. The 

initial structures cover different directions of Alq3 

approaching the polymer chain. This strongly affects the 

interactions that govern the complex stabilization. For Alq3 

approaching the chain from the alkyl side, the weak inter-

action includes mostly the C–H...C and C–H...O contacts 

and the C–H...π interaction of the alkyl chain with the  

Alq3 aromatic ring (compare Supplementary Information, 

Fig. S1). This arrangement leads to the weak super 

molecular interaction of −23.82 kcal/mol in the case of the 

mer-Alq3-PSS complex [Fig. S1(a)] or −18.35 kcal/mol for 

fac-Alq3-PSS [Fig. S1(d)]. Panels (b) and (e) of Fig. S1 

present the Alq3 reaching the polymer from the sulfonate 

groups and sodium ions, which intuitively increases the 

electrostatic interaction and creates an additional possibility 

of O...H–C contacts. The interaction energy estimated for 

this complex equals −32.40 kcal/mol for the fac isomer of 

Alq3 and −81.15 kcal/mol for the mer-Alq3:PSS complex. 

The strongest attraction between Alq3 and PSS is observed 

when the aromatic quinolinato-ring enters deeper into the 

chain, featuring more stabilizing dispersion interactions. 

The total super molecular interaction energy for this case 

[Fig. S1(f) for fac-Alq3:PSS] amounts to −75.69 kcal/mol. 

The strong interaction of Alq3 with PSS is undoubtedly the 

result of the presence of the sodium ions, since PVK 

interaction with Alq3 is significantly weaker than PSS with 

Alq3, despite the similar size of the system.  

In the case of PVK, Alq3 approaching from the alkyl 

part of the chain [panel (a) and (d) of Fig. S2] gives the 

interaction energy of –30.90 kcal/mol for the mer-isomer 

and −26.55 kcal/mol for the fac-isomer. On the other side, 

Alq3 interacting from the carbazole part of the chain 

[Fig. S2(c) and Fig. S2(e)] causes the insertion of the 

aromatic rings of Alq3 between the carbazole moieties of 

polymer, thus maximizing the ππ stacking influence on the 

stability of the whole complex.  

 

Fig. 8. The most stable mer-Alq3:PSS (a) and mer-Alq3:PVK (b) configurations used to model the Alq3:polymer interface. The interaction 

energies obtained by SAPT0/def2-SVP approach are: (a) −78.37 kcal/mol, (b) −26.17 kcal/mol (CPK representation for Alq3 

molecule, cyan sodium ions, and licorice for the polymer chain). (c) Frontier orbital energy diagram for Alq3, and polymer models 

from HSE06/def2-SVP calculations (energies for HOMO, LUMO and HOMO-LUMO gap in eV). 

 

Fig. 6. Dependence of n and k for the Alq3:PVK active layer on 

PEDOT:PSS/ITO/glass substrate. 

 
Fig. 7. The morphology of the investigated thin films. 

 

 

 

 (a) (b) (c)
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Table 1 presents the decomposition of the total 

interaction energy into its components of different physical 

origin. It is clear that the direction from which Alq3 is 

approaching the PSS chain strongly affects the electrostatic 

energy component. The influence on dispersion is weaker, 

and the three different models are governed by a different 

type of interaction. For the fac-Alq3 isomers, the Alq3:PSS 

(1) structure is governed by dispersion, Alq3:PSS (2) 

features both, while Alq3:PSS (3) is governed by 

electrostatic interactions, although its dispersion energy 

component is also the largest of the three. Similar tendency 

is observed in the case of mer-Alq3 interactions with PSS: 

for complex (1), the dispersion component plays the most 

important role; in the case of complex (2), the electrostatic 

term is prevailing; and for complex (3), a balance between 

the electrostatic and dispersion components leads to a 

complex of mixed nature. On the other hand, the PVK 

complexes are governed mainly by the dispersion 

interaction, independently of the direction from which Alq3 

is approaching the polymer chain and the isomeric form of 

Alq3. The electrostatic energy component is only weakly 

affected by a few kcal/mol.  

The theoretical estimation of the parameters relevant 

for OLEDs involves the calculation of the frontier orbital 

energies of the donor and acceptor, namely polymer and 

Alq3. The frontier molecular orbitals HOMO and LUMO 

of the donor and acceptor molecules play an important role 

in the functioning of OLED. The calculated values are 

given in Table S1 (see Supplementary Information) and 

presented in Fig. 8(c). The excellent agreement of the DFT 

results for Alq3 in comparison to the experimental data 

extracted from electrochemical measurements can be 

noticed (see Table 2). Additionally, the functioning of 

OLED devices is also governed by the charge transfer 

between Alq3 and polymer, which takes place at the 

interface. This charge transfer takes place in the excited 

state and is facilitated by delocalised orbitals, which extend 

over both electron donor and electron acceptor moieties. To 

compare Alq3:PSS and Alq3:PVK from this point of view, 

the absorption spectra of our model configurations were 

calculated and, for each, the nature of the ten lowest excited 

states was determined. 

The average calculated vertical absorption spectra are 

shown in Fig. 9, where the spectra calculated for the two 

isomers and three considered configurations were averaged. 

In the case of Alq3:PSS [Fig. 9(a)], the presence of the 

polymer does not significantly affect the absorption 

spectrum. There are small changes in the relative positions 

and intensities of the bands depending on the configuration, 

but these changes are quite minor. 

Table 1.  

SAPT0/def2-SVP interaction energy components for the investigated systems [kcal/mol],  

the dispersion-to-electrostatic ratio and the character of the complex according to the Rezac criteria  

(ratio > 1.7: dispersion, ratio < 0.59: electrostatic, 0.59 < ratio < 1.7: mixed) [51]. 

Alq3:PSS Elst Exch Ind Disp Total Disp/Elst Character 

mer-Alq3:PSS(1) −16.75 33.91 −6.92 −31.15 −20.91 1.9 Dispersion 

mer- Alq3:PSS(2) −83.21 54.85 −24.72 −25.30 −78.37 0.3 Electrost. 

mer- Alq3:PSS(3) −35.46 40.35 −10.85 −24.84 −30.81 0.7 Mixed 

fac-Alq3:PSS(1) −13.73 26.47 −6.41 −23.02 −16.69 1.7 Dispersion 

fac-Alq3:PSS(2) −34.66 50.32 −9.56 −26.88 −20.78 0.8 Mixed 

fac-Alq3:PSS(3) −66.27 54.42 −24.06 −32.26 −68.18 0.5 Electrost. 

mer- Alq3:PVK(1) −23.39 52.58 −8.33 −47.04 −26.17 2.0 Dispersion 

mer- Alq3:PVK(2) −13.34 33.28 −4.40 −34.32 −18.78 2.6 Dispersion 

mer- Alq3:PVK(3) −13.26 39.69 −4.41 −42.07 −20.05 3.2 Dispersion 

fac-Alq3:PVK(1) −17.51 42.32 −5.93 −39.93 −21.06 2.3 Dispersion 

fac-Alq3:PVK(2) −16.64 44.04 −5.68 −44.33 −21.61 2.8 Dispersion 

fac-Alq3:PVK(3) −12.38 27.94 −6.11 −26.28 −16.83 2.1 Dispersion 

 

Fig. 9. Average vertical absorption spectrum for Alq3:PSS (a) 

and Alq3:PVK (b) calculated with the TD-ωB97X-D/def2-

SVP approach in vacuum and shown in comparison to 

the experimentally measured absorption spectra of the 

film. The spectra have been obtained by taking the 

average of all the calculated configurations and shifted 

by 50 nm towards higher wavelengths to align the 

calculated main peak of Alq3 with the experimental B 

band. It can be noted that, in the case of Alq3:PVK, the 

lower wavelength region of the spectrum has not been 

captured, as not enough excitation vectors could be 

included in the calculations due to the large size of the 

system. Absorption spectra with bar graphs of fac-

Alq3:PVK (c) and mer-Alq3:PVK (d), where the results 

have not been shifted. The lowest energy states with large 

CT between Alq3 and polymer are marked. 

 

 

(a) (b)

(c) (d)
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The spectra of Alq3:PVK are quite different compared 

to the single Alq3 molecule, as new bands arise in the  

325–375 nm region of the absorption spectrum [Fig. 9(b)]. 

To further analyse the origin of the peaks and nature of the 

exited states, a quantitative analysis of the attachment and 

detachment densities involved in the transitions were 

performed. The transition diagrams for all excited states are 

included in the Supplementary Information. In the case of 

Alq3:PSS, all of the analysed states are purely localised on 

the Alq3 molecule and no CT excited states could be found. 

Instead, in the case of Alq3:PVK, we could identify several 

excited states with large CT character between Alq3 and 

PVK, marked in Figs. 9(c) and 9(d). Their corresponding 

transition diagrams are shown in Fig. 10. The diagrams for 

all analysed states can be found in the Supplementary 

Information (Fig. S4 and Fig. S5).In the case of fac-

Alq3:PVK model 1, i.e., when the Alq3 molecule is located 

on the alkyl chain side of the polymer, most of the 

transitions were found to be localised either on Alq3 or on 

PVK, and only one of the higher energy states had a minor 

CT character. A similar situation was obtained for mer-

Alq3:PVK model 2. For the other Alq3:PVK models and 

isomer combinations, several states with large CT character 

were identified, as illustrated in Fig. 10. In essentially all of 

them, an electron located on the PVK polymer gets 

transferred to Alq3. The absence of CT states in the case of 

Alq3:PSS and the presence of these states in Alq3:PVK 

indicates that Alq3:PVK would provide a more favourable 

active material for OLED applications.  

3.3. Optoelectronic characterisation 

Figure 11 displays the cyclic voltammograms of the Alq3 

thin film. An oxidation potential onset of 1.22 V/ref was 

estimated. This value is associated to the ionization potential 

(IP) by the following equation IP =𝐸𝑜𝑛𝑠𝑒𝑡
𝑜𝑥  + 4.5 [52], where 

𝐸𝑜𝑛𝑠𝑒𝑡
𝑜𝑥  is the oxidation onset potential measured relative to 

the normal hydrogen electrode (NHE). According to 

Janak’s theorem, the HOMO energy is typically considered 

to be equal to minus the value of the IP energy [53], hence, 

based on the oxidation potential onsets, we estimated the 

HOMO energies of Alq3 thin films. The HOMO level of 

Alq3 was at −5.925 eV.  

Fig. 11. Cyclic voltammetry of the Alq3 thin film. 

 

 

Fig. 10. Transition diagrams of the lowest energy excited states with large CT character for (a) fac-Alq3:PVK model 3,  

fac-Alq3:PVK model 2, (c) mer-Alq3:PVK model 3, and (d) mer-Alq3:PVK model 1.  
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According to the literature [54], Alq3 has an optical 

band gap of 3.1 eV, thus, the LUMO level can be calculated 

by adding this value to the HOMO value. In this way, the 

LUMO level was located at −2.825 eV. All these values are 

presented in Table 2. 

Table 2. 

Electrochemical and energetic parameters of Alq3 thin films. 

 

Vonset,ox 

[V/NHE] 

IP 

[eV] 

HOMO 

[eV] 

Eg,opt 

[eV] 

LUMO 

[eV] 

Alq3 1.425 5.925 −5.925 3.1 −2.825 

 

EL spectrum of the prepared simple OLED (i.e., 

glass/ITO/PEDOT:PSS/ Alq3:PVK/Ca/Al, see Fig. 1) is 

shown in Fig. 12. It can be seen that OLED based on 

Alq3:PVK exhibits a strong green EL emission that reaches 

the maximum at 520 nm (see Table 3). 

Table 3 shows the maximum brightness values obtained 

for selected OLED structures with Alq3. It was found that 

our structure (i.e., ITO/PEDOT:PSS/Alq3:PVK/Ca/Al, 

where the thickness of Alq3:PVK layer was about 103 nm) 

has a much better brightness value (1049 cd/m2) compared 

to other OLEDs. The maximum current efficiency (CE) of 

our OLED is equal to 0.86 cd/A. CE is the ratio of the 

brightness to the current of the OLED, i.e., the light 

efficiency taking into account the sensitivity of the human 

eye to various wavelengths of light in the visible range.  

Table 3.  

Selected parameters of manufactured OLED devices,  

where λELmax – peak position of maximum EL emission,  

UT – the threshold voltage, Bmax – maximal brigthness.  

 
λELmax. 

[nm] 

UT 

[V] 

Bmax. 

[cd/m2] 
Ref. 

PEDOT:PSS(60nm)/Alq3: 

PVK(103nm)/Ca/Al 
520 6.91 1049 

this 

work 

PVK(100nm)/Alq3_(26nm)/Al 525 16 75 [55] 

PVK(40nm)/Alq3_(70nm)/Al 525 15 506 [55] 

TPD(50nm)/Alq3_(40nm)/Al  – 12 250 [56] 

TPD(50nm)/Alq3_(40nm)/LiF/Al  – 9 828 [56] 

X. Jiang et al. [55] fabricated the ITO/PVK/Alq3/Al 

structure, for which the obtained brightness values were 

respectively: 506 cd/m2 and 75 cd/m2 for the thickness of 

110 nm (PVK = 40 nm, Alq3 = 70 nm) and 130 nm 

(PVK = 110 nm, Alq3 = 26 nm). They found that an 

increase in the thickness of the Alq3 film and a decrease in 

the thickness of the PVK cause a significant increase in the 

brightness value. H. Mu et al. [56] present two OLED 

structures that differed by an additional LiF layer. They 

found that this addition layer increased the brightness value 

from 250 cd/m2 (ITO/TPD/Alq3/Al) to 828 cd/m2 

(ITO/TPD/Alq3/LiF/Al). 

Figures 13(a) and 13(b) show the luminance-voltage 

and the current density-voltage curves, respectively, 

measured for OLEDs prepared based on Alq3:PVK. The 

luminance-voltage characteristics, presented in Fig. 13(a), 

show features typical of electroluminescent devices. 

Specifically, this is the characteristic rapid increase in 

luminance after exceeding a certain voltage threshold. 

Studied OLED exhibits a maximum brightness value of 

about 1049 cd/m2 with a current efficiency of 0.86 cd/A. 

Figure 13(b) shows the current-voltage characteristics for 

the studied OLED. On the basis of this measurement, the 

threshold voltage UT was determined (see Table 3) at 

6.91 V.  

4. Conclusions 

Thin layers of Alq3 with PVK or PSS polymers were 

produced using the spin-coating method on glass and 

silicon substrates. FTIR measurements were performed to 

 

Fig. 12. EL spectrum of OLED, where Alq3:PVK acts as an active 

layer in glass/ITO/PEDOT:PSS/Alq3:PVK/Ca/Al.  

 

Fig. 13. Luminance-voltage characteristic for the studied 

OLED (a) and current density-voltage curve for the 

prepared OLED structure (b). 
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confirm the composition. SEM images show that relatively 

smooth layers were obtained for the PVK and PSS 

polymers. The PL spectrum of the PSS polymer thin film 

has a band at 500 nm, which corresponds to Alq3. The 

emission band for Alq3:PVK at 502 nm relates to the 

recombination of excited states in Alq3. OLEDs based on 

Alq3:PVK exhibit strong EL emission with the green 

emission peak at 520 nm. Theoretically determined charge-

transfer states present for Alq3:PVK and their lack for 

Alq3:PSS indicate the predicted better performance of 

Alq3:PVK compared to Alq3:PSS in OLEDs. OLED with 

the ITO/PEDOT:PSS/Alq3:PVK/Ca/Al structure showed a 

maximum brightness value of about 1049 cd/m2 with a CE 

of 0.86 cd/A. We found that the obtained maximum 

brightness value is much higher compared to other 

presented OLED structures. 
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Fig. S1. Optimized exemplary structures of PSS complexes with mer-Alq3 (a)–(c) and fac-Alq3 (d)–(f) calculated using  

ωB97X-D/def2-SVP; Na+ cations and Alq3 and presented in the CPK mode and polymer chain fragment as licorice.

Fig. S2. Optimized exemplary structures of PVK complexes with mer-Alq3 (a)–(c) and fac-Alq3 (d)–(f) calculated using  

ωB97X-D/def2-SVP; Alq3 is shown in the CPK mode and polymer chain fragment as licorice. 
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Fig. S3. Multipole derived electrostatic potential of Alq3 estimated by the 

ωB97X-D/def2-SVP approach 
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Fig. S4. Transition diagrams for all analysed states of fac-Alq3:polymer. 
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Fig. S5. Transition diagrams for all analysed states of mer-Alq3:polymer. 
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