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Abstract

Charge extraction layers play a crucial role in developing the performance of the
inverted organic solar cells. Using a transparent metal oxide with appropriate work
function to the photoactive layer can significantly decrease interface recombination
and enhance charge transport mechanism. Therefore, electron selective films that
consist of aluminium-doped titanium dioxide (TiO2:Al) with different concentrations
of Al (0.4, 0.8, and 1.2)wt % were prepared using sol-gel technique. The inverted
organic solar cells PCPDTBT: PCBM with Al doped TiO2 as electron extraction layer
were fabricated. It is well known that Al doping concentration potentially affects the
physical characteristics of the TiO, by controlling the optical, morphological, and
structural properties. The effect of Al incorporation on the optical and morphological
properties of the prepared films were analysed using UV-Vis spectroscopy, atomic
force microscopy (AFM), X-ray diffraction (XRD), and scanning electron microscopy
(SEM). The current—voltage (J-V) curves of the PCPDTBT: PCBM organic solar cells
show that the TiO2:Al layer with 0.8% Al wt%, has the highest power conversion

efficiency which is 3.02%.
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1. Introduction

Recently, there has been widespread utilization of Inverted Organic Solar Cells (I0SCs) to
improve the efficiency of Organic Solar Cells (OSCs). This improvement is achieved by
employing an electrode with a higher work function and enhanced air stability. To obtain bulk-
heterojunction (BHJ) solar cells with effective inversion, interfacial materials of high
transparency and conductivity are required, which are added to create a link between the
conductive electrode and the photoactive layer. The sol-gel technique was used to produce thin
layers (10-40) nm of TiO2 [1, 2] or ZnO [3-5], which are used as the interfacial layer in Organic
Solar Cells (OSCs) and Inverted Organic Solar Cells (IOSCs) [6]. The layers commonly used
in organic solar cells (OSCs) exhibit a high degree of transparency in the visible spectrum. The
active photoactive layer is covered with a metal oxide layer to prevent oxidation resulting from
the high absorption properties in the UV spectrum. This has been found to increase the power
conversion efficiency by nearly 80% compared to devices based on PEDOT:PSS of 2.3%
efficiency [7,8]. TiO2 layer, due to its deep valance band maximum and low conduction band
minimum compared to the PEDOT:PSS, is being used in the inverted OSCs structure to enhance
the electron extraction and hole blocking [9]. Additionally, TiO2 serves as an electron acceptor
layer that facilitates the transfer of charge between the active layer consisting of Poly[9-(1-
octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-
thiophenediyl (PCDTBT) and the TiO2 layer. Including this layer has been found to
significantly improve the efficiency of OSCs, ranging from 2.42% to 3.16% [3,10]. It has also
been demonstrated in various studies that TiO2 and its nano-structured layer have an impact on
the carrier extraction of the charge and exciton dissociation [11]. Doping TiO2 with metal ions
was reported to improve conductivity, which can be controlled by the quantity of the metal ions
[12, 13]. TiO2 is doped with Al, using AICIz and AI(NO3z) as Al-dopant ion precursors [14],
using the sol-gel preparation technique This technique is used extensively due to its ease of use,
potential to obtain a greater fabrication area, and its low cost compared to other approaches.

The presence of Al as a doping element in a thin film structure could bring the Density Of
State (DOS) close to the Fermi energy level and thus improve the density of charge carriers.
Due to this, the electrical conductivity may rise [13, 14]. When Al-doped TiOz thin film is used
instead of the un-doped TiO: layer in solar cells, their impedance may decrease, which improves
their quality. However, the thickness of the Al-doped TiO layer does not have any impact on
the performance of solar cells. Compared to the organic layer, the carrier mobility and
concentration of charge carriers of this layer are higher [15]. The author, however, asserts that
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the research evaluating the impact of the Al-doped TiO> layer on the properties of OSCs is still
in its initial stages, and very few outcomes have been attained in this regard.

The present study examines the morphological, structural, and optical features of Al-doped
TiO> layers with different Al concentrations. The study also examined the impact of these
changes on the OSCs' properties as an active layer constructed on hetero-junction.
PCPDTBT:PCBM. Current density-voltage (J-V) curves for the different Al doping
concentrations were used to analyse the characteristics of these fabricated devices.

2 Materials and Methods
2.1 Materials

The materials employed in this study were obtained from Sigma-Aldrich. These included
titanium isopropoxide (TIP) (purity: 97%), [6,6]-phenylC61-butyric acid metheyester (PCBM),
Au with a purity of 99.99%, Poly[9-(1- octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-
2,1,3-benzothiadiazole- 4,7-diyl-2,5- thiophenediyl (PCDTBT), Chlorobenzene and Powder
sample of Vanadium Oxide V20s.

2.2 Organic Solar Cell Preparation

Processed solution and spin coating process by deposition on glass substrates Indium tin
oxide (ITO) were used to create the Organic Solar Cells (OSCs). The glass substrates were pre-
structured (with a resistivity sheet of 12€)/sq) and cleaned by ultrasonic in an alcoholic solution
of isopropyl, acetone, and deionized water for ten minutes. The structure of the fabricated OSC
IS shown in Figure 1. There are four layers in each OSC device: TiO2 (the electron extraction
layer), PCDTBT: PCBM blend (the active layer), V20s (the hole transporting layer), and Au
(the top contact layer).

TiO> films were deposited on ITO/glass substrate using the sol-gel technique. TiO- precursor
solution was prepared in the following procedure: methanol and isopropanol were mixed to
create the solvents; titanium isopropoxide (TIP) (titanium precursor) was then added to the
solvent’s solution at a temperature of 80° C while being continuously stirred. The mixture was
later stirred while the acetic acid was carefully added. Figure 2 shows the fabrication processes
of the TiO2 layers. Spin coating of the thin films of TiO2 was carried out using 2000 rpm
spinning speed for 30 seconds, after which it was annealed at a temperature of 600° C. The
ellipsometry technique was used to measure the thickness of the TiO; thin film created, which
was found to be 40 nm.

Au

V20s=

PCBM

PCDIBT

ITO glass substrate

Figure 1: Structure of Fabricated Organic Solar Cell
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A solution of PCDTBT and PCBM in chlorobenzene, with a 1:1 ratio, was prepared forthe
blend active layer of PCDTBT: PCBM [16]. This layer was deposited over the TiO layer using
the spin coating process. The annealing process was subsequently carried out at 120° C on a hot
plate in a glove box in a nitrogen atmosphere for ten minutes [17]. Spin coating of the hole
transporting layer of VV.Os was carried out over PCDTBT: PCBM active layer, after which it
was thermally treated for ten minutes at 110° C in a nitrogen atmosphere within the glove box.
Lastly, 10-6 mbar of vacuum was applied to thermally evaporate 100 nm thickness of a gold
(Au) top contact layer, with a deposition rate of 0.1-0.2 nm/sec being used.

Acetic acid (Sml)

(6.2m1 ™ AlCl,
D‘ﬁ (0.4, 0.5, L2weo%) A

Hot plate stirrer
B80°C

[Methanol + Isopropanol
solution) (S0ml)

—

Al doped Tio, T

Thin films

uoneseda.d ajdwes 10) uoin|os ay Jajsuesl

Spin coating on ITO
coated glass
substrate

Annealing

Figure 2: Steps of preparing TiO> thin films

3. Characterizations

Scanning electron microscope (FEI-Nova SEM), X’Pert Philips X-ray diffractometer
(MPD), and nanoscope multimode AFM (Bruker-AFM) were used to evaluate the structure and
morphology of all thin films of Al-doped TiO.. UV-Visible spectroscopy optically
characterized these thin films for wavelengths between 190 and 1100 nm. M200 spectroscopic
ellipsometer from the J.A. Woollam Company was used to measure the thickness of the thin
film for wavelengths between 370 and 1000 nm. The External Quantum Efficiency (EQE)
spectra were measured under the short-circuit condition, i.e. no external current, using an
electrometer (Keithley 617S) and xenon lamp as a light source. The light was passed through a
monochromator to tune the wavelength of the incident light. The EQE was estimated using the
relation EQE (%) = Isc x124,000 / (A (nm) xPin), where Isc is the short circuit current, A and
Pin are the wavelength and the intensity of incident light, respectively. The 4200 Keithley
semiconductor characterization system was used to electrically test the solar cells (i.e., the
photovoltaic properties). An intensity of 200mW/cm? was generated using AM 1.5 irradiation
of the solar simulator.

4. Results and Discussions

The AFM and SEM 3D, and 2D-imaging systems were used to examine Al-doped TiO>
morphology. The SEM and AFM images of undoped and doped TiO> with different
concentrations of Al are presented in Figures 3 and 4. The Al concentration was found to have
an impact on the surface morphology of TiO: films. A decrease in the grain size was noticed
with the increase of Al concentration, which may be due to the rise in the number of bulges. In
addition, the grain size of TiO> decreased when the grain packing density in TiO2 was increased
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by increasing the Al concentration [20, 21]. A flatter surface with fewer bulge structures can be
observed in the surface morphology of the 0.8 wt. % Al-doped TiO thin film. The
microstructure form of Al-doped TiO> can be seen in the film surface images provided by SEM,
which comprises various crystalline particles of spherical shapes; particles that do not have a
spherical shape can also be seen. The substrate surface is evenly covered by the granules.
Hence, the grain structure of TiO> particles was altered by Al doping. The microstructure was
consistent with compact interconnected grains. In addition, in comparison to pure TiO> film,
less porosity is exhibited by the doped TiO> film, which demonstrates that Al doping may cause
the film to become denser [22]. It is clear from the SEM micrographs that when Al doping
increased, there was a decrease in the average grain size of TiO2 [23].
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Figure 3: AFM micrographs of Al-doped TiO> films with different Al concentrations.
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Figure 4: SEM micrographs of Al-doped TiO- films with different Al concentrations.

The X-ray diffraction patterns of all created thin films can be seen in Figure 5. The samples
are polycrystalline and have preferential axis orientations of (100), (002), (101), (102) and
(110). The recorded series, shown in Table 1, exhibited peaks that were identified as originating
from the rutile TiO2 phase. As the Al concentration was increased, a decrease in peaks intensity
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and an increase in peaks broadening (FWHM) were noticed. This means that the crystallization
of the thin films has decreased, and the rapid diffusion of the Ti interstitials caused a growth in
the TiOz grains [24].

Using trivalent cation (Al) for doping causes the Ti interstitial content to decrease to balance
the loss of charge, and this prevents the TiO2 grains from growing and hence decreases
crystallization [25]. The AFM micrographs show a significant variation between the crystallite
size and the grain size; the grain size was significantly bigger than that of the crystalline. The
increase in Al content caused a decrease in grain size and minor changes in crystallite size.
There is a functional impact of TiO. doping on the increase in grain size instead of the
crystalline size. These tendencies are found to be associated with the Al-doped TiO: inhibition
caused by the AICI3 [26].

] 100 002101 ‘
102 110

j M (0.8 at % Al-doped
- b ' " v oot et
] M [0.4 at % Al-doped

Intensity (arb. unit)
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T T T — | I T —
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Figure 5: XRD Patterns of TiOz thin films doped with different Al concentrations.

Table 1: XRD data for the TiO; by using different doping films.
Different Mille Angle Angle d values d values FWHM
doping Indices (20) (20) (A) (A) Degree
(hkl) degree degree

Observed Stander

Observed Stander

31.9405 30.534 2.8082 2.6452 41.3524
34.6317 34.321 2.5974 2.3707 0.2134 38.9201
36.5101 36.132 2.4600 2.3130 0.2012 43.4570
31.9803 31.724 2.7961 2.6462 0.2174 40.2187
34.9720 35.104 2.5984 2.3717 0.2264 38.4570
36.5102 36.151 2.4531 2.3140 0.2152 42.0779
32.0023 32.124 2.7980 2.6462 0.2223 39.3322
34.9720 34.414 2.5944 2.3717 0.2289 38.0378
36.5110 36.951 2.4421 2.3140 0.2093 41.2536
32.3103 32.024 2.7861 2.6462 0.2373 36.4230
34.9760 35.140 2.5834 2.3717 0.2668 32.6344
36.6502 36.405 2.4401 2.3140 0.2245 37.2850
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Figure 6 shows the differences in the optical properties of un-doped and Al-doped TiO; of
different concentrations of Al (0.4, 0.8, and 1.2wt %). High transparent spectra are
demonstrated by all Al-doped TiO> films in the visible range (i.e., 81 to 94%) compared to the
un-doped TiO> films. This is because of the absorption transitional nature of the Al-doped films.
For every sample, there was a sharp transition in the absorption spectrum at a wavelength of
around 400 nm [27].

The absorption coefficients (o) were calculated for the samples based on optical

transmittance measurements, employing the equation [28]:
2.303

1
7 X log(T) 1)
Here, d signifies the thickness of the TiO> films, whereas T is representative of the
transmittance value. Another technique to identify the absorption coefficient of the created
thin films is using Equation 2, where the energy of the incident photon needs to be known:

a =

ahv = A(hv — E;)" )

Where: h refers to Plank’s constant, v indicates the frequency, A refers to a constant, and n
is based on the transition nature. TiO> rutile phase is typically related to the direct transport of
the semiconductor band gap [29]. Therefore, the direct bandgap of TiO2 can be determined by
examining the (ahv)? vs hv curve through direct transition and extrapolation of the linear region
at o = 0, which corresponds to the transition bandgap of n=1/2 [28]. however, the bandgap
transition of n=3/2 cannot happen. The relationship between (ahv)? and hv of every Al-doped
TiO2 film is shown in Figure 6. The linear dependence of (ahv)? on hv at high photon energies
shows that the Al-doped TiO- films are essentially semiconductors with a direct transition. The
straight curve part extrapolation to the zero value gives the optical band gap (Eopt). The Eopt
values of Al-doped TiO> films of (0, 0.4, 0.8, and 1.2 wt.%) Al concentrations are 3.32eV,
3.34eV, 3.36eV, and 3.48Ev, respectively. The Moss-Burstein shift theorem can be used to
explain the band gap broadening because the donor electrons can be seen at the conduction
band bottom [30]. The Pauli rule does not allow states to be doubly occupied. As the optical
transition is vertical, extra energy is required by each valence electron in the higher levels within
the conducting bands. As a result, the Al-doped TiO> films exhibit broader Eopt compared to
the un-doped TiOz thin films [30, 31].
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Figure 6 : (ohv)? vs. hv plots of Al-doped TiO; films with different Al concentrations
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The solar cell spectra of Al-doped TiO2 with different concentrations of Al are depicted in
Figure 7. The figure illustrates that Dye-Sensitized Solar Cell (DSSCs) utilizing Al-doped TiO:
electrodes exhibit a notable enhancement in incident photon to current efficiency when
compared to the un-doped thin film. This increase in efficiency may be attributed to the
improved effectiveness resulting from the addition of an electron and charge transfer, along
with a greater amount of dye absorption, as indicated in Table 2 [32].

80

—®— pure
—® 0.4 at % Al-doped

x ﬂ —4A—0.8 at % Al-doped
r‘“ —w% 1.2 at % Al-doped

0 T T T T T T T T T T
300 350 400 450 500 550 600
Wavelength (nm)

Figure 7 : Effect of different concentrations of Al-doped TiO: films on solar cells' spectra

Organic solar cells were created using TiO- layers injected with different Al concentrations,
after which they were developed using ITO/TiO2: Al/ PCDTBT: PCBM/ V:0s/Au
configuration, as depicted earlier in Figure 1. The J-V curves, shown in Figure 8, were used to
examine the electrical properties of the manufactured devices. For every manufactured organic
solar cell of different Al dopant concentrations, the measurements of J-V curve properties were
obtained under illumination with a light source.

The results showed that all the manufactured solar cells displayed a minor increase in short
circuit photocurrent density, Jsc ~ 6.65-10.55 mA/cm?. In addition, a significant change was
seen in the open circuit voltage indicator with changes in the Al concentration; the highest of
0.61 V was attained for the 0.8wt% Al-doped TiO: layer. The initial variation in the open circuit
voltage could be because of the changes in inherent voltage when the Fermi energy level shifted
for the donor and acceptor of the Al-doped TiO: layer of different Al concentrations (0, 0.4,
0.8, and 1.2 wt. %). There will be an increase in the Fermi energy level toward the conduction
band of TiO> through Al doping, which occurred due to the shift impact of Burstein—-Moss [13,
33-34]. Nevertheless, when Al doping concentration was increased further, a higher charge
carrier density was obtained. This may explain why the open circuit voltage increases with an
increase in Al doping concentration. Table 2 shows the solar cell parameters, density of the
short circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and power conversion
equipment (PCE). Equations 3 and 4 were used to evaluate these parameters [18]:

PCE = (LV’”‘”‘) 3

max

193



Al-hashimi et al. Iragi Journal of Science, 2024, Vol. 65, No.1, pp: 186- 197

]max Vmax
FF =—"—=2"2 (4)
]SC I/OC

Where: Js refers to the short circuit current density (mA.cm), V. signifies the open-circuit
voltage (V), Pin indicates the incident light power, and Jmax (MA.cm™2) and Vmax (V) refer to the
current density and voltage at the point of highest power output in the J-V curves, respectively
[19]. There was a slight change in the FF values with changes in Al concentration. Variations
in J-V features may occur due to this behavior, which may happen due to the variations in the
series resistance. It may also be explained by the modifications in the junction features of the
TiOz/active layer that is also consistent with the energy level and band bending at the junction.
Figure 8 shows that the biggest area under the J-V curve is that of the 0.8 wt. % Al-doped TiO>
J-V curve of the solar cell. This extended area causes the greatest charge carrier extraction [34-
36]. For the device with TiOz thin film doped with 0.8 wt. % Al, a maximum PCE of 3.02% is
obtained.

Current density (mA/cm?)

—&— pure
—e— 0.4 at % Al-doped
—4&— 0.8 at % Al-doped

1 —v— 1.2 at % Al-doped
-12 +——

-0.2 -01 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Figure 8 : J-V characteristics of OSCs with undoped and doped TiO> layers as function of
different Al doping amounts

Table 2: Parameters of OSCs Performance Evaluated via J-V Measurements

Al - content Voltage Current Density Fill Factor Power Conversion Equipment
(Wt. %) (Vo) (volt) (Jsc) (mA/cm?) (FF) % (PCE) %

0.0 0.62 (1 0.01 6.65 0.2 35012 1.44
0.4 0.64 1 0.02 9.48 [10.4 42 113 2.5
0.8 0.63 [10.02 10.55 0.5 47 113 3.12
1.2 0.64 110.01 7.85 110.5 31112 1.55

5. Conclusions

The sol-gel process was used to create undoped and doped TiOz thin films with different
concentrations of Al (0.4, 0.8, and 1.2 wt. %). SEM, UV-Visible, AFM, and XRD
measurements were used to examine these thin films. It was concluded from the findings that
the grain growth is affected by the doping of the TiO2 layer with varying Al content, and this
may give rise to varying surface morphology. In addition, when Al concentration was increased,
the band gap of the fabricated thin films increased, which may be ascribed to the Moss-Burstein
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shift. PCDTBT: PCBM polymer blend and Al-doped TiO> layer as their transport layer was
used to create the inverted type of organic solar cells. The J-V curve was examined as a function
of Al doping concentration to review the OSCs. There was an increase in the performance of
J-V curves with doped TiO> films compared to the undoped film, where the J-V properties of
the solar cells with 0.8 wt. % Al was the best. The Al-doped TiO: layer affects the parameters
of solar cells. There was a significant relationship between the open voltage and the Al doping
concentration for the TiO- layer, which may be assigned to the shift in the Fermi energy to a
higher level in the Al-doped TiO> layer. The solar cell properties obtained were significantly
related to the properties of the Al-doped TiO> layer. It is confirmed that doping the TiO2 layer
with Al influenced the solar cell properties.
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