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Sol–gel preparation method usually used to prepare the metal oxides. So, it is a rewarding process

to prepare the electron selective film made of aluminum-doped titanium dioxide (Al-doped TiO2).

The latter was used to fabricate the inverted organic solar cells P2HT:PCBM. The doping content

with Al impact on the optical and morphological characteristics of each film were examined. These

characteristics were analyzed depending on the magnified images of the prepared samples by

atomic force microscopy (AFM), scanning electron microscopy (SEM), X-ray diffraction (XRD) in

addition to the Uv-vis spectroscopic results. The outcomes revealed that the concentration of Al

doping has potential influences on the optical properties, XRD results and surface morphology. The

J–V curve characteristics of each solar cell utilizing Al–TiO2 film were analyzed and noticed that

the most powerful conservation efficiency is 2.09% when using Al–TiO2 layer with 0.5 wt.% Al as a

doping element.
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1. INTRODUCTION
Recently, inverted organic solar cell (OSCs) is a piece of
attractive equipment to promote the efficiency of OSCs
by employing an electrode with larger work function and
considerably developed air stability. Interfacial materials
with high transparency and conductivity were essential for
heterojunction (BHJ) solar cells with effective inversion,
which are usually incorporated to connect the conductive
electrode and the photoactive layer. Thin layers (10–40)
nm were fabricated by the sol–gel method from TiO2 [1, 2]
and ZnO [3–5] where the conventional and inverted OSC
uses it as its interfacial layer [6]. Normally, transparency
properties of these layers in the visible spectra are high.
The active layer was covered by the metal oxide layer to
prevent it from oxidation due to high absorption proper-
ties in the UV spectra the UV spectra [7, 8]. The charge
carrier extraction is improved by using TiO2 layer in an
inverted OSCs structure; the good explanation for this pro-
cess is the lowering the Fermi energy levels at the cathode
electrode [9]. Besides, TiO2 is used as an electron accep-
tor layer, which allows the transportation of the charge

∗Author to whom correspondence should be addressed.

between poly(3-hexylthiophene) (P3HT) and TiO2 [3].

There are also several studies show that carrier extraction
of the charge and exciton dissociation are affected by TiO2

and its nano-structured layer [11]. TiO2 thin film conduc-

tivity can be enhanced by increasing the amount of metal
ions [12, 13]. Sol–gel preparation method used for doping
the TiO2 films with Al. Sol–gel method is an attractive
and widely used method because of its simplicity, possi-

bility to get a larger fabrication area and require low costs
in comparison to other methods. AlCl3 and Al(NO3) are
utilized to prepare Al-doped TiO2by sol–gel process and

commonly employed as Al dopant ion precursor [14]. The
existence of Al as a doping element in thin films struc-
ture could foster the states’ density (DOS) closer to the

Fermi energy level and hence increases the density of the
charge carriers that might help in increasing the electrical
conductivity [13, 14]. Utilizing the thin film of Al-doped

TiO2 instead of the un-doped TiO2 layer in solar cells
may reduce their impedance which leads to enhance their
quality. Moreover, the solar cells performance are unaf-

fected by Al-doped TiO2 layer thickness variation. This
layer has relative higher carrier mobility and concentra-
tion of charger carrier compare to the organic one [15].
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However, based on the authors’ knowledge, studying the

effect of applying the Al-doped TiO2 layer on the char-

acteristics of OSCs still under development with limited

research outcomes. In the current work, structural, mor-

phological, and optical properties of Al-doped TiO2 lay-

ers with variation of Al concentration were investigated.

Besides, the influence of this variation on the OSCs fea-

tures as an active layer built on hetero-junction of P3HT:

PCBM have been demonstrated. The features of these fab-

ricated devices were examined through current density-

voltage (J–V ) curve with different Al doping content.

2. MATERIALS AND METHODS
2.1. Materials

In the beginning, the materials used in this paper

are the titanium isoproposxyde (TIP) (purity: 97%),

Au with a purity of 99.99%, [6,6]-phenylC61-butyric

acid metheyester (PCBM) and Chlorobenzene solution

of poly(3-hexylthiophene) (P3HT). All substances were

obtained of Sigma–Aldrich.

2.2. Organic Solar Cell Preparation

The OSCs were prepared by solution processed and ther-

mal evaporation techniques by deposition on glass sub-

strates (ITO). These glass substrates are pre-structured

(having a 12 ì/sq resistivity sheet and the ultrasonic

cleans it in alcoholic solution of acetone, isopropyl, and

deionized water for ten minutes. Figure 1 describe the

structure of the fabricated ORC. Each ORC device consists

of four layers TiO2, P3HT: PCBM blend (active layer),

PEDOT: PSS, and Au. TiO2 layers. Sol–gel method was

utilized to manufacture these layers as follows: solvents

were made by mixing methanol and isopropanol; then

adding titanium isopropoxyde (TIP) (titanium precursor)

to the solvent’s solution under 80 �C temperature with con-

tinuous stirrer. Afterward, the mixture was stirred while

the dropping the acetic acid cautiously. TiO2 layers fab-

rication procedures are shown in Figure 2. Thin films of

Fig. 1. The structure the fabricated organic solar cell.

Fig. 2. Steps of preparing TiO2 thin films.

TiO2 are spin coated using 2000 rpm spinning speed for

30 sec and then annealed at 600 �C. The thickness of the

fabricated TiO2 thin film was measured as 190 nm using

ellipsometry method.

The blend active layers of P3HT 2 PCBM were pre-

pared by mixing 1:1 ratio of Chlorobenzene solution of

P3HT and PCBM [16]. The prepared active layer, then

deposited over TiO2 layer using spin coating process, after

that the annealing process was applied at 120 �C on a hot

plate in a glove box in the present of nitrogen atmosphere

for ten minutes period [17]. The hole transporting layer of

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

(PEDOT:PSS) is spin coated onto P3HT: PCBM active

layer and then thermally treated at 110 �C for ten minutes

in the presence of nitrogen atmosphere inside the glove

box. Finally, 100 nm thickness of a gold (Au) top contact

layer is evaporated thermally by applying 10−6 mbar of

vacuum and using deposition percent from 0.1–0.2 nm/sec.

3. CHARACTERIZATIONS
The structure and morphology of all thin films of Al-

doped TiO2 were examined using an X’Pert Philips X-ray

diffractometer (MPD), scanning electron microscope (FEI-

Nova SEM), and nanoscope IIIa multimode AFM (Bruker-

AFM). These thin films were optically characterized by

UV-visible spectroscopy at 190–1100 nm wavelength

range. The thin film thickness parameter was measured

by utilizing M200 spectroscopic ellipsometer from J. A.

Woollam Company works at 370–1000 nm wavelength.

Solar cells are tested electrically (photovoltaic properties)

by employing the 4200 Keithley Semiconductor charac-

terization system (SCS). AM 1.5 irradiation of the solar

simulator is used to produce intensity of 100 mW/cm2.

4. RESULTS AND DISCUSSION
The investigation of Al-doped TiO2 morphology has

achieved by the AFM and SEM 3D and 2D-imaging

2 J. Comput. Theor. Nanosci. 17, 1–6, 2020



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

AL-Mosawi et al. Aluminum-Doped Titanium Dioxide Thin Films

Fig. 3. AFM and SEM micrographs of Al-doped TiO2 films with various content of Al doping.

systems. Figure 3 displays the SEM and AFM doped and

undoped TiO2 films micrographs with the dissimilar con-

tent of the Al doping element. It is found that the con-

centration of Al doping affects the surface morphology

of TiO2 films. Figure 3 clearly presents that the grain

size reduces by increasing the concentration of Al doping

which can be attributed to the increasing of bulges’ num-

ber. Also, the increase of grain packing density in TiO2

by rising of Al doping concentration may lead to reduce

the grain size of TiO2 [20, 21]. The morphology of the

surface of TiO2:Al (0.5 wt.%) thin film shows a flatter

surface with less bulge structures. On the other hand, the

film surface images presented by SEM have shown the

microstructure form of Al-doped TiO2, which is consisting

of a lot of crystalline particles appeared to be spherical

in shape. As well as, the granules uniformly cover the

substrate surface. However, Al-doped TiO2 thin film also

demonstrates particles with off-spherical shape. Therefore,

doping of Al works to modify the grain look of TiO2 par-

ticles. The microstructure was measured to be regular with

compact interconnected grains. Moreover, the doped TiO2

film shows less porosity than pure TiO2 film showing that

the film becomes denser with incorporation of Al dop-

ing [22]. The SEM micrographs prove that the average of

the grain size of TiO2 was decreased by increasing of Al

doping [23].

Figure 4 illustrates the X-ray diffraction pattern of each

prepared thin film. All samples are polycrystalline with

preferential axis orientations (100), (101), (200), (211),

(002) and (310). All peaks were identified in the recorded

series and attributed to the Rutile TiO2 phases. The peaks

intensity has dropped and the peaks broadening have

increased (FWHM) by increasing the Al-doing content.

Which means that a deterioration in the crystallization of

the thin films has occurred. The growth of TiO2 grains has

endorsed by rapid diffusing of Ti interstitials [24].

When a trivalent cation is used for doping, Ti intersti-

tial content is decreased to compensate the loss of charge,

which leads to stop the growth of TiO2 grains and deteri-

orating crystallization due to the incorporation of Al into

TiO2 [25]. From AFM micrographs, there is a remarkable

difference between crystallite size and the grain size, the

latter is much larger size than the crystalline size. While

when Al content increased, the grain size decrease, as well

crystallite size has changed slightly. Doping of TiO2 func-

tionally affects the increase of grain size rather on that

happened in crystalline size. Such trend relates to the Al-

doped TiO2 inhibition by the AlCl3 [26].

The variation in the optical properties of un-doped and

doped TiO2 with difference Al doping concentrations (0.2,

(200)
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Fig. 4. XRD patterns of TiO2 films doped with various Al doping

concentrations.
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0.5, and 1 wt%) is shown in Figure 5. All the Al-doped

TiO2 films have exhibited high transparent spectra in the

visible range (81 to 94%), which is higher than the un-

doped TiO2 film. This can be attributed to Al-doped films

absorption transitional nature. The sharp transition in the

absorption spectrum occurs for each sample at a wave-
length of about 400 nm [27]. The absorption coefficients

(�) were calculated for the prepared samples from the opti-

cal transmittance measurements depending on the equation

below [28]:

�=
20303

d
× log

(

1

T

)

(1)

Where d is TiO2 films thicknesses and T represents the

transmittance value.

The equation below represents another method for deter-

mining the absorption coefficient of the prepared thin

films. This requires the presence of the energy of the inci-

dent photon

�h� = A4h�−Eg5
n

(2)

Where, h is Planck’s constant, � is the frequency, A is a

constant, and n depends on the transition nature. In gen-

eral, TiO2 rutile phase associated with the direct transport

of the semiconductor bandgap [29]. So that, the direct tran-

sition and linear region extrapolation of 4�h�52 versus h�

curve at �= 0 that carries out the direct bandgap of TiO2

is allowed at transition bandgap of n = 1/2 [28]; but, the

bandgap transition of n= 3/2 is forbidden. Figure 5 illus-

trates the relation between (�hv52 and hv of each doped

TiO2 film with Al dopant. At higher photon energies, a

linear dependence of (�hv52 on hv, indicating that the Al-

doped TiO2 films are basically semiconductor with direct

transition. The optical band gap (Eopt) results from the
straight curve part when extrapolating to the zero value.

The doped TiO2 films Eopt of different Al-doping con-

centrations (0, 0.2, 0.5 and 1 wt%), is 3.32 eV, 3.35 eV,

3.37 eV and 3.47 eV, respectively. This band gap broad-

ening can be easily interpreted due to the Moss–Burstein

Fig. 5. Plots of (�hv52 versus h� of doped TiO2 films with various Al

doping concentrations.

Fig. 6. Effect of Al-doped TiO2 films with various Al content on the

solar cells’ spectra (dye-sensitized).

Shift theorem [30]. This is due to the donor electrons

occupying shows at the conduction band bottom. Since

the Pauli rule keeps states from being doubly occupied

and optical transition being vertical, each valence electron

requires extra energy into higher levels in the conducting

band. Subsequently, the Al-doped TiO2 Eopt films are more

broadened than un-doped TiO2 thin films Eopt [30, 31].

Figure 6 shows the action spectra of the solar cells of

Al-doped TiO2 (dye-sensitized) with various Al content.

The figure displays that DSSCs based on the Al-doped

TiO2 electrodes showing an important improvement in the

incident photon to the current efficiency compared to the

un-doped thin film. This development in the efficiency may

ascribe to the efficiency improved for injecting an electron

and charge-transfer, beside the lightly immense quantity of

the absorption of dye as recorded into Table I [32].

The TiO2 layers incorporated with different Al dop-

ing concentration are used to prepare organic solar cells

and then were fabricated through ITO/TiO2: Al/P3HT:

PCBM/PEDOT: PSS/Au configuration, as shown per-

versely in Figure 1. The electrical properties of the man-

ufactured devices were analyzed utilizing J–V curve, as

presented within Figure 7. The measurements of J–V

curve properties under illuminating with a source of light

is achieved for each manufactured organic solar cell with

various Al dopants.

Table I. Parameters of OSCs performance evaluated via J–V

measurements.

Voltage Current density Fill Power conversion

Al-content (Voc) (Jsc) factor equipment

(wt.%) (volt) (mA/cm−2) (FF)% (PCE)%

0.0 0.59±0.02 4.52±0.3 36±2 0.96

0.2 0.60±0.03 7.61±0.5 41±3 1.87

0.5 0.62±0.02 8.25±0.4 41±3 2.09

1 0.61±0.01 6.02±0.6 30±2 1.10

4 J. Comput. Theor. Nanosci. 17, 1–6, 2020
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Fig. 7. The J–V characteristics of the OSCs with undoped and doped

TiO2 layers as a function of different Al doping amounts.

From the results, it was found that there was a slight

increase in short circuit photocurrent density produced by
all of the manufactured solar cells, known as Jsc ∼4.5–

8.25 mA/cm2. As well, there was a remarkable change in

the open circuit voltage indication as he Al dopant var-

ied. The highest voltage was obtained = 0.62 V utilizing
doped TiO2 layer with 0.5 wt% concentration to Al dop-

ing. The former variation in the open circuit voltage could

be ascribed to the alteration of inherent voltage because of

the shifting of Fermi energy level for donor and accepter
of doped TiO2 layer with different Al doping concentra-

tion (0, 0.2, 0.5 and 1 wt.%). It is observed that the Fermi

level energy will be increase of the energy toward the

conduction band of TiO2 by Al doping, that caused by
the shift effect of Burstein–Moss [13, 33, 34]. However,

more increasing in Al doping concentration leads to higher

charge carrier density, which can explain the increase of

the open circuit voltage with increasing in Al doping con-
centration. Solar cell parameters, such as density of the

short circuit current (Jsc), open-circuit voltage (Voc), Fill

Factor (FF), and Power Conversion Equipment (PCE) are
listed in Table I. These parameters were assessed utilizing

the Eqs. (3) and (4) below [18]:

PCE =

(

JmaxVmax

Pin

)

(3)

FF =
JmaxVmax

JscVoc

(4)

where Jsc is the short circuit current density (mA · cm−2),

Voc is the open-circuit voltage (V), Jmax (mA · cm−2) and

Vmax (V) are the current density and voltage at the point of
maximum power output in the J–V curves, and Pin is the

incident light power [19]. The FF values slightly change

with Al doping concentration variation. This behavior

could lead to variation of J–V features which may cause
by the change of series resistance, and also it could be

explained by the variation of the junction features of

TiO2/active layer that is also equivalent to the alignment

of the energy level and band bending at the junction.

The J–V curve of the solar cell with doped TiO2 layer

with 0.5 wt% Al doping concentration presents the largest

area under the J–V curve in comparison to other sam-

ples, as shown in Figure 7. This large area attributes to the

largest charge carrier extraction [34–36]. The highest PCE

is 2.09% which has been obtained for the device of TiO2

thin film doped with 0.5 wt.% aluminum.

5. CONCLUSIONS

The prepared undoped and doped TiO2 thin films by dif-

ferent Al content (0.2, 0.5, and 1 wt.%) were fabricated

through sol–gel process. Those thin films were studied uti-

lizing AFM, SEM, UV-visible and XRD measurements.

Results show that doping of TiO2 layer with various Al

content has an impact on the grain growth, that may

result in a variation in the surface morphology. Besides,

increasing of Al doping concentration resulted in increas-

ing in the band gap of the fabricated thin films which

can attributed to the Moss–Burstein shift. The fabricated

organic solar cells with inverted type are structured by uti-

lizing P3HT: PCBM polymer blend and Al-doped TiO2

layer as their transport layer has conducted. The OSCs

were examined by analyzing the J–V curve as a function

of Al doping concentration. The behavior of J–V curves

shows an enhancement with doped TiO2 films, compared

to undoped film, where the J–V characteristics of solar

cell with 0.5 wt.% of Al is better than other Al doping

amount. The parameters of solar cell are affected by Al-

doped TiO2 layer. The open voltage is significantly pro-

portional to the concentration of Al-doping for TiO2 layer

that can be attributed to the Fermi energy shifting to higher

level in the Al-doped TiO2 layer. Entirely obtained solar

cell properties are notably related to the properties of Al-

doped TiO2 layer, and confirm that doping of TiO2 layer

by Al functionally affects solar cell characteristics.
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