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Nanocrystalline TiO2 and Sn-doped TiO2 thin films were prepared by sol–gel spin coating method. The
crystallinity and anatase phase of TiO2 and Sn-doped TiO2 were confirmed from X-ray diffraction analysis.
The EDAX analysis also confirmed the presence of tin, oxygen and titania elements. By fabricating an
inverted organic solar cell with device configuration of ITO/Sn-doped TiO2/active layer/MoO3/Al, power
conversion efficiency (PCE) of the Sn-doped TiO2 was observed to be 3.08% compared to the TiO2 based
solar cell of 2.64%.
� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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1. Introduction

Titanium dioxide has been commonly employed as a suitable
buffer layer due to its chemical stability and non-toxicity. As such,
n-type metal oxides such as TiOx are often utilized as a stable n-
type buffer layer in applications such as organic photovoltaics
[1–5], photocatalysis, electrocatalytic [6], dye sensitized solar cells
[7], lithium ion batteries [8], and polymer solar cells [9–13].
Recently, several reports have shown the applicability of solution
based ZnO [14,15,16] and TiOx [17,18] layers as efficient electron
transport layers in organic solar cells, achieving high power con-
version efficiencies (PCEs). Meanwhile, Zimmermann et al. [19]
and Hsieh et al. [20] have reported the stability of active layer
P3HT:PCBM. The electrical and optical properties of TiO2 are com-
monly attributed to the presence of impurities and oxygen vacan-
cies. Thus, incorporation of impurity atoms into the TiO2 lattice
without changing the crystallographic structure is often viewed
as a simple yet effective approach to improve the properties of
TiO2.

Considerable interest has been focused on metal doping and
is found as an effective procedure to modify the conductivity,
electrical and optical properties of n-type buffer layer [21]. Zuhal
et al. [22] doped Mn2+into the TiO2 lattice for organic hybrid
solar cell applications. Doping Sn into TiO2 is an attractive
method to ensure good stability and structural compatibility
due to the small mismatch of band gap between SnO2 and
TiO2 [23]. Since SnO2 and TiO2 are both wide band gap semicon-
ductors with the former having a larger band gap of 3.8 eV than
the latter of 3.2 eV. Also, SnO2 has a lower fermi level than TiO2

[24]. Furthermore, the addition of Sn or SnO2 into the TiO2 lat-
tice is reported to facilitate shifting in the band edge of TiO2

[25,26]. On the other hand, the formation of SnO2/TiO2 core-
shell nanoparticles [27] is reported to greatly reduce the exciton
recombination. In this study, simple sol–gel approach is utilized
to synthesize nanocrystalline Sn-doped TiO2 electron selective
thin film. The inverted polymer solar cells with device configura-
tions of ITO/TiO2/P3HT:PC71BM/MoO3/Al and ITO/Sn-doped TiO2/
P3HT:PC71BM/MoO3/Al were fabricated. Device characteristics
and performances were then compared and studied.
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Fig. 1. X-ray diffraction pattern of TiO2 and Sn-doped TiO2 thin films.
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2. Experimental procedure

Sn-doped TiO2 films was fabricated by mixing titanium (IV)
butoxide, tin (II) chloride (SnCl2�2H2O), and acetyl acetone in 2-
Methoxyethanol without heating. The well-mixed and transparent
solution was then spun on the ITO substrate to form the respective
un-doped and Sn-doped TiO2 ETLs before annealing at 500 �C for an
hour to remove organic residues as well as allow film densification.
The coated substrates were then transferred into a nitrogen-filled
glove box for further spin coating of the organic active layer made
from the P3HT and PC71BM blend at a ratio of 1:0.8 in chloroben-
zene. After which, a thin layer of 10 nm and 100 nm of MoO3 and
Fig. 2. FESEM images of (a) TiO2 and (b) Sn-doped TiO2 th
Al were thermally evaporated using a shadowmask under pressure
of 10�6 torr, respectively.

Structural properties of prepared samples were identified by X-
Ray Diffraction (XRD) technique using XPERT-PRO X-Ray Diffrac-
tometer system. On other hand, morphology analysis and compo-
sitional analysis were carried out using Zeiss supra 55VP FESEM
and Energy Dispersive Analysis X-Ray. JASCO V570 spectropho-
tometer was utilized to understand the optical properties of the
films. Current density-voltage (J-V) characteristics was measured
using the Keithley 237 m coupled with a 1.5G solar simulator
(Newport, 91160A) and a xenon lamp source irritated at
100 mW/cm2 Am.
3. Results and discussion

Fig. 1 shows XRD patterns of TiO2 and Sn-doped TiO2 thin films.
Both patterns depict the fabrication of the TiO2 anatase phase. Also,
the XRD results showed negligible effect of Sn doping on the TiO2

crystal structure. In addition, since the thickness of TiO2 (30 nm) is
low, only the dominant (1 0 1) peak was observed in the XRD pat-
tern. Signals for the other peaks are too low and cannot be detected
using XRD as seen in other references too [28,29]. Scherrer’s equa-
tion was used to calculate the grain size of the prepared films.,

D ¼ Kk
bCosh

;

where D is the grain size, while K takes a value of 0.94, k corre-
sponds to wavelength of X-ray radiation, b represents the full width
at half maximum (FWHM), and h is the angle of diffraction. Accord-
ing to the FWHM of the (1 0 1) diffraction peak, the grain size was
calculated to be 37 nm and 32 nm for TiO2 and 2% Sn-doped TiO2

samples, respectively. The decrease in grain size could be explained
by the absorption of Sn4+ into the TiO2 nucleus since SnO2 and TiO2
in films. (c) EDAX spectra of Sn-doped TiO2 thin film.
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Fig. 3. (a) Optical absorption spectra and (b) plot of (aht)2 versus ht of TiO2 and 2%
Sn-doped TiO2 films.
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Fig. 4. J–V characteristics of TiO2 and 2% Sn-doped TiO2 based polymer solar cells.
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have the same crystal structure hence retarding growth of TiO2 par-
ticles, resulting in the decrease in grain size.

Fig. 2(a,b) shows the surface morphology of TiO2 and 2% Sn-
doped TiO2 thin films whereby both films display smooth mor-
phologies with uniformly distributed. With a smoother surface,
better interfacial contact arises between active layer and electron
transport layer, which could benefit efficient of electron collection.
Fig. 2c shows the EDAX spectrum of 2% Sn-doped TiO2 thin film in
which Ti, O, and Sn were identified. The presence of Sn shows
direct evidence that TiO2 thin film has been doped with Sn.

The absorption spectra of TiO2 and 2% Sn-doped TiO2 films are
shown in Fig. 3a. According to Fig. 3a, the addition of Sn results
in slight shifting of absorption edge towards shorter wavelength
compared to undoped film. Also, the conduction band bottom
and top of the valence band is relatively higher in the TiO2 film
compared to SnO2. Hence, photo-generated holes move to the sur-
face of TiO2. The presence of effective charge separation decreases
the rate of recombination while induces effective charge separa-
tion since there are a large amount of contact sites as seen from
SEM analysis. The relationship between absorption co-efficient
(a) and incident photon energy (hm) is given as,

ðahtÞ ¼ Aðht� EgÞn;
where A is a constant and h represents the Planck’s constant. Also,
Eg, m and exponent n corresponds to band gap, frequency of incident
radiation, and 0.5 for direct allowed transitions, respectively [30].
Fig. 3b shows plot of (ahm)2 verses hm. The optical band gap of
TiO2 and 2% Sn-doped TiO2 films were determined via the above
relation. By extrapolating the linear portion of the plot to energy
axis, the band gap energy was found to be 3.4 eV and 3.5 eV for
TiO2 and 2% Sn-doped TiO2 films, respectively. This shows that
higher energy band gap induces lower rate of recombination.

Current density-voltage characteristics of the as-fabricated
inverted organic solar cells are shown in Fig. 4. The TiO2 based
ETL device exhibited short circuit current density (Jsc) of
7.91 mA cm�2, open circuit voltage (Voc) of 0.64 V, fill factor (FF)
of 0.51, and efficiency (g) of 2.64%. On the other hand, 2% Sn-
doped TiO2 exhibited 8.84 mA cm�2, 0.64 V, 0.54 of Jsc, Voc, FF
and g of 3.08%. The device incorporated with the Sn-doped TiO2

electron transport layer (ETL) showed enhancement in device per-
formance in which the doped ETL showed higher Jsc. Also, effective
charge separation was observed since the TiO2 and Sn particles
were well mixed and provided a lot of contact sites. Furthermore,
the improved electrical properties could be attributed to the
replacement of Ti4+ with Sn4+. This could be explained by the smal-
ler radius of Sn4+ is larger than that of Ti4+ cation, resulting in the
decrease in particle size and increase in band gap.

4. Conclusion

Nanocrystalline TiO2 and 2% Sn-doped TiO2 thin films were pre-
pared by simple sol–gel method. The prepared films were charac-
terized by XRD, FESEM, EDAX, and J-V characterization. The nature
of doping in small amount enabled retainment of crystal structure.
Unlike the undoped TiO2 thin film, the inverted organic solar
device containing 2% Sn-doped TiO2 ETL showed significant
improvement in PCE of 3.08% compared to the undoped device of
2.64%.
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