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Inverted organic solar cells with solvothermal synthesized

vanadium-doped TiO; thin films as efficient electron transport layer
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We investigated the effects of using different thicknesses of pure and vanadium-doped thin films of TiO, as the
electron transport layer in the inverted configuration of organic photovoltaic cells based on poly (3-hexylthiophene) P3HT:
[6-6] phenyl-(6) butyric acid methyl ester (PCBM). 1% vanadium-doped TiO, nanoparticles were synthesized via the
solvothermal method. Crystalline structure, morphology, and optical properties of pure and vanadium-doped TiO; thin
films were studied by different techniques such as x-ray diffraction, scanning electron microscopy, transmittance electron
microscopy, and UV-visible transmission spectrum. The doctor blade method which is compatible with roll-2-roll printing
was used for deposition of pure and vanadium-doped TiO, thin films with thicknesses of 30 nm and 60 nm. The final
results revealed that the best thickness of TiO, thin films for our fabricated cells was 30 nm. The cell with vanadium-doped
TiO5 thin film showed slightly higher power conversion efficiency and great Jy. of 10.7 mA/cm? compared with its pure
counterpart. In the cells using 60 nm pure and vanadium-doped TiO; layers, the cell using the doped layer showed much
higher efficiency. It is remarkable that the external quantum efficiency of vanadium-doped TiO, thin film was better in all
wavelengths.
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1. Introduction

In recent years, polymer solar cells (PSCs) gained a lot of
attention because of their superior characteristics such as me-
chanical flexibility, low cost, low environmental load, and their
potential to be produced in large scale.!'*! However, PSCs
technology is not mature yet. PSCs, especially those with
normal configuration, suffer from instability and low power
conversion efficiency (PCE).[*l These photovoltaic cells have
common problems in the PEDOTS:PSS layer. This layer is
sensitive to ambient conditions and its acidic nature increases
the degradation rate of the layer. Oxidation of low work func-
tion top metal oxide with the degradation of the PEDOT:PSS
layer under UV illumination is another problem of the nor-
mal configuration of PSCs.>~°! An inverted configuration is a
common approach seeking to overcome the mentioned prob-
lems of PSCs. 3% In this structure, a buffer layer is inserted be-
tween the active layers and electrodes. Different n-type metal
oxides such as ZnOP-'? and TiO,,!'3-131 alkali metal oxides
like LiFU® and Cs,CO35,[17181 and in some cases ultra thin

al1920] gare used as the electron-selective and hole-

layers of C
blocking layer in PSCs.

Special qualities of TiO, cause it to be widely used in
semiconductor industries such as OLEDs and organic pho-
tovoltaic cells. The TiO, thin film has high electron mobil-
ity, great optical transparency, good physical and chemical
stability; and as a nontoxic material, it can be produced in

large scale inexpensively. Also, TiO; has substantial oxy-
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gen and water protection because of photocatalysis combi-
nation and inherent oxygen deficiency.l?'>3! Atomic layer
deposition,'*?31 magnetron sputtering,['3?* doctor blade
method,?>! and spin coating!*®! are some of the techniques
used to fabricate TiO thin films. Some reports show that dop-
ing TiO; can improve the performance of solar cells. For ex-
ample, a Cs-doped TiO; interlayer exhibited a power conver-
sion efficiency of 4.2%, while pure thin films of TiO, showed
PCE of ~ 2.4%.191 Materials such as Al, Ga, and In were used
as dopants in ZnO (ETLs) to enhance the electrical properties
of the thin films and improve the PCE of cells.[?’-3% Materi-
als such as vanadium and niobium could be used as a dopant to
improve the electrical properties of TiO; as an electron trans-
port layer. Vanadium has a resonant level within the conduc-
tion band of Ti and it can be used as a promising dopant to
5.31-341 I this study, we in-
vestigate cells using 1% vanadium-doped TiO» thin films with

create a high density of free carrier

different thicknesses and compare them with those using pure
TiO; thin films.

2. Experiment

All chemicals were used as received without further pu-
rification. Titanium (IV) butoxide (TB, 97%), oleic acid
(OA, 90%), and oleylamine (OM, 70%) were purchased from
Sigma-Aldrich. Absolute ethanol (anhydrous, ACS, 94%-
96%) and vanadium (V) oxytriethoxide (VO(OPr)3, 95%)
were also purchased from Sigma-Aldrich. In this work,
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pure and vanadium-doped TiO; nanoparticles (NPs) were pre-
pared by the solvothermal method. " Typically, TB (2.27 ml,
6.7 mmol) and VO(OPr)3 (0.018 g, 1% V/Ti mole ratio) were
added to a mixture of 10.57 ml (33.3 mmol) OA, 10.97 ml
(33.3 mmol) OM, 5.84 ml (100 mmol) absolute ethanol, and
0.67 ml (36.7 mmol) deionized (DI) water. The obtained mix-
ture was stirred under argon atmosphere for 10 min before be-
ing transferred into a 50 mL Teflon-lined stainless steel au-
The system was then heated at 180 °C for 24 h.
The obtained precipitates were separated by centrifugation
(5000 rpm, 15 min) and washed several times with ethanol

toclave.

and then dried at room temperature. The solvothermal synthe-
sized vanadium-doped TiO, NPs’ products were dispersed in
ethanol with different ratios. The procedure of this synthesis
is summarized in Fig. 1.

TB powder VO(OPr)4

\
!

OA+OM+ACS+D.I water

- clear solution
o

- 180 °C for 24 h

heated

separated by centrifugation -5000 RPM for 15 min

wasﬁing - dried

pure and V doped TiO, NPs

Fig. 1. (color online) Procedure of the synthesis of TiO, NPs.

Fabrication of solar cells began with ultrasonic cleansing
of ITO-coated glass in acetone and isopropanol for 30 min.
Afterward for electron transport layer deposition, 10% and
40% stable solutions of pure and vanadium-doped TiO, NPs
were dissolved in 2-methoxy ethanol to be deposited using
doctor blade method (4 samples with the thicknesses of 30
and 60 nm, respectively).!'?! In the next step, 100 uL of the
mentioned solutions was injected into the substrate. Finally,
deposition started with a speed of 40 mm/s on the heated sub-
strate (65 °C). In order to prepare the active layer of the cells,
we dissolved P3HT and PCBM in chlorobenzene separately.
A 60 °C hot plate was used for stirring the dissolved solutions
overnight. At a weight ratio of 1:0.9 we blended the solutions.
Afterward we used the 60 °C hot plate to stir the solutions
again. The active layer was deposited on the electron transport
layer in air via doctor blade method at a speed of 30 mm/s and
the temperature of 60 °C. Then the thin layer of PEDOT: PSS
was deposited on the active layer with a speed of 15 mm/s and
the temperature of 60 °C as the hole transport layer (HTL).
Inert atmosphere annealing on a hot plate at 140 °C was em-
ployed for 5 min. Thermal evaporation at ~ 510~® mbar and
a shadow mask were used to deposit the Ag electrode. The
structure of the cells is shown in Fig. 2.
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Fig. 2. (color online) An inverted configuration of polymer solar cells.

3. Characterization

The structures of pure and vanadium-doped TiO, thin
film NPs were analyzed using x-ray diffraction (XRD, Model
Philips MPD PW 3040) over the 26 range of 20°-80° at
the scan rate of 0.02°/s. The surface morphology of pure
and vanadium-doped TiO, thin film NPs was examined by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The optical properties of the thin
films were investigated using a UV-VIS-IR (Perkin-Elmer-
950 lambda) spectrometer. The current density—voltage char-
acteristics of the cells were measured under AM 1.5 illumina-
tion provided by Oriel Sol 1A solar simulator.

4. Results and discussion

The crystalline structure of pure and vanadium-doped
TiO, thin films NPs was investigated by XRD. Figure 3(a)
shows the XRD pattern of pure TiO; thin film NPs. The
diffraction pattern indicates the presence of eight peaks which
are attributed to the anatase TiO; crystalline (JCPDS card
No. 89-492). The eight peaks each are presented in the fields
(101), (004), (200), (105), (204), (116), (220), and (215). The
XRD pattern of vanadium-doped TiO, thin film NPs is de-
picted in Fig. 3(b). As can be seen, the diffraction peaks move
gradually to lower angles due to the vanadium doping of the
TiO; thin film. This slight shift towards a lower angle demon-
strates doping of TiO, thin film NPs. Also, the eight peaks
are attributed to the anatase phase of vanadium-doped TiO,
thin films. There are no rutile peaks in both patterns of pure
and vanadium-doped TiO, thin films. The peak assigned to
the (101) plane is the most intense throughout the pattern,
which indicates a preferential orientation of the vanadium-
doped TiO; thin film NPs along the (101) direction. The de-
gree of orientation for the (11) plane is calculated by the rela-
tive texture coefficient ( )(C)BS]

Zeron) = (Inony/Iaonyo) /Zi (Ii/Tio) » (H
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where Iy is the peak intensity for a randomly oriented sample.
Thus, Xc(11)s Xc(004)> Xe(200)s Xe(105)> Xe(204)> Xe(116)s Xc(220)
and (215 are calculated to be (0.448, 0.435), (0.125, 0.166),
(0.168, 0.136), (0.108, 0.117), (0.081, 0.070), (0.008, 0.018),
(0.017, 0.020), and (0.045, 0.038) for pure and vanadium-
doped TiO, thin films, respectively. These results indicate a
preferential orientation of the pure and doped TiO, thin film
NPs along the (101) direction.

The surface morphology of TiO, thin film NPs is de-
picted in Figs. 4-6. Figure 4 shows (a) the SEM image and
(b) the size distribution histogram of TiO; thin films NPs.
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Fig. 3. XRD patterns of (a) pure anatase TiO; and (b) vanadium-doped
TiO, NPs prepared by the solvothermal method.
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Fig. 4. (color online) (a) SEM image and (b) size distribution histogram
of TiO; thin film NPs fabricated via the solvothermal method.

These images show that TiO, thin film NPs have a size
about 10 nm. Figure 5 shows (a) the TEM image and
(b) the size distribution histogram of TiO; thin film NPs.
The particles are round in shape with good uniform size
distribution. Most of the particles have the diameter of
about 8 nm. We fabricated our inverted polymer solar cell
with the configuration of ITO/pure and vanadium-doped TiO,
NPs/P3HT:PCBM/PEDOT: PSS/Ag. The cross-sectional
SEM image of the solar cell employed TiO; thin film NPs
is shown in Fig. 6. This image confirms that the polymer
sufficiently infiltrates the interval between nanoparticles. The
thickness of the TiO, thin film is 30 nm.

Particle counts/%

Size/nm

Fig. 5. (color online) (a) TEM image and (b) size distribution histogram
of TiO; thin film NPs fabricated via the solvothermal method.

Fig. 6. Cross-sectional SEM image of the inverted polymer solar cell
with TiO, NPs.
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Optical properties of pure and vanadium-doped TiO» thin
films with the thickness of 30 nm were measured by a UV-
Vis—IR spectrometer, as shown in Fig. 7. According to this
spectrum, the vanadium-doped TiO; thin film has a high opti-
cal transmittance (> 70%) in the visible spectrum.
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Fig. 7. (color online) Transmittance spectra of pure and vanadium-
doped TiO; thin films with the thickness of 30 nm.

The visible light transmittance decreases for pure TiO,
thin film. Thus, the pure TiO, thin film shows lower transmit-
tance than the doped thin film. According to the SEM images,
better transmittance might be due to the surface morphology
and crystallinity of the thin film.[3¢38) The energy band gap
of pure and vanadium-doped TiO; thin film NPs is determined
using the Tauc formula

(ahv) =A(hv —E,)", (2)

where A is a constant, E; is the band gap of the samples and
exponent n depends on the type of transition. n = 1/2, 2, and
3/2 for direct allowed, indirect allowed and direct forbidden
transitions, respectively. Here, the transition is direct so we
take n = 1,/2.1391 To measure the energy band gap of pure and
vanadium-doped TiO; thin films, from the absorption spec-
trum a graph of (ahv)? versus (hv) is plotted and extrap-
olating the straight line portion of (ahv)? to (ahv)? =0 is
plotted in Fig. 8. The directly allowed band gaps of pure and
vanadium-doped TiO; thin film NPs are found to be 3.43 eV
and 3.50 eV, respectively. As can be seen, the band gap in-
creases with doping of vanadium. The band gap shift of nanos-
tructure materials in very small NPs is due to the quantum size
effect (QSE). According to this effect, with decreasing grain
size, the band gap is increased.?”)

Figure 9 shows the J-V curves of the inverted polymer so-
lar cells employing pure and vanadium-doped TiO, thin film
NPs under illumination. It shows that the cell using vanadium-
doped TiO, thin film NPs has the best J-V performance. The
solar cells using vanadium-doped thin film NPs show better J—
V performance compared to their thickness counterparts, and

this confirms the effectiveness of using vanadium as a dopant
in cells. V. of the polymer fullerene is heavily dependent on
the energy difference between the HOMO level of the donor
and the LUMO level of the acceptor, so all of the cells use
the same active layer, their V. are the same.[*%] Table 1 shows
the extracted data of the fabricated cells. As predicted, the
cells with vanadium-doped TiO; thin film NPs show higher
efficiencies. The cell using vanadium-doped thin film NPs
with thickness 60 nm has an efficiency ~ 0.42% higher than
its pure counterpart. The cell with 30 nm vanadium-doped
TiO; thin film NPs has the highest efficiency of 3.68%, but
the pure TiO, thin film with the same thickness shows an effi-
ciency of 2.95% and this is because of the lower conductivity
of the pure TiO; thin film. It is remarkable to see that even
with Jg. of 10.70 mA/cm?, the cell could not reach a higher
efficiency. As the fill factor depends on the series resistance,
for achieving higher PCEs even at this thickness, higher fill
factors must be achieved. This somehow shows that at higher
thicknesses, increasing the series resistance causes a loss in
power conversion efficiency and in lower thicknesses while the
series resistance is low, the lack of good interfacial area with
active layer prevents the cell from having higher performance
and this puts a higher power conversion efficiency limit in the
thickness of 30 nm thin films. Also lower fill factor is another
criterion affecting the performance of the cell. External quan-
tum efficiency (EQE) of cells plays a great role in confirming
the efficiency of cells and is a key parameter for characterizing
solar cell performance under different conditions.[”! Figure 10
shows the EQE curves of the cells using pure and vanadium-
doped TiO; thin films NPs. Doped TiO; thin film NPs are
superior to their pure counterpart. Considering that the inte-
gration of EQE should be proportional to Jg, there is consis-
tency between data obtained from the EQE curve and the solar
simulator. Curves also show the decreases of the efficiency of
these cells for wavelengths longer than 600 nm. So by enhanc-
ing the cell with materials that can absorb longer wavelengths,
the cell performance can be improved.

2.0 7 T T T T T

—e— pure TiO,
1.5 4 —— vanadium doped TiO, 4

(ahr)?/10° eV2nm~—2

2.0 2.5 3.0 3.5 4.0 4.5 5.0
E/eV

Fig. 8. (color online) Optical band gap of (a) pure and (b) vanadium-
doped TiO; thin film NPs.
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Table 1. Key parameters of inverted polymer solar cells under illumi-
nation.

Sample Voe/V  Jso/mA-cm™2 FF/% Efficiency/%
30 nm TiO, 0.552 9.2 58.21 2.95
60 nm TiO, 0.553 8.4 62.08 2.88
30 nm V doped TiO, 0.553 10.7 62.36 3.68
60 nm V doped TiO, 0.554 10 59.74 3.30
1 T T T T T
0
—1 A = 30 nm TiO,
—_92 4 ~o- 60 nm TiO,
—4- 30 nm V doped TiO,
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Fig. 9. (color online) J-V curves of devices using pure and vanadium-
doped TiO; thin films with different thicknesses.
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Fig. 10. (color online) External quantum efficiency of the cells with the
best efficiency.

5. Conclusion

Employing vanadium-doped TiO thin film NPs as the
electron transport layer was effective and it improved the op-
tical and electrical performance of the cells. Best thickness of
our pure and vanadium-doped thin films was 30 nm. The cell
using 30 nm vanadium-doped TiO, thin films achieved 3.68%
power conversion efficiency with Jy. of 10.7 mA/cm? and Vo,
of 0.553. The fill factor of this cell was 62.36%. This some-
how shows that at higher thicknesses, increase of series resis-
tance causes a loss in power conversion efficiency and in lower
thicknesses while the series resistance is low, but the lack of
good interfacial area with active layer prevents the cell from
having higher performances and this puts a higher power con-
version efficiency limit in the thickness of 30 nm thin films;

also lower fill factor is another criterion affecting the perfor-
mance of cell. So we suggest using other forms of vanadium-
doped TiO,, like nanorods and nanotubes.
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