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Abstract TiO, based inverted polymer solar cells (PSCs)
with a structure of fluorine-doped tin oxide (FTO)/TiO,/
P3HT:PCBM/PEDOT:PSS/Ag presented excellent air sta-
bilities,; the power conversion efficiency (PCE) of de-
vices exhibited only 15 % decay as compared to the high-
est value while being exposed in air-condition for more
than 20 days. Interestingly, an overall enhancement of
PCE from 3.5 % to 3.9 % was observed while the PSCs
were exposed in air-condition up to 3 days; the improve-
ment of performance was attributed to the TiOp films’
oxygen and water protection effect and the oxidation of
Ag, which will benefit to form an effective work func-
tion match with the HOMO of P3HT leading to improved
ohmic contact. However, the performance slowly decreased
when the exposure time remains longer due to the phys-
ical adsorbed oxygen. UV-ozone treatment on the TiO;
films’ leads to the formation of a metal-deficient ox-
ide that results in a decreased PCE for the devices. Fi-
nally, X-ray photo-emission spectroscopy (XPS) was used
to analyze the compositional changes of the TiO; films
while they were exposed in air-condition or treated by
UV-ozone.
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1 Introduction

Extensive efforts have been directed at developing polymer
solar cells in the past decades due to their advantages being
lightweight, low cost, and flexibility. The performance of the
laboratory-scale polymer solar cells based on new donor ma-
terials have been demonstrated with power conversion effi-
ciencies up to 7 % in the conventional architecture consist-
ing of a polymer donor and fullerene acceptor blend that is
inserted between a high work function ITO anode and a low
work function metal cathode [1-3]. However, exposure of
these kinds of devices to air can lead to oxidation of the elec-
trode and degradation of the active layer from oxygen and
moisture diffusing through grain boundaries and pinholes of
the metal electrode [4], which will seriously limit their ap-
plication. In addition, the deposition of metal leads to metal
diffusion through the active layer, which can react with the
polymer and alter its semiconducting properties [5, 6]. In or-
der to solve these problems, a new approach was employed
by inserting a metal oxide buffer layer between the active
layer and ITO anode to reduce the amount of damage and
oxygen diffusion into the polymer, called “inverted cells”
[7-15].

Recently, a series of metal oxides, such as Cs;CO3
[16, 17], ZnO [18-20], and TiO; [21, 22] have been ex-
tensively used as a buffer layer to overcome these prob-
lems and improve device stability. TiO, provides a promis-
ing alternative because of its high electron mobility and
optical transparency, as well as their ease of synthesis.
The TiO, film also has a substantial oxygen and water
protection effect due to the combination of photocataly-
sis and inherent oxygen deficiency [11, 23, 24], thereby
improving the lifetime of unpackaged devices exposed to
air. Many demonstrations of using the TiO, film as the
electron selective layer for inverted polymer solar cells
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have been reported. Chen at al. [25] reported a PCE of
2.57 % with a ITO/nc-TiO2/P3HT:PCBM/MoO3/Ag de-
vice structure. Amorphous titanium oxide was also demon-
strated by the Takahashi group [22] as the electron collection
electrode inserted between ITO and the active layer with
a ITO/TiO,/PCBM:P3HT/PEDOT:PSS/Au inverted struc-
ture; a PCE of 2.47 % was obtained by irradiating at AM
1.5 G. Heeger group [26] introduced a solution-based tita-
nium oxide (TiO,) as an optical spacer on top of the ac-
tive layer to improve the PCE of polymer photovoltaic cells.
However, the major challenges in using the TiO; film as
an electron transporting layer are the presence of defects
with adsorbed oxygen and poor spatial distribution of the
nanoparticles over a large area [27, 28]. In the meanwhile,
the degradation mechanism of the polymer solar cells, such
as exposure to air, as well as UV-zone treatment have only
been partially understood [29, 30].

In this paper, inverted polymer solar cells with a struc-
ture of FTO/TiO2/P3HT:PCBM/PEDOT:PSS/Ag were fab-
ricated. The effects of TiO; films interact with atmosphere
and UV-light on the stability performance of inverted or-
ganic solar cells were investigated. The compositional
changes, especially the O/Ti atom concentration ratio of the
TiO, films, significantly affected the device performance
were demonstrated by XPS analysis.

2 Experimental
2.1 Materials and the chemicals

A fluorine-doped tin oxide (FTO) glass sheet (2.2 mm
thick, < 14 Q/square, transmittance >90 %) was purchased
from the Nippon Sheet Glass Company, Ltd.; PEDOT:PSS
(Baytron® P VP Al 4083) and PC¢oBM were purchased
from Luminescence Chemical Engineering Technology Co.,
Ltd, tetrabutyl titanate (Acros, 98+ %), dichlorobenzene
and hexamethylene disilazane (HMDS) were purchased
from Acros. All other reagents were obtained from the
Sinopham Chemical Reagent Co., Ltd., and used as re-
ceived if not specified. P3HT was synthesized following the
method described elsewhere; the average molecular mass
(Mw) of the synthesized polymer was 32,000 with a polydis-
persity index of 1.6, as determined with a WATERS 150-C
gel permeation chromatography (GPC) with THF as the sol-
vent and monodispersed polystyrene as standard.

2.2 Devices fabrication

In this paper, inverted polymer solar cells with the de-
vice structure of fluorine-doped tin oxide (FTO)/TiO; films/
P3HT:PCBM/PEDOT:PSS/Ag was fabricated; J—V charac-
teristics and XPS analysis were used to investigate the de-
vice stability performance after it was exposed to air or
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UV-ozone environment. To fabricate the solar cells, a com-
posite solution of P3HT and PCBM was prepared using
1,2-dichloro-benzene as the solvent. The concentration of
the composite solution was maintained around 30 mg/mL
with 1 % (v/v) 1,8-octanedithiol. The inverted polymer solar
cells with the sandwich structure FTO/TiO,/P3HT:PCBM/
PEDOT:PSS/Ag were fabricated. The TiO»-sol was pre-
pared following the previously reported method [25] and
then spin coated on cleaned FTO substrates (1 inch x
1 inch), which were cleaned by a routine cleaning procedure
that consisted of washing in an aqueous detergent, and then
sequential sonication in acetone, isopropanol, and deion-
ized water, and finally rinsed with ethanol and dried in a
N, stream. The TiO, layer was sintered at 500 °C for 1 h
under ambient conditions. Their thickness of TiO, film was
about 40 nm. The predissolved composite solution was fil-
tered through a 0.45 um syringe filter and an active layer of
~300 nm was spin coated on the TiO, layer. Subsequently,
hexamethylene disilazane (HMDS) was precoated immedi-
ately onto the active layer. PEDOT:PSS mixed with 1 %
(v/v) of Triton X-100 (Cy4H200O(C,H40)n) nonionic sur-
factant was spin-coated onto the surface of the active layer.
Thermal preannealing was conducted at 120 °C for 30 min
on a hot plate in a glovebox (MBRAUN, H,O < 0.1 ppm,
0, <0.1 ppm). Finally, a cathode (top electrode) of Ag was
deposited onto the PEDOT:PSS layer in a thermal evapora-
tor (MB-EVAP) under a vacuum of 5 x 10~/ mbar.

2.3 Characterization

The thickness of films was measured using surface profiler
(Dektak 150). The current-voltage (I-V) characteristics of
all the photovoltaic cells were measured under the simu-
lated solar light (100 mW/cm?; AM 1.5 G) provided by
Newport-Oriel® Sol3A 1000-W solar simulator. Electrical
data were recorded using a Keithley 2440 source-measure
unit. The intensity of the simulated solar light was cali-
brated by a standard Si photodiode detector (PV measure-
ments Inc.), which was calibrated at NREL. The Al K a radi-
ation source (hv = 1486.6 eV) was used for the XPS (Kratos
AXIS ULTRAPIP) characterization.

3 Results and discussion

3.1 Device performance affected by exposing in air
condition

Figure 1 shows the correlation between the exposure time
and PCE of the inverted PSCs with devices structure
of FTO/TiO, films/P3HT:PCBM/PEDOT:PSS/Ag, devices
were exposed in air-condition without any other protec-
tion for more than 20 days and characterized under AM
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Fig. 1 PCE of the inverted PSCs exposed in air-condition for various
times. The inset figure shows the J—V curves which were tested under
illumination of 100 mW/cm?

Table 1 Photovoltaic performance of the inverted PSCs for various
times

Exposure  Voc Jsc FF R PCE
time (d) V) (mA/ecm?) (%) (at Voc) (%)

0.57 9.3 66 65 35
0.5 0.63 9.0 67 71 3.8

0.64 9.1 67 74 39
2 0.64 9.2 65 73 3.8
3 0.64 9.0 67 72 39
7 0.64 8.9 67 71 3.8
10 0.64 8.8 66 76 3.7
12 0.64 8.6 65 87 3.6
14 0.64 8.4 64 94 3.4
17 0.63 8.3 65 80 3.4
22 0.63 8.2 64 92 33

1.5 G simulated solar illumination of 100 mW/cm?. The
inset figure shows the current density—voltage (J—V) curves
of the device. To get a better understanding, performances
of the inverted PSC photovoltaic are listed in Table 1. As
depicted in Fig. 1, the inverted device exhibits an original
PCE of 3.5 %, with Jsc =9.3 mA/cm?, Voc = 0.57, and
FF = 65 %. While the device was exposed to air-condition,
the Voc remarkably increased from the original value of
0.57 V to 0.64 V. Furthermore, the PCE increased to the
highest value of 3.9 % after exposing to air for 3 days
with Jsc = 9.0 mA/cm?, Voc = 0.64, and FF = 67 %, and
then slowly decreased to 3.3 %, with Jgc = 8.2 mA/cm?2,
Voc = 0.63, and FF = 64 %. The results present excellent
air stabilities; even the devices were exposed in a natural en-
vironment for more than 20 days, the PCE is still about 95 %
compared to the original value, and an overall performance
enhancement with PCE from 3.5 to 3.9 % was observed
while exposing the PSCs in air-condition for 3 days. How-
ever, the efficiency slowly decreased when the exposure time
remains longer. In consideration of that photo-oxidation of

the active layers in air condition or even degradation of
the top PEDOT:PSS is unbeneficial for the PSCs stabilities.
Similar results were also observed by Kang et al. [31] and
White et al. [32] of using ZnO as the electron selective layer
and an Ag electrode as the top hole collecting layer in in-
verted polymer solar cells. They attributed the improvement
of Voc to the oxidation of Ag. In the case of the Ag elec-
trode, the oxidization of Ag will increase its work function
from 4.3 to 5.0 eV, which will benefit to form an effective
work function match with the HOMO of P3HT leading to
an improved ohmic contact. However, the oxidization of Ag
will increase its resistance, which is not beneficial for the
electron transfer. Atomic concentrations of oxygen and tita-
nium also play an important role in the photovoltaic perfor-
mance of the TiO; based inverted PSCs due to the inherent
oxygen deficiency in which the dominant defects in TiO are
oxygen vacancies, which will significantly affect its conduc-
tivity [24, 33]. Trap-filling in the TiO, film by photogener-
ated charges leads to increased photoconductivity [21]. The
reduction of the PCE for the device exposed in air-condition
for a very long time was attributed to the presence of defects
with physical adsorbed oxygen [34-36], which increased the
contact resistance between the TiO» film and active layer re-
sulting in a decreased overall performance.

3.2 UV-ozone treatment

To further investigate the effect of TiO, films’ compositional
changes on the performance of the inverted PSCs, we per-
formed a UV-ozone treatment on the TiO; films. Previous
work has shown that the UV-ozone treatment can tune the
oxygen concentration, but not alter the TiO, nanoparticle
size, shape, or distribution of the nanoclusters in the films
[23]. The J-V characteristics of the inverted PSCs with
UV-ozone exposure on TiO; films for various duration are
shown in Fig. 2. All the devices were tested under AM 1.5 G
simulated solar illumination of 100 mW/cm?2. The TiO,
films were UV—ozone treated for 10, 30, 60, and 120 min,
respectively, leading to the obvious decrease in the Jsc, FF,
and PCE values for the inverted PCq; BM/P3HT solar cells
compared to cells without a UV—ozone treatment. Detailed
photovoltaic parameters are presented in Table 2. We can
observe that the device without the UV-zone treatment ex-
hibits a PCE of 3.4 %, with Jsc = 9.3 mA/cm?, Voc = 0.57,
and FF = 65 %, while the UV-ozone treated TiO; films for
30 min led to a PCE of 3.1 %, with Jsc = 9.1 mA/cm?,
Voc = 0.56, and FF = 61 %. For devices with TiO; films
that has been UV-ozone treated for more than 30 min, a
reduction of Jgc and FF were observed. UV-ozone treated
TiO; films for 120 min led to a PCE of 2.6 %, with Jsc =
8.2 IIlA/sz, Voc = 0.56, and FF = 58 %. The PCE is only
76 % compared to the original value. As illustrated, the UV-
ozone treatment of the TiO, films leads to a decreased de-
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Fig. 2 J-V curves of inverted PSCs with UV-ozone treatment for
various times (0, 10, 30, 60, and 120 min) under illumination of
100 mW/cm?

Table 2 Photovoltaic performance of the inverted PSCs with UV-
ozone treatment

UV-zone Voc Jsc FF R PCE
treatment (V) (mA/cm?) (%) (at Voc) (%)

0 0.57 9.3 65 69 3.4
10 min 0.56 93 60 95 3.1
30 min 0.56 9.1 61 90 3.1
60 min 0.56 8.7 57 112 2.8
120 min ~ 0.55 8.2 58 123 2.6

vice performance. TiO, is well known that a nonstoichio-
metric compound, which has been generally considered as
an oxygen-deficient compound, TiO>_,. However, strong
oxidation of TiO through the UV-ozone treatment leads
to the formation of a metal-deficient oxide [37, 38]. In this
case, TiO, may be represented by the formula Ti;_,O2_y,
where x > y/2. The properties of the metal deficient TiO;
are determined by titanium vacancies, which are formed dur-
ing a prolonged oxidation process, in consequence, leading
to a formation of electron trapping due to the reduction of
titanium vacancies that reduces the electron extraction effi-
ciency between TiO; and active layer.

3.3 Compositional study using XPS

To confirm the compositional changes, X-ray photo-emission
spectroscopy (XPS) was performed on the TiO; film sam-
ples. The XPS spectra (Fig. 3) for C 1s, O 1s, and Ti 2p
were measured for (a) as-prepared, (b) UV—ozone treated
for 30 min, and (c) air exposed for 2 days in air-condition,
respectively. The binding energies were calibrated by tak-
ing the C 1s peak (284.6 eV) as a reference. The O 1s XPS
spectra for three TiO; films are shown in Fig. 3(a). The UV—
ozone treatment and exposure in air-condition increased the
relative magnitude of the peak at ~531.7 eV (correspond-
ing to the oxygen atoms bonded to the titanium in the TiO;
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Fig. 3 XPS data for the as-prepared, 30 min UV-ozone and air—
condition exposed TiO; films, respectively (a) O ls, (b) Ti 2p, and
(c) atomic concentration of carbon, oxygen, titanium for TiO; films

matrix), and the UV-ozone treatment and exposure in air-
condition also increased the relative magnitude of the peak
at ~530.1 eV, which corresponds to 02~ ions present in the
clusters [39—41]. Figure 3(b) shows the Ti 2p XPS spec-
tra for three TiO; films. The intensity of the peaks which
corresponds to Ti—O bonds of Ti 2p3/2 and Ti 2p1/2 de-
creased at 458.7 and 464.5 eV [42], respectively. The results
are in agreement with that for the O 1s spectra. The atomic
concentrations of carbon, oxygen, and titanium of the as-
prepared, UV-ozone treated, and air exposed TiO; films
based on the C 1s, O 1s, and Ti 2p XPS spectra are sum-
marized in Fig. 3(c). The result shows that the atomic con-
centration of carbon for the TiO, film is obviously reduced
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by the UV—ozone treatment. The relative atomic concentra-
tions ratio of oxygen atom compared to Titanium (O/Ti) for
three TiO; films is 2.39 of the as-prepared TiO; film, 2.82
of the UV-ozone treated TiO» film, and 2.66 of the exposed
TiO, film, respectively. The UV-ozone treated TiO» film
presented the highest value of O/Ti, which confirmed the
formation of a metal-deficient oxide, in consequence, sig-
nificantly decreased the electron extraction efficiency of the
devices. According to the J—V characterization, we con-
clude that a short time exposure treatment in air-condition
lead to a light increase of relative atomic concentration of
O/Ti, the improvement of PCE after exposing devices to
the air condition for 2 days was attributed to the effect of
the oxidation of Ag, which will improve the Voc due to
the increased ohmic contact between the TiO; film and ac-
tive layer. and also the filling of oxygen vacancies, which
will significantly increase its photoconductivity. However,
long time exposure makes the nanocomposite TiO; films
become oxygen-rich, which reduces the electron extraction
efficiency resulting in a decreased PCE.

4 Conclusion

In conclusion, the TiO; based inverted polymer solar cells
with the device structure of FTO/TiO, films/P3HT:PCBM/
PEDOT:PSS/Ag exhibit excellent air stabilities. A high-
est PCE of 3.9 % was presented with Jsc = 9.0 mA/cm?,
Voc = 0.64, FF = 67 %. The performance of devices exhib-
ited only 15 % decay as compared to the highest value while
being exposed in air-condition for more than 20 days, while
the devices were exposed in air for a longer time. The perfor-
mance slowly decreased due to the physical adsorbed oxy-
gen, which increased contact resistance between the TiO;
film and active layer. The UV-ozone treatment on the TiO;
films’ lead to the formation of a metal-deficient oxide that is
not beneficial for the devices performance.
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