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ABSTRACT: We demonstrate a novel solution-processed method to fabricate
a stable anode buffer layer without any annealing process. As we know, buffer -
layers in polymer solar cells (PSCs) are always prepared by the traditional
high-vacuum thermal evaporation or annealing-treated spin-coating methods,
but the fabricating processes are complicated and time-consuming. Here, a
solution method without any annealing to fabricate phosphomolybdic acid
(PMA) as anode buffers is presented, which brings an obvious improvement of
power conversion efficiency (PCE) from 1.75% to 6.57% by optimizing the
PMA concentrations and interface pretreatment with device structure shown
as ITO/TiO,/PCDTBT:PC,,BM/PMA/Ag. The improvement is ascribed to
the fine energy-level matching and perfect surface modification. This
annealing-free method greatly simplifies the device fabrication process and

supplies a wide way to achieve a large area fabrication for PSCs.
KEYWORDS: phosphomolybdic acid, isopropyl alcohol, PCDTBT, polymer solar cell

B INTRODUCTION

Bulk heterojunction (BHJ) polymer solar cells (PSCs) are a
promising candidate for next-generation low-cost energy-
conversion devices with the advantaées of low cost, flexibility,
and large-area fabrication features.' > Great efforts have been
made in recent years to improve the performance of PSCs.
Recent advances in the design and synthesis of new polymer
materials combined with microstructural engineering of the
photoactive layers have led to the development of PSCs with
power conversion efficiency (PCE) breaking through 10%.5~"°
In addition to active materials, the effects of interfacial layers
inserted between active layers and electrodes have also been
studied extensively, and their key role on the charge transport
has been demonstrated."'""®An ideal interlayer system should
contain four basic characteristics: (1) easy to process at room
temperature on large-area substrates; (2) highly transparent
from ultraviolet to near-infrared wavelengths of the solar
spectra;'” ' (3) having appropriate energy levels to mediate
the energy mismatch between active layer and electrodes; and
(4) ability to block minority carrier flow toward the
inappropriate electrodes. These interlayer materials character-
istics have indeed been found to have a profound influence on
device performance.”* >* The ideal interlayer material system
should satisfy all or most of the above requirements.

Among the hole-transport layers (HTLs), poly(3,4-ethyl-
enedioxythiophene): polystyrenesulfonate (PEDOT:PSS) is
widely used for its relatively good optical transparency (80—
87%), deep work function (—S.1 €V), tunable range of
conductivity, and its facility to form continuous thin film.
Apart from all these favorable features, researchers find
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PEDOT:PSS reacts with organic active layers™ >® because of
its acidic and hygroscopic nature, which will degrade the
environmental stability of device in turn. Much work has been
done to search for the substitution of PEDOT:PSS. To date the
most favorable substitutes of PEDOT:PSS are the transition
metal oxides, including W03,29_31 MoO3,3’2_35 and V205,36_38
which can improve both PCE and lifetime of PSCs. Generally,
the transition metal oxides are deposited on the device in two
ways, vacuum deposition and solution-based spin-coating.
However, vacuum deposition process is both energy-consuming
and time-consuming, which make it more expensive than wet-
chemical processing with printing techniques, unless the
throughput is high enough, which is achievable with roll-to-
roll production for both vacuum and solution-based processing.
For solution-based spin-coating, it always requires a post-
annealing process combined with high temperature to
strengthen uniform film by evaporating the solvent, which
will destroy surface morphology and degrade the polymer. To
resolve all the problems, in this paper, solution-processed
annealing-free phosphomolybdic acid (PMA) was used as HTL
to fabricate inverted PSCs. PMA is a type of stable,
commercially available, and cost-effective soluble oxide cluster
with desirable features, including excellent thermal stability,
highly tunable structural properties, high transparency in the
visible spectrum, and good solubility in many polar
solvents.>”** Here, the PMA powder was dissolved in isopropyl
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alcohol (IPA) and then spin-coated on top of the active layer
without any postannealing to form a thin HTL, which brings an
obvious improvement of PCE from 1.75% to 6.57% by
optimizing the IPA pretreatment and PMA concentrations. In
2014, Zhu et al.*® demonstrate a cost-effective commercial
soluble organic solar cell using PMA as HTL in poly[[4,8-
bis[ (2-ethylhexyl)oxy]benzo[1,2-b:4,5-b0]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexl)carbonyl]thieno[3,4-b]-
thiophenediyl]] (PTB7) mixed with [6,6]-phenyl-C,;-butyric
acid methyl ester (PC,BM) systems. In our work, blend of
poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thien-
yl-2',1,3’-benzothiadiazole) (PCDTBT):[6,6]-phenyl C,;-bu-
tyric acid methyl ester (PC,,BM) was selected as the active
layer, and the commonly used TiO, was chosen as the electron
transport layer (ETL). In addition, an IPA-pretreatment
procedure was applied before spin-coating IPA-soluted PMA
to further decrease the contact angle and smooth the interfaces,
which results in an improvement in the performance of device.
Our work extends the application of PMA as HTL in different
systems of active layer. The solution-processed annealing-free
method improves the device performance and simplifies
fabrication process simultaneously.

B EXPERIMENTAL SECTION

The fabrication process of PSCs are shown schematically in Figure 1.
The indium tin oxide (ITO) coated glass substrates(a sheet resistance

Figure 1. Fabrication process of PSCs.

of 15Q3/sq) were precleaned by acetone, ethanol, and deionized water,
successively, and then dried by nitrogen flow. Anatase TiO, thin films
were prepared as described in our previous papers*"** to act as ETL.
PCDTBT (Lumtec Corp, used as received) blending with PC,BM
(Lumtec Corp, used as received) in 1:4 weight ratio was dissolved in
1,2-dichlorobenzene to produce 7 mg/mL solution. The blend was
stirred for 72 h in glovebox filled with argon. The PCDTBT:PC,,BM
active layer was prepared by spin coating on top of TiO, film surface
and annealing at 70 °C for 25 min in glovebox. The PMA powder was
dissolved in IPA and stirred overnight with different concentrations (1,
2.5, S, and 20 mg/mL). All PMA solutions were spun at 4000 rpm for
30 s without any postannealing process. Finally, a 100 nm Ag layer was
thermally deposited under a high vacuum (S X 107* Pa) through a
shadow mask to function as anodes. The deposition rate was ~0.2
nm/s, which was monitored with a quartz-oscillating thickness
monitor (ULVAC, CRTM-9000). The active area of the device was
~0.06 cm® A Hitachi $-4500 scanning electron microscope (SEM)
operated at an accelerating voltage of 15 kV was used to observe the
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cross section and estimate the thickness of each layer in the device.
UV-1700 was used to characterize the absorption ability of PMA layer
in the wavelength range from 300 to 1000 nm. Electrochemical
measurement of PMA was performed with a Bioanalytical Systems
BAS10B/Welectrochemical workstation. The current—voltage (J—V)
characteristics were measured with a computer-programmed Keithley
2601 source meter under AM1.5G solar illumination with an Oriel 300
W solar simulator intensity of 100 mW/cm? The light intensity was
measured with a photometer (International Light, IL1400), which was
corrected by a standard silicon solar cell. The incident-photon-to-
current efficiency conversion (IPCE) spectra for the cells were
measured with Crowntech QTest Station 1000AD. Impedance
spectroscopy, which measures the dielectric properties of a material
and interface as the function of frequency, was measured by an
impedance analyzer (Wayne Kerr Electronics 6520B) with a bias of 1
V in the frequency range of 20 Hz—1 MHz.

B RESULTS AND DISCUSSION

First, we characterized the absorption spectrum of PMA film
with the wavelength range from 300 to 1000 nm, as shown in
Figure 2a. The PMA film shows a high transmittance in the
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Figure 2. (a) The absorption spectrum of PMA film with the
wavelength range from 300 to 1000 nm. (b) The cyclic voltammetry
measurements of PMA in dichloromethane.

wavelength range of more than 500 nm, which lowers the
absorption competition with the active layer. The absorption
onset of PMA film is 416 nm, which indicates the optical
bandgap of PMA is ~2.98 eV. As shown in Figure 2b, the cyclic
voltammetry measurements of PMA in dichloromethane were
performed to estimate the position of the frontier orbital levels
with a reference electrode of ferrocene—ferrocenium (Fc/Fc+).
Clearly, PMA has a reversible process in the positive scanning
range. From the onset of the reversible oxidation peaks, it can
be found that the onset oxidation potential (E,,) is 0.26 V for
PMA. A corresponding top of valence band of —4.72 eV for
PMA is obtained when ferrocene—ferrocenium (4.46 eV) is
used as the reference electrode, which is higher than the highest
occupied molecular orbital (HOMO) level of PCDTBT (—S5.5
eV). The detailed energy level diagrams of each layer material
are shown in Figure 3. It is observed that the energy matching
between PMA and PCDTBT reveals that the PMA can
transport holes from active layer to the Ag electrode. At the
same time, the bottom of the conduction band of PMA is
—1.74 eV, much higher than the lowest unoccupied molecular
orbital (LUMO) level of PCDTBT (—3.6 eV). In this case, the
PMA layer not only works as the HTL, but it also blocks the
electrons. Therefore, the PMA could prevent the charge carriers
recombination at active layer/Ag electrode interface effectively.
J—V characterization of devices with 2.5 and 5 mg/mL PMA
were performed, and the results were shown in Figure 4. Each
of the two curves was S-shaped, which led to a terrible
performance of devices. The fill factor (FF) of devices based on
2.5 and 5 mg/mL PMA are no more than 22%, and almost no
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Figure 3. Detailed energy-level diagrams of each layer material.
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Figure 4. -V characterization of devices with 2.5 and S mg/mL PMA
with device structure of ITO/TiO,/PCDTBT:PC,BM/PMA/Ag
tested under AM1.5G solar illuminations.

power conversion efficiency (PCE) is observed. S-curves in
bulk heterojunction photovoltaic are caused by the extraction of
charges near the electrode. Such factors could include surface
recombination, partially blocking contacts caused by interfacial
layers. In our work, the S-curves occur for the reason that the
contact is not good enough when the PMA solution is directly
deposited on active layer, as evidenced in the SEM image of
Figure Sa. The fluctuations of the PMA layer result in much
more inhomogeneous surface potential and larger series
resistance. The holes can not be extracted effectively and thus
accumulate at the interface of active layer.

To resolve this problem, a surface pretreatment method,
which is spin-coating a layer of IPA on top of active layer before
covering the PMA layer, is performed. To see clearly the
interface changes, the PMA layers were spin-coated at a fixed
speed of 1000 r/min to obtain a thicker film. As shown in
Figure Sa,b, the surface of active layer is much smoother, and
the area boundaries between active layer and PMA layer are
almost indistinguishable. This means that the surface pretreat-
ment with IPA can improve the contact between active layer
and PMA layer. To further confirm the effect of the
pretreatment by IPA, we measured the contact angle of the
PMA solution on the surface of active layer. As shown Figure
Sc, the average contact angle of PMA solution on bare active
layer before surface modification was measured to be 17.2°
while the average contact angle reduced to 13.1° upon
treatment with neat IPA, as evidenced in Figure Sd. As we
know, high contact angle makes it difficult to deposit a solution
on top of another layer by spin coating. The reduced contact
angle enhances the spreading of the solution. It is beneficial to
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Figure S. Cross-sectional SEM images of the device except Ag anode (a) without modification by isopropyl alcohol and (b) modification by
isopropyl alcohol. The contact angle of the PMA solution on the surface of active layer (c) without modification by isopropyl alcohol and (d)

modification by isopropyl alcohol.
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the adhesion of active layer and results in reduced series
resistance. As the solvent of PMA solution is also IPA, which is
used for surface modification, it also functioned as a surfactant
to reduce the surface tension of PMA liquids. From the Young
equation43

YTov ~ oL

4

it is clear that the contact angle (6.) of a droplet strongly
depends on its surface tension y, on the assumption that the
solid—vapor phase (ygy) and the solid—liquid phase (yg)
interactions are fixed. Therefore, a large surface tension implies
a large contact angle. The smaller the contact angle is, the less
volume of liquid is needed to fully cover the substrate, and the
more uniform the whole film surface. Improved adhesion also
leads to perfect interface contact between the active layer and
the PMA solution, which results in enhanced hole transport to
the Ag electrode and thus improved PCE.

To optimize the device performance, we fabricated devices
with different PMA concentrations of 1, 2.5, 5, and 10 mg/mL.
All the PMA solutions were spin-coated at the speed of 4000 r/
min for 30 s after the pretreatment using IPA. For comparison,
the device without HTL was fabricated as the control device.
The J—V characteristics of all the devices are shown in Figure
6a. As can be seen, devices with PMA HTL outperformed the
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Figure 6. J—V characteristics of devices (a) without PMA, with 1, 2.5,
5, and 10 mg/mL PMA and (b) with MoO;, WO, and PMA as HTL.

control device in all the photovoltaic parameters. The control
device has the poor performance, including an open-circuit
voltage (V,.) of 0.63 V, a short-circuit current (J,.) of 8.32 mA/
cm?, and an FF value of 33.3%. This leads to a lower PCE of
only 1.75%. Amazingly, after the pretreatment using IPA, the
device with 2.5 mg/mL PMA shows the best PCE of 6.57%,
with a V,_ of 0.85 V, a J._ of 12.5 mA/cm?, and an FF of 61.8%.
All the photovoltaic parameters are summarized in Table 1, and
the corresponding thickness of PMA layers with different
concentrations are also measured. Other materials (MoOj,
WO,) are used as HTL to compare the performance, and the
results are shown in Figure 7b. It can be seen that the device
performance with MoO; and WO; as HTL is a little lower than
that of device with PMA. It can be attributed to the better

Table 1. Photovoltaic Parameters of Devices with Different
Concentrations of PMA

device PMA thickness Joe Ve FF PCE

types (nm) (mA/am®) (V) (%) (%)
control 0 8.32 0.63 333 1.75
1 mg/mL 8 114 0.85 61.5 5.96
2.5 mg/mL 15 12.5 0.85 61.8 6.57
S mg/mL 20 11.5 0.85 61.6 6.02
10 mg/mL 38 9.0 0.85 61.4 4.70
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Figure 7. Complex impedance spectra of the devices with different
concentrations.

interface contact between active layer and electrode. It is easy
to understand that the performance improvement comes from
perfect hole transporting and electron blocking by PMA layer
in electrical aspect. In this comparison condition, there exist
two kinds of interfaces containing active layer/metal and active
layer/PMA/metal. The direct contact between the metal and
active layers will result in local serious shunt loss and
consequently lead to reduced V,,, J,, and FE.** To obtain
additional information about the interfacial characteristics of
PMA in these devices, impedance spectroscopy was measured
with an alternating current signal of 1 V in the frequency range
of 20 Hz—1 MHz. The complex impedance spectra of the
devices with different concentrations of PMA are shown in
Figure 7. Three columns of data were obtained, which are
frequency (Hz), impedance, and angle, respectively. The data of
x-axis are obtained with the formula of impedance X cos(angle/
1807), which refers to the real part of the complex impedance,
while the data of y-axis are obtained with the formula of
impedance X sin(angle/180x), which refers to the imaginary
part of the complex impedance. The shapes of impedance
spectra are both semicircles that are beneficial to investigate the
interface resistance in PSCs. The series resistance of devices is
related to the diameters of the semicircles. It can be seen that
impedance spectroscopy of device with 2.5 mg/mL PMA shows
the smallest diameter, which indicates the smallest series
resistance. The diameter of impedance spectroscopy increases
along with the increase of PMA concentration. This
phenomenon is consistent with the measured photocurrent
and total solar-to-power conversion efficiency of the four
devices in the order of 2.5 > 1 > 5 >10 mg/mL.

In optical aspect, it is noticed that absorption of light of
wavelength range of 400—500 nm is not as low as ideal and that
this absorption is nonignorable. Therefore, to determine
whether the cells built with the higher concentrations show a
decreased ], simply because the thicker PMA layer absorbs
more light, which should be reflected into active layer for the
second round absorption, we conducted a simulation of the
current density on dependence of the thickness of the PMA
layer, which is shown in Figure 8. The simulation is based on
the transfer matrix method (TMM)***’ on the assumption that
the internal quantum efficiency is 100%. The optical constants
of PMA are obtained by spectroscopic ellipsometry. It can be
seen clearly that the current density varies with the change of
the PMA layer thickness and reaches a maximum when the
thickness of PMA layer is ~13 nm. All the PMA solutions with
different concentrations used in our devices were spin-coated at
a fixed speed of 4000 r/min. This means that the thickness of
PMA is increased with the improved PMA solution
concentration, so the thickness of PMA layer is in direct
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Figure 8. Optical simulated current density characteristics with
different thicknesses of PMA layer.

proportion to the PMA solution concentration. Therefore, the
cells built with the higher concentrations show a decreased ]
simply because the thicker PMA layer absorbs more light.
Figure 9 shows the IPCE spectra of devices with different
concentrations of PMA, where the IPCE values for each

——10mg/ml
400 500 600
wavelength(nm)

700 800

Figure 9. IPCE spectra of devices with different concentrations of
PMA in the wavelength range from 350 to 800 nm.

wavelength from 300 to 800 nm are plotted as a function of
wavelength. Owing to a stronger hole extraction capability of
PMA, the IPCE of the four devices is much higher than that of
the control device. The IPCE of device with 2.5 mg/mL PMA
outperformed than the rest of the devices in the wavelength
range from 450 to 600 nm.

Bl CONCLUSION

In summary, we present a facile way of polymer solar cell
fabrication by using the solution-processed PMA as an efficient
HTL without any postannealing. The PMA powder was
dissolved in IPA and then spin-coated onto the active layer
right after a pretreatment by IPA. The IPA-treatment procedure
further decreases the contact angle and smoothes the interfaces,
which results in an improvement in the performance of the
device. The optimum concentration of PMA is 2.5 mg/mL, and
our device achieved an improved PCE of 6.57%. The annealing-
free HTL makes it more promising for large-scale production of
organic solar cells.
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