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We report the fabrication and characterization of large scale inverted organic solar array fabricated
by all-spray process. The inverted polymer solar cell geometry consists of four layers, in the order of
ITO–Cs2CO3–(P3HT:PCBM)–modiﬁed PEDPT:PSS, on a glass substrate. With semitransparent PEDPT:PSS
as anode, the encapsulated solar array shows more than 30% transmission in the visible–near IR range.
Optimization of device is done by thermal annealing, and the optimal annealing conditions are shown
to be different in single-cell test device and the multiple-cell array. Solar illumination has been
demonstrated to improve solar array efﬁciency up to 250%. Device efﬁciency of 1.80% was observed
with the array under AM1.5 irradiance. Our preliminary data have shown that the performance
enhancement under illumination only happens with sprayed devices, not devices made by spin coating.
This means that solar cells made with our spray-on technique performs better under sunlight, which is
beneﬁcial for solar energy application.
Published by Elsevier B.V.
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1. Introduction
Organic photovoltaic (OPV) devices based on p-conjugated
polymers have been intensively studied following the discovery
of fast charge transfer between polymer and carbon C60 [1–9]. The
photovoltaic process in OPV ﬁrst starts from the absorption of
light mainly by the polymer, followed by the formation of
excitons. The exciton then migrates to and dissociates at the
interface of donor (polymer)/acceptor (fullerene). Separated electrons and holes travel to opposite electrodes via hopping, and are
collected at the electrodes, resulting in an open circuit voltage
(Voc). Upon connection of electrodes, a photocurrent (short circuit
current, Isc) is created.
These polymeric OPV holds promise for potential cost-effective
photovoltaics since it is solution processable. Large area OPVs
have been demonstrated using printing [10–12], spin-coating and
laser scribing [13–15], and roller painting [16]. ITO, a transparent
conductor, is commonly used as hole collecting electrode (anode)
in OPV, and a normal geometry OPV starts from ITO anode, with
the electron accepting electrode (cathode) usually a low work
function metal such as aluminum or calcium, being added via
thermal evaporation process.
There are two different approaches in inverted geometry. One
approach is completely ITO-free, using a wrap-through method by
Zimmermann et.al. [17], or the use of a Kapton foil and an
Aluminum/Chromium bi-layer system as electron contact [18],
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and the formation of a bottom electrode comprising silver
nanoparticles on a 130 mm thick polyethyleneternaphthalate
(PEN) substrate by Krebs et.al. [19]. Another approach is to add
an electron transport layer onto ITO to make it function as
cathode. Inverted geometry OPVs in which the device was ﬁrst
built from modiﬁed ITO as cathode have been studied both in
single cells [20–23] and solar modules [10].
OPV single cell utilizing spray technique has been previously
reported [24–26]. However, all these works involve either the use
of high vacuum deposition, and/or spin-coating process. For the
inverted solar array fabricated by spray, ours is the ﬁrst of its
kind. Comparing with conventional technology based on spincoating and using metal as a cathode contact, which greatly limits
transparency of solar cells and posts difﬁculty for large scale
manufacturing, the new spray technology solves these two
problems simultaneously. A thin ﬁlm organic solar array is
fabricated employing this layer-by-layer spray technique onto
desired substrates (can be rigid as well as ﬂexible). This technology eliminates the need for high vacuum, high temperature, low
production rate and high-cost manufacturing associated with
current silicon and in-organic thin ﬁlm photovoltaic products.
Furthermore, this technology could be used on any type of
substrate including cloth and plastic.
Traditionally, solar modules made from silicon are installed on
rooftops of buildings. However, it can be a hassle for the installation since these solar modules are heavy and brittle. In addition,
rooftop area is limited compared with the window area in normal
building, and even less in skyscrapers. However, in order for solar
cells to be compatible with windows, transparency is the ﬁrst to
be considered. The metal contacts used in traditional solar
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2. Experimental
Poly(3-hexylthiophene) (P3HT) with regioregularity over 99%
was purchased from Riekie Metals, with an average molecular
weight of 42 K. 6,6-phenyl C61 butyric acid methyl ester (PCBM)
with 99.5% purity was purchased from Nano-C. The original
aqueous poly (3,4) ethylenedioxythiophene:poly-styrenesulfonate (PEDOT:PSS) Baytron 500 and 750 were obtained from
H. C. Starck. The pre-cut 400  400 ITO glass substrates with a
nominal sheet resistance of 4–10 O/square and Cornings low
alkaline earth boro-aluminosilicate glass were obtained from
Delta Technology, Inc. Cs2CO3 was purchased from Aldrich. All
masks for spray are custom made by Towne Technologies, Inc.
The airbrush sets for spray was purchased from ACE hardware.
ITO with desired pattern was prepared by the standard
photolithography method and cleaned following the procedure
described elsewhere [28]. Cs2CO3 solution in 2-ethoxyethanol
with a concentration of 2 mg/ml was sprayed onto the clean ITO
substrate through a custom made shadow mask with an airbrush
using N2 as the carrier gas. The ﬁnished substrate is annealed at
150 1C for 10 min inside the N2 glovebox (MBraun MOD-01).
The active layer solution is made by mixing P3HT and PCBM
with a weight ratio of 1:1 in dichlorobenzene at 20 mg/ml and
stirred on a hot plate for 48 h at 601C prior to spraying. Active layer
was sprayed onto the Cs2CO3 coated substrate using an airbrush,
resulting in a layer thickness of about 200–300 nm. The device is
then left to dry in the antechamber under vacuum for at least 12 h.
The original aqueous poly (3,4) ethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS) was diluted and ﬁltered out through
a 0.45 mm ﬁlter. This ﬁltered solution of PEDOT:PSS is mixed with
5 vol% of dimethylsulfoxide to increase conductivity [27]. This
modiﬁed PEDOT:PSS (m-PEDOT) is then sprayed onto the substrate
using a custom made spray mask.
The ﬁnished device is then put into high vacuum (10–6 Torr)
for 1 h. This step was shown to improve the device performance
with sprayed active layer [27]. The ﬁnal device is then annealed at
various conditions (see results section) and encapsulated using a
UV-cured encapsulant (EPO-TEK OG142-12) from Epoxy
Technology.
The current–voltage (I–V) characterization of the solar array was
performed with a Newport 1.6 KW solar simulator under AM1.5
irradiance of 100 mW/cm2. No spectral mismatch with the standard
solar spectrum was corrected in the power conversion efﬁciency
(PCE) calculation. The incident photon converted electron (IPCE), or
the external quantum efﬁciency (EQE), of the device was measured
using 250 W tungsten halogen lamp coupled with a monochromator
(Newport Oriel Cornerstone 1/4 m). The photocurrent was detected
by a UV enhanced silicon detector connected with a Keithley 2000

multimeter. The transmission spectrum of active layer was performed on the same optical setup.

3. Results/discussion
3.1. Characteristics of test device by spray
In order to have a good reference point for the multi-cell array,
we started with an inverted single-cell test device, which consists
of four identical small cells (4 mm2) on a 100  100 substrate (Fig. 1).
The test device was fabricated using the same procedure described
in the Experimental section, with m-PEDOT 500 as anode.
ITO normally has a work function of 4.9 eV. The function of
ITO in traditional OPV device is as anode. There have been previous
reports on tuning the work function of ITO by adding an electron
transport layer such as ZnO [21], TiO2 [20], PEO [23] and Cs2CO3
[20] in inverted OPV single cells. In this work, we chose to use
Cs2CO3 for its economic cost and easy handling. By spin coating a
solution of 2-ethoxyethanol with 0.2% Cs2CO3 at 5000 rpm for 60 s,
a very thin layer ( 10 Å) of Cs2CO3 is formed over the ITO. It was
reported that a dipole layer would be created between Cs2CO3 and
ITO. The dipole moment helped to reduce the work function of ITO,
allowing ITO to serve as the cathode [20].
Fig. 2 shows how the Cs2CO3 layer affects the performance of
the inverted cell. The control cell without Cs2CO3 (black solid line)
performed almost like a resistor and had negligible Voc (0.03 V).

M-PEDOT
P3HT:PCBM
Cs2CO3
ITO
Glass

Fig. 1. Device structure of an inverted test cell. (a) Top view; (b) side view.
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modules are visibility-blocking and has to be replaced. OPV
modules fabricated by other large scale manufacturing techniques
such as printing [10,16] and spin-coating [14,15] have been
demonstrated; however, all these still involve the use of metal
in certain way.
The literature results have shown PCE as high as 0.42% for a
solution-based all-spray device [27], which was opaque. In this
report, we start with a semitransparent single-cell test device,
which has PCE of 1.2% under AM1.5 solar irradiance, and further
demonstrate the development of an all-spray technique to fabricate large scale solar array on a 400  400 substrate consisting of 50
cells with total active area of 30 cm2. The overall transmittance of
the ﬁnished solar array is over 30%, and the device power
conversion efﬁciency (PCE) of as high as 1.80% was achieved
under constant AM1.5 solar irradiance.
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Fig. 2. I–V characteristics of three test cells: without Cs2CO3 layer (black solid
line), and with Cs2CO3 layer at different thicknesses (black line with empty
triangle and magenta line with ﬁlled triangle). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this
article).
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converted electron (IPCE) or external quantum efﬁciency (EQE)
between three inverted test cells at different annealing conditions:
1-step annealing at either 120 1C (red ﬁlled circle), or 160 1C (black
ﬁlled square) for 10 min; 2-step annealing at 120 1C for 10 min,
followed by high vacuum for 1 h and annealing at 160 1C for
10 min. The rationale behind choosing such annealing conditions
was to experiment both annealing temperature and the thermal
proﬁle. Fig. 5a shows that 1-step annealing at 120 1C gives the best
result in test cell, with Voc ¼0.48 V, Isc ¼0.23 mA, FF¼0.44, and a
power conversion efﬁciency (PCE) of 1.2% under AM1.5 solar
illumination with intensity 100 mW/cm2. The second annealing
step at 160 1C worsens the device performance, mainly due to
unfavorable change of ﬁlm morphology, which was conﬁrmed in
AFM images in Fig. 6. The PCE of 1-step annealing at 160 1C was in
between 1-step annealing at 120 1C and 2-step annealing, yet the
device has the worst FF. Table 1 listed the details of the I–V
characteristics of these three test cells. Further investigation of
thermal proﬁle with ﬁner steps than 40 1C is ongoing to determine
the optimal annealing conditions.
In Fig. 5b, IPCE measurement shows 2-step annealing was
worse than 1-step annealing, which was consistent with the I–V
measurements in Fig. 6a. There seems to be some inconsistency

The difference between our result and the work in Ref. [23] can be
explained by the use of an electron transport layer to alleviate
non-ohmic contact with the cathode (PEDOT in this case) in their
work. For a better controlled thickness, Cs2CO3 was spin-coated
onto the cleaned ITO substrate in these devices. As shown in
Fig. 2, the optimal thickness of Cs2CO3 layer was achieved at a
spin rate of 5000 rpm. At higher rate of 7000 rpm, the device was
less efﬁcient owing to the fact of a discontinuous Cs2CO3 layer.
We found out that the optimal thickness is between 10 and 15 Å
measured by AFM topography.
Previous report showed Cs2CO3 can lower the ITO work
function to as low as 3.3 eV [20]. In order to get an estimate of
the effective work function of ITO/Cs2CO3 cathode, we have
fabricated a control device with 100 nm aluminum deposited on
glass substrate as cathode, with the active layer and m-PEDOT
layer fabricated the same way as in ITO/Cs2CO3 cathode conﬁguration. Since aluminum is not transparent, the I–V in both
devices were measured by illumination from m-PEDOT side. Voc
of such control device was 0.24 V, whereas Voc of the ITO/Cs2CO3
cathode device (magenta line in Fig. 2) was 0.36 V measured
under the same illumination condition. Since aluminum has work
function of 4.2 eV, this means in our case, the effective work
function of ITO/Cs2CO3 is close to 4.1 eV.
Fig. 3 shows how the thickness of m-PEDOT affects its transmittance (a) and sheet resistance (b). Transmittance was measured
using a 250 W tungsten halogen lamp coupled with a monochromator (Newport Oriel Cornerstone 1/4 m). The sheet resistance of
m-PEDOT was measured using a standard four-point probe measurement [29,30]. These two parameters (transmittance and sheet
resistance) are important to assess the feasibility of m-PEDOT to be
used as a replacement contact for the conventional metal contact.
ITO was chosen as a reference for comparison. At a thickness of
about 100 nm, the transmittance of m-PEDOT is about 80%,
comparable with ITO. As expected, the resistance decreases as
thickness increases, which is consistent with the bulk model. The
trade-off between transparency and resistance is another important fabrication parameter. The current array was fabricated
with thickness of about 600 nm, which has moderate resistance
of 70 O/square, and transmittance about 50%. Shown in Fig. 4 was
a comparison between transmission spectra of the active layer
(P3HT:PCBM, 200 nm) and m-PEDOT anode of 600 nm. The total
transmittance over the spectra range shown decreases from 73% to
31% after spraying on the m-PEDOT anode.
Annealing has shown to be the most important factor to
improve organic solar cell performance [4,5]. Fig. 5 shows the
comparison of current–voltage (I–V) and incident photon
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Fig. 4. Transmission spectra of an active layer (P3HT:PCBM) of 200 nm (black line
with ﬁlled square), and with a m-PEDOT:PSS layer of 600 nm (red line with ﬁlled
circle). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article).
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Fig. 5. (a) I–V characteristics of three test cells measured with AM1.5 solar illumination under various annealing conditions: 1-step annealing at 120 1C (red ﬁlled circle),
or 160 1C (black ﬁlled square), and 2-step annealing (green ﬁlled triangle); (b) IPCE of the same devices measured under tungsten lamp illumination. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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Table 1
Test cell I–V characteristics comparison at various annealing conditions.
Test cell
number

Isc (mA)

Voc (V)

FF

Z (%)

Annealing
condition

1
2
3

0.28
0.23
0.16

0.48
0.48
0.30

0.26
0.44
0.35

0.86
1.2
0.43

160 1C 10 min
120 1C 10 min
2-step

0.0°
120°C anneal
90.0°

45.0°

0.0°
160°C anneal
90.0°

45.0°

0.0°
2-step anneal
5.0°

2.5°

0.0°
Fig. 6. AFM images of 4 test cells under various annealing conditions as shown in
ﬁgure. As-made cell, (b) 1-step annealing at 120 1C, (c) at 160 1C and (d) 2-step
annealing. Left panel shows topography, and right panel the phase image.

between PCE and IPCE for the cells annealed at 160 and 120 1C: the
cell annealed at 160 1C has higher IPCE yet lower PCE than that at
120 1C. IPCE measurement was done under illumination from
Tungsten lamp, whereas I–V was done under solar simulator, which
has a different spectrum than that of the tungsten lamp. Nevertheless, the integration of IPCE should be proportional to Isc. The
device made by 1-step annealing at 160 1C, though having smaller
power conversion efﬁciency, actually has larger Isc (0.28 mA) than
the one at 120 1C (0.23 mA). The ratio between integral of IPCE at
160 1C vs. 120 1C is about 1.3, and the ratio of Isc of the same devices
was 1.2. The slight discrepancy might also come from the fact that
the cells behave differently under strong (IV) and weak (IPCE)
illuminations. Usually bi-molecular (BM) recombination sets in
under high light intensity (solar simulator) [4], meaning the cell,
which has more prominent BM recombination, will perform poorer
with high intensity illumination such as that from the solar
simulator. It might be that the cell annealed at 160 1C was affected
by BM recombination more than the cell annealed at 120 1C, due to
more traps associated with rougher morphology (see Fig. 6) serving
as recombination centers. The same mechanism can also be applied
to explain the larger difference in IPCE of device annealed at 160 1C
and by 2-step annealing than that of their Isc in Fig. 5. Further
investigation of this discrepancy is under study.
Fig. 6 shows the AFM images [topography (left panel) and
phase (right panel)] of four test cells at different annealing
conditions. 1-step annealing at 120 1C (b) showed the improved
ﬁlm roughness and the best phase segregation of P3HT and PCBM,
which explains why the device performance was the best (Fig. 5).
Device by 2-step annealing has the smoothest ﬁlm, however, the
phase segregation was much less distinct. This indicates that
P3HT chains and PCBM molecules are penetrating through each
other more after the second annealing at 160 1C, and form much
smaller nano-domains, which are favorable for charge transport
between the domains [31]. However, recombination of photogenerated carriers might be enhanced due to the lack of separate
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pathways for electron sand holes, and that was why the device
after 2-step annealing performed worse than after the 1st
annealing at 120 1C (Fig. 5). 1-step annealing at higher temperature of 160 1C results in the roughest ﬁlm (even rougher than the
as-made device), and the P3HT phase and PCBM phase are hardly
distinguishable. This rough ﬁlm also further affects the interface
between active layer and m-PEDOT, resulting in poor FF of the
device (Fig. 5).
3.2. Large area solar array by spray
Fig. 7a shows the device architecture of a ﬁnished solar array
with inverted structure. The array consists of 50 individual cells
each has an active area of 60 mm2. The array was conﬁgured with
10 cells in series in one row to increase the voltage, and ﬁve rows
in parallel connection to increase the current. Fig. 7b presents the
cross section of a single cell and how the series connection was
made with the neighboring cell. These arrays either have
m-PEDOT 750 or m-PEDOT 500 as semitransparent anode.
Fig. 8 shows the I–V of four arrays under different annealing
conditions measured with AM1.5 solar illumination. It is clear
that 1-step annealing at low temperature (120 1C) gives the worst
result, 2-step annealing showed improved I–V characteristics
(Voc, Jsc, FF and PCE) after the second high temperature annealing

Fig. 7. Device architecture of an inverted solar array. (a) Top view; (b) side view
showing series connection.

Fig. 8. I–V characteristics of 4 inverted spray-on solar arrays measured with
AM1.5 solar illumination under various annealing conditions: 1-step annealing at
120 1C (dashed line), or 160 1C (red thin line), and 2-step annealing (black ﬁlled
square). These 3 arrays use m-PEDOT 750 as anode. The 4th array (thick blue line)
uses m-PEDOT 500 as anode and was annealed at 160 1C. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article).

Table 2
Array I–V characteristics comparison at various annealing conditions.
Array
number

Isc (mA)

Voc (V)

FF

Z (%)

Annealing
condition

m-PEDOT

1
2
3

17.0
11.5
6.30

3.9
4.0
2.8

0.30
0.39
0.37

0.68
0.62
0.22

2-step
2-step
2-step

750
750
750

4
5
6
7

13.0
15.0
12.0
11.1

4.0
5.2
5.8
5.2

0.33
0.33
0.30
0.35

0.56
0.86
0.70
0.67

160 1C
160 1C
160 1C
160 1C

10 min
10 min
10 min
10 min

750
500
500
500

at 160 1C. 1-step annealing at high temperature (160 1C) gives the
best Voc, and 2-step annealing yields the highest Jsc. In terms of
anode, m-PEDOT 500 seems to give higher Voc than PEDOT 750
(see Table 2 for more array results). However, there is not much
difference of PCE between 2-step annealing and 1-step annealing
at 160 1C, which is in contrast with the result of the test device
(Fig. 5). We think the annealing duration is probably too short for
the array, since it has much larger area and contains much more
materials. Further investigation of interplay between annealing
temperature, duration and thermal proﬁle is ongoing to ﬁnd the
optimal device fabrication conditions.
We have observed a very interesting phenomenon, which we
call as ‘photo annealing’ (Fig. 9). Under constant illumination
from the solar simulator, a sudden change of I–V characteristics
occurs after certain amount of time, which is device dependent,
ranging from 10 min to several hours. The device shown in Fig. 9
takes about 15 min, and reaches maximum PCE after 2.5 h under
illumination. The drastic change is mostly Isc, which is more than
double from 17 to 35 mA after 2.5 h. The change of Voc was
marginal from 4.0 to 4.2 V. The maximum PCE of the array was
1.80%. Table 3 listed the changes of other I–V characteristics.
Furthermore, this sudden increase of Isc is also accompanied by
a characteristic ‘wiggles’ on the I–V curve. We propose several
mechanisms to explain the above observations. The ﬁrst mechanism is due to optical interference causing re-distribution of light
intensity within the active layer. The sealant epoxy was heated
and softened, resulting in the change of the distance between
encapsulating glass and the device, causing less optical loss. As a
consequence, the short circuit current Isc increases. This mechanism was supported by the inset of Fig. 9, which shows the fast
decay of a spray-on test cell without encapsulation. Encapsulation
also helps to minimize oxidization and slow down the decay of
organic solar cell efﬁciency.
The second mechanism is that photo annealing of active layer
improves morphology and has cured some of the weak points
(burned out shorts), thus improves Isc and FF. It might be due to the
fact that the porosity of sprayed ﬁlm is much larger than the spincoated ﬁlm, and polymer chains have much more loose arrangement in sprayed device, with the heat from solar illumination, the
polymer chains relax more and the ﬁlm nanomorphology was
improved, with possibly PCBM penetrating into the voids between
polymer chains and causing better phase segregation [32]. This
effect is similar to thermal annealing performed on hot plate. As
temperature drops down, the polymer chains go back to its original
conﬁguration, and the I–V curve is back to its original one,
manifesting certain kind of thermal hysteresis.
The third mechanism is due to the thermal activation of the
previous deeply trapped carriers (i.e., polarons), which results in
increased photocurrent at higher temperature [33,34]. The wiggles indicate the non-uniformity of the ﬁlm morphology, and the
overall boost of device performance is the result of the free-up of
previously trapped charges in the active layers.
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Fig. 9. Improvement of I–V characteristics of an inverted solar array under continuous AM1.5 solar illumination. The ﬁrst measurement (dashed black line) was done right
after the array was fabricated and encapsulated. The inset shows the time dependence of I–V characteristics of a spray-on test cell (without encapsulation).

Table 3
Change of array I–V characteristics under solar illumination.
Time

Isc (mA)

Voc (V)

FF

Z (%)

Day 1
–0 min
–12 min
–150 min

17
28
35

4.0
4.2
4.2

0.30
0.35
0.37

0.68
1.40
1.80

Day 2
–0 min

18

4.2

0.35

0.88

Day 8
–0 min
–120 min

15
27

4.4
4.8

0.29
0.38

0.64
1.68

This observation is against the conventional picture of organic
solar cell, which normally shows degradation under solar illumination [35]. We also found out that the performance enhancement under illumination only happened with sprayed devices, not
the device made by spin coating. This means that solar cells made
with our spray-on technique performs better under sunlight,
which is beneﬁcial for solar energy application. The methods,
data and results presented in this report are based on our early
work. Current research includes enhancements to architecture,
improvements in power production and ongoing study of photo
annealing dynamics and solar array lifetime. Promising early
results have warranted further research, targeting optimal performance of the solar array in ﬁeld operations.

4. Conclusions
We have demonstrated large area organic array fabricated by an
all-spray technique. Cs2CO3 was chosen to reduce ITO work function
close to 4.0 eV to be utilized as cathode. The fully encapsulated
400  400 array has over 30% transparency and can produce as high as

1.80% of power conversion efﬁciency (PCE) under constant illumination of simulated sunlight. Thermal annealing has proven to be
essential to improve device PCE, and the optimal annealing conditions are not the same with small single cell and large solar array
consisting of 50 cells. Systematic study of optical, electronic and
morphologic properties of the device reveals the inﬂuence of
nanomorphology over device power conversion efﬁciency. Moreover,
our discovery of photo annealing, i.e., more than 2-fold increase of
solar cell PCE under solar irradiance and with hysteresis pattern, is in
contrary to the normal understanding of organic solar cell degradation under sunlight. The fact that photo annealing was only observed
with sprayed solar cell or arrays places an advantageous solution to
our technique for large scale, low-cost solution-based solar energy
applications. Ongoing research includes identifying optimal parameters for the production of a high efﬁciency solar array.
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