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ABSTRACT: Efficient polymer solar cells (PSCs) with enhanced open-circuit voltage
(Voe) are fabricated by introducing solution-processed and UV-ozone (UVO)-treated
nickel acetate (O-NiAc) as an anode buffer layer. According to X-ray photoelectron
spectroscopy data, NiAc partially decomposed to NiOOH during the UVO treatment.
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NiOOH is a dipole species, which leads to an increase in the work function (as con-

firmed by ultraviolet photoemission spectroscopy), thus benefitting the formation of
ohmic contact between the anode and photoactive layer and leading to increased V.. In
addition, the UVO treatment improves the wettability between the substrate and solvent
of the active layer, which facilitates the formation of an upper photoactive layer with
better morphology. Further, the O-NiAc layer can decrease the series resistance (R,) and
increase the parallel resistance (Rp) of the devices, inducing enhanced
with the as-prepared NiAc-buffered control devices without UVO treatment. For PSCs
based on the P3BHT:PCBM system, V,_ increases from 0.50 to 0.60 V after the NiAc
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buffer layer undergoes UVO treatment. Similarly, in the P3HT:ICBA system, the V.
value of the device with a UVO-treated NiAc buffer layer increases from 0.78 to 0.88 V, showing an enhanced power conversion

efficiency of 6.64%.
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1. INTRODUCTION

Polymer solar cells (PSCs) have attracted considerable atten-
tion because of the1r potential application in low-cost and large-
scale modules.' ™ In recent years, the power conversmn effi-
ciency (PCE) of PSCs has been greatly i 4proved ®and a
PCE of higher than 9% has been reported.” Recent studies
suggest that the interface formed between the active layer and
electrode is closely related to the performance and stability of
PSCs. Suitable interface materials could adjust the energetic
barrier height between the active layer and electrode, which
increases the selectivity of the corresponding electrode for
carriers (holes or electrons) of one sort. The interface layer can
improve the carrier collection efficiency from the two aspects of
thermodynamics and kinetics.” From the viewpoint of
thermodynamics, the ionization potential and electron affinity
of the interlayer materials relative to the hole- or electron-
transport energies of the active layer could constraint collection
of the electrons or holes.® From the viewpoint of kinetics, the
interlayer material could selectively enhance the collection
rate of the electrons or holes over the other.” In addition, the
interface layer could improve the rectification ratio of the
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PSCs”~"? and also plays an important role in balancing the hole
and electron harvesting rates at both corresponding electro-
des.">'* Therefore, when appropriate interfacial materials are
chosen, the transportation and collection of either carrier type
can be selectively suppressed or enhanced.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is the commonly used anode modification material.
However, the hygroscopic and acidic properties of PEDOT:PSS
make it unsuitable for stable PSCs. In recent years, some solution-
processed metal oxides, such as Mo0O,,"* " Ni0,**** Cu0,*
ReO,** VO, *% $n0,,”” WO,,*® and RuO,,” have been demon-
strated as promising alternatlves to PEDOT: PSS

In our previous studies,*®®' water-soluble nickel acetate
[Ni(CH;COO),, NiAc] was directly used as an anode buffer
layer for PSCs based on the P3HT:PCBM and P3HT:ICBA
systems. PSCs with a NiAc anode buffer layer show dramatic
enhancement in the short-circuit current density (J,.) while
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keeping the fill factor (FF) at a relatively high level. Unfortu-
nately, the open-circuit voltage (V,.) of NiAc-modified devices
decreased in comparison with PEDOT:PSS-modified devices.
V,. of the PBHT:PCBM- and P3HT:ICBA-based devices de-
creased by 0.09 and 0.07 V,***' respectively. Thus, the overall
PCE of the NiAc-based devices is just comparable to that of the
PEDOT:PSS-based devices.

As we all know, PCE can be expressed as PCE = V_ J FF. To
further improve the PCE of the NiAc-modified devices, on the
basis of greatly enhanced J,. and relatively high FF, optimiza-
tion of V. is of the utmost importance. For bulk-heterojunction
PSCs in which ohmic contacts are formed with both electrodes,
the maximum limit of V. is governed by the difference between
the lowest unoccupied molecular orbital (LUMO) of the
acceptor and the highest occupied molecular orbital (HOMO)
of the donor, which can be expressed by an empirical equa-
tion:>> V,_ = 1/9(IEgomop! — [Erumoal) — 0.3V. On the other
hand, V. will be reduced if nonohmic contact is formed at the
interface of either or both electrodes of the PSCs, and the value
of V. is equal to the work function (WF) difference of the two
electrodes according to the metal—insulator—metal model.
Therefore, for PSCs with a given material system, the key to
obtaining high V,_ is the formation of ohmic contacts at the
interface of both electrodes. In addition, some other factors also
affect V,, such as the parallel resistance (R,)** and carrier
recombination.**** Both a decrease in R, and an increase in the
carrier recombination lead to reduced V. and increased dark
current under reverse bias.

UV-ozone (UVO) treatment, similar to oxygen-plasma treat-
ment, is a very effective approach to enhancing the WF of elec-
trodes or buffer layers. When indium—tin oxide (ITO) is used
as an anode for PSCs, UVO or oxygen-plasma treatment is an
essential process to obtain a high WF for efficient hole collec-
tion.® To achieve better performance for PSCs, UVO treat-
ment is also performed on various electrode buffer layers to
achieve a suitable WF. UVO treatment to PEDOT:PSS results
in the formation of a metastable surface dipole,®” which leads to
an enhancement in the WF, thus increasing hole extraction
from the photoactive layer.>® The WF of the ZnO electron-
transport layer can also be improved after UVO treatment,
which enhances charge transport and PCE.** In-depth research
has been performed on the effect of UVO or oxygen-plasma
treatment on solution-processed nickel-containing complexes.”****
Oxygen-plasma treatment to a NiO, film, which is obtained
from thermal decomposition (250—300 °C) of a solution-
deposited nickel precursor, leads to the formation of NiOOH
on the surface.”** However, the high-temperature annealing
process is not suitable for the fabrication of flexible PSCs with
a polymer substrate. Recently, Ma et al. have reported that a
solution-processed NiAc precursor can be converted to nickel
oxide (Ni,O; and NiO) and NiOOH by the application of
thermal annealing (below 150 °C) and UVO simultaneously.*’
It is confirmed that the formation of a favorable NiOOH sur-
face dipole leads to an increase in the WEF, resulting in en-
hanced device performance.

In this work, we processed the as-prepared NiAc film solely
by UVO treatment. For the convenience of discussion, the
NiAc samples before and after UVO treatment are denoted as
a-NiAc and O-NiAc. The X-ray photoelectron spectroscopy
(XPS) results confirmed that only a small portion of the NiAc
molecules decomposed into NiIOOH under UVO treatment,
while most of the NiAc precursor remained unchanged. Experi-
mental results show that the small amount of NiOOH on the
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Figure 1. (a) Molecular structures of P3HT, PCBM, and ICBA. (b)
Device structure of the PSCs. (c¢) HOMO and LUMO energy levels of
the materials involved in the PSCs.

surface can regulate the energy level alignment at the interface,
leading to ohmic contact at the anode interface. At the same
time, the UVO treatment further improves the wettability
between the substrate and 1,2-dichlorobenzene solvent, which
facilitates the formation of an upper photoactive layer with
better morphology, inducing a suppressed leakage current.
All of these effects induce an enhanced V,_ in comparison with
the a-NiAc-buffered control devices. For PSCs based on the
P3HT:PCBM system, V, increases from 0.50 to 0.60 V after
the NiAc buffer layer undergoes UVO treatment. Similarly, in
the P3HT:ICBA system, V. of the device with a UVO-treated
NiAc buffer layer increases from 0.78 to 0.88 V, showing an
enhanced PCE of 6.64%.

2. EXPERIMENTAL DETAILS

Six types of devices were designed as follows: (A) ITO/PEDOT:PSS/
P3HT:PCBM/Ca/Al, (B) ITO/a-NiAc/P3HT:PCBM/Ca/Al, (C)
ITO/O-NiAc/P3HT:PCBM/Ca/Al, (D) ITO/PEDOT:PSS/
P3HT:ICBA/Ca/Al, (E) ITO/a-NiAc/P3HT:ICBA/Ca/Al, and (F)
ITO/O-NiAc/P3HT:ICBA/Ca/Al Devices A and D are control de-
vices with PEDOT:PSS as the anode buffer layer, and devices B and E
are control devices with @-NiAc as the anode buffer layer. In addition
to checking the effect of UVO treatment on the performance of the
PEDOT:PSS-based devices, we also fabricated devices with UVO-
treated PEDOT:PSS as the anode buffer layer. For device fabrication, a
patterned ITO glass substrate (10 Q []") was cleaned by ultrasonic
treatment in detergent, deionized water, acetone, and isopropyl alco-
hol, sequentially. Then, the ITO substrate was treated with UVO
for 1S min to remove organic residue. For control devices A and D, a
PEDOT:PSS (Clevios P VP Al 4083) aqueous solution was spin-coated

dx.doi.org/10.1021/am5017705 | ACS Appl. Mater. Interfaces 2014, 6, 9458—9465
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Figure 2. XPS of a-NiAc and O-NiAc: (a) survey scan and (b) Ni 2p
and (c) O Is core-level spectra.

on the pretreated ITO substrate and then annealed at 150 °C for
10 min in air. For devices B and E, the NiAc film was fabricated by
spin-coating a nickel acetate tetrahydrate [Ni(CH;COO),-4H,0]
aqueous solution with a concentration of 1.25 mg mL™" on the pre-
treated ITO substrate, followed by annealing in air at 150 °C for
10 min to remove the water of crystallization. For devices C and F, the
as-prepared NiAc film was further treated with UVO for 15 min.
Polymer P3HT and fullerene derivatives (PCBM or ICBA) were used
as donor and acceptor materials, respectively. The photoactive layers
were fabricated by spin-coating a 1,2-dichlorobenzene solution of
P3HT:PCBM or P3HT:ICBA [1:1 (w/w); polymer concentration of
20 mg mL™'] on the modified ITO substrate, followed by solvent an-
nealing in covered glass Petri dishes for 2 h. The thickness of the
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Figure 3. Secondary electron cutoff region of the UPS spectra of the
as-prepared and UVO-treated NiAc film on a pretreated ITO
substrate.

photoactive layers is around 230 nm. Finally, 10 nm of calcium and a
100 nm of aluminum were deposited through vapor deposition.

The current density—voltage (J—V) characteristics of the PSCs were
carried out under a nitrogen atmosphere in a glovebox, using a
Keithley 236 Source Measure Unit under simulated AM1.5G solar irra-
diation with a light intensity of 100 mW cm™ (from Newport Co.,
Ltd.). XPS was performed with an ESCA Lab220i-XL electron spec-
trometer (base pressure of about 3 X 107 mbar) from VG Scientific
using 300 W Al Ko radiation to characterize the surface component of
the sample. Tapping-mode atomic force microscopy (AFM) was carried
out on a Veeco DICP-II instrument. Ultraviolet photoemission spec-
troscopy (UPS) was performed using an ESCA Lab250xi electron
spectrometer under a pressure of about 2 X 107'° Pa. A He I (21.22 V)
radiation line from a discharge lamp was used in UPS, and the energy
resolution was 0.02 eV.

3. RESULTS AND DISCUSSION

The molecular structures of P3HT, PCBM, and ICBA are
shown in Figure la. The device configuration and energy-level
alignment of the materials involved are shown in parts b and ¢
of Figure 1, respectively. The WF of a-NiAc and O-NiAc is de-
termined by UPS. The HOMO and LUMO levels for P3HT,*!
PCBM,* and ICBA™® are from published literature.

XPS measurement was used to investigate the chemical com-
ponent of the nickel complex film. The samples were all treated
at 150 °C for 10 min to remove the water of crystallization
before characterization. Figure 2 shows the survey and high-
resolution spectra of the Ni 2p, C 1s, and O 1s signals of a-NiAc
and O-NiAc. The characteristic peaks of the elements nickel,
oxygen, and carbon are shown in the survey scan (Figure 2a).
The background was subtracted from the XPS spectra by using
a Shirley-type background subtraction. For the sample of
a-NiAg, both the Ni 2p;,, peak at 855.8 eV and the O 1s peak
at 531.4 eV show single and symmetric peaks, indicating that
the decomposition of NiAc is negligible during the process of
thermal annealing. For the sample O-NiAc, a peak at 856.5 eV
appears for the Ni 2p;/, peak, which corresponds to the Ni
2ps/, orbital of nickel(III) in NiOOH. A pair of peaks with
binding energies of 532.1 and 531.4 eV correspond to O 1s in
NiOOH and the undecomposed NiAc, respectively.** Accord-
ing to changes in the Ni 2p and O 1s core level peaks, it can be
concluded that some of NiAc decomposed into NiOOH during
the UVO treatment. The result is consistent with the previous
literature.”*

UPS measurements were conducted to determine the WF of
a-NiAc and O-NiAc (Figure 3). The WF of the nickel complex
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Figure 4. Contact angle of 1,2-dichlorobenzene on (a) a-NiAc and
(b) O-NiAc surfaces, respectively.

film can be significantly increased from 4.24 eV for a-NiAc to
4.93 eV for O-NiAc. According to XPS data, NiAc is partially
converted into NiOOH, which results in an interface dipole,
thus leading to an increase in the WE.”*® The increased WF is
beneficial to the formation of ohmic contact between the anode
and photoactive layer, thus leading to higher V..

In order to study the effect of the UVO treatment on the
wettability of the NiAc buffer layer toward subsequent depo-
sition of a photoactive layer, the contact angle between the
a-NiAc- or O-NiAc-modified ITO substrate and 1,2-dichlor-
obenzene liquid was measured. As shown in Figure 4b, nearly
complete wetting is obtained on the O-NiAc surface with a

wetting angle of about 0°, which facilitates the formation of a
more uniform active layer.

The morphology of the modified substrate and photoactive
layer is characterized by the tapping-mode AFM. As shown in
Figure S, the root-mean-square (rms) roughness of the ITO/a-
NiAc (2.65 nm) and ITO/O-NiAc (2.32 nm) substrates is
slightly higher than that (1.82 nm) of the PEDOT:PSS-buffered
ITO substrate. However, the roughness of the photoactive layer
can be dramatically reduced after the nickel complex buffer
layer is processed by UVO treatment. Upon UVO treatment to
the NiAc film, the rms roughness of the P3HT:PCBM blend
film is reduced from 15.7 nm (Figure Se) to 8.65 nm (Figure 5f),
even lower than that of the blend layer on the PEDOT:PSS
buffer layer (12.7 nm). Similarly, the rms roughness of the
P3HT:ICBA active layer is reduced from 18.9 nm (Figure Sh)
to 12.2 nm (Figure Si). The results indicate that a smoother
photoactive film can be realized by UVO treatment of the NiAc
buffer, which enables a more uniform interfacial contact between
the photoactive layer and cathode, thus increasing the charge
collection efficiency.

The PSCs with different buffer layers exhibit different J—V
characteristics. Figure 6 shows the J—V curves of the PSCs
under illumination of AM1.5G, 100 mW c¢m ™2, and in the dark.
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Figure 5. AFM images of (a) PEDOT:PSS, (b) a-NiAc, and (c) O-NiAc on the ITO substrate, P3HT:PCBM on (d) ITO/PEDOT:PSS, (e) ITO/
a-NiAc, and (f) ITO/O-NiAc substrates, and P3HT:ICBA on (g) ITO/PEDOT:PSS, (h) ITO/a-NiAc, and (i) ITO/O-NiAc substrates.
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Figure 6. ]—V curves of the PSCs based on P3HT:PCBM and P3HT:ICBA: (a and b) under dark conditions; (c and d) under illumination of

AMI1.5G, 100 mW cm™2,

Table 1. Device Parameters of the PSCs with Different Buffer Layers in the Dark and under Illumination of AM1.5G,

100 mW cm™2

photoactive layer buffer layer V. (V) Jic (mA cm™)
P3HT:PCBM A: PEDOT:PSS® 0.59 10.19
B: a-NiAc® 0.50 11.36
C: O-NiAc 0.6 11.22
P3HT:ICBA D: PEDOT:PSS® 0.85 9.52
E: a-NiAc® 0.78 11.74
F: O-NiAc 0.88 10.55

PCE (%)
FF (%) best average” Rsb (Q cm?) RPI’ (kQ cm?)
63 3.77 3.62 + 0.03 4.2 93.6
66 3.76 3.66 + 0.03 3.1 177.8
61 4.13 3.97 + 0.03 2.0 437.6
75 6.06 5.92 + 0.04 3.6 42.8
66 6.08 5.92 + 0.05 4.7 41.5
72 6.64 6.52 + 0.03 2.8 410.2

“The parameters of the PCEs were averaged over 10 PSCs. ®The parallel resistance (Rp) and series resistance (R,) for PSCs in the dark are obtained

at around 0 and 1V, respectively. “Device parameters of the control devices are cited from our previously published articles.”

23

The device parameters are listed in Table 1. In order to
investigate the effect of the O-NiAc buffer layer, the J—V
behaviors of the devices in the dark (Figure 6a,b) are compared.
The slopes of the J-V curves under dark conditions at 0 and 1
V are used to estimate the series resistance (R,) and shunt
resistance (R,), respectively. The PEDOT:PSS- and a-NiAc-
modified devices show the leakage current with the same order
of magnitude, which suggests that a-NiAc exhibits buffer and
modification functions similar to those of PEDOT:PSS. The
leakage current can be decreased by an order of magnitude
upon using O-NiAc as the anode buffer layer, which leads to a
greatly increased R, of approximately 537.6 k<2 cm?. This R,
value is large enough to reduce the power loss by suppressing
the leakage current under reversed bias and is critical to the
realization of high V. R, consists of the bulk resistance origi-
nating from the photoactive layer, buffer layer, and electrodes,
and the contact resistance originates from the interface between
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the electrodes and photoactive layer, which influences the
device performance. R; values of the O-NiAc-buffered PSCs
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Table 2. Device Parameters of P3HT:PCBM-Based PSCs with Different O-NiAc Thicknesses

NiAc thickness (nm) V.. (V) J.o (mA cm™) FF (%)
S 0.6 9.26 58
8 0.6 10.63 60
13 0.6 11.22 61
18 0.6 10.96 54
22 0.6 10.46 53

PCE (%)
best average” RP (Q cm?) pr (kQ cm?)
3.22 3.10 £+ 0.0S 3.7 97.1
3.84 3.73 £ 0.04 2.9 261.2
4.13 3.97 + 0.03 2.0 337.6
3.53 3.41 £+ 0.03 3.6 389.1
3.32 3.16 + 0.0S 4.9 189.5

“The parameters of the PCEs were averaged over 10 PSCs. ®The parallel resistance (Rp) and series resistance (R,) for PSCs in the dark are obtained

at around 0 and 1 V, respectively.

based on the P3HT:PCBM and P3HT:ICBA systems are
2.0 and 2.8 Q cm? respectively, smaller than those of the
PEDOT:PSS- and a-NiAc-modified PSCs. The decreased R, is
conducive to charge transport, thus leading to relatively high J..
Under illumination, the control devices based on P3HT:PCBM
with PEDOT:PSS or a-NiAc as the buffer layer show different
J—V characteristics. V. dramatically decreases from 0.59 to
0.5 V when using a-NiAc instead of PEDOT:PSS as the anode
buffer layer. The PCE obtained from the a-NiAc-buffered
device (3.76%) is the same as that from the PEDOT:PSS-
buffered device (3.77%), although it has a much higher J,. of
11.36 mA cm™2 From the UPS data, the WF of a-NiAc is
only 4.24 eV, much lower than the HOMO level of P3HT
(4.76 V), which results in nonohmic contact between the
P3HT and o-NiAc layers, leading to a relatively low V. for
device B. After UVO treatment, the O-NiAc-buffered device
C shows a high V. of 0.6 V, while maintaining a high J,. of
11.22 mA cm™>, leading to an increased maximum PCE of
4.13%. The WF of the nickel complex buffer layer can
be increased to 4.93 eV after UVO treatment, higher than the
HOMO level of P3HT. Therefore, the enhanced V,, for device
C can be ascribed to the ohmic contact formed between the
O-NiAc buffer and photoactive layers. Although some previous
literature reported that the appropriate UVO treatment could
increase the WF of PEDOT:PSS and lead to enhancement in
the device performance,***® the devices with a UVO-treated
PEDOT:PSS anode buffer layer show a deteriorated perform-
ance in our experiments (as shown in Figure SI in the SI),
which may be attributed to the breaking of polymer chains
in the PEDOT:PSS film due to the UVO treatment. Similar
results are obtained for P3HT:ICBA-based devices. P3HT:
ICBA-based PSCs show higher V. than P3HT:PCBM-based
PSCs because ICBA possesses a higher LUMO (0.17 V) level
than PCBM. The O-NiAc-buffered device F exhibits a higher
V,. of 0.88 V, compared to the a-NiAc-buffered device E, while
maintaining a high J,. of 10.36 mA cm™ and a high FF of 72%,
leading to an increased maximum PCE of 6.64%.

Figure 7 shows the J—V curves of the PSCs with different
O-NiAc thicknesses. The device parameters are listed in Table 2.
R, and FF increase with an increase of the O-NiAc buffer layer
thickness, which could be attributed to the fact that the thicker
buffer layer can efficiently suppress the leakage current caused by
pinholes or other defects. However, excessive thickness of the
O-NiAc buffer layer increases R; of the PSCs, resulting in a
decline in J,.. All of the above factors lead to the determination
that the optimal thickness of the O-NiAc buffer layer is around
1S nm.

4. CONCLUSIONS

In conclusion, efficient PSCs with enhanced V. are realized by
UVO treatment of the NiAc anode buffer layer. The resultant
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dipole species, NiOOH, formed at the surface of the buffer
layer during UVO treatment leads to an increase in the WF
from 4.24 to 4.93 eV. Therefore, ohmic contact between the
anode and photoactive layer can be formed, and the leakage
current can be efficiently suppressed. For the PSCs based on
the P3HT:PCBM system, V. increases from 0.50 to 0.60 V after
the NiAc buffer layer undergoes UVO treatment. Similarly, in the
P3HT:ICBA system, V__ of the device with a UVO-treated NiAc
buffer layer increases from 0.78 to 0.88 V, inducing an enhanced
PCE of 6.64%. The results demonstrate that the UVO treatment
is a simple but effective approach to improving V,_ in PSCs for
high performance.
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