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Solution-Processed Nickel Oxide Hole Transport Layers in
High Efficiency Polymer Photovoltaic Cells

Jesse R. Manders, Sai-Wing Tsang, Michael J. Hartel, Tzung-Han Lai, Song Chen,

Chad M. Amb,* John R. Reynolds,* and Franky So*

The detailed characterization of solution-derived nickel (II) oxide (NiO) hole-
transporting layer (HTL) films and their application in high efficiency organic
photovoltaic (OPV) cells is reported. The NiO precursor solution is examined
in situ to determine the chemical species present. Coordination complexes of
monoethanolamine (MEA) with Ni in ethanol thermally decompose to form
non-stoichiometric NiO. Specifically, the [Ni(MEA),(OAc)]" ion is found to

be the most prevalent species in the precursor solution. The defect-induced
Ni3* ion, which is present in non-stoichiometric NiO and signifies the p-type
conduction of NiO, as well as the dipolar nickel oxyhydroxide (NiOOH)
species are confirmed using X-ray photoelectron spectroscopy. Bulk hetero-
junction (BH]) solar cells with a polymer/fullerene photoactive layer blend
composed of poly-dithienogermole-thienopyrrolodione (pDTG-TPD) and
[6,6]-phenyl-C71-butyric acid methyl ester (PC;;BM) are fabricated using
these solution-processed NiO films. The resulting devices show an average
power conversion efficiency (PCE) of 7.8%, which is a 15% improvement over
devices utilizing a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

1. Introduction

In a society concerned with environ-
mental, economic, and geopolitical con-
sequences of energy consumption, new
alternatives to traditional energy sources
are needed. With rapid progress being
made in organic photovoltaics, they are
becoming a viable source of renewable
energy, as power conversion efficiencies
(PCEs) exceeding 8% have been demon-
strated.['?] Traditional bulk heterojunction
polymer solar cells consist of a transparent
indium tin oxide (ITO) anode, a hole trans-
port layer, a photoactive layer, and a top
cathode. Hole transport layers must have
high optical transparency, good chemical
stability, a large ionization potential, and
good electron blocking capability.

In a typical polymer solar cell, poly(3,4-

(PEDOT:PSS) HTL. The enhancement is due to the optical resonance in the
solar cell and the hydrophobicity of NiO, which promotes a more homoge-

neous donor/acceptor morphology in the active layer at the NiO/BH] inter-
face. Finally, devices incorporating NiO as a HTL are more stable in air than

devices using PEDOT:PSS.
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ethylenedioxythiophene):poly(styrenes
ulfonate) (PEDOT:PSS) is used as the
hole-transporting layer (HTL) and has
a work function (@) of 5.2 eV. However,
its acidity, tendency to absorb water, and
inability to block electrons effectively are
factors which contribute to device per-
formance problems and degradation.!
Nickel oxide is emerging as an alternative
HTL for polymer solar cells."14 Pure, stoichiometric NiO is an
excellent insulator, with room temperature conductivity on the
order of 10713 S cm™,["" while non-stoichiometric NiO is a wide
bandgap p-type semiconductor.l'*-?!l The p-type conductivity of
NiO originates from two positively charged holes which accom-
pany each Ni%* vacancy in the lattice for charge neutrality.!16-22:23]
These holes are quasi-localized on Ni?" ions near the vacancy in
the lattice, generating two Ni** ions for each Ni?* vacancy.'6:24]
The valence band edge of NiO is well-aligned to the highest
occupied molecular orbital (HOMO) levels of many p-type con-
jugated polymers for photovoltaics.!'221]

Irwin et al. first demonstrated an enhancement in polymer
solar cell performance with a NiO electron blocking layer depos-
ited via pulsed laser deposition.>?’] Recently, solution-proc-
essed NiO was also reported for polymer photovoltaics.!*1421 A
nickel ink made from nickel formate and ethylenediamine was
used as the precursor in those reports. Here, we chose nickel
acetate tetrahydrate and monoethanolamine precursors in an
ethanolic solution, as this presents a set of materials not yet
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used to create NiO in solar cells. Using these NiO solution pre-
cursors, we investigated the chemical, optical, electronic, and
structural properties of solution-processed NiO from concep-
tion of the precursors to their impact on the solar cell.

Combining this solution-derived NiO with our low bandgap
polymer  poly-dithienogermole-thienopyrrolodione  (pDTG-
TPD),[12%] we fabricated solar cells with an average power con-
version efficiency (PCE) of 7.8%. This is a 15% enhancement
over reference devices with PEDOT:PSS as the HTL. Contrary
to previous reports,+>1271421] we found that neither the effec-
tive work function difference between NiO and PEDOT:PSS
nor the manifestation of the better electron blocking ability of
NiO in the reverse saturation current were the most important
factors in the device improvement. Rather, this solution-derived
NiO provided a more favorable surface to form optimized
donor/acceptor nanoscale phase morphology at the HTL/bulk
heterojunction (BHJ) interface, reducing the series resistance
and increasing the shunt resistance in the device. Addition-
ally, optical absorption in the solar cells is improved due to an
optical resonance shift when NiO is substituted for PEDOT:PSS.
Finally, the devices with NiO were found to be more air-stable
than devices with PEDOT:PSS under ambient conditions.

2. Results and Discussion
2.1. NiO Precursor Composition

The precursors used to synthesize common solution-derived
metal oxides consist of a solution of a metal salt and an amine
compound in an alcohol solvent. The amine compounds for
metal oxide synthesis are often considered to be a sol modifier
or stabilizer.?”-?l In contrast to these suggestions, we found
that the amine plays an active role in the precursor solution,
forming ionic complexes with the metal, in agreement with
previous studies,?% rather than a passive stabilizer role.

To synthesize the precursor solution, we dissolved nickel
acetate tetrahydrate (Ni(OAc),-4H,0) and monoethanolamine
(MEA) in ethanol. To determine the exact role MEA plays in
the reaction, high-resolution electrospray ionization mass spec-
trometry (ESI-MS) was used to sample the ionic species in the
solution. The main species found in the precursor solution
was the [Ni(MEA),(OAc)]" ion which has a mass-to-charge ratio
(m/z) of 239.0520. The composition of this ion was confirmed
by comparing the experimental data to the theoretical mass-to-
charge ratio (see Supporting Information Figure S1,S2). From
these data, we conclude that MEA acts as a ligand that coor-
dinates to nickel to form ionic complexes and plays a larger
role than a solution stabilizer. Therefore, the formation of
NiO requires complete thermolysis of the ionic complexes, the
details of which will be presented in the following section.

2.2. Characterization of NiO films

2.2.1. Optical Properties

Figure 1la shows the UV-vis-NIR absorption spectra of the
precursor solution and the NiO films fabricated at different
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Figure 1. a) Absorption spectra of the transformation of the precursor
into NiO. The material transforms from the precursor to a full nickel oxide
film by thermal decomposition of the precursor materials, as is shown by
the elimination of the visible and IR absorption peaks, and the appearance
of the UV band-edge of NiO. b) Transmission spectrum of 5 nm thin NiO
films is compared to 30 nm thin PEDOT:PSS films used in the optimized
solar cells. The thin NiO films are more transparent than the PEDOT:PSS
films used in solar cells at wavelengths longer than 590 nm.

temperatures. Nickel oxide films were formed by thermally
decomposing spin-cast films of the precursor solution in air.
The absorption spectrum of the precursor solution is consistent
with the typical d-d transitions of octahedral nickel complexes
coordinated mostly by oxygen donor atoms. When spin-cast
precursor films were heated to 230 °C, the absorption corre-
sponding to the precursor remained in the spectrum while a
strong absorption beginning at 330 nm emerged, corresponding
to the bandgap edge of NiO. These results indicate that the pre-
cursor was not completely converted to NiO at 230 °C. When the
films were heated to 275 °C, the precursor was completely con-
verted into NiO, as shown by the strong band-edge absorption
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at 330 nm and the absence of precursor absorption. The broad
absorption tail at energies below the bandgap for NiO fab-
ricated at 275 °C is caused by nickel vacancies, resulting in a
slight coloration in the films.?132 This coloration in thin films
does not significantly hinder the optical transparency, which is
important for solar cell performance.

Figure 1b shows the optical transmission spectrum of a 5 nm
thick solution-derived NiO film, along with the spectrum for a
30 nm thick PEDOT:PSS film used as a reference. These were
the thicknesses of the HTL films that gave optimized perform-
ance in the solar cells discussed later. The NiO film is more
than 95% transparent across the entire visible and NIR spectra.
At wavelengths longer than 590 nm, where the solar flux is
largest, the NiO film is more transparent than the PEDOT:PSS
film, which is desirable for solar cell applications. These results
suggest that NiO is a promising candidate for HTL in OPV
cells.

2.2.2. Electronic Structure and Composition of NiO Films

To understand the composition of the solution-derived NiO
films fabricated at 275 °C, the films were studied by X-ray
photoelectron spectroscopy (XPS). Figure 2a shows the XPS
spectrum for the Ni 2p;, state, which can be separated into
three peaks. First, the peak centered at a binding energy of
853.7 eV corresponds to Ni?* in the standard Ni-O octahedral
bonding configuration in cubic rocksalt NiO.}3-3°] Second, the
broad peak centered at 860.8 eV has been ascribed to a shake-
up process in the NiO structure.}* Finally, the peak centered
at 855.5 eV has been ascribed to the Ni?* vacancy-induced Ni**
ionl33343% or nickel hydroxides and oxyhydroxides.[3437-41]

Figure 2b shows the XPS spectrum for the O 1s state, which
can be separated into two distinct peaks. The peak centered at
529.2 eV confirms the Ni-O octahedral bonding in NiO.* The
peak at 531.0 eV is indicative of nickel hydroxides and oxyhy-
droxides, including defective nickel oxide with hydroxyl groups
adsorbed on the surface.***2 However, this peak has also been
assigned to oxygen interactions with a nickel-deficient lattice, sug-
gesting some correlation with nickel vacancy concentration. 3430

Because there are several possible sources of the XPS signals
at 855.5 eV and 531.0 eV, we further characterized the struc-
tural and chemical features of the film by grazing-incidence
X-ray diffraction (GIXRD) and angle-resolved XPS to examine
which of these sources are present, if not all of them. Detailed
analysis of the NiO films by GIXRD showed the typical NiO dif-
fraction pattern with small grains approximately 1 nm in diam-
eter, as estimated from the Scherrer equation.*’! The presence
of nickel vacancies is consistent with shifted diffraction peaks
relative to those of stoichiometric NiO (see Supporting Infor-
mation Figure S3). Angle-resolved XPS spectra of the O 1s and
Ni 2p;,, regions show an increased intensity of the 855.5 eV
and 531.0 eV peaks at a lower take-off angle due to the presence
of hydroxides and oxyhydroxides at the extreme surface layers
caused by air exposure (see Supporting Information Figure S4).
The NiOOH species, in particular, was found to be an essential
surface dipolar feature for favorable contacts in bulk hetero-
junction PV cells.*!] Additionally, as discussed above, the NiO
films do have a pale black tinge, which further confirms the
vacancy-induced Ni** and NiOOH.1:3244
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Figure 2. a) High resolution Ni 2p3;, XPS acquisition for NiO. The spec-
trum shows three contributions: one from Ni?" in the octahedral NiO
configuration at low binding energy, one from hydroxylated or defective
NiO at an intermediate binding energy, and one from a shake-up process
in the NiO lattice at the highest binding energy. b) High resolution O 1s
XPS acquisition for NiO. The spectrum shows two contributions: one
from O~ in the octahedral NiO configuration at low binding energy and
one from hydroxylated or defective NiO at a higher binding energy.

2.3. Photovoltaic Cells with Solution-Processed Nickel Oxide

Using the NiO films described above as a hole transporting
layer, we fabricated BH]J solar cells based on the high efficiency
pDTG-TPD:PC;,BM photoactive layer. The device structure
and the energy band diagram of the NiO device are shown
in Figure 3a along with that of the reference PEDOT:PSS
device.l?6*46] The device fabrication details are reported in the
Experimental Section.
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Figure 3. a) Device structure and energy levels with respect to vacuum of the materials used in the photovoltaic cells. b) Illuminated J-V characteris-
tics of the solar cells with NiO fabricated at different temperatures. After the full formation of NiO at 275 °C the solar cells perform optimally, with a
PCE of 7.8%. c) llluminated J-V characteristics of solar cells comprising NiO or PEDOT:PSS HTLs. The solar cells with NiO as the HTL outperform
those with PEDOT:PSS due to a higher fill factor and short circuit current. d) External quantum efficiency of solar cells fabricated in this study. The
EQE of solar cells with NiO is greater at nearly all wavelengths of incident light. The spectrum shift between the device is caused by optical resonance
changes within the solar cell. e) Simulated spectral absorption for solar cells with NiO or PEDOT:PSS HTLs. The spectra are in close agreement with
the experimental spectra, indicating that the shift is due to optical resonance in the solar cells.

2.3.1. Solar Cell Characteristics Table 1. Performance of solar cells fabricated at various NiO processing
o . . temperatures. One standard deviation is reported in parenthesis. The
To demonstrate the viability of these NiO films for photovoltaic  deyice with NiO fabricated at 275 °C is the optimized device due to full

applications, we fabricated solar cells with NiO as the HTL  conversion from precursor to NiO.
with three different NiO precursor processing temperatures:

below the completed precursor thermolysis at 185 °C, in the  Nio Voe Jse FF PCE
middle of thermolysis at 230 °C, and after complete thermo-  Temperature M [mA cm™] [%] [%]
lysis of the NiO precursor films at 275 °C. The current density— 135 o¢ 0.60 0.09 (0.01) 13.0 (0.1)  0.007 (0.001)
voltage (J-V) characteristics of these solar cells are presented in . /. 0.76 64.(1.9) 121 (0.8) 061 (0.2)

Figure 3b with the performance characteristics summarized in

Table 1. At a processing temperature of 185 °C, the precursor 275°¢ 082 13.9 (0.3) 68.4 (0.4) 7.82 (0.2)
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Table 2. Device characteristics of the solar cells fabricated in this study. One standard deviation is reported in parenthesis. Series resistance was cal-
culated using the illuminated J-V values converging to V,.. Shunt resistance was calculated using illuminated J-V values converging to J..

HTL Voo Jse FF PCE R Ry Vi
v [mA cm ] %] %] [Qc m) [Qc m) [EA]

PEDOT:PSS 0.83 (0.005) 12.7 (0.2) 64.2 (0.3) 6.8 (0.1) 13.1(1.1) 348.4 (90.4) 0.96V

5 nm NiO 0.82 (0.006) 13.9 (0.3) 68.4 (0.4) 7.8 (0.2) 7.9 (1.3) 455.4 (72.5) 0.95V

did not significantly decompose into NiO, resulting in a non-
conductive HTL and poor solar cell performance, as expected.
At 230 °C, the HTL film contained a mixture of residual non-
conductive precursor and NiO, and thus the solar cell showed
an improvement in short circuit current density (J,) and open
circuit voltage (V,.). When heated to 275 °C, the film fully con-
verted to NiO and the solar cell showed optimum perform-
ance with an average PCE of 7.8%. We note that in contrast to
previous reports of solution-processed NiO in PV cells, where
oxygen plasma treatment of NiO is needed for optimized
devices, 131421l the NiO films used here did not require any
post-deposition surface treatment for optimized performance.
In fact, all of the solar cell performance parameters decreased
when UV-Oj; treatment was applied to NiO before depositing
the active layer (see Supporting Information Figure S5).

We benchmarked the performance of our NiO-based devices
by fabricating them side-by-side with PEDOT:PSS-based
devices. The J-V characteristics of the solar cells with either an
optimized 5 nm thin NiO HTL or an optimized reference 30 nm
thin PEDOT:PSS film are shown in Figure 3c. The performance
characteristics are summarized in Table 2. The open circuit volt-
ages of the devices with PEDOT:PSS were 10 mV higher than
those with NiO. Devices with PEDOT:PSS produced an average
Jsc of 12.7 mA cm™2, while those with NiO produced an average
of 13.9 mA cm™2, a 9.4% + 2.9% improvement. The average fill
factor (FF) for devices with PEDOT:PSS was 64.2%, while for
those with NiO it increased to 68.4%, a 6.5% + 0.8% improve-
ment. Because of the enhanced J, and FF, devices with NiO
showed significantly higher PCEs than those with PEDOT:PSS.
The optimized PEDOT:PSS-based device showed an average
PCE of 6.8% while the optimized NiO devices showed an
average PCE of 7.8%, a 14.7% + 0.1% improvement. To under-
stand why the solar cells performed as such relative to each
other, we studied their performance parameters in more detail.

2.3.2. Analysis of the Solar Cell Performance

In previous work with solution-processed NiO, the V. of the
NiO devices was higher than that of the PEDOT:PSS devices
due to the larger work function of NiO and increase in electron
blocking capability, i.e., lower dark reverse saturation current
(Jo)-2132141 In the limit of large shunt resistance, which is appli-
cable here and is discussed later, the relationship between V.
and J, described in the ideal diode model®®!] can be written as:

_nkT Jsc
Ve 2 (14 ) g

o

where n is the diode ideality factor, k is Boltzmann's constant,
T is the absolute temperature, and g is the magnitude of the
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elementary charge. Our device data showed that devices with
NiO have a lower ], than the devices with PEDOT:PSS. This
suggests that there is improved electron blocking in the NiO
devices. Based on Equation (1), a lower J, should also lead to a
higher V., which is not the case here. Furthermore, the mag-
nitude of the predicted V,. in these devices does not agree with
this relation when we insert the measured values for the J,
Jo, and n into Equation (1). Fitting the dark current data yields
a diode ideality factor in both devices of 1.27 (see Supporting
Information Figure S6). As an example, we calculated the
expected V,. using the ], values at 0.5 V: J, for PEDOT:PSS
devices is 2.5 x 10~ mA/cm?, while for NiO devices it is 1.7 x
10~ mA/cm?. The result is a calculated V. for the PEDOT:PSS
devices of 0.44 V, while for the NiO devices it is slightly higher
at 0.46 V. Clearly, this is not in agreement with the experimental
data, either in magnitude, or in that PEDOT:PSS-based devices
have a larger V,, experimentally. Furthermore, our results indi-
cate that the ideal diode equation is unable to fully account for
the device behavior, suggesting the behavior of the solar cells
is more complicated than this simple model. To fully explain
the difference in V,. and ascertain the source of the enhanced
short circuit current density and fill factor in our devices, we
measured the built-in voltage (V};) of the solar cells with elec-
troabsorption (EA), studied the spectral response of the solar
cells and the morphology of the active layer at the HTL/active
layer interface.

The built-in voltage of solar cells is the difference in the
effective work functions of the cathode and anode/HTL. Using
EA, we determined that the built-in voltage in the NiO and
PEDOT:PSS devices was 0.95 V, and 0.96 V, respectively (see
Supporting Information Figure S7). Thus, if we take the work
function of PEDOT:PSS to be 5.20 eV, as stated above, then the
effective work function of the NiO in the device is 5.19 eV, as
extracted from the EA data. This 10 mV difference in the Vj;
is the same as the 10 mV difference in the V,. of the two solar
cells. It is reasonable to conclude that changing the work func-
tion of the HTL plays a role in controlling the V,. in this system
since the HOMO level of pDTG-TPD lies below the Fermi
level of NiO that has been fabricated outside of vacuum condi-
tions.l?6#’l Similar modulation of the V. by modification of the
HTL work function was realized with PCDTBT-based solar cells,
where PCDTBT also has a deep HOMO level.?!] However, in
cases where P3HT was used as the donor polymer in the BHJ,
no further modulation of the V. was observed when increasing
the work function of the HTL. This was because the HOMO
level of P3HT lay closer to the vacuum level than the Fermi
level of the HTL.[1#2148] That is, modulating the V. by changing
HTL work function seemed to occur only when the HOMO of
the donor polymer lies below the Fermi level of the HTL. Based
on these results, we conclude that the V,. is controlled by the
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work function of the HTL in this system since the Fermi level
of both HTLs lies above the HOMO level of the donor polymer,
and that the enhancements in J,. and fill factor in the NiO cells
are not due to the difference in work function of the HTLs. To
determine the cause of increased J ., we examined the external
quantum efficiency (EQE) and optical resonance in the devices.

The EQEs for both devices are shown in Figure 3d. The
global maximum EQE is in the NiO device and has a value
of 67% at 615 nm, which is in agreement with the slightly
higher optical transmission of NiO in this wavelength range.
The maximum EQE for PEDOT:PSS-based devices is slightly
lower, with a value of 65% at 610 nm. Interestingly, while the
transmission of NiO is slightly lower than that of PEDOT:PSS
at wavelengths between 425-590 nm, the EQE in the NiO
devices is actually higher. This enhancement in the EQE is
due to the different refractive indices of the HTLs and optical
resonance in the devices and is one of the main reasons for
the enhancement in [ in the NiO devices. The optical reso-
nance change has been confirmed by our finite-difference
time-domain (FDTD) method optical modeling results, as
shown in Figure 3e.
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Since the NiO work function and electron blocking abil-
ity’s manifestation in J, are not the primary reasons for the
enhancement in overall device PCE, and the fill factor improve-
ment is not directly correlated with the optical resonance shift,
we studied the differences in surface morphology and surface
energy between NiO and PEDOT:PSS. Based on the atomic
force microscopy (AFM) results, the root-mean-square (RMS)
roughness values for PEDOT:PSS and NiO were found to be
0.79 nm and 0.88 nm, respectively. This small difference in
roughness should not affect the solar cell performance. In pre-
vious work by Hau et al., changes in the morphology of the
active layer in inverted solar cells were correlated with changes
of surface energy of the TiO, or ZnO electron transport layers
(ETLs) on which the active layer was deposited.***" Depositing
various self-assembled monolayers on the ETLs prior to depos-
iting the active layer modified the surface energy of the ETLs.
These active layer morphology changes yielded an increase in
short circuit current and fill factor in the solar cells.**3% This
type of analysis has not been performed to explain the per-
formance of solar cells with NiO as a HTL. We examined the
surface energy of the HTLs by measuring water contact angles

25.00 nm

0.00 Deg

Figure 4. AFM roughness images of 10 nm thick BHJ films on a) NiO and b) PEDOT:PSS showing the contrast in physical formation of the films
on different HTLs. The active layer films deposited on NiO are smoother than those deposited on PEDOT:PSS. AFM phase images of thin polymer/
fullerene blend layers on c) NiO and d) PEDOT:PSS, showing a drastic change in material distribution near the HTL/active layer interface, caused by
surface energy differences of NiO and PEDOT:PSS. The scale bar is 400 nm and the scan area is 2 tm x 2 um.b2
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Figure 5. AFM phase images of the full =100 nm thick BHJ films on a) NiO and b) PEDOT:PSS. The images show a similar lateral phase distribution
for both types of films. The scale bar is 400 nm and the scan area is 2 um x 2 um.

of the NiO and PEDOT:PSS films. The average contact angles
were 29.3° £ 2.8° for NiO and 12.5° + 1.4° for PEDOT:PSS.
These results indicate that the NiO surface is less hydrophilic
than PEDOT:PSS, allowing better wetting by nonpolar solvents
such as that used for the pDTG-TPD/PC;;BM active layer. This
improved wetting leads to improved active layer film formation
and possibly donor/acceptor phase morphology, as observed in
previous work described above. To confirm the improvement
in donor/acceptor phase morphology near the HTL/active layer
interface, we deposited a 10 nm thick active layer film on both
PEDOT:PSS and NiO surfaces. Figure 4a,b show the AFM
roughness results. The RMS roughness of the thin active layer
film on NiO was 2.3 nm, while the roughness of the film on
PEDOT:PSS was 3.6 nm. This indicates that the film formation
and physical contact at the interface of the active layer and the
HTL is more uniform when using NiO. To further examine the
chemical differences at the interface, we examined the phase
distribution of these thin BHJ films. As shown in Figure 4c,d,
the active layer film deposited on NiO has a more homoge-
neous lateral donor/acceptor phase distribution near HTL/
active layer interface than the film deposited on PEDOT:PSS.
This improved phase morphology should lead to a more uni-
form electrical contact to NiO. In fact, there is a 40% lower
series resistance (R;) and 31% higher shunt resistance (Ry,)
in the NiO devices compared to the PEDOT:PSS devices as
shown in Table 2. The decrease in series resistance indicates
that holes are extracted more efficiently, while the increase in
shunt resistance suggests that there is less interfacial recom-
bination in the NiO device and that NiO is blocking electrons
more effectively.

It is possible that both the energy band alignment of NiO
with the BH] HOMO-lowest unoccupied molecular orbital
(LUMO) levels and the improved donor/acceptor phase mor-
phology are both contributing to the change in parasitic resist-
ances in these devices. In this case, the NiO is actually miti-
gating the parasitic resistances and improving fill factor due
to improved donor/acceptor phase morphology at the NiO/
BH]J interface and improved contact. This is where the electron
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blocking ability of NiO is expected to have its most pronounced
effect.

Additionally, we found that there is a change in the lateral
donor/acceptor phase distribution as a function of distance
from the HTL/BH] interface. An inspection of the full =100 nm
thick BH]J layer by AFM revealed a very similar donor/acceptor
phase distribution between films deposited either on NiO or
PEDOT:PSS, as shown in Figure 5. The RMS roughness of
both BH]J films is approximately 3.1 nm. This suggests that the
lateral donor/acceptor phase morphology is strongly affected
by the HTL surface energy at the HTL/BH] interface, while
it is weakly, if at all, affected far away from the interface. A
detailed study of the vertical donor/acceptor phase separation
is beyond the scope of this work, but would help elucidate the
exact interfacial science present here. Here, we conclude that
this improved donor/acceptor phase morphology at the HTL/
BHJ interface and enhanced optical absorption in the device are
the major factors in the success of the NiO device.

2.3.3. Stability of Solar Cells

The final indicator of the viability of NiO in solar cells is the
device storage stability. We performed a side-by-side comparison
of unencapsulated NiO- and PEDOT:PSS-based devices stored in
the laboratory’s ambient conditions. As shown in Figure 6, the
NiO-based devices degraded much slower than the PEDOT:PSS
devices. This is in agreement with previous work on degrada-
tion of solar cells with NiO compared to PEDOT:PSS.>?!l Most
of the difference in performance loss between the two devices
was due to the decrease in J, indicating the difference in
device degradation is due to HTL and/or interfacial degradation.
Indeed, previous studies have shown that the acidity and hygro-
scopic nature of PEDOT:PSS corrodes the ITO electrode and
PEDOT:PSS itself:l®l both are problems for organic photovoltaics
at this time which can be overcome by substituting a more
stable material for PEDOT:PSS. Thus, we attribute the quicker
degradation of the PEDOT:PSS-based device to the more acidic
and hygroscopic nature of PEDOT:PSS compared to NiO.
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Figure 6. Normalized device characteristics as a function of air exposure time for a) PEDOT:PSS- and b) NiO- based devices. Devices made with NiO
HTLs are more stable when stored in ambient conditions, indicating that the NiO HTL is more stable than the PEDOT:PSS HTL in these solar cells.

3. Conclusions

We characterized the physical, chemical, optical, and elec-
tronic properties solution-processed NiO and fabricated solar
cells using this NiO film as a hole transport layer. We found
that ethanol-soluble monoethanolamine coordination com-
plexes of nickel can be thermally decomposed to form NiO.
XPS results showed a strong contribution from the Ni3* state,
confirming the formation of p-type, non-stoichiometric NiO
and the dipolar NiOOH species upon thermolysis of the pre-
cursor films. Optical analysis of the NiO thin films showed
favorable optical properties for photovoltaic applications. Solar
cells incorporating NiO films showed significant enhance-
ments in fill factor and short circuit current, leading to a 14.7%
increase in PCE compared with the cells with PEDOT:PSS. The
enhancements in the NiO devices were due to improved optical
resonance, nanoscale active layer morphology, increased shunt
resistance, and lower series resistance for charge extraction in
the NiO devices.

4. Experimental Section

NiO  Precursor  Solution: Nickel acetate  tetrahydrate
(Ni(CH3COO0),-4H,0) (Acros Organics) was dissolved in ethanol
with monoethanolamine (NH,CH,CH,OH) (Sigma-Aldrich) (0.1 mol
L"). The mole ratio of Ni?*; MEA was maintained at 1:1 in solution.
Dissolution took place while stirring in a sealed glass vial under air at
70 °C for 4 h. The solution appeared homogeneous and deep green after
approximately 40 min.

NiO film preparation: All NiO films were deposited by spin-casting
onto the appropriate substrates. For solar cells, the substrates were
ITO-coated glass with sheet resistance of 15 ohm sq~'. For GIXRD, the
substrates were plain glass. For XPS, the substrates were single crystal
Si wafers. All substrates were cleaned by the following procedure before
spin-casting: successive sonication in deionized (D) water, acetone, and
isopropyl alcohol baths for 15 min each. Unless otherwise stated, the
NiO precursor films were heated to 275 °C for 45 min in air.

Device Fabrication and Characterization: To fabricate the solar cells,
ITO-coated glass substrates were UV ozone treated for 15 min between
solvent cleaning and spin-casting of the HTL. It was noted, however, that
this UV ozone treatment of ITO was not necessary for proper wetting by
the NiO precursor solution. PEDOT:PSS (Clevios Al 4083) was filtered
through a 0.45 um PTFE filter prior to spin-casting at 7000 rpm. The
PEDOT:PSS films were heated at 140 °C for 10 min in air and transferred

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

immediately to the nitrogen-filled glovebox for further processing. When
NiO was used as the HTL instead of PEDOT:PSS, the NiO films were
allowed to cool before being transferred to a nitrogen-filled glovebox for
further processing. The polymer:fullerene blend ratio is 1:1.5 by weight
and is dissolved in chlorobenzene with 5 vol% 1,8-diiodooctane (DIO)
additive. PC;;BM was acquired from Solenne (purity >99%) and was
used as received. The blend was spin-cast on top of the HTL film to give
an active layer thickness of 105 nm. The devices were immediately loaded
into a thermal evaporator where 1 nm of LiF and 100 nm of Al were
deposited under a vacuum pressure of 5 x 10~ Torr. J-V characterization
was performed with a Keithley 4200 semiconductor parameter analyzer
system with a Newport Thermal Oriel 94021 1000 W solar simulator
(4 in. x 4 in. beam size) using the AM1.5 G solar spectrum at 100 mW
cm™2 incident power. The light intensity was calibrated by an ORIEL
91150V monosilicon reference cell calibrated by Newport Corporation.
EQE measurements were conducted using an in-house setup consisting
of a Xenon DC arc lamp, an ORIEL 74125 monochromator, a Keithley
428 current amplifier, an SR 540 chopper system and an SR830 DSP
lock-in amplifier from SRS. The experimental setup for electroabsorption
was described previously."l

GIXRD: GIXRD measurements were performed on a Philips XPert
MRD with Cu K X-rays (non-monochromatic) with incident angle
w=3°

XPS Measurements: XPS data were acquired on a Perkin Elmer 5100
XPS system with a non-monochromatic Al anode X-ray source. Peak
deconvolution and analysis was performed in RBD AugerScan version
3.2 software. The adventitious C 1s peak was referenced to 284.8 eV.

Mass Spectrometry Measurements: Solutions were introduced into
an Agilent 6210 TOF-MS via direct injection followed by electrospray
ionization (ESI) with an autosampler. The mobile phase was spectroscopy
grade ethanol from Fisher Scientific and was used as received. Accurate
mass identification was performed in MassHunter software.
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from the author.
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