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ABSTRACT: The functionality of NiO interfacial layers in enhancing bulk
heterojunction (BHJ) organic photovoltaic (OPV) cell performance is investigated
by integrated characterization of the electrical properties, microstructure, electronic
structure, and optical properties of thin NiO films grown on glass/ITO electrodes.
These NiO layers are found to be advantageous in BHJ OPV applications due to
favorable energy band levels, interface passivation, p-type character, crystallinity,
smooth surfaces, and optical transparency. The NiO overlayers are fabricated via
pulsed-laser deposition and found to have a work function of ~5.3 eV. They are
investigated by both topographic and conductive atomic force microscopy and
shown to passivate interfacial charge traps. The films also have an average optical
transparency of >80% in the visible range, crucial for efficient OPV function, and
have a near-stoichiometric Ni:O surface composition. By grazing-incidence X-ray
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diffraction, the NiO thin films are shown to grow preferentially in the (111) direction and to have the fcc NaCl crystal structure.
Diodes of p—n structure and first-principles electronic structure calculations indicate that the NiO interlayer is preferentially
conductive to holes, with a lower hole charge carrier effective mass versus that of electrons. Finally, the implications of these
attributes in advancing efficiencies for state-of-the-art OPV systems—in particular, improving the open circuit voltage (Voc)—are

discussed.
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I. INTRODUCTION

Organic solar cells (also known as organic photovoltaics, or
OPVs) have received increasing attention over the past several
years as gotential low-cost alternatives to archetypical silicon solar
cells.'~"® The attraction of OPVs includes compatibility with well-
developed, high-throughput thin-film deposition technologies
such as roll-to-roll processing,19 spray coating,20 spin—casting,21
and inkjet printing”* for device fabrication. As OPV device
efficiency and durability”> > (an often ignored quality) improve
progressively with continuous structure optimization and the
implementation of new active layer materials, the field is approach-
ing efficient manufacturable technologies.mf28 The BH]J cell, as
opposed to a bilayer configuration,” is an intimate blend of donor
(D) and acceptor (A) materials that are phase-separated into
nanodomains,”'****" where one or both materials absorb
photons to form bound electron—hole pairs (excitons). The
excitons diffuse to the D—A interfaces where dissociation occurs
into free charge carriers, which then travel to their respective
electrodes through percolation pathways.*>**~*” This architecture
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has a significant advantage in that a great proportion of the excitons
formed are within the diffusion length (~5—10 nm)*® of a D—A
interface; however, controlling the phase-separated morphology of
these systems presents a significant challenge. Optimization of the
phase separation process has been achieved empirically via solvent
variation,®” annealing,®"***" controlled drying using high-boiling
solvents,”" and/or processing additives.**

An inherent limitation of the BHJ nanostructure is that, as a
mixed layer, the D and A components can in principle contact both
the anode and cathode, potentially permitting the transport of holes
and electrons to either electrode and thus creating an environment
that risks significant minority carrier collection.”~* Furthermore,
ohmic contacts between the active layer and electrodes are typically
not established, thereby incurring additional losses. To address these
limitations, an interfacial layer (IFL)*** is frequently applied to the
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anode and again on the active layer prior to cathode deposition.
Based on what has been learned from organic light-emitting
diode (OLED) research, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS)*"** and LiF*’ are common materi-
als employed as BHJ OPV IFLs for the anode and cathode, respectively.
Although there have been efforts to replace LiF with materials such as
TiO,> and ZnO,”"** replacing PEDOT:PSS is more pressing since it is
a known weak link in current BHJ devices. This is a consequence of its
electrical and physical inhomogeneity,"”** and interfacial instability
arising from its low pH and attendant incompatibility with ITO surfaces
(PEDOT:PSS is deposited by spin-coating aqueous suspensions of pH
~ 1).2* Hains et al. established that PEDOT:PSS is a major source
of BHJ device failure by thermally stressing identical MDMO-PPV:
PCBM active layer OPV devices containing PEDOT:PSS or TPDSiy:
TFB*** as anode IFLs at 60 °C for 1 h** The PEDOT:PSS-
containing devices fail, while the TPDSi,:TFB-containing devices
exhibit negligible performance degradation. These durability limitations,
as well as the opportunity to improve upon PEDOT:PSS device power
conversion efficiencies, have provided impetus to replace PEDOT:PSS
in OPVs. Therefore, attempts have been made using n-type metal
oxides, """~ self-assembled monolayers (SAMs), " and the
aforementioned p-type polymer blends, such as TPDSi,: TFB>*~ %
and PABTSi,:TFB.** Anode interfacial layer materials selection should
ideally adhere to the following basic guidelines: (1) satisfactory optical
transparency in the region of device spectral response, (2) sufficiently
high-lying lowest unoccupied molecular orbital (LUMO) or conduc-
tion band (CB) to prevent electron leakage to the anode, (3)
appropriate highest occupied molecular orbital (HOMO) energy or
work function to help facilitate an ohmic contact with the BHJ donor
material HOMO, and (4) sufficient hole mobility to function as an
effective hole transport layer (HTL).

Nickel oxide, NiO, offers promising attributes as an anode
interlayer candidate for OPVs as a wide bandgap, cubic semi-
conductor, and by virtue of its capacity for electronic tuning by
Ni:O stoichiometry control®*™* and p-type character.”” "' Recent
reports have demonstrated signiﬁcant OPV enhancement using
NiO anode interlayers.**”>~"® However, there is thus far only
limited characterization of the microstructure, composition,
growth morphology, electronic properties, and the mechanistic
function of NiO interlayers that enhance OPV behavior.

In this contribution, we investigate in detail the microstructure,
electronic structure, and electrical and optical properties of
pulsed-laser deposition-derived NiO interlayers. To achieve this
goal, the nanoscopic interlayers are analyzed by atomic force
(both topographic and conductive) microscopy, ultraviolet and
X-ray photoelectron spectroscopy, grazing-incidence X-ray dif-
fraction, and NiO/Si p—n junction characteristics. First-principles
electronic structure calculations are also carried out on NiO thin
slabs. It will be seen from these results that the IFL is composed of
near-stoichiometric NiO in a specific fcc(111) growth orientation
(for 10 nm thick NiO), it functions effectively as an electron
blocking layer (EBL) for photocurrent in BHJ OPV devices, and it
homogenizes the anode surface electrically to reduce charge-trap
density, while providing good hole transport and optical trans-
parency, excellent film-forming properties, relative chemical in-
ertness, and favorable growth microstructure/electronic
structure/carrier transport characteristics.

Il. EXPERIMENTAL SECTION

Substrate Preparation. ITO-coated glass (11 Q/0) was pur-
chased from Delta Technologies, Ltd., in 25 X 7S mm strips. Bulk

solvents (ACS grade) for substrate cleaning and HCI (concentrated) for
ITO etching were purchased from EMD and used as received. The
substrates were patterned to make two electrically separate 3 mm anode
strips and 5 mm contact strips by applying a mask and dipping in hot
concentrated HCI for 10 s. The substrates were then quenched in
saturated NaHCOj solution, rinsed, dried, and sonicated in hexanes at
50 °C for 30 min to remove the mask adhesive. The ITO was next cut
into 25 X 12.5 mm substrates and cleaned by sonicating (at S0 °C) in
aqueous detergent for 30 min, deionized water for S min, methanol,
isopropanol, and acetone, sequentially, for 30 min each. The solvent-
cleaned substrates were further cleaned, immediately before use as an
anode or as a substrate for NiO deposition, in a UV—ozone (UVO)
cleaner (Jelight, Inc., Model 42) for 10 min under ambient atmosphere.
ITO substrates treated only with solvent cleaning and UVO are the
anodes and basis for the samples herein referred to as the “control.”

NiO Film Growth. NiO films were grown by pulsed-laser deposition
(PLD), using a 248 nm KrF excimer laser with 25 ns duration and a
repetition rate of 2—5 Hz. The 230 mJ/pulse beam was focused onto a 1
mm X 2 mm spot on the NiO target. The target, ~25 mm in diameter,
was rotated at S rpm and the laser pulses were swept cyclically across the
target radius to prevent localized heating. The target—substrate separa-
tion was fixed at 10 cm. An O, atmosphere at pressures between 2.0 X
1072 and 2.0 x 10> Torr was maintained during the NiO film
deposition. The same system was also used for the deposition of gold
contacts from a ~13 mm diameter metallic gold target: 5 Hz, 135 mJ/
pulse, and 5.0 x 10~ Torr argon deposition ambient. Patterned NiO
films were fabricated either by shadow masking or by prepatterning the
substrates with AZ-1518 photoresist and postdeposition lift-off. Films
patterned by shadow masking were used in the fabrication of solar cells.
Films patterned with AZ-1518 were used for step-edge film thickness
measurements and fabrication of NiO/n-Si diode structures.

Instrumentation. X-ray photoelectron spectroscopy (XPS) data
were collected on an Omicron ESCA probe (Omicron, Taunusstein,
Germany) equipped with an EA12S energy analyzer. Photoemission was
stimulated under ultrahigh vacaum (10~® Torr) with a monochromated
Al Ko (1486.8 eV) 300 W X-ray source having a circular spot size of
~1.5 mm. The incident angle of the photon beam on the sample was
fixed at 15° to probe only the atoms nearest the surface. Binding energies
of spectra are referenced to the C 1s binding energy set at 284.7 eV.
Work functions were measured by Ultraviolet Photoelectron Spectros-
copy (UPS) using a Kratos Axis Ultra photoelectron spectrometer with a
21.2 eV He (I) excitation source and a S eV pass energy. The UPS
spectra were collected while applying a —10 V sample bias to enable the
identification of the low kinetic energy edge of the spectrum.

Atomic force microscopy (AFM) data were acquired under ambient
conditions with a Veeco Dimension V microscope equipped with an
extended tunneling AFM (TUNA) module.” Topographic and con-
ductive AFM images were simultaneously collected in contact mode
while applying a +10 mV sample bias and using a Budget Sensors ContE
Cr/Pt conductive probe. An electrical contact was made to the ITO by
contacting a small amount of silver paint applied to the edge of the
substrate. Profilometry was performed with a Tencor P-10 profilometer.

Grazing incidence X-ray diffraction (GIXRD) was performed on a
Rigaku ATX-G Thin-film Diffraction Workstation at the Northwestern
University X-ray Diffraction Facility. The sample was mounted on a
3-axis diffractometer with the sample normal oriented in the horizontal
plane. X-rays from a Cu rotating anode vertical line source were
conditioned by the parabolic multilayer mirror, which produced a
horizontally collimated Cu Kat incident beam. To dramatically enhance
the scattered signal from the ultrathin film and to extinguish the
scattered signal from the substrate, the horizontal incident angle to
the sample surface was fixed at 0; ~0.10°. This is 0.25° below the NiO
critical angle (0. = 0.35°). By the evanescent wave effect,®”” this
reduces the X-ray penetration depth to ~2 nm. The detector arm was
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equipped with a soller slit that had a measured vertical divergence of
0.60°. The angular acceptance range for the scattered X-rays in the
horizontal direction ranged from 0.0 to 0.9°. This geometry enables
acute sensitivity to the ultrathin film and prevents the substrate ITO
signal from dominating the diffraction pattern. In this GIXRD geometry,
where the 20 diffractometer axis is along the surface normal of the
sample, the incident and scattered wave vectors (ko and k, respectively)
and the resulting scattering vector, ¢ = k — ko, are all essentially
constrained to lie in the plane of the film. Diffraction therefore occurs
from crystallite planes in the film that are (to within 1°) perpendicular to
the surface of the film. The 26 scan range was from 20° to 90°. Data were
background subtracted and normalized to the (200) NiO reflections,
and the analysis of integrated peak intensity was performed using a
Pseudo-Voigt functional fit.

Current—voltage characterization of NiO/n-Si diode structures was
performed with a Keithley 237 sourcemeter. Optical spectra were
measured with a Varian Instruments Cary 1E spectrophotometer.

NiO Electronic Structure Calculations. Work functions, band-
gaps, and charge carrier effective masses of NiO were calculated using the
full-potential linearized augmented plane wave (FLAPW) method **®!
The calculations were performed within the local spin density approx-
imation (LSDA),** and the Hedin and Lundqyist form of the exchange
correlation potential was used. The LSDA+U method® (with U= 8.0 eV
and ] = 0.95 eV) was also employed to treat the highly correlated Ni 3d
electrons and to compare with the LSDA results.

Ill. RESULTS

The microstructures, morphologies, and electrical/electronic
properties of the thin PLD-derived NiO interlayers are analyzed
here in detail by grazing incidence X-ray diffraction (GIXRD),
topographic and conductive AFM, UPS, and XPS, in p—n
junction devices, and by FLAPW electronic structure computa-
tion. SEM imaging and transmission optical spectroscopy are
reported elsewhere.** It will be seen that crystalline fcc NiO at
the anode/active layer interface grows with preferential orienta-
tion for S and 10 nm layer thicknesses.

ITO/NiO XRD. GIXRD was performed to probe film crystal
structure and film texturing. Nickel oxide overlayers were grown
by PLD on clean glass/ITO substrates. For a layer thickness of
10 nm, the diffraction results reveal a single-phase NiO cubic
crystal structure belonging to space group Fm3m (NaCl-type)
and indicate pronounced preferential fcc(111) crystallite growth
with respect to the surface normal (Figure 1). Since GIXRD is
sensitive to in-plane crystallite orientation, texturing in the
surface normal direction is represented by increases in the
integrated intensity from hkl reflections that belong to the zone
of the textured direction. For example, allowed reflections
belonging to the 111 zone are 220 and 422. The calculated
reflection intensities for a randomly oriented sample predict a
ratio of (220):(200) = 0.52, and the experimentally determined
ratios for the 10 and 50 nm thick films are 1.1 £0.1and 0.8 £ 0.1,
respectively. This result therefore indicates strong (111) textur-
ing, which decreases with increasing film thickness. Previous
0—20 analyses of 77 nm thick PLD-derived NiO films on glass/
ITO revealed random crystalline orientation.** It is also impor-
tant to note that although the increase in the (220) reflection
could indicate (001) texturing, (001) texturing would result in an
increase in the (200) signal, which is not observed. The increas-
ing degree of random orientation is also evident for NiO films
grown on amorphous substrates. When NiO overlayers are
deposited on 1738 float glass, the integrated (220):(200) ratios
for 10 and 50 nm thick films are 1.0 & 0.1 and 0.5 £ 0.1
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Figure 1. GIXRD patterns calculated for randomly oriented NiO films
as well as experimental patterns for 10 and 50 nm thick NiO films grown
by PLD on glass/ITO substrates. Cubic NaCl-type NiO (hkl) reflections
are labeled accordingly. Since GIXRD probes the in-plane structure of
the film, increases in the NiO (220) peak intensity represent (111)
texturing in the surface-normal direction. Spectra are normalized to the
(200) reflection and offset for clarity.

respectively, indicating the ITO substrate imparts significant film
texturing.

ITO/NiO AFM/cAFM. The present NiO thin films were cleaned
with UVO for 10 min prior to analysis. Immediately observable in
the atomic force microscopy is the approximately 50 nm grain size
of the 10 nm thick NiO film on ITO (Figure 2c), mirroring the
subgrain structure of the underlying ITO film, in contrast to the
visible ~100 nm grains of the ITO films (Figure 2a). This
observation is in agreement with an rms roughness increase from
0.80 nm for the ITO surface to 1.60 nm, after NiO thin-film
deposition; this NiO rms roughness is consistent with earlier
measurements, while differences in the ITO rms rou§hnesses
reflect batch-to-batch variations from the same supplier.** In the
cAFM images of the bare ITO surface, regions of significant
differences in conductivity known as “hot spots” and “dead spots”
are evident (Figure 2b, at 10 mV, mean current (Ie,n) = 19.8 nA,
0 =31.1 nA).**® This characteristic differs from the NiO images
where the variability in conductivity is markedly reduced, along
with a significant reduction in I,,,, at the same applied bias of 10
mV (Figure 2d, Lcon = 0.343 pA, 0 = 0.336 pA). Although the
conductance of the anode decreases significantly for the NiO/ITO
case, the standard deviation of the measured current is low relative
to the ITO-only case (i, the standard deviation is slightly less
than the mean for NiO/ITO, whereas it is more than 1.5X the
mean for the ITO-only case). Related work on HCl-treated ITO
in OPV devices suggests that improvements of this magnitude in
the conductive uniformity of the anode surface likely contribute to
enhanced device performance.®> While there is some series
resistance contribution from the lower surface conductivity in
the NiO/ITO case, the reduction in surface traps shown here
should counteract the effects of this lower conductance. Addi-
tionally, these results highlight the importance of using relatively
thin (~10 nm) NiO layers to reduce series resistance effects.'® To
verify the accuracy of these measurements, during the course of
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Figure 3. Photoelectron spectra of a 10 nm PLD-derived NiO film grown on glass/ITO. (a) XPS spectrum showing only Ni and O with minor C
contamination. The measured Ni:O ratio is 1.1:1.0. (b) UPS spectrum extrapolated to the x-axis revealing a 0.6 eV increase in workfunction compared to
ITO. All surfaces were cleaned with 10 min of UVO treatment prior to analysis.

surface characterization, we continuously confirmed that tip
integrity was maintained. This was done by testing an ITO sample
first, measuring current values of ~100 nA. We then measured the
NiO and finally returned to the bare ITO sample, repeating the
measurements and again observing currents of ~100 nA. This
process ensures that the significant difference in conductivity
between NiO and ITO was correctly observed and that tip
integrity was maintained.

ITO/NiO UPS/XPS. The present NiO thin films were cleaned
with UVO for 10 min prior to analysis. UPS analysis shows an
increase of ~0.6 eV in work function when a 10 nm NiO layer is
applied to the UVO-treated ITO surface (Figure 3b). When the
work function of UVO-treated ITO is referenced to 4.7 eV,**%’

2221

this yields a value of 5.3 & 0.05 eV for the NiO work function, in
agreement with previous reports for NiO films grown by other
techniques and on other substrates.****~*> The composition of
the NiO overlayer is found to be near-stoichiometric at 1.1 £
0.06:1.0 Ni:O, with a C:Ni ratio of 0.21 & 0.01:1.0, and free from
metallic contaminants by XPS (Figure 3a).

NiO/Si p—n Junctions. The in-plane resistance of the present
NiO films is greater than the measurement limit of the available
van der Pauw apparatus (6 MQ/0), so a p—n diode structure
was fabricated, and the I—V characteristics were measured to
determine whether the NiO films are p-type (Figure 4). Contact
to the n-type Si substrate is found to be near ohmic. The NiO/n-Si
structure exhibits the I—V response typical of a p—n diode with

dx.doi.org/10.1021/cm200229e |Chem. Mater. 2011, 23, 2218-2226
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a leakage current, and the NiO/n-Si/NiO structure exhibits the
I—V response typical of a p—n—p junction.93

NiO Electronic Structure Calculations. Work Function,
Bandgap, and Carrier Effective Mass. For the nonpolar NiO
(001) surface calculations, a pristine nine-layer NiO slab was
used with a fully optimized two-dimensional geometry. The work
function for the nonpolar (001) surface of the nine-layer
NiO film is predicted to be approximately 4.71 eV within
the LSDA formalism, which is calculated from the valence band
(VB) maximum. However, the LSDA+U* calculations yield a

1.E-04
8.E-05
_ 6E-05
<
= 4.E-05 n-Si (floating)
o — i i
5 2.E-05 .. AINIO/m-SUNIOTAU/G
I3 = = Aul/n-Si/Au/G
0.E+00 ;*;ﬁ,——-—
2E-05 r.
-4.E-05 ¥

-1 -0.5 0 0.5 1

Applied Voltage (V)

Figure 4. Diode structure used to probe the majority carrier in the PLD-
derived NiO thin films. Note the rectifying behavior of the diode
structure Au/NiO/n-Si/Au.

significantly larger work function value (Figure Sa) of 5.78 eV
due to the effects of correlation (i.e., down-shifting of the valence
bands). For polar NiO (111) surfaces, it is known that strong
surface reconstructions, such as octopolar (p(2 X 2)) surface
structures, are operative due to the instability of polar surfaces.”®
Thus the most stable Ni- and O-terminated octopolar surface
structures” were created using symmetric NiO with 11 layers
in the (111) orientation, and the geometry was optimized fully.
The calculated work functions within the LSDA+U formalism
(Figure Sa) are 5.44 and 6.83 eV for the Ni and O polar surfaces,
respectively.”® Compared to the LSDA results, these values
are also higher by 0.5 and 1.1 eV for Ni- and O-terminated
surfaces, respectively. From the LSDA+U results, the polycrys-
talline NiO films are expected to have a work function of
about 6.0 eV.

The bandgaps analyzed with the LSDA+U method are
computed to be 3.4, 2.9, 1.2, and 1.7 eV for NiO bulk, NiO
(001) thin films, Ni-terminated, and O-terminated NiO (111)
thin films, respectively, which are significantly greater than the
LSDA-derived bandgaps, 0.4 and 0.01 eV for NiO bulk and NiO
(001) films, respectively. The polar NiO films analyzed with the
LSDA method show metallic surface states. The charge carrier
effective masses of bulk NiO were also calculated and can be
obtained from the plasma frequency using intraband optical
matrix elements.”® As shown in Figure 5b, both the LSDA and
the LSDA+U approaches indicate that the effective masses of the
hole carriers are significantly smaller than those of the electron
carriers. Especially within the typical ranges of TCO carrier
concentrations, ~10"¥—10?°/cm®”?® the LSDA+U calcula-
tions show that the effective masses of the carriers are between
approximately 0.6 and 1.0, which are consistent with the experi-
mentally measured values.”
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Figure 5. (a) Layer-resolved density of states projected onto Ni d and O p states for NiO (001) and (111) films. S and C indicate the surface and central
layers. (b) Effective masses (/m,) of NiO for p- and n-type carriers, where mj is the free electron mass.
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IV. DISCUSSION

Interfacial “engineering” is a fundamental, generic require-
ment for efficient operation of all semiconductor devices. For
OFETs, @~ 193 QLEDs, 53556465104 34 OPVs, #4649 3p0r0.-
priately designed electrode-active layer interfaces afford faster
switching, lower voltage and lower resistance operation, for efficient
electron—hole recombination, and enhanced durability. Anode
interfacial layer materials selection for optimum OPV function
ideally must fulfill the guidelines of (1) good optical transparency
in the region of device spectral response, (2) a sufficiently high-
lying LUMO or CB to prevent efficiency-eroding electron
leakage, (3) an appropriate HOMO energy or work function
for near ohmic contact with the HOMO of the organic electron
donor material, and (4) a low hole carrier effective mass for
efficient hole conduction. Here we present a detailed microstruc-
tural and electronic structure analysis showing that PLD-derived
NiO interfacial layers on glass/ITO substrates fulfill these require-
ments necessary for effective interfacial layer behavior in OPVs.

Nickel oxide has a complex, highly correlated electronic struc—
ture and is an intrinsic p-type semiconductor due to Ni*"
vacancies.*®*>'%>1% By XPS, the NiO surface is found here to
be near-stoichiometric with a 1.1:1.0 Ni:O ratio and with an
exceptionally low C:Ni ratio of 0.21:1.0, comparable in carbon
contamination level to a reactive ion-etched (RIE)/oxygen plas-
ma-cleaned ITO surface. While the measured Ni:O ratio slightly
favors Ni, note that the estimated uncertainty in the XPS
measurements is 30.06, suggesting that a ratio closer to 1.0:1.0
is possible. Additionally, since XPS is a surface technique, the ratio
of the bulk could in principle be somewhat different than the
surface. These factors would allow for Ni*" vacancies, which
enhance NiO p-type conductivity. Previously, the primary experi-
mental evidence that a NiO thin film was present on the ITO
surface was from 6—260 XRD data for relatively thick 77 nm films
grown on ITO.** These early data indicated that the NiO film was
randomly oriented and polycrystalline but were of limited rele-
vance since the IFLs in optimized OPVs are far thinner (~10 nm).
The present GIXRD technique is sensitive to ultrathin film over-
layers because the optimized geometry prohibits X-ray penetration
into the substrate and thus only detects diffraction from the
overlayer. What is found for a 10 nm NiO layer on an ITO substrate
is a structurally ordered NiO film with preferential growth in the
fcc(111) direction (Figure 1). The observation that the NiO layer
growth begins with highly crystalline ordering that progressively
becomes random in growth direction with increasing film thickness
is in accord with the earlier SEM imaging data™* where distinct
grains appear to merge over the same progression in film thickness.

Optical transparency is an essential characteristic that deter-
mines if a material is suitable as an OPV anode interlayer.
Previously reported results** indicate that 10 nm of NiO on an
ITO/glass substrate maintains a transparency of ~80% for
wavelengths > 550 nm, where the active layer oscillator strength
is greatest for most OPV systems.">>**” Although the bandgap of
the present NiO films is estimated to be 3.6 eV (optical
experiment) or 3.4 eV (FLAPW computation ), minor absorption
is still ev1dent in the visible due to low oscillator strength d—d
transitions.** Note that there 1s generally a trade-off between
transparency and conductivity,"”” and given the essential role of
transparency to achieving maximum current densities, it should
be important to enhance transparency of the IFL. Series resistance
losses due relatively low conductivity are minimized here by
incorporating a relatively thin (~10 nm) NiO layer. 16
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Figure 6. Approximate spatial energy level diagram representing the
energy levels, band gaps, and relative position for NiO/ITO relative to
the OPV acceptor LUMO level (e.g,, PC;;BM) and common HOMO
levels for state-of-the-art donor systems."*”** The NiO energy levels are
well-situated to block electron leakage current while promoting hole
injection to the ITO.

Another important characteristic for an effective IFL is
compatibility with active layer energy levels; that is, the interlayer
material should have a sufficiently high-lying CB to provide a
barrier to electron collection and yet a sufficiently small work
function to effectively collect holes. Referring to Figure 6, with a
VB energy of —5.4 eV and a bandgap of 3.6 eV, NiO has a CB
energy of —1.8 eV, which in principle should be more than
energetically sufficient to block electron leakage from either
donor materials or, most importantly, electron-carrying acceptor
materials (e.g, PC;;BM LUMO = ~—4.0 eV). To evaluate the
work function of the NiO thin films, UPS techniques were
employed (Figure 3b), and an increase in NiO work function
(®) of 0.6 eV is found versus a clean ITO surface. Referencing to
Do =47V, Dy, = 5.3 eV is then determined. This result
is comparable to values reported in the literature for NiO films
grown by other techniques and on other substrates®*** % and is
reasonably within the range of several state-of-the-art donor
systems (Figure 6)."*”* By reducing photocurrent recombina-
tion at the anode, it is expected that an effective EBL will enhance
Voc; these Vo enhancements relative to control samples have
been demonstrated by several research groups, including this
one, in recent NiO OPV reports.**7>7

Note that based on the approximate device energy level
diagram in Figure 6, there is not always perfect alignment
between the relevant NiO levels and the donor HOMO level
(common range of —52 to —S5.5 eV shown in Figure 6).
However, it is also important to note that these energies may
be somewhat different in the actual BHJ blend versus values
measured for the individual materials; there are three plausible
reasons for this. First, the donor HOMO energy levels are
typically estimated from cyclic voltammetry,>® for which molec-
ular solvation effects cannot be explicitly compensated, as op-
posed to UPS data which are acquired under high vacuum on a
pristine surface on the bulk materials, avoiding solvation effects
and accounting for intermolecular bulk interactions. Second,
there is the potential for a vacuum level shift induced by interfacial
dipoles at the NiO/organic interface.''> If this effect were
substantial, the desired energy level alignment could be achieved.
Lastly, Fermi level pinning arising from donor surface states could
also compensate for the observed energetic differences.'*®'*°

The final requirement for an anode IFL is that the material
exhibit efficient hole transport and p-type behavior. In the
present study, diodes were fabricated having the structure Au/
NiO/n-Si/Au (Figure 4) and were found to be preferentially
conductive to forward bias, versus diodes of the structure
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Au/NiO/n-Si/NiO/Au that are equally resistive to forward and
reverse bias.” This rectifying behavior indicates that NiO thin
films grown under the present conditions are in fact p-type.
Furthermore, additional support for this conclusion is provided
by electronic structure modeling. Applying both the LSDA and
LSDA+U formalisms (Figure Sb), the electron effective mass
(m/my) is found to be greater than the hole effective mass over
the carrier concentration range 10"7—10%°/ cm3, consistent with
p-type character and EBL/HTL function.'"""'> These observa-
tions are also consistent with the report by Zunger et al.®®
showing that NiO is p-dopable but not n-dopable. NiO differs
markedly in this electronic structure characteristic from high-
valent early transition metal oxide IFL materials such as V,05
and MoO;.*”""* MoOj; has recently been shown to have far
lower-lying conduction and valence bands than NiO and to be
strongly n-type. It would be expected to be far more efficient at
hole injection into/electron extraction from relatively electron-
rich organic 7T-systems than the inverse.'"?

The primary objective of EBL introduction is to increase Voc
and, hence, OPV power conversion efficiency. The origin of Vo
in OPVs has long been debated; however, it is now generally
accepted that, in the case of ohmic contacts, it originates primarily
from the difference in energy between the donor HOMO and the
acceptor LUMO, the principle diode.”"'"* However, it has been
observed that Vo values are typically ~300—400 mV less than
this HOMO—LUMO energy level difference.'"* This loss can be
ascribed to the presence of recombination sources in addition to
the donor—acceptor interface, as well as the density of states
profile of the donor and acceptor materials.''> These recombina-
tion sources can include surface states and injection barriers at the
electrode interfaces or impurities in the active layer. As seen in the
cAFM images, NiO has a significant electrical homogenization
effect on the ITO anode surface (Figure 2b,d) with a pronounced
reduction of the ITO “hot spots”—sgikes in conductivity—and
“dead spots”—troughs of resistivity.** This variation in conduc-
tivity is thought to be a source of surface states destructive to
charge carriers, and thus a homogenized surface should increase
Voc. As also noted above, the high-lying CB of NiO should
suppress the collection of minority carrier electrons at the anode.
Thus, NiO interlayers have demonstrated significant Voc
increases in previous OPV reports, when compared to bare ITO.

V. CONCLUSIONS

Through a multifaceted combination of microstructural, elec-
trical, and computational electronic structure analysis, the micro-
structure, function, and opto-electronic roles of thin PLD-
derived NiO films as an EBL/HTL in BHJ OPVs are clarified.
It is shown here that NiO grows as smooth, crystalline, oriented
thin films on ITO substrates to form an optically near-transpar-
ent anode coating. These thin films also electrically homogenize
the ITO anode surface, forming an electrically homogenizing,
passivating, semiconducting interlayer, which prevents anode
electron injection and promotes anode hole injection. Photo-
electron spectroscopy (XPS/UPS) reveals a near-stoichiometric
surface with a work function of 5.3 eV and very low carbon
contamination. FLAPW calculations based on the LSDA and
LSDA+U formalisms reveal a low hole carrier effective mass
versus the electron carrier effective mass and confirm the
experimentally derived work function and bandgap. Ultimately,
these attributes lead to enhanced OPV efliciencies, primarily via
increased device open circuit voltages.
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