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Sub-10 nm copper chromium oxide nanocrystals
as a solution processed p-type hole transport
layer for organic photovoltaics†

Jian Wang, Yun-Ju Lee and Julia W. P. Hsu*

We report the synthesis of CuCrO2 nanocrystals, a p-type transparent conducting oxide, and their

application as an efficient hole transport layer (HTL) for organic photovoltaic (OPV) devices. A nanometer-

sized mixture of Cu and Cr oxide/hydroxide is synthesized using microwave-assisted heating. With a 550 1C

post-annealing treatment in N2, o10 nm CuCrO2 nanocrystals are successfully synthesized. XRD, XPS,

EDAX, PESA, UV-vis spectrometry, and Kelvin probe technique are applied to confirm the delafossite phase,

optical transmission, and p-type characteristics. Methanol is found to be a good solvent to disperse these

nanocrystals for forming a smooth and transparent film. In comparison with the previously reported

CuGaO2 HTL, the reduced film roughness enables the CuCrO2 HTL to produce highly efficient thin

active layer OPV devices. UV-ozone treatment on the CuCrO2 HTL is found to increase the fill factor.

Drift-diffusion modeling, energy level measurements, and XPS results reveal that the device improvement

is not due to the reduced injection barrier, but due to an improved CuCrO2 conductivity arising from the

formation of Cu2+ species.

Introduction

Metal oxides represent a promising class of hole transport layer
(HTL) materials for organic photovoltaic (OPV) devices, because
of their versatile optical and electrical properties and good
physical and chemical stability.1,2 To further advance the OPV
technology, it is critical to understand the required HTL proper-
ties, based both on device physics and processing, to fabricate
HTLs meeting these requirements. An ideal HTL should be:
(1) high work function, which forms an Ohmic contact with the
hole transport level of the active layer, hence minimizing energy
loss when extracting holes; (2) p-type, which blocks electrons
from reaching the anode, hence suppressing interface recombi-
nation; (3) highly conductive, which reduces the transport loss
across the HTL; and (4) highly transparent, which minimizes the
optical loss and maximizes the absorption by the active layer.3,4

Beyond these intrinsic material properties, low-temperature
solution-processing compatibility is also a favorable considera-
tion for large-area processing on flexible substrates.5

The commonly used high performance metal oxide HTLs
with high work function are mostly n-type materials, e.g. MoOx,6

WO3,7 and V2O5.8 Among the examined p-type HTLs, NiOx is
particularly promising.2,9–11 However, considering the require-
ments outlined above, NiOx has several drawbacks, including
low conductivity,12 high absorption coefficient,13 and the man-
datory vacuum or high temperature processing.9,10 Therefore,
research on developing new HTLs based on p-type transparent
conducting oxide (TCO) materials has gained momentum in the
past few years.14,15

Delafossite (Cu1+M3+O2) compounds are the firstly demon-
strated, most extensively researched, and one of the best
performing p-type TCOs.14,16 In a previous report, we demon-
strated that solution-processed CuGaO2 nanoplates make a
promising HTL candidate for OPV devices.17 However, due to
the large size of CuGaO2 nanoplates, rough films are produced
(RMS roughness B50 nm). While HTL films made of CuGaO2

nanoplates exhibit excellent performance in thick active layer
OPV systems, e.g. poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric
acid methyl ester (P3HT:PCBM B200 nm), shunted device char-
acteristics are observed in high performance thin active layer OPV
systems, e.g. poly[N-90-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-
di-2-thienyl-20,10,30-enzothiadiazole)]:[6,6]-phenyl-C71-butyric acid
methyl ester (PCDTBT:PC71BM B70 nm). To overcome this short-
coming, we explore another delafossite compound, CuCrO2, with
the goal of synthesizing smaller nanocrystals. According to the
literature, CuCrO2 is more conductive but less transparent than
CuGaO2.18,19 To date, nanocrystals of CuCrO2 (o20 nm) have
been successfully synthesized,20 while the smallest CuGaO2 is

Department of Materials Science & Engineering, The University of Texas at Dallas,

Richardson, TX, USA. E-mail: jwhsu@utdallas.edu

† Electronic supplementary information (ESI) available: Histogram of CuCrO2

crystal size, raw XPS spectra, the EDAX spectrum, AFM images, and drift-diffusion
simulation. See DOI: 10.1039/c6tc00541a

Received 4th February 2016,
Accepted 21st March 2016

DOI: 10.1039/c6tc00541a

www.rsc.org/MaterialsC

Journal of
Materials Chemistry C

PAPER View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c6tc00541a&domain=pdf&date_stamp=2016-04-07
http://dx.doi.org/10.1039/c6tc00541a
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC004016


3608 | J. Mater. Chem. C, 2016, 4, 3607--3613 This journal is©The Royal Society of Chemistry 2016

still B100 nm in its lateral dimension. The smaller CuCrO2

nanocrystals would produce a smoother film, ensuring compati-
bility with the high performance thin active layer OPV systems.
Moreover, it is documented that CuCrO2 performs as a good
photocathode in p-type dye sensitized solar cells (DSSCs),
because of its high transparency, large hole diffusion coefficient,
and deep ionization energy.20,21 Since the properties required for
the HTL in OPVs are similar to those for photocathodes in p-type
DSSCs, we expect CuCrO2 to perform well in OPV devices.

In this paper, we present a study using CuCrO2 as the HTL
in OPV devices. A microwave-assisted approach to synthesize
o10 nm CuCrO2 nanocrystals is demonstrated, which requires
much shorter time than previous reports using conventional
hydrothermal methods. A smooth and transparent film is cast
from these nanocrystals dispersed in a methanol suspension.
In contrast to previously reported CuGaO2, the reduced film
roughness enables the CuCrO2 HTL to produce an efficient thin
active layer OPV device. UV-ozone treatment is found to be
necessary to improve the film conductivity, hence the OPV
device performance. The improvement in film conductivity is
attributed to the formation of Cu2+ species, which functions as
the source for additional holes in the CuCrO2 lattice.

Results and discussion
CuCrO2 nanocrystal synthesis and characterization

Traditionally, delafossite nanostructures are synthesized via
either hydrothermal reactions that require several days for
completion20,22,23 or solid-state reactions that produce large
size particles.24 Amrute et al. reported a one-hour solid-state
synthesis of CuCrO2 using commercial sub-micron-sized oxide
particles (Cu2O and Cr2O3).24 Due to the large size, high
formation temperature (4800 1C) was required, resulting in
micron-sized agglomerates with an average crystallite size of
B55 nm. It is known that the formation temperature can be
reduced if smaller-size oxide precursors are used in solid-state
reactions.25 Therefore, we first synthesize a nanometer-sized Cu
and Cr hydroxide/oxide mixture using a microwave-assisted
reaction of an aqueous suspension of equimolar Cu(NO3)2

and Cr(NO3)3, with subsequent annealing treatment to obtain
pure CuCrO2 nanocrystals. Fig. 1 shows the X-ray diffraction
(XRD) spectrum (red curve) of the microwave reaction product
after vacuum dried at room temperature. It is identified as a
mixture of Cr(OH)3�3H2O, CrO(OH), CrO, and Cu2O. According
to the Scherrer equation, the crystallite size of these hydroxide/
oxide mixtures is 5–20 nm, much smaller than the 100 nm–1 mm
commercial oxides.24 Therefore, the formation/annealing tem-
perature of 550 1C in N2 is sufficient to form the pure CuCrO2

phase, as evidenced by the (012) peak at 36.41 and the (110) peak
at 62.41 in the XRD spectrum (Fig. 1, blue curve). The broad
diffraction peak width indicates a small crystallite size, which is
calculated to be B10 nm according to the Scherrer equation.
Lower annealing temperature (300 1C) results in an incomplete
reaction (Fig. 1, orange curve), whereas higher annealing tem-
perature results in larger crystal size.23 Also, we find that

annealing in air at 550 1C forms a spinel CuCr2O4 phase
(Fig. 1, green curve), consistent with a previous report that spinel
would form at the temperature range of 400–800 1C in air.24 The
CuCr2O4 phase is an insulator, hence should be avoided for HTL
application in OPV devices.

Our approach synthesizes o10 nm CuCrO2 nanocrystals in
B8 hours, which features a much shorter time than hydro-
thermal reactions and a much lower temperature and hence a
smaller size than solid-state synthesis.

The CuCrO2 nanocrystals are also characterized by transmis-
sion electron microscopy (TEM). Fig. 2a shows an average size
of B6 � 2 nm for individual nanocrystals, consistent with
XRD peak widths. A histogram of nanocrystal size obtained
from TEM is plotted in the ESI,† Fig. S1. It also shows B20 nm

Fig. 1 XRD spectra of microwave reaction product powders after vacuum
dried at room temperature (red), after 300 1C post-annealing in N2 (orange),
after 550 1C post-annealing in N2 (blue), and after 550 1C post-annealing in
air (green). The plotted reference powder diffraction files are Cr(OH)3�3H2O
(PDF#16-0817, solid triangles), CrO(OH) (PDF#73-1479, solid inverse triangles),
CrO (PDF#08-0254, empty stars), Cu2O (PDF#35-1091, empty squares),
CuCrO2 (PDF#74-0983, solid circles), and CuCr2O4 (PDF#34-0424,
solid diamonds).

Fig. 2 (a) TEM image of CuCrO2 nanocrystals. (b) High-resolution TEM
image of an individual CuCrO2 nanocrystal. (c) Indexed SAED pattern of
CuCrO2 nanocrystals.
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aggregated nanocrystals, which is a result of the 550 1C annealing.
Fig. 2b shows a high-resolution TEM image of an individual
CuCrO2 nanocrystal. The lattice spacing of 5.7 Å corresponds
to the (003) plane of CuCrO2.20 The selective area electron
diffraction pattern (SAED, Fig. 2c) also confirms the pure CuCrO2

phase.
X-ray photoelectron spectroscopy (XPS) measurement of a

CuCrO2 nanocrystal film (Fig. 3) shows that the Cu 2p3/2 and
Cr 2p3/2 peaks are located at 932.7 eV and 576.7 eV, respectively,
which are consistent with previously reported binding energies
of Cu1+ and Cr3+ in CuCrO2.19 Quantitative XPS analysis reveals
a Cu : Cr ratio of 0.6 : 1 (ESI,† Fig. S2). The energy dispersive
X-ray spectroscopy (EDAX) characterization shows a Cu : Cr ratio
of 0.85 : 1 (ESI,† Fig. S3). A previous theoretical study shows that
the CuCrO2 surface is more stable when terminated with Cr
oxide layers.24 For B6 nm Cr-terminated CuCrO2 nanocrystals,
it is expected to exhibit an overall Cu : Cr ratio of B0.9 : 1 and an
even lower surface Cu : Cr ratio, consistent with the bulk-
sensitive EDAX and surface-sensitive XPS results. Therefore,
the apparent Cu deficiency measured on these CuCrO2 nano-
crystals are due to surface termination of Cr oxide layers.

CuCrO2 film preparation and characterization

In order to prepare a HTL film, we identified methanol as a
good dispersing solvent after investigating several pure and
binary solvents (ESI,† Fig. S4). Dynamic light scattering (DLS)
measurements show an average CuCrO2 size of B20 nm in the
methanol suspension (Fig. 4a). Moreover, 95 vol% of CuCrO2

are smaller than 35 nm, which is equivalent to the agglomerate
size of o10 nanocrystals, consistent with the TEM observation
(Fig. 2a). The good CuCrO2 dispersivity in methanol (Fig. 4a,
inset) is consistent with the fact that the Cr-terminated CuCrO2

surface is polar,24 and that our CuCrO2 surface is free of

hydrocarbons (ESI,† Fig. S2). Therefore, it produces a much
smoother CuCrO2 film than the previously reported CuGaO2

nanoplate film.17 Atomic force microscopy (AFM) characteriza-
tion shows that the root-mean-square roughness of the CuCrO2

film is 15 nm (Fig. 4b), a roughly 4-time improvement over the
CuGaO2 film (55 nm, ESI,† Fig. S5).

Fig. 5a show the UV-vis transmission spectrum of an B30 nm
thick CuCrO2 film. Good transparency (490%) is observed in the
wavelength range of 400 nm to 950 nm. From its absorp-
tion edge, the optical bandgap is determined to be 3.15 eV,
consistent with previous literature.19,20 Fig. 5b shows the
ellipsometery-determined refractive index (n) and the extinc-
tion coefficient (k) for the CuCrO2 film. The near-zero k values
at visible light wavelengths confirm the good transparency of
the CuCrO2 film.

CuCrO2 HTL for OPV devices

Next, we fabricate conventional P3HT:PCBM devices on the
CuCrO2 HTL. As seen in Fig. 6a and Table 1, the Voc and Jsc

of the device on the as-prepared CuCrO2 HTL are 0.54 V and
8.83 mA cm�2, respectively, similar to the typical values reported
for conventional P3HT:PCBM devices.26 However, it exhibits a
relatively low FF (B0.52) that is limited by the high series
resistance (Rs = 12.5 O cm2), hence only a mediocre PCE B
2.48%. After UV-ozone treatment on the CuCrO2 HTL, Rs decreases
to 4.9 O cm2, leading to a FF value of 0.65. Consistently, dark
injection current at forward bias beyond Voc increases after
UV-ozone treatment (Fig. 6b). As the Voc and Jsc stay unchanged,
the final PCE increases to 3.20%, which is typical for optimized
P3HT:PCBM devices.26 Similar improvement on Rs and FF is

Fig. 3 XPS spectra of (a) Cu 2p and (b) Cr 2p for the CuCrO2 nanocrystal film.

Fig. 4 (a) Volume percentage of the CuCrO2 hydrodynamic size in a
methanol suspension. Inset: A picture of CuCrO2 nanocrystals in methanol
suspension. (b) AFM image of a CuCrO2 film of B30 nm drop casted from
methanol suspension.

Fig. 5 (a) Transmission spectrum of a CuCrO2 film of B30 nm on glass.
Inset: the plot of a2 vs. photon energy shows a bandgap of 3.15 eV. The
absorption coefficient a is calculated from dividing the film absorbance by
its thickness. (b) Refractive index (n, left axis) and extinction coefficient
(k, right axis) obtained from ellipsometry results for an B30 nm thick
CuCrO2 film on the Si/SiO2 substrate.

Fig. 6 J–V characteristics of P3HT:PCBM devices with either as-prepared
(black) or UV-ozone treated (blue) CuCrO2 HTLs, measured (a) under AM
1.5G 100 mW cm�2 and (b) in dark.
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also observed with the UV-ozone treated CuCrO2 HTL on
PCDTBT:PC71BM devices (ESI,† Fig. S6).

To understand the above observations, we investigated the
two common mechanisms of improved device performance
upon UV-ozone treatment on HTLs: (1) an increase of the
HTL work function which reduces the injection barrier at the
HTL/active layer interface10,17 and/or (2) the removal of insulat-
ing hydrocarbons on the oxide surface leading to better charge
collection.27

First, we examined the energy levels of both as-prepared and
UV-ozone treated CuCrO2 films (Fig. 7a). The ionization energy
and the work function are determined via photoelectron
spectroscopy in air (PESA) and Kelvin probe technique, respec-
tively, and the electron affinity is calculated by subtracting the
optical bandgap from the ionization energy. For the as-prepared
CuCrO2 film, the ionization energy and the work function are
measured to be 5.25 eV and 5.23 eV, respectively, and the
electron affinity is calculated to be 2.10 eV. These values confirm
that CuCrO2 is a p-type wide bandgap semiconductor. After
UV-ozone treatment, the ionization energy and the work func-
tion increase to 5.45 eV and 5.43 eV, respectively. This effect is
attributed to the formation of B0.2 eV hydroxyl dipoles at the
CuCrO2 film surface, as evidenced by the appearance of Cu(OH)2

peaks at 935.5 eV after UV-ozone treatment (Fig. 7b).28 A similar
phenomenon was observed as well for CuGaO2 and NiOx, whose
ionization energy and work function both increase due to the
formation of hydroxyl dipoles on the surface after UV-ozone or
oxygen plasma treatment.17,29 According to these measurements,
the as-prepared CuCrO2 should already form an Ohmic contact
with P3HT:PCBM, as its work function is B0.7 eV higher than
the hole transport level of P3HT (B4.5 eV).30 Drift-diffusion
simulation (ESI,† Fig. S7) also supports the Ohmic contact at the
HTL/active layer interface for both as-prepared and UV-ozone

treated CuCrO2 HTLs. If it were not the case, in addition to the
increased FF and injection current, Voc for UV-ozone treated
CuCrO2 HTL devices would be higher than that for the
as-prepared HTL devices, which is not observed in our results.
Therefore, the device improvement is not due to the reduction
of the injection barrier.

On the other hand, drift-diffusion simulation (ESI,† Fig. S7)
of devices with additional series resistance shows similar J–V
curves (both light and dark) as our experimental results. One
could at first glance attribute the excess series resistance to
insulating hydrocarbons as reported in previous literature.27

However, XPS results (ESI,† Fig. S2) show that the C 1s intensity
stays unchanged at a very low level, and the Cu 2p, Cr 2p, and O
1s intensities also stay unchanged before and after UV-ozone
treatment, indicating minimal insulating hydrocarbons on the
CuCrO2 surface. This phenomenon is consistent with the 550 1C
annealing step, which should have removed most hydrocarbons
from the nanocrystal surface. Therefore, the device improvement
is not due to the removal of insulating hydrocarbons on the
CuCrO2 surface either.

Instead, we attribute the device improvement to an increase of
CuCrO2 conductivity. Previous DFT studies suggest that CuCrO2

conducts through a Cu1+/Cu2+ hole mechanism.31 It reveals that
the valence band maximum of CuCrO2 is dominated by Cu 3d
states, and that holes are formed on the Cu atoms in the form
of Cu2+, i.e. one fewer electron compared to the Cu1+ lattice
species.31 This was later confirmed experimentally.32 In that
report, the most conductive CuCrO2 sample exhibits almost no
Cu1+ but entirely Cu2+ features, characterized by the X-ray
absorption near-edge structure. In our samples, a Cu2+ signal
at 934.1 eV is observed after UV-ozone treatment (Fig. 7b), which
arises from bonding with oxygen but not hydroxyl groups.28 As
mentioned previously, the Cu(OH)2 signal at 935.5 eV also
appears after the UV-ozone treatment. The amount of Cu1+,
Cu2+, and Cu(OH)2 species in the UV-ozone treated CuCrO2 film
is calculated to be 49%, 22% and 29%, respectively, whereas the
Cu1+ signal (495%) dominates the as-prepared CuCrO2 film.
More recently, DFT simulations showed that interstitial oxygen
species forms favourably at high partial O2 pressures, which
locate around the Cu atoms and creates Cu2+ species.24 Due to
the nanometer size of our crystals, UV-ozone treatment appears
to provide a similar driving force. Although these Cu2+ species
represent the initial stage of CuO growth, it was shown that

Table 1 P3HT:PCBM device parameters with as-prepared or UV-ozone
treated CuCrO2 HTL

HTL (CuCrO2) As prep. UV-ozone

Voc [V] 0.54 � 0.01 0.55 � 0.01
Jsc [mA cm�2] 8.83 � 0.20 8.96 � 0.12
FF 0.52 � 0.01 0.65 � 0.01
PCE [%] 2.48 � 0.10 3.20 � 0.06
Rs [O cm2] 12.5 � 1.4 4.9 � 1.5
Rsh [O cm2] 3.7 � 1.1 � 105 1.4 � 0.5 � 104

Fig. 7 (a) Energy levels and (b) XPS spectra of Cu 2p3/2 for as-prepared
(black) and UV-ozone treated (blue) CuCrO2 films. Red lines represent the
fitted peaks.

Fig. 8 J–V characteristics of PCDTBT:PC71BM devices measured under
AM 1.5G 100 mW cm�2 illumination (a) and in dark (b), with HTLs of UV-ozone
treated CuGaO2 (red), UV-ozone treated CuCrO2 (blue), PEDOT:PSS (green)
and MoOx (orange).
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hydrothermally synthesized CuCrO2 nanocrystals are kinetically
stable both in air up to 390 1C23 and in the ozone environment at
room temperature.33 Therefore, UV-ozone treatment oxidizes Cu1+

species partially to Cu2+ species, which function as the source for
additional holes, hence improving the film conductivity.

Finally, we demonstrate the advantages of the CuCrO2 HTL
over the earlier reported CuGaO2. With a smooth, transparent,
high work function, and the conductive CuCrO2 film, B70 nm
PCDTBT:PC71BM device shows B4.9% efficiency, almost four
times improvement over the CuGaO2 HTL (Fig. 8, Table 2). The
device improvement is accompanied by B1000 times increase
of the device shunt resistance (Rsh), which is not surprising
considering the reduced roughness of the CuCrO2 film (ESI,†
Fig. S5). The CuCrO2 device performance is also comparable
with other state-of-art HTLs, such as MoOx and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
(Fig. 8, Table 2).34,35 Compared with other metal oxide HTLs,
such as NiOx and MoOx,10,30,36 it does not require high tem-
perature post-processing or vacuum processing. Therefore, the
CuCrO2 nanocrystals represent a promising HTL material that
is more compatible with roll-to-roll manufacturing of OPVs on
flexible substrates.

Conclusions

In summary, we have demonstrated the synthesis of o10 nm
p-type CuCrO2 nanocrystals and applied them as a HTL in OPV
devices. The CuCrO2 film shows high work function and high
transparency. With UV-ozone treatment, the CuCrO2 conductivity,
hence the OPV device performance, are improved. Because of the
smoother film, the CuCrO2 nanocrystal HTL performs drastically
superior to the previously reported CuGaO2 nanoplate HTL in thin
active layer OPV devices. With these desired properties, this
material can be a promising HTL candidate for other, e.g.
perovskite, PV devices.37

Experimental
CuCrO2 nanocrystal synthesis and characterization

All chemicals are purchased from Alfa Aesar and used as
received. First, 0.6 mL of Cr(NO3)3 aqueous solution (0.5 M),
0.6 mL of Cu(NO3)2 aqueous solution (0.5 M), and 1.8 mL of
deionized water are mixed in a 10 mL reaction tube. Second,
3 mL of aqueous KOH solution (0.5 M) is slowly added into the
mixture with stirring. This precursor solution is then ramped
up to 225 1C in 3 minutes using a single mode 2.54 GHz

microwave reactor (Discovery SP, CEM). The reaction is held at
225 1C for 360 minutes. The product is washed using water and
methanol twice, then centrifuged and vacuum dried at room
temperature. Finally, the product is collected in an alumina crucible,
and annealed in a N2-filled glovebox (O2 and H2O o5 ppm) at
550 1C for 120 minutes.

The dark green CuCrO2 powder (ESI,† Fig. S4) is character-
ized by XRD (Rigaku Ultima III) and TEM (JEOL JEM2100).
A CuCrO2 suspension is prepared by dispersing the powders in
methanol (B5 mg mL�1), followed by sonication for 20 minutes
and filtering through a 0.45 mm PTFE filter. The suspension is
characterized by DLS (Malvern Zetasizer Nano ZS) to obtain the
CuCrO2 hydrodynamic size in methanol. The CuCrO2 suspen-
sion is drop casted 4 times onto various substrates to prepare a
film of B30 nm for characterization and device fabrication.
The CuCrO2 film is characterized by AFM (Asylum MFP-3D) and
ellipsometry (J. A. Woollam M-2000DI) on a SiO2/Si substrate,
by UV-vis spectrometry (Ocean Optics USB 4000) and PESA
(RKI instrument unit AC2) on a glass substrate, by EDAX (Zeiss
LEO Supra40) and Kelvin probe technique (KP technology) on
an ITO substrate, and by XPS (PHI 5000 Versa Probe II) on a Au
(300 nm)/Si substrate. Quantitative XPS analysis is detailed in
the ESI,† Fig. S2.

OPV device fabrication and characterization

OPV devices are fabricated on UV-ozone cleaned ITO (Xinyan,
15 O sq�1) substrates. A CuCrO2 film of B30 nm is deposited
on top as the HTL, either as prepared (As prep.) or UV-ozone
treated for 10 minutes. Thinner CuCrO2 films (B15 nm) lead to
incomplete coverage, hence reduced Voc & FF, whereas thicker
CuCrO2 films (B50 nm) lead to slightly lower Jsc (ESI,† Fig. S6).
UV-ozone treated CuGaO2, PEDOT:PSS, and MoOx HTL are pro-
cessed according to a previous report for comparison.17 P3HT
(Rieke), PCDTBT (1-Material), PC61BM (Solenne BV), and PC71BM
(Solenne BV) are used as received for active layers. The P3HT :
PC61BM blend in a 1 : 1 ratio (20 : 20 mg mL�1) and the
PCDTBT : PC71BM blend in a 1 : 4 ratio (7 : 28 mg mL�1) are
dissolved in 1,2-dichlorobenzene in N2 and stirred at 70 1C
overnight to ensure complete dissolution. For the P3HT:PC61BM
active layer, 50 mL of solution is spin coated at 600 rpm for
60 seconds, then slowly dried in a covered Petri dish for
4 hours. The final stack is annealed at 110 1C for 10 minutes.
For the PCDTBT:PC71BM active layer, both the substrate and
the active layer solution are kept at 70 1C before spin coating.
35 mL of solution is spin coated at 2000 rpm for 120 seconds,
followed by thermal annealing at 70 1C for 15 minutes. All
active layer processing is conducted in a N2-filled glovebox.

Table 2 PCDTBT:PC71BM device parameters with HTLs of UV-ozone treated CuGaO2, UV-ozone treated CuCrO2, PEDOT:PSS, and MoOx

HTL CuGaO2 CuCrO2 PEDOT:PSS MoOx

Voc [V] 0.54 � 0.17 0.87 � 0.00 0.87 � 0.01 0.86 � 0.01
Jsc [mA cm�2] 7.11 � 0.33 9.31 � 0.12 9.59 � 0.19 8.96 � 0.11
FF 0.34 � 0.04 0.60 � 0.02 0.62 � 0.01 0.61 � 0.01
PCE [%] 1.32 � 0.56 4.86 � 0.08 5.17 � 0.09 4.70 � 0.06
Rs [O cm2] 3.6 � 2.0 5.2 � 1.2 3.9 � 1.6 4.2 � 1.9
Rsh [O cm2] 2.2 � 1.4 � 102 1.7 � 1.0 � 105 4.2 � 1.5 � 105 1.1 � 0.3 � 106
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Finally, 7 nm Ca and 100 nm Al are sequentially evaporated on
top of the active layer to complete the device. The area of each
diode is 0.11 cm2.

The J–V measurements are performed in a N2-filled glovebox
under AM1.5G 100 mW cm�2 illumination from a class AAA
solar simulator (Abet Technologies), using a low-noise source-
meter (2635A, Keithley) controlled using a LabView program.
A 2.5 mm diameter aperture is placed in front of each device to
rigorously define the illumination area of 0.049 cm2. 6–12 diodes
are averaged for device parameters per fabrication condition to
obtain standard deviations shown in Tables 1 and 2. External
quantum efficiency (EQE) measurements are performed on
UV-ozone treated CuCrO2 devices (ESI,† Fig. S8). Rs and Rsh are
calculated from dark J–V curves at the bias of +1.5 V and 0 V.
Drift-diffusion simulation is performed using SCAPS soft-
ware,38,39 which has been developed by the group of Prof.
Burgelman at the University of Gent. The simulation parameters
are provided in the ESI,† Table S1.

Acknowledgements

This project was sponsored by National Science Foundation
(NSF) DMR-1305893 and the University of Texas at Dallas.
J. W. P. H. acknowledges the support from Texas Instruments
Distinguished Chair in Nanoelectronics. We acknowledge Prof.
Robert Wallace for the use of the spectroscopic ellipsometer
and Dr. Xiaoye Qin for the fruitful discussion on XPS data
analysis.

References

1 V. Shrotriya, G. Li, Y. Yao, C.-W. Chu and Y. Yang, Appl.
Phys. Lett., 2006, 88, 073508.

2 Y.-J. Lee, J. Wang, J. W. P. Hsu and D. Barrera, MRS
Commun., 2015, 5, 45–50.

3 W. Jaegermann, A. Klein and T. Mayer, Adv. Mater., 2009, 21,
4196–4206.

4 E. L. Ratcliff, B. Zacher and N. R. Armstrong, J. Phys. Chem.
Lett., 2011, 2, 1337–1350.

5 M. Graetzel, R. A. J. Janssen, D. B. Mitzi and E. H. Sargent,
Nature, 2012, 488, 304–312.

6 Y.-J. Lee, J. Yi, G. F. Gao, H. Koerner, K. Park, J. Wang,
K. Luo, R. A. Vaia and J. W. P. Hsu, Adv. Energy Mater., 2012,
2, 1193–1197.

7 T. Stubhan, N. Li, N. A. Luechinger, S. C. Halim,
G. J. Matt and C. J. Brabec, Adv. Energy Mater., 2012, 2,
1433–1438.

8 K. Zilberberg, S. Trost, J. Meyer, A. Kahn, A. Behrendt,
D. Lützenkirchen-Hecht, R. Frahm and T. Riedl, Adv. Funct.
Mater., 2011, 21, 4776–4783.

9 M. D. Irwin, D. B. Buchholz, A. W. Hains, R. P. H. Chang and
T. J. Marks, Proc. Natl. Acad. Sci. U. S. A., 2008, 105,
2783–2787.

10 K. X. Steirer, P. F. Ndione, N. E. Widjonarko, M. T. Lloyd,
J. Meyer, E. L. Ratcliff, A. Kahn, N. R. Armstrong, C. J. Curtis,

D. S. Ginley, J. J. Berry and D. C. Olson, Adv. Energy Mater.,
2011, 1, 813–820.

11 P. F. Ndione, A. Garcia, N. E. Widjonarko, A. K. Sigdel,
K. X. Steirer, D. C. Olson, P. A. Parilla, D. S. Ginley, N. R.
Armstong, R. E. Richards, E. L. Ratcliff and J. J. Berry,
Adv. Energy Mater., 2012, 3, 524–531.
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