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We demonstrate the potential of a nitrogen-doped cuprous oxide (Cu2O:N) film as a p-type hole-

transporting layer for photovoltaic devices. To reduce back-contact resistance and create an electron-

reflecting back surface field, high carrier density and appropriate work function are desired for the

layer. Its electrical and optical properties can be appropriately tuned via nitrogen-doping to create a

semi-transparent tunnel junction to a back-contact. We fabricate Cu2O-based heterojunction thin-film

solar cells and insert a 20 nm-thick Cu2O:N hole-transporting layer between a silver back-contact and a

Cu2O light-absorbing layer. The insertion of a 20 nm-thick Cu2O:N layer results in sizeable

enhancements of fill-factor and power conversion efficiency of the solar cells. Cu2O:N thin-films may

also be useful in other photovoltaic material systems, improving their back-contact properties as well as

widening the range of possible back-contact materials.

Introduction

Thin-lm solar cells comprise a promising renewable-energy
source due to their low material usage (compatible with tera-
watts-level deployment) and potential for inexpensive
manufacturing.1,2 To develop high-efficiency photovoltaic
devices, appropriate band alignment throughout the entire
device structure is necessary to minimize energy losses from
non-ideal interfaces. Most materials for light-absorbing layers
are p-type, possess low carrier density, and oen have deep
valence band edge positions, which can result in unfavourable
band alignment and a highly resistive Schottky barrier forma-
tion between the absorber layer and metal or transparent con-
ducting oxide electrode.3,4 To mitigate the absorber/electrode
interface problems, hole-transporting layers have been intro-
duced at the back-contact of various device types.5–9 The layers
are required to have high carrier density and appropriate band
position to reduce contact resistance and create an “electron-
reecting” back surface eld to promote carrier collection.
Various transition-metal oxides including molybdenum oxide
(MoO3) and vanadium oxide (V2O5) have shown promising
properties as hole-transporting layers due to their high work
functions (F).7–9 However, hole-selective and electron-blocking

functions are limited due to their n-type nature and deep-lying
states.10

p-Type doping of metal oxides is generally challenging, due
to self-compensation and dopant solubility limits.11,12 However,
theoretical calculations predict that a few intrinsically p-type
oxides can be extrinsically doped to be p+-type.13 Cuprous oxide
(Cu2O) is one such intrinsically p-type semiconductor with
conduction band edge (EC) and valence band edge (EV) positions
at 3.2 and 5.2 eV from the vacuum level, respectively.14 With the
addition of extrinsic acceptors, the Fermi level (EF) can be
further shied toward EV, without lowering the formation
energies of compensating defects to negative values.13 Various
dopants including nitrogen, silicon, germanium, and some
transition metals have been tested to increase the p-type
conductivity of Cu2O thin-lms.15–18 Among those elements,
nitrogen is expected to substitute oxygen with a high solubility,
given their similar ionic radii. Previously reported nitrogen
doping has been shown to reduce electrical resistivity of Cu2O
by a factor of �100.18 Thus, we hypothesize that it is possible to
tune the electrical and optical properties of a nitrogen-doped
Cu2O (Cu2O:N) layer and to incorporate it into a thin-lm
photovoltaic device as a hole-transporting layer to reduce back-
contact resistance. In principle, such a layer could widen the
range of possible back-contact materials suitable for solar-cell
device fabrication, by reducing the severity of the so-called “roll-
over” (current saturation at high forward bias).19

In this work, we demonstrate the potential of a nanometer-
scale Cu2O:N lm as a p-type hole-transporting layer for
photovoltaic devices. By controlling the nitrogen content in the
lm, carrier density and optical transmittance are tuned to form
a low contact-resistance interface with minimal optical
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absorption. We fabricate Cu2O-based metal–oxide heterojunc-
tion thin-lm solar cells and insert a 20 nm-thick Cu2O:N hole-
transporting layer between a silver back-contact and a Cu2O
absorber layer. We select silver as a back-contact electrode,
because its high reectance around a wavelength of 550 nm
enhances light trapping near the bandgap of Cu2O and the peak
of the solar spectrum. Despite the relatively low work function
of silver and resulting resistive contact to intrinsic Cu2O, the
Cu2O:N layer forms a tunnel junction that reduces the contact
resistance due to its high carrier concentration. We demon-
strate the addition of a Cu2O:N layer results in sizeable
enhancements of ll-factor (FF) and power conversion efficiency
(PCE) relative to a control device without the layer.

Results and discussion
Nitrogen-doped Cu2O thin-lm growth

To incorporate nitrogen into Cu2O thin-lms, we used reactive
magnetron sputtering. Reactive sputtering of metallic copper
using O2 and N2 as reactive gases has been widely used for Cu2O
and copper nitride (Cu3N) thin-lm depositions.20,21 We inves-
tigated a range of substrate temperatures during lm growth
ranging from 130 to 390 �C; 230 �C provided the lowest electrical
resistivity of Cu2O:N lms (Fig. S1†). Substrate temperatures
higher than 230 �C resulted in higher resistivities due to lower

hole-densities. To control the nitrogen content, the N2 ow rate
was varied from 0 to 6 sccm, while the Ar and O2 ow rates were
xed to 40 and 11 sccm for high-purity Cu2O deposition. Fig. 1a
shows the nitrogen content in the 0.6 mm-thick Cu2O lms
measured by secondary ion mass spectrometry (SIMS). A
controlled amount of nitrogen was implanted into an undoped
Cu2O thin-lm sample and a Si wafer for calibrating the
measured data. As the N2 ow rate increased to 6 sccm, the
nitrogen concentration ([N]) increased in an approximately
linear fashion to 1.7 at.% (1.3 � 1021 cm�3). If all the nitrogen
doping were substitutional at oxygen sites, this doping level
would correspond to replacing about 5% of the oxygen atoms by
nitrogen atoms.

Structural and chemical properties of the host material
(Cu2O) were maintained for all nitrogen doses in our study.
X-ray diffraction (XRD) measurement shows (111) and (200)
peaks from the cubic structure of Cu2O for the 0.6 mm-thick
undoped and doped ([N] ¼ 1.7 at.%) lms (Fig. 1b). The Cu2O:N
lm exhibited reduced peak intensities as [N] increased in the
lm, indicating lower crystallinity than the Cu2O lm. Peaks
from metallic copper, cupric oxide (CuO), and Cu3N were not
detected in the measurement. X-ray photoelectron spectroscopy
(XPS) was used to investigate chemical states of elements in the
lms. Cu 2p3/2 and 2p1/2 peaks at 932.8� 0.2 and 952.7� 0.2 eV
shown in Fig. 1c indicate the same Cu oxidation state (Cu1+) for

Fig. 1 (a) Nitrogen concentrations in Cu2O:N films measured by SIMS. A typical calibration error range is up to �30%. (b) XRD spectra of Cu2O and Cu2O:N films,
indicating twomain peaks from Cu2O (111) and (200). Inset: SEM images of the sputtered Cu2O (bottom) and Cu2O:N (top) films. Both scale bars represent 300 nm. XPS
spectra of (c) copper and (d) nitrogen core levels of Cu2O and Cu2O:N films. The arrow indicates a small nitrogen peak at 397.1 � 0.2 eV.
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Cu2O and Cu2O:N lms. CuO peaks from Cu2+ states in the
range 940–945 eV were not detected.22 Due to the low sensitivity
of XPS measurement to light elements, the signal from nitrogen
was difficult to resolve. A small peak position from the nitrogen
core level in the Cu2O:N lm ([N] ¼ 1.7 at.%) was observed at
397.1 � 0.2 eV (Fig. 1d), close to the nitrogen signal from Cu3N
(397.4 eV).23 The peak position suggests that a considerable
fraction of nitrogen in the Cu2O:N lm bonds with Cu1+, as a
substitution for oxygen.

Electrical and optical characteristics

The effects of nitrogen-doping on electrical and optical properties
are shown in Fig. 2. In Fig. 2a, the measured electrical resistivity
exhibits a strong reduction as more nitrogen is doped into the
Cu2O lms. While the undoped Cu2O lm exhibits a resistivity of
1.4 � 102 U cm, the highest nitrogen dose (1.7 at.%) reduces the
resistivity to 1.8 � 10�1 U cm, which is the lowest value among
reported Cu2O:N thin lms to the knowledge of the authors. We
carried out temperature-dependent Hall measurements to
further elucidate the carrier properties of these lms. All lms
with [N] up to 1.2 at.% show p-type conductivities; the lm with
[N]¼ 1.7 at.% could not be measured as the Hall voltage was too
small due to its low mobility and high carrier concentration.
Cu2O:N lms exhibited reduced mobility as [N] increased in
the lms (Fig. S2†), due to an increased density of ionized scat-
tering centers.20 Fig. 2b shows hole densities (p) increase to 1.1�
1019 cm�3 at 300 K as the nitrogen content increases to 0.62 at.%.
The hole densities show strong dependence on temperature. We
estimate the carrier activation energies (EA) by tting the data to a
compensated semiconductor model with a low-temperature
approximation:

p ¼ (2pm*kT/h2)3/2[(NA/ND) � 1]exp(�EA/kT) (1)

where m* is the effective mass, k is Boltzmann's constant, h is
Planck's constant, NA is the acceptor density, and ND is the
donor density.20,24 Cu2O:N lms with [N] greater than 0.06 at.%
exhibited a decreased EA of 0.12 eV (Fig. S3†). On the other
hand, undoped Cu2O and lightly doped Cu2O:N ([N] ¼
0.06 at.%) lms exhibited EA of 0.18–0.19 eV, indicating that the
dominating acceptor state moves close to the valence band at
higher [N].17,20

As a result of the increased carrier density, carrier transport
between Cu2O:N and the Ag electrode can be enhanced. Metals
normally exhibit unfavourable Schottky barriers at metal/Cu2O
interfaces except high work function metals (e.g. Au and Pt).25,26

The dominating carrier transport mechanism can be cate-
gorized by the parameter E00, which can be dened as:

E00 ¼ qh-

2

ffiffiffiffiffiffiffiffiffi
p

m*3

r
(2)

for p-type semiconductor, where q is the electron charge, ħ is the
reduced Planck's constant, and 3 is the dielectric constant of
Cu2O.27,28 When the hole density in the Cu2O lm exceeds
1019 cm�3 (E00 [ kT), the barrier width in Cu2O is reduced
sufficiently to form a tunnel junction, thereby eld-emission
dominates the carrier transport.27,28 Temperature-dependent

specic contact resistances (rc) between Ag and Cu2O:N lms
were measured using the circular transmission line model
(CTLM) as shown in Fig. S4.†29 The lm exhibited a reduced rc

of 2.9 � 10�4 U cm2 at room temperature as [N] increased to
1.2 at.%, while an undoped Cu2O lm exhibited a rc of 1.9 �
10�2 U cm2. The temperature dependence of rc became weaker
for the lm with [N] ¼ 1.2 at.%, indicating that eld-emission

Fig. 2 Effects of nitrogen-doping on electrical and optical properties of Cu2O:N
films. (a) Electrical resistivity measured by a four-point-probe. (b) Temperature-
dependence of carrier (hole) density determined by Hall-effect measurements. (c)
Optical absorption coefficient of Cu2O:N films measured by a spectrophotometer
with an integrating sphere and a single-pass configuration.
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rather than thermionic-emission is dominating the carrier
transport at the interface.4

To utilize Cu2O:N as a hole-transporting layer, optical
absorption by the layer needs to be minimized by tuning its
absorption properties and layer thickness. We examined the
effect of nitrogen doping on the optical absorption of Cu2O:N
lms. As shown in Fig. 2c, the Cu2O:N lm exhibits a higher
optical absorption coefficient (a) than the undoped Cu2O
lm. In particular, a signicant increase of a in the subgap
wavelength region (l > 0.6 mm) was observed for Cu2O:N lms.
Zhao et al. suggested that substitutional nitrogen doping
could increase the absorption near 1.7 eV (l ¼ 0.73 mm) by
rst-principles calculations.30 However, the Cu2O:N lms in
this study exhibited a broad absorption peak near �0.6 eV
(l z 2 mm), and the peak intensity increased with the
nitrogen content in the lms. Similar absorption character-
istics were reported for Cu2O:N thin-lms and were attributed
to the nitrogen-induced subgap states.18 Structural defects
from the lower crystallinity of the Cu2O:N lms could also
increase a over this wavelength range. Due to the increases in
a, a 20 nm-thick Cu2O:N ([N] ¼ 1.2 at.%) layer would yield a
hole-transporting layer with a total optical absorption lower
than 5% of the AM1.5G solar spectrum for a wavelength range
of 0.3–1.5 mm.

Thin-lm solar cells with a Cu2O:N hole-transporting layer

Using a 20 nm-thick Cu2O:N layer ([N] ¼ 1.2 at.%) as an inter-
layer between the Ag electrode and a Cu2O absorber layer, we
fabricated metal–oxide thin-lm solar cells. Fig. 3a shows a
cross-sectional scanning electron microscopy (SEM) image of
the heterojunction solar cell. Cu2O, amorphous zinc-tin-oxide
(a-ZTO), and Al-doped ZnO (ZnO:Al) layers were used as a p-type
light absorber, an n-type buffer, and an n-type transparent
conducting oxide layers, respectively. We deposited a 1.2 mm-
thick Cu2O layer by the electrochemical deposition technique,
as this produces a highly roughened surface morphology with
anti-reection properties, resulting in improved photo-gener-
ated carrier collection.31 Conformal depositions of 5 nm-thick a-
ZTO and 80 nm-thick ZnO:Al layers were followed by atomic
layer deposition. The Zn-to-Sn ratio in the a-ZTO layer was
adjusted to 1/0.27 to reduce interfacial recombination between
Cu2O and ZnO:Al layers.32 As a comparison, we also fabricated a
control device using the same geometry, but without the
Cu2O:N layer.

To investigate the effect of a Cu2O:N layer in the device,
current density–bias voltage (J–V) characteristics were
measured. Fig. 3b shows J–V curves of two devices under dark
conditions. The device with a Cu2O:N layer exhibited a normal
rectifying behaviour. However, the control device exhibited a

Fig. 3 (a) A cross-sectional SEM image of a Cu2O-based thin-film solar cell with a Cu2O:N hole-transporting layer. Dashed lines (white) indicate interfaces between
layers. J–V characteristics of a Cu2O:N-incorporated device and a control device under (b) dark and (c) 1 sun illumination (AM1.5G, 100 mW cm�2) conditions. (d)
External quantum efficiency of the two devices at zero-bias.
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suppressed current density at bias voltages greater than 0.3 V,
while the current density below 0.3 V was comparable with the
Cu2O:N device. Such at J–V characteristics under dark condi-
tions are oen observed in CdTe thin-lm solar cells with a
back-contact barrier (roll-over). Those devices have been
explained using a two-diodemodel for which a p–n junction and
a leaky back-contact Schottky junction are connected in series
with opposite directions.3,33 The current density of the control
device is expected to be limited by a back-contact barrier orig-
inating from the low work function of the polycrystalline Ag
electrode (FAg ¼ 4.3 eV).34 By inserting the Cu2O:N layer at the
Ag/Cu2O interface, a narrow back-contact barrier can be formed
in the Cu2O:N layer, allowing a high tunnelling current through
the junction. The effects of a Cu2O:N layer on the illuminated
J–V characteristics are shown in Fig. 3c, and their parameters
are summarized in Table 1. Strong enhancements in FF and
open circuit voltage (VOC) were observed, resulting in a PCE of
2.56% comparable with the device with Au back-electrode.32

A small improvement in the short circuit current density (JSC)
was also observed, which was further investigated by measuring
external quantum efficiency (EQE), shown in Fig. 3d. The inte-
grated values of the EQE data with the AM1.5G spectrum match
well with JSC of the devices. Both devices exhibited a strong
drop-off in EQE above �490 nm, due to a sharp decrease in the
optical absorption coefficient of Cu2O. Due to the limited
minority carrier collection length (�0.6 mm) of the electro-
chemically deposited Cu2O layer, the photo-generated carriers
originating far from the junction are only partially collected,
resulting in a lower JSC than the record efficiency devices.32,35,36

The device with the Cu2O:N layer exhibited a higher EQE rela-
tive to the control device over the wavelength range of 300–
600 nm. The enhancement in EQE can be explained by the
electric eld in the absorber layer. Since the back-contact

barrier is formed within the Cu2O:N layer, the absorber layer
contains a larger electric eld over a wider collection region,
thereby collecting more photo-generated carriers (Fig. 4).

Experimental
Cu2O:N thin-lm deposition

Cu2O:N thin-lms were deposited on GE-124 quartz glass
substrates by reactive magnetron sputtering using a PVD-174
sputtering system (PVD Products, Inc.). The substrate temper-
ature was controlled using SiC heating elements. A constant
power of 30 W (direct current) was applied to a 99.999% pure
metallic copper target of 2 inch-dia. (K. J. Lesker Co.) to deposit
0.6 mm-thick lms with a rate of 5 nmmin�1. The base pressure
and working pressure were 1.3 � 10�5 Pa and 1.7 � 10�1 Pa,
respectively.

Thin-lm solar cell fabrication

A 200 nm-thick Ag bottom electrode with an underlying 5 nm-
thick Ti adhesion layer was deposited on a 1 � 1 square inch
SiO2 substrate by e-beam evaporation. A 20 nm-thick Cu2O:N
lm was deposited as a hole-transporting layer by sputtering. To
prevent any nitrogen decomposition during the subsequent
electrochemical deposition process, an additional 10 nm-thick
undoped Cu2O lm was sputtered. A 1.2 mm-thick Cu2O lm as
a light absorbing layer was deposited at 40 �C by the galvano-
static electrochemical deposition method.31 A copper sulphate
aqueous solution was prepared by mixing 3 M lactic acid
(Sigma Aldrich) and 0.2 M cupric sulphate pentahydrate (Sigma
Aldrich) in de-ionized water (Ricca Chemical). Its pH level was
adjusted to 12.5 by adding 2 M sodium hydroxide (Sigma
Aldrich) aqueous solution. A constant current density of
0.23 mA cm�2 was applied by a Keithley 2400 sourcemeter with
a Pt counter electrode. 5 nm-thick amorphous ZTO and 80 nm-
thick Al-doped ZnO lms were deposited by atomic layer
deposition using Sn(II)(1,3-bis(1,1-dimethylethyl)-4,5-dimethyl-
(4R,5R)-1,3,2-diazastannolidin-2-ylidene), diethylzinc (Sigma
Aldrich), and trimethylaluminum (Sigma Aldrich) as Sn, Zn, and
Al precursors, respectively.37 50 wt% hydrogen peroxide (Sigma
Aldrich) and de-ionized water were used as oxidants for a-ZTO
and Al-doped ZnO deposition, respectively. The growth
temperature of the oxides was 120 �C. 300 nm-thick Al elec-
trodes with a grid spacing of 1 mm were deposited by e-beam
evaporation. The cell area was dened to 3 � 5 mm2 by
photolithography and nitric acid solution wet etching.

Characterization

Nitrogen concentrations in the Cu2O:N lms were measured by
SIMS (EAGLAB PCOR-SIMSSM). The crystal structures of the
lms were characterized by XRD using a PANalytical X'Pert Pro
diffractometer with Cu-Ka radiation. Surface and cross-
sectional images of the lms and the device were taken using a
Zeiss Ultra 55 FESEM. XPS was carried out using a Kratos
Analytical AXIS Nova (Korea Basic Science Institute). Samples
were etched by an Ar ion beam to remove surface contaminants.
The binding-energy scale was calibrated by adjusting the C 1s

Table 1 Comparison of the photovoltaic characteristics under 1 sun (AM1.5G,
100 mW cm�2) illumination

Device VOC (mV) JSC (mA cm�2) FF (%) PCE (%)

Cu2O:N layer 557 7.3 61.0 2.56
Control 485 6.9 46.7 1.56

Fig. 4 Schematic diagram of band-alignments in Cu2O-based thin-film solar
cells: (a) the control device and (b) Cu2O:N hole-transporting layer incorporated
device. Circles and arrows indicate photo-generated electrons and their flow
direction, respectively.
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peak to 284.8 eV. Electrical properties of the lms were char-
acterized by temperature-dependent Hall effect measurements
using the van der Pauw conguration and a magnetic eld of
0.75 T. Ohmic Au contacts of 1 � 1 mm2 were deposited on the
corners of Cu2O:N lm samples of 1 � 1 cm2. A closed-cycle He
cryostat and a resistive heater were used to control the
measurement temperature. Specic contact resistance was
measured by preparing circular transmission line patterns with
ring spacings of 4–12 mm. Film optical properties were
measured using a Lambda 950 UV-VIS-NIR spectrophotometer
(PerkinElmer Inc.) equipped with an integrating sphere. The J–V
characteristics of the device were measured using a Keithley
2400 sourcemeter and an Agilent 4156C semiconductor char-
acterization system. The standard 1 sun illumination was
generated by a Newport Oriel 91194 solar simulator with a 1300
W Xe-lamp with an AM1.5G lter and a Newport Oriel 68951 ux
controller calibrated by an NREL-certied Si reference cell
equipped with a BG-39 window. The EQE of the device was
measured using a QEX-7 (PV measurements, Inc.) calibrated by
a NIST-certied Si photodiode.

Conclusions

In summary, we have successfully demonstrated the potential of
Cu2O:N lms to serve as a hole-transporting (electron-blocking)
layer in a Cu2O-based solar cell. The nitrogen content in these
lms can be controlled by varying the nitrogen dose during lm
deposition. Nitrogen-doping can reduce electrical resistivity of
the lm down to 1.8 � 10�1 U cm by increasing the hole
concentration. A 20 nm-thick Cu2O:N lm can create a tunnel
junction at the positive electrode of the Cu2O solar cell while
absorbing minimal light in the subgap wavelength range. The
FF and power-conversion efficiency of the device show signi-
cant enhancements relative to the control device. Cu2O:N thin-
lms may also be useful in other photovoltaic material systems,
improving their back-contact properties, as well as a candidate
tunnel junction material for a tandem structure solar cell.
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