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Metal insulator semiconductor solar cell devices based on a Cu,0O substrate
utilizing h-BN as an insulating and passivating layer
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We demonstrate cuprous oxide (Cu,0) based metal insulator semiconductor Schottky (MIS-Schottky)
solar cells with efficiency exceeding 3%. A unique direct growth technique is employed in the
fabrication, and hexagonal boron nitride (h-BN) serves simultaneously as a passivation and insulation
layer on the active Cu,O layer. The devices are the most efficient of any Cu,O based MIS-Schottky
solar cells reported to date. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914181]

Cuprous oxide (Cu,0O) has been investigated off and on
as a possible non-toxic, low-cost, earth-abundant photovol-
taic material for several decades.'™® Unfortunately, Cu,O is
exceedingly difficult to chemically dope, limiting its applica-
tion for conventional p-n junctions.*® In 1979, Olsen er al.'
suggested that a high efficiency Cu,O solar cell might be
possible using either a metal insulator semiconductor
Schottky (MIS-Schottky) configuration, or a heterojunction;
both offered a highly attractive theoretical conversion effi-
ciency of ~20%.'™ The highest conversion efficiency for a
Cu,0O-based system is 5.38%, reported for a heterojunction
solar cell using undoped gallium oxide (Ga,Oj3) as a buffer
middle layer for Al-doped ZnO/Cu,0.”* However, in the 35
years since Olsen’s prediction, no notable Cu,O-based
MIS-Schottky devices have been realized, presumably due
to difficulties with highly sensitive surface states of
Cu,0."#5 There have been many reports of metal/Cu,O
Schottky junction solar cells, but even these cells struggle to
achieve efficiencies over 2% due to dangling bonds on the
surface and uncontrolled reduction of the Cu,O on the
surface to an undesirable copper-rich phase. e

We here demonstrate a unique direct growth technique
utilizing copper and hexagonal boron nitride (h-BN) to
create a stable MIS-Schottky solar cell structure. The h-BN
layer serves simultaneously as a passivation and insulation
layer on the active Cu,O film; formation of an undesirable
copper-rich interface layer is thus prevented. The resulting
MIS-Schottky solar cell devices display high short circuit
current density (J,.) and open circuit voltage (V,.) with a
conversion efficiency as high as ~3.44%. This is the highest
efficiency yet reported for a Cu,O-based MIS-Schottky solar
cell device and a direct experimental demonstration of two-
dimensional layer materials in energy conversion devices.

Figure 1 illustrates two related fabrication processes that
we have employed for our Cu,O MIS-Schottky structures,
which we label as type 1 and type 2. The devices are con-
structed using 0.025 mm thick copper foil with a ~15nm
thick h-BN layer grown by chemical vapor deposition
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(CVD), (Figs. 1(a) and 1(b)).'® Because h-BN grows on both
sides of the copper foil, a light polishing is applied to the
bottom layer to allow oxidation to proceed through the bot-
tom surface (Fig. 1(c)). Cu,O growth is performed with a
standard two-step oxidation process to achieve larger grain
size (Fig. 1(d))."7?? Next, an annealing step is performed at
850°C for 2h in 1 Torr O, partial pressure in order to lower
the defect density to improve mobility. High temperatures
are necessary in order to convert copper to cuprous oxide, in
the correct phase.”'!""2° However, oxidation of thin copper
foil at high temperatures is a challenging process due to its
thermal expansion and crystallization behavior. Fortunately,
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FIG. 1. Cross-sectional schematic diagram of Cu,O based MIS cells, type 1
and type 2. A 15nm thick h-BN layer deposited on 0.025 mm thick copper
foil via CVD followed by applying a light polish to the bottom layer to
remove h-BN from the back surface ((a)—(c)). The Cu foil is oxidized using
a standard two-step annealing process to form a Cu,O layer (d). In this oxi-
dation step, different carrier gases (Ar/O,, N,, and H,) are introduced during
cooling. CuO formation is only occurring at the bottom surface of the Cu,0,
not at the h-BN/Cu,O interface. For type 1 devices, this CuO layer is
removed by lightly polishing and 10nm Au is deposited as a back contact
(e-2). In step (f), the h-BN is exfoliated. As a final step, a 5nm thick trans-
parent Cu layer is deposited as a top contact. The process of a type 2 struc-
ture is identical to type 1, except step (e). In this step for the type 2 device,
CuO is not polished and Cr/Au is deposited as a back contact (5 nm/10nm),
followed by annealing at 200°C in an Ar environment. We achieve up to
2.3% and 3.44% efficiencies for type 1 and type 2 devices, respectively. In
step (g), illumination direction is shown by the arrows.
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FIG. 2. (a) Optical photograph of complete device structure of MIS-
Schottky solar cell. (b) Cross sectional SEM image of h-BN on Cu,O. There
is no CuO formation on the h-BN/Cu,O interface. The boron nitride layer

remains intact after Cu,O growth. (See supplementary material for
performed Raman spectroscopy.)®’

the relatively thick hexagonal boron nitride layer provides
additional mechanical strength to the foil during growth
and allows for easy handling of the material after growth.
During step (d), following the growth and annealing steps,
the substrates are slowly cooled in one of three different gas-
eous environments: argon/oxygen (Ar/O,), nitrogen (N,), or
hydrogen (H,). By introducing different gas environments,
we induce distinct passivation layers on the top surface of
the Cu,O. This passivation process is enabled by the h-BN
layer. The h-BN layer also obviates the traditional wet etch-
ing process for a possible cupric oxide (CuO) layer on the
top surface of Cu,0.°*! Since in our process a cupric oxide
(CuO) layer is formed only on the bottom surface of the oxi-
dized foil, the top surface being protected by the existing
h-BN layer (Fig. 2(b)).

To produce a type 1 device, the bottom surface of the
foil following conversion is lightly polished to remove the
CuO layer followed by ~10 nm thick Au film deposition as a
back contact (Fig. 1(e-1)). To produce an MIS cell, the h-BN
layer is thinned by exfoliation, using the standard scotch tape
and polydimethylsiloxane (PDMS) stamp techniques,
decreasing the h-BN thickness in a range of ~1nm—~6nm
(Fig. 1(f-1)). This exfoliation process is crucial for forming a
proper MIS device structure utilizing h-BN as an insulator
layer. As a final step, a ~5 nm thick transparent copper layer
is evaporated on the top surface of the exfoliated h-BN layer
as a top contact. The composition of a type 2 structure is
identical to type 1, except for step (e). In this step, for type 2,
CuO is not polished off and Cr and Au are deposited, 5 nm
and 10 nm thick, respectively, as a back contact, followed by
an annealing process at 200 °C in an Ar environment (Fig.
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FIG. 3. (a) X ray pattern of as grown Cu,O. The sharp diffraction peaks
indicate high quality Cu,O. (b) Short-scan of optical transmittance spectra,
at room temperature, indicates energy band gap equal to ~2.08 eV using
absorption fitting method. Both figures show high quality Cu,O material
formation.

1(e-2)). This annealing process helps Cr diffuse into the CuO
layer to create a degenerately doped region.

Fig. 2(a) shows an optical image of the complete device,
and Fig. 2(b) shows a cross-sectional SEM image of h-BN/
Cu,0 at step (d) in Fig. 1. Fig. 2(b) confirms that there is no
CuO formation on the h-BN/Cu,O interface. The quality of
cuprous oxide is characterized by X-ray diffraction (XRD)
(Fig. 3(a)) and optical transmission spectroscopy (Fig. 3(b)).
As seen in Fig. 3(a), the sharp diffraction peaks indicate high
quality Cu,0. The h-BN formation seems to prevent
unwanted CuO formation on the top surface of Cu,O layer,
which correlates with Fig. 2(b). The optical transmittance
spectra in Fig. 3(b) indicate a band-gap of ~2.08eV
(2=595nm) using the standard absorption fitting method.
This value is consistent with band gap values reported in lit-
erature of Cu,O (2.0-2.1eV).*>?° The depth of oxidation is
also easily controlled by varying the growth time. For
instance, a buried Cu/Cu,O layer is readily achieved using
short growth times (Figure S1).!

In order to verify that the h-BN layer remains intact after
Cu,0 growth, we employ Raman spectroscopy. The Cu,O
substrate is slowly etched using saturated nitric acid, and the



103904-3 Ergen et al.

h-BN is transferred to a Si/SiO, substrate for analysis. As
seen in Figure S2, the signature B-N vibrational E,, peak of
h-BN is observed at 1366.7 cm™'.'®**3! The thickness of h-
BN on devices is estimated via capacitance measurements.
High-frequency (1MHz) capacitance-voltage (C-V) charac-
teristics are measured at room temperature using HP4192 A
LCR meter. Capacitance, which is inversely proportional
to the thickness of the dielectric, is measured on exfoliated
h-BN/Cu,O substrates by probing during electrical measure-
ments. The exfoliation process makes the h-BN layer thin
enough to allow the tunneling current transport process. We
estimate the thinnest h-BN layer to be approximately 2nm
from electrical response analysis. The two other thicker
layers were approximately 5nm apart as demonstrated by
decreasing the dielectric capacitance in the C-V curve; which
is also consistent with atomic force microscopy (AFM)
measurements (Figs. S6 and $8).%!

Fig. 4(a) shows I-V curves of several different MIS solar
cells under AM1.5G illumination. It is clear that the elec-
tronic properties of the solar cells are directly affected by the
kind of cooling gas used during synthesis. Thin films of poly-
crystalline Cu,O are expected to have many dangling bonds,
which act as an interface recombination center on the grain
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FIG. 4. (a) J-V curves of type | device structures show remarkable short cir-
cuit increases with respect to Cu/Cu,O devices utilizing different cooling
gas environments, Ar/O,, N,, and H,, respectively, N, and H, cooling
remarkably increase Ji.. The overall photovoltaic cell efficiency of the de-
vice cooled in hydrogen is approximately 2.3% with 12.1 mA/cm? current
density over an area of 0.35cm by 0.4 cm. This graph indicates that h-BN
plays a very important role in improving device performance because the
devices fabricated without h-BN layer are not favorable. (b) J-V curve of
type 2 device structure indicates having CuO and Cr/Au combination at the
back surface of Cu,O helps to increase V,. and solar conversation effi-
ciency. The efficiency of this device is 3.44% with V. 0.52 V.
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surface.'>!32372% The improvement of the short circuit cur-
rent density could be a clear signature of reducing interface
states and increasing carrier collection efficiency, which is a
sign of active passivation while trapping hydrogen and nitro-
gen between interfaces (Fig. 4(a)). The improvement of front
and rear surface recombination is also shown in the external
quantum efficiency measurement (Fig. $7).*! Another impor-
tant characteristic of the h-BN layer is that it prevents the
formation of a copper-rich interface layer, which is linked to
lowered efficiency in metal/Cu,O devices due to tuning of
the work function and is correlated with low open circuit
voltage (Vo). ' We also suspect monolayer nitrogen
doping under the h-BN layer, which controls Fermi level pin-
ning at the interface (Fig. 4(a)). B

The overall photovoltaic cell efficiency of the type 1
device produced in hydrogen is approximately 2.3% with
12.1mA/cm? current density over an area of 0.35cm by
0.4cm. The h-BN appears to play an essential role in
improving device performance, as the devices fabricated
without h-BN layer are consistently less responsive to cool-
ing gases. Non-h-BN devices also display a marked decline
in device performance, especially when hydrogen gas is
introduced into the system due to Cu,O surface reduction.
However, we have observed V. increase in the device with
O, cooling due to increase in grain dimensions, as predicted
in literature, '8-20->3-26

For selected type 2 devices, we employ Cr/Au as a con-
tact layer on the back surface of the Cu,O/CuO interface.
Later, the device is annealed at 200 °C in an Ar environment
to allow Cr diffusion into the cupric oxide, which results in
an improvement in V,.. Although more experiments are
needed to clarify the contribution of various interfaces, it is
likely that the diffusion of Cr into the Cu,O/CuO interface
provides an additional band offset leading to an increase in
V. No improvement has been observed in type 1 devices
with a Cr layer. Despite a small increase in resistivity and a
decrease in the short circuit current (I.), the overall effi-
ciency of such a type 2 device is improved to 3.44%, in con-
trast to ~2% we observed previously for Cu,O based
Schottky devices. No anti-reflection coating is necessary for
this improvement (Fig. 4(b)). 3.44% is the highest efficiency
reported for Cu,O based Schottky solar cells.

We have observed that for both type 1 and type 2 devi-
ces a non-uniform thickness of the h-BN layer influences the
current tunneling ability of the device, and hence the noise
response. Variable thickness h-BN results in the fill factor
(FF) directly depending on the rate of bias sweeping. We
note that fast voltage sweep rates (1 ms) reflect very different
FF than slower (~1 s) voltage sweep rates and increased FF
affects the apparent efficiency of the device (Figure $4).%7!

In summary, we have demonstrated a versatile route to-
ward the controllable synthesis of a cuprous oxide solar cell,
with an efficiency of 3.44%, using a surface sensitive thin
film of h-BN and a back CuO layer to increase the band off-
set. The ability to control passivation of the non-radiative
recombination centers and donor-like defects are suggested,
in addition to inhibiting reduction of the Cu,O surface,
which is another contributor in blocking out the majority car-
rier flow to reduce the reverse saturation current.'>2%739
This technique has advantageous features including easy
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fabrication, the ability to use thinner Cu foil, and prevention
of an unwanted CuO layer. It is also highly generic and has
great potential to construct an exquisite passivation on the
sensitive surfaces in combination with hydrogen and nitro-
gen treatment. We also note that in the current work we
evaporated top contacts of sufficient thicknesses to avoid
pinhole shorts. In our future work, we hope to optimize the
contacts and achieve even higher efficiencies. In the future,
this technique might be used to design high efficiency, low
cost, and stable solar cell structures.

Methods: CVD h-BN was grown on 0.025mm thick
copper foil (99.999% Puratronic, Alfa Aesar), which was
then cut into 0.2cm by 0.3 cm pieces. The back surface of
the sample was mechanically polished to increase the bottom
to top oxidation rate. The two step thermal oxidation process
was carried out for 30 min at 950 °C with O, partial pressure
of 2.7 Torr followed by 2 h at 850 °C with O, partial pressure
of 1Torr. After the Cu,O growth, the chamber and all gas
lines were purged with 200 sccm of argon to remove all the
O, from the system. Next, only one of the three transport
gases Ar/O,, N,, and H, was introduced in the chamber dur-
ing the cooling process under a partial pressure of 1 Torr.
After cooling, the back surface of the substrate was slightly
polished, for type I only, followed by deposition of a 10 nm
Au film and bonding of a thin copper wire. Then, the sample
was carefully attached to a glass slide using an epoxy glue.
The sample was exfoliated using a combination of scotch
tape and PDMS stamp techniques. Finally, the substrate was
loaded into a thermal evaporator for the deposition of a
~5nm Cu layer as a top contact electrode.
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