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ABSTRACT: Controlling the interface quality and surface
microstructure of the cuprous oxide (Cu,O) p—n homo-
junction is crucial to obtaining high-efficiency film solar cells.
However, the low-cost synthetic techniques for preparing such
homojunction structures with a high-quality interface and
designed surface microstructure still remain a challenge
because of the doping difficulty for the n-type of Cu,O,
especially with aqueous precursors. Herein, we report an
electrochemical deposition approach to growing the Cu,O p—
n homojunction by selecting proper electrolytes of different
pH levels. The Cu,O film growth orientation and surface
microstructure are controlled by adjusting the applied
deposition potential and the precursor concentration. The
epitaxial growth of the Cu,O homojunction with n/p films of
the same crystal orientation reduces the interface states and
the formation of a textured structure on the surface helps the
photons to be absorbed more effectively, which both enhance
the photovoltaic conversion efficiency of Cu,O film solar cells.
Our findings provide an effective method for the fabrication of
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Cu,0 homojunctions with a high-quality interface and textured surface, which can pave the way to further improve the

photovoltaic properties of Cu,O-based film solar cell devices.

1. INTRODUCTION

Cuprous oxide (Cu,0O) is a very promising material for the
fabrication of solar cells due to the direct band gap (1.9-2.2
eV) and relatively high absorption coefficient in the visible
region.'~* It also has many interesting characteristics, such as
low production cost, nontoxicity, and fairly high minority
carrier diffusion length. Theoretical calculations have predicted
a photovoltaic conversion efficiency of approximately 19%.
Different kinds of Cu,O-based solar cells have been fabricated
with metal/p-Cu,O Schottky junctions® and p—n hetero-
junctions, such as n-ZnO/p-Cu,0,”® n-Cd0O/p-Cu,0,” or n-
Sn,_,C0,0,/p-Cu,0." The efficiencies of the above solar cells
were usually smaller than 1%. Recently, Mittiga et al."' reported
the fabrication of heterojunction solar cells made by deposition
of transparent conducting oxide films on Cu,O substrates, and
the best solar cell reached a conversion efficiency of 2%. This is
the highest efficiency obtained up to now with a p—n
heterojunction, which is still much lower than the theoretical
efficiency limit of the Cu,O solar cell. The above low efficiency
can be mainly attributed to the lack of p—n homojunctions due
to the difficulty to find a proper technique of doping Cu,O to
get low-resistivity n-type semiconductors.

Although it is well believed that the best way to improve the
photovoltaic efficiency of Cu,O-based solar cells is to achieve a
PN homojunction with both n-type and p-type Cu,O materials,

-4 ACS Publications  © 2012 American Chemical Society

10510

only a handful of experimental methods to prepare n-type
Cu,O have been reported to date.'” Siripala et al.'* reported
that the electrodeposited Cu,O films behave as an n-type
semiconductor material when used as a liquid/solid junction in
a photoelectrochemical cell in 1996. Fernando et al.'* and
Jayewardena et al."* then reported a similar synthesis method of
boiling copper plates in CuSO, or HCI solution to prepare
Cu,O film, and both observed an n-type signal from a
photoelectrochemical cell. In 2007, Wang et al.'® grew n-type
Cu,O by electrochemical deposition and observed n-type
conductivity through Mott—Schottky capacitance—voltage
measurements. McShane et al.'” observed obvious photo-
current enhancement of n-type Cu,O films by controlling the
dendritic branching electrochemical deposition growth. Han et
al.'® fabricated Cu,O homojunction Cu,O solar cells by
electrochemical deposition and optimized the film resistivity
with a result of a photovoltaic conversion efficiency of 0.1%.
More recently, the effect of junction morphology on the
performance of polycrystalline Cu,O film solar cells was also
studied."”
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However, in most of the previous investigations of Cu,O thin
film growth, film orientation and microstructure were not well-
controlled. The lack of high-quality homojunction interfaces
between n-type Cu,O and p-type Cu,O reduces the open-
circuit voltage and fill factor and results in low photovoltaic
efficiency. Therefore, more intensive study is necessary. In this
paper, we investigated the controlled growth of Cu,O by
electrochemical deposition in order to better understand and
control the homojunction properties. An effective way to
increase the Cu,O solar cell efficiency by tuning the
homojunction interface crystal orientation and forming a
pyramid-like textured surface was reported. They were both
realized by optimizing the electrochemical growth conditions,
which is a simple, efficient, and low-cost method.

2. EXPERIMENTAL SECTION

2.1. Growth of Cu,O Films. All the used chemicals were
bought from Sinopharm Chemical Reagent Company Limited
(Shanghai, China), and the FTO glass (TEM C15) was bought
from Nippon Sheet Glass (NSG) Group (Tokyo, Japan). The
conductive glass slides coated with layers of 350 nm fluorine-
doped tin oxide (FTO glass) were used as the cathodes (~1
cm?). The square resistance is about 14 Q/sq. Galvanostatic
cathode deposition of Cu,O films was performed in a standard
three-electrode electrochemical cell. Graphite sheets acted as
the anode, and the Ag/AgCl reference electrode was used. p-
type Cu,O films were electrodeposited at 60 °C with a pH
value of 11 adjusted by adding some NaOH solution. Two
electrolytes were adopted, one was Solution (I), containing
copper sulfate (0.02 M) and lactic acid (0.4 M), and the other
was Solution (II), containing copper sulfate (0.4 M) and lactic
acid (5 M). The applied potential was —0.2 V, and the
deposition time was 60 min.

n-type Cu,O films could be grown by electrochemical
deposition in acid solution according to the former
reports."*™" In this study, an aqueous solution containing
0.02 M copper acetate and 0.08 M acetic acid was used as the
electrolyte with a pH value of 4.9 adjusted by adding some
NaOH solution. The deposition potential was between —0.03
and —0.2 V. The deposition temperature was fixed at 60 °C by
a water bath, and the deposition time was 60 min for all
samples. For the growth of different Cu,O homojunctions, n-
type Cu,O films were first electrodeposited on FTO glass
substrates, which were then used as cathodes for subsequent p-
type film growth. Finally, Cu,O homojunctions were ready for
characterizations and device fabrications. Experimental con-
ditions are listed in Table 1.

Table 1. Electrochemical Deposition Growth Conditions of
Five Typical Cu,O p—n Homojunction Solar Cells Together
with the Film Orientations and Surface Microstructures

n-Cu,O
pH: 4.9,
Cu®* concentration (mol L- p-Cu,0
~1): 0.05 pH: 11, deposition potential (V): —0.2
solar applied Cu®* concentration surface
cell  potential (V) orientation (mol L) microstructure
A —020 (200) 0.02 (111)
B ~0.10 (200) 0.02 (111)
C —0.05 (200) 0.02 (111)
D —003 (111) 0.02 (111)
E -0.03 (111) 0.40 (111), texture

2.2. Materials and Device Characterizations. Morpho-
logical characterizations of Cu,O films and homojunction
structures were performed with an FEI Quanta scanning
electron microscope (SEM). X-ray diffraction (XRD) (D8-
Advance, Bruker) was used to examine the crystal structure and
orientation of the films. A cool sputter coater (SCD 005, Bal-
Tec) with designed masks was applied to deposit gold contacts
on samples and FTO glasses. Photovoltaic measurements were
recorded employing a 3A solar simulator (XES-40S1, San-Ei)
with an AM LS spectrum distribution. The power of the light
was calibrated against an ISE CalLab Fraunhofer silicon
reference cell to simulate one full sun intensity (100 mW/
cm?). The solar cells were fixed on a temperature-controlled
sample test stage (0821, Vision-Tec) to keep the devices at a
temperature of 25 °C and were illuminated from the glass
substrate side. The current—voltage (I—V) characteristics of the
fabricated Cu,O solar cells were measured with a Keithley
2612A source/meter.

3. RESULTS AND DISCUSSIONS
Figure la,b shows the typical surface morphology of p-type

Cu,O film electrodeposited with different concentrations of
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Figure 1. Top-view SEM images of the p-type Cu,O layers obtained
by (a) Solution I and (b) Solution II. (c) Corresponding XRD
patterns of Cu,O films shown in (a) and (b), respectively.

copper sulfate solution, but at the same deposition potential of
—0.2 V. Under the same deposition potential, the particle size
of the film decreases with the increase of concentration of
electrolyte. It can be easily understood that it was due to the
increase of nucleation density under higher electrolyte
concentration. Careful observations of the SEM images found
that the film surface, composed of tilted {100} faces, exhibits 3-
fold rotational axes at the center of triangular faces and 3-fold
axes at the apexes. Therefore, the surface of the p-type Cu,O
film shows a pyramid-like morphology, especially in Figure 1b,
which is similar to the textured surface structure of crystalline
silicon solar cells.**~>* The pyramid-like surface microstructure
was formed by a higher growth ratio (R ~ 1.7) along the (100)
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direction to that along the (111) direction when the electrolyte
concentration was higher.*®

Figure 1c displays their XRD patterns of the Cu,O layers
accordingly. Besides the diffraction peak with asterisks from the
FTO conductive film on glass, all other diffraction peaks can be
identified as the standard cubic cuprous oxide (PDF no.
050667). With a powder XRD Bragg—Brentano geometry, only
the reflections from the crystallographic planes parallel to the
substrate can be collected. Therefore, the relative intensities of
different reflection peaks provide information regarding the
crystal orientation against the substrate. Considering that the
calculated diffraction intensity ratio of the (111) peak to the
(200) peak is 2.7 for Cu,O powders, the XRD of Figure lc
indicates that the films are dominantly of [111]-preferred
orientation for both films deposited in Solution (I) and
Solution (II). It is worth mentioning that, in our serial
experiments, the growth of CuO is much more difficult than
that of Cu,O film, although both of them can be obtained with
ECD depending on the growth conditions.”® However, after
annealing at 400 °C for 1 h, the ECD grown Cu,O can change
to CuO totally or partially (XRD data not shown here).*”**

Figure 2 shows the typical surface morphologies of the Cu,O
layers electrodeposited with 0.02 M copper acetate solution at a

Figure 2. Top-view SEM image of the n-type Cu,O layer. Panel (a)
shows the surface morphology on a large scale and (b) displays the
typical dendritic growth behavior.

pH value of 4.9, which was similar to the reported high-
performance n-type Cu,O photoelectrodes.'” The n-type Cu,O
layers exhibit typical dendritic branching growth behavior
caused by acetate buffer, which is also a morphology
characteristic of n—ty}o)e Cu,O layers grown with the electro-
chemical method*”*® The partial enlargement of Figure 2b
shows that the Cu,O crystal branches grown on the substrate
are significantly longer than the branches grown out of the
substrate. This was mainly due to that the FTO glass is much
more conductive than the semiconductive Cu,O, resulting in
the electrodeposition on the conductive substrate being faster
than the growth out of the substrate. From the viewpoint of
film solar cell fabrication, such a dendritic crystal growth is
highly desirable as it is easy to cover the whole substrate.

To determine the preferred orientation of the n-type Cu,O
layers electrodeposited from —0.03 to —0.2 V, XRD measure-
ments were performed. Although the surface morphology of
Cu,0 film does not show a clear change with deposition
potential, the relative intensities of XRD peaks change
obviously, as shown in Figure 3. It indicates that the growth
orientation of n-type Cu,O layers is dependent on the
deposition potential. The XRD peak intensity ratio of
I(111)/1(200) (R111/200) for the two most strong peaks is
plotted as a function of the deposition potential, as shown in
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Figure 3. (a) XRD patterns of n-Cu,O electrodeposited under
different potentials. (b) Plot of relative peak intensity of I(111)/I(200)
as a function of deposition potential.

Figure 3b. For ordinary Cu,0O powders with a random
orientation, the intensity ratio of R111/200 is 2.7. If this ratio
is bigger than 2.7, n-type Cu,O film is of [111]-preferred crystal
orientation, whereas the sample exhibits a [100] orienta-
tion.>"** The n-type Cu,O electrodeposited at potential of
—0.03 V is of [111]-preferred orientation as the R111/200
value is bigger than 2.7. With the electrodeposited potential
increasing more negatively, the R111/200 value decreases and
becomes smaller than 2.7, indicating that such layers gradually
exhibit a [100]-preferred orientation. On the basis of this, the
Cu,O homojunction with the same growth orientation could be
obtained by tuning the n-type and p-type films' orientation,
respectively.

On the basis of the above surface morphology and growth
orientation control results, five Cu,0 p—n homojunction solar
cells were fabricated, and the growth conditions are
summarized in Table 1. Their typical film orientation and
surface microstructure were also compared. The final device
structure is schematically illustrated in Figure 4a. Figure 4b
shows a typical cross-sectional SEM image of solar cell D,
where a homojunction constructed with 230 nm n-type and 4
um p-type Cu,O layers can be observed.

The dark current density—voltage (I—V) characteristics of
different solar cells are shown in Figure 4c. With the applied
electrodeposition potential decreasing from cell A to cell D, the
reverse current density under the same bias reduced clearly.
With —2 V applied bias, the reverse current density of cell A is
0.23 mA/cm?, whereas it is 0.05 mA/cm? for cell D. As cell A is
composed of p/n Cu,O layers of different orientations and cell
D is composed of Cu,O layers of both (111) orientations, the
reverse current reduction can be mainly attributed to the
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Figure 4. (a) Structural scheme of the Cu,0O homojunction solar cell. (b) Side-view SEM image of the Cu,O homojunction. (c) Dark -V
characteristics of the Cu,O homojunction. (d) Current—voltage (I—V) characteristic curves of the Cu,O homojunction solar cells obtained by

different deposition potentials.

seamless epitaxial growth of p-type onto n-type Cu,O layers
when their growth orientation was consistent. In this case, the
crystal lattice could maintain continuity and reduce the
interface states and form a h'9gh-quahty interface with a result
of reverse current reduction.’

The I-V characteristic curves under an AM 1.5 solar
simulator irradiation of 100 mW/cm® and the corresponding
calculated characteristic parameters of different cells are shown
in Figure 4d and Table 2, respectively. The cell A fabricated

Table 2. Photovoltaic Properties of the Cu,0 Homojunction
Solar Cells (A—E) with Different Film Orientations and
Surface Microstructures

solar cell V,. (V) Jic (mA cm™) FF (%) PCE (%)
A 0.06 1.40 24.1 0.021
B 0.08 3.40 23.6 0.065
C 0.09 3.65 23.5 0.078
D 0.10 3.66 23.3 0.088
E 0.12 3.97 22.6 0.104

with a (111)-orientated p-type Cu,O onto a (100)-orientated
n-type layer shows an open-circuit voltage (Voc) of 0.06 V, a
short-circuit density (Jsc) of 1.4 mA/cm?, a fill factor (FF) of
24.1%, and a photovoltaic conversion efficiency (PCE) of
0.021%. With the reduction of deposition potential, all the Vi,
Jso» and PCE increased obviously. The cell D composed of
Cu,O layers of the same orientations exhibits higher V¢, Jsc,
and PCE of 0.10 V, 3.66 mA/cm?, and 0.088%, respectively,
which further confirm the formation of a p—n homojunction
with higher quality.

Figure Sa further compares the I—V characteristic curves of
cell D and cell E, which have different surface microstructures
of p-type Cu,O layers. As shown in Figure 1b, a pyramid-like
surface morphology was obtained when a high concentration
solution of copper sulfate and lactic acid was used to grow the
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Figure S. (a) Current—voltage (I—V) characteristic curves of the
Cu,0 homojunction solar cells with different surface microstructures
under one full sun illumination. (b, c) Light propagation pathway
through Cu,O homojunction solar cells corresponding to cells D and
E, respectively.

p-type Cu,O layer. Figure Sb,c schematically illustrates the
structure of cell D and cell E. Interestingly, the photovoltaic
performance of cell E was further improved in comparison with
that of cell D with V¢, Jsc, and PCE of 0.12 V, 3.97 mA/cm?,
and 0.104%, respectively, as listed in Table 2.
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4. DISCUSSION

4.1. Influences of Crystal Orientations. According to the
Shockley p—n junction model and the known data of Cu,O
electron affinity (3.2 eV) and band gap (2.1 eV), Figure 6a

Figure 6. (a) Proposed energy band diagram for the Cu,O p—n
homojunction. (b) Schematic diagram of energy band bending
influence by interface states.

shows the proposed energy band diagram for the Cu,O
homojunction. When the homojunction is formed, electrons
diffuse from the n-type side, which has a higher Fermi level, to
the p-type side, as it is abundant in n-type material. The similar
process happens for holes in the p-type Cu,O layer. As a result,
the unified Fermi level will form and the flow of charges sets up
a built-in electrical field. The built-in potential depends on the
Fermi level difference between n-type and p-type film, and the
Voc of the Cu,O solar cell can be estimated with Vo ~ V, +
V,,>* which can also be influenced by interface states of a
homojunction. Interface states introduce a mass of defect levels
and change the work function at the interface. The photo-
electrons will be captured by interface states and recombined
with holes. As a result, the interface states offset the effect of the
built-in potential through the energy band bending, as shown in
Figure 6b, and lead to the open-circuit voltage reduction.** By
tuning the n-Cu,O film growth orientation from (100) to (111)
to match the p-Cu,O orientation, the formation of interface
states during the homojunction epitaxial growth can be
restrained, which can effectively prevent recombination of
electrons in n-Cu,O with holes in p-Cu,O at the interface
region and enhance the built-in potential. Therefore, the V¢
increase from cell A to cell D is mainly due to the interface
quality enhancement by controlling the film growth orientation.
However, the V¢ is still lower than the best reported value of
~0.4 V."? One possible reason is that such Cu,O films prepared
by electrochemical deposition are of a low doping level,
especially for n-type films, and only a weak built-in electrical
field is formed. The increase of Jy is also due to the seamless
epitaxial growth of p-Cu,O onto n-Cu,O with the same crystal
orientations that reduces the leakage current caused by
interface states. Therefore, the photovoltaic performance from
cell A to cell D is enhanced, as shown in Table 2.

4.2. Influence of Surface Microstructure. The influence
of the surface microstructure of p-type Cu,O layers on the
photovoltaic properties is mainly due to the different light
propagation pathway in the Cu,O solar cells. When the light
passes through the FTO glass substrate and solar cell, the
unabsorbed light will arrive at the Cu,O/air interface. Both
reflection and refraction can happen here. As the refraction
index of Cu,O (2.7) is bigger than that of air, total internal
reflection will happen if the incidence angle is greater than the
critical angle (21°). In comparison with cell D, the pyramid-like
surface texture of cell E is composed of more tilted (111)

planes relative to the top horizontal glass surface. This would
result in more light reflected back to the solar cell at the Cu,O/
air interface by total internal reflection, as compared in Figure
Sb,c. This means that the pyramid-like surface structure of p-
Cu,O caused the increase of the light path in the solar cell that
could facilitate the photons to be absorbed more effectively.
Therefore, the short-circuit current density of cell E increased,
as shown in Figure 5a. The small pyramid-like particles in p-
type Cu,O of cell E were also beneficial to depositing the
following n-type layer and forming a continuous p—n
homojunction with higher interface quality. This resulted in
the efficient transfer of photoexcited charges and increases the
Voc of cell E in comparison with that of cell D.

Finally, it should be pointed out that the Cu,O films with
varied orientations grown under different ECD conditions
would have different electrical properties, which also has an
influence on the performance of solar cells. Therefore, their
electrical properties, such as carrier concentration and sheet
resistance, should be measured, for example, Hall measure-
ments. However, such Cu,O film grown on an FTO glass
substrate is much more conductive than the semiconductive
Cu,O. This makes electrical measurements difficult. In the
future, other characterization methods should be found out to
study the electrical properties of different Cu,O layers to clarify
their influence on the solar cell properties.

5. CONCLUSIONS

In summary, p/n-type Cu,O films were fabricated with
electrochemical deposition by selecting different electrolytes
and optimizing pH levels. The growth orientation of n-Cu,O
films can be tuned from (100) to (111) by decreasing the
applied deposition potential. Therefore, the epitaxial growth of
p-Cu,O film onto n-film with the same (111) orientation
facilities the formation of a homojunction with a high-quality
interface by reducing interface states. A pyramid-like surface
texture structure was realized by selecting the proper
concentration of electrolytes, which helped the photons to be
absorbed more effectively by increasing the light path. The
improvement of the interface quality of the p—n junction and
the formation of surface texture both enhance the photovoltaic
conversion efficiency of Cu,O film solar cells. The successful
growth of high-quality Cu,O homojunctions with a designed
surface structure via a controllable and low-cost solution
deposition method by optimizing electrochemical conditions
opens up a new way to improve the photovoltaic performance
of Cu,O-based devices.
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