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ABSTRACT: Both the morphology and conductivity of Cu,O films are controlled in a facile
electrodeposition process by tuning the concentration of surfactants. With the increase of the
concentration of sodium dodecyl sulfate (SDS) in the plating solution, the average size of Cu,O
crystals increases, and the electrical conductivity of Cu,O films changes from n-type to p-type.
When the concentrations of SDS are lower than 0.85 mM, the electrodeposited Cu,O films
show n-type conductivity because of the formation of oxygen vacancies or copper atoms. When
the concentration of SDS is higher than 1.70 mM, the electrodeposited Cu,O films show p-type
conductivity owing to the formation of copper vacancies. The concentrations of both the donors
and the acceptors increase with the concentration of SDS. The effects of surfactants on the
morphology and conductivity of electrodeposited Cu,O films are attributed to the adsorption of
SDS molecules on the electrode substrate occupying the deposition sites of Cu®* ions and the
adsorption of SDS micelles to Cu®* ions hindering the diffusion of Cu** ions to the electrode,
which affect the reduction rate of Cu®" ions and the formation of oxygen vacancies or copper
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vacancies during the electrodeposition.
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1. INTRODUCTION

Cuprous oxide (Cu,0O) has broad applications in photo-
electrochemical (PEC) water splitting,' photocatalysis,”°
photovoltaic (PV) cell,”*° and PEC CO, capture’' ™" due
to a direct band gap of approximate 2 eV. Cu,O generally
exhibits as a p-type semiconductor with an acceptor level at
0.45—0.55 eV, which is above the valence band originating from
Cu vacancies.'®'” It can also be tuned to an n-type
semiconductor with a donor level at 0.38 eV, which is below
the conduction band originating from O vacancies”® or
additional Cu atoms.'® The tunable conductivity of Cu,O has
attracted a lot of attention for the application in the high-
efficiency PV cells based on p-n homojunctions.'® Researchers
have developed various methods to achieve the tunable
conductivity of Cu,O. For example, Wijesundera et al.'®
found that the Cu,O films behaved as n-type semiconductor
when the annealing temperature is lower than 250 °C and as p-
type semiconductor when the annealing temperature is higher
than 300 °C. The conductivity of Cu,O also can be tuned by
controlling the pH value of plating solutions during electro-
deposition. McShane and Choi*° electrodeposited n-type Cu,O
film in a cupric acetate solution at pH 4.9 and studied the effect
of dendritic branching growth of Cu,O crystals on the
photocurrent of films. Tsui and Zangari*' electrodeposited n-
type Cu,O film on TiO, nanotubes in a cupric acetate solution
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at pH 5.1 to fabricate photoelectrochemical solar cells. Zhao et
al.>* studied the effects of reaction time, deposition potential,
and solution temperature on the morphologies of n-type Cu,O
films electrodeposited in an acid cupric acetate solution. On the
other hand, Golden et al*® and de Jongh et al** electro-
deposited p-type Cu,O films in a cupric sulfate solution at pH 9
on stainless steel and FTO (fluorine doped tin oxide) glass,
respectively. Jiang et al.>* electrodeposited p-type Cu,O film in
a cupric sulfate solution at pH 7—9 and studied the effect of pH
value on the carrier concentration of p-type Cu,O bulk.
However, in current methods, the n-type Cu,O films can only
be fabricated in acid plating solutions,>*~>* and the p-type
Cu,O films can only be fabricated in basic solutions.”* % It
hinders the synthesis of Cu,O films with p-n homojunctions
because a two-step process in two kinds of solutions is required.

In this work, we present a facile method to control both the
morphology, mainly about the crystal size, and conductivity
(i.e, p-type or n-type) of Cu,O films in an electrodeposition
process by tuning the concentration of sodium dodecyl sulfate
(SDS), a kind of anionic surfactants,””** in an acidic plating
solution. The effects of SDS concentrations from 0 to 3.30 mM
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Figure 1. Current density vs deposition time plots of electrochemical deposition of Cu,O films in cupric acetate solutions (pH 4.93). (a) Illustration
of the growth of a Cu,O film in the plating solution with 1.70 mM SDS (scale bar, 5 ym). (b) Effect of SDS concentrations on deposition current
density. The growth of Cu,O films in the plating solutions with various SDS concentrations is shown in Figure S2 (Supporting Information).

on the morphology and electrical conductivity of electro-
deposited Cu,O have been experimentally investigated. With
the increase of the SDS concentration in the plating solution,
the average size of Cu,O crystals increases, and the electrical
conductivity of Cu,O films changes from n-type to p-type. The
tunable conductivity is attributed to the adsorption of SDS
molecules on the surface of conductive substrate and the
adsorption of Cu®" ions on the SDS micelles, which affect the
reduction rates of Cu®" ions in the plating solutions and
consequently result in the formation of O or Cu vacancies and
the tunable conductivity of the Cu,O films. The method shown
in this work provides an effective approach to control the
electrical conductivity of Cu,O thin films for their application
in homojunction PV cells.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Cu,O Films. The electrochemical deposition
of Cu,O films was carried out in a plating solution consisting of 0.05
M cupric acetate. The pH of the solution was adjusted to 4.93*° by
adding a certain amount of acetic acid. To study the effect of
surfactants on the properties of Cu,O films, SDS was added to the
plating solution with different concentrations of 0.75—3.30 mM. All
the reagents are analytical grade and purchased from the Sinopharm
Chemical Reagent Co., Ltd. During the electrodeposition, the plating
solution was not stirred, and the solution temperature was kept at 60
°C in a water bath. FTO glass served as the substrate (i.e.,, working
electrode), and a platinum sheet (surface area, 8 cm*) was used as the
counter electrode. A Ag/AgCl (saturated KCl) electrode (+0.222 V vs
normal hydrogen electrode, NHE) with a bridging solution of
saturated KCl served as the reference electrode, against which all the
potentials reported herein were measured. The electrodeposition was
operated at —0.1 V for 20 min with a PAR 283 potentiostat (EG&G).

2.2. Morphology and Composition Characterizations. A JSM-
6700F field emission scanning electron microscope (FE-SEM, JEOL)
and a SSX-550 scanning electron microscope (SHIMADZU) were
used to characterize the morphology of Cu,O films. The X-ray
diffraction (XRD) analyses were performed using an X’pert PRO
diffractometer (PANalytical) with Cu Ka irradiation (4 = 0.154184
nm) in order to verify the phase and orientation of the deposited films.
The compositions of both the original surface and the bulk of Cu,O
films were analyzed with an AXIS UltraDLD X-ray photoelectron
spectroscope (XPS, Kratos Analytical) using a monochromatic Al Ka
radiation X-ray source (1486.6 eV). To characterize the oxidation state
of Cu in the bulk of Cu,O films, a 2 X 2 mm original surface was
etched with a 3.0 keV argon ion beam. The binding energies were
referenced to the C Is peak at 284.8 eV.

2.3. Semiconductor Property Measurements. The band gaps
of Cu,O films were calculated from the optical absorbance in a
wavelength range of 300—800 nm by using a U-4100 UV-—vis
spectrophotometer (Hitachi). The electrical conductivity (n-type or p-
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type) and the flat band potential of Cu,O films in a 3 wt % NaCl
solution were calculated from the Mott—Schottky measurements using
a PAR 283 potentiostat (EG&G) coupled with a Model 5210 lock-in
amplifier (EG&G). The data acquisition frequency in the Mott—
Schottky measurements was 1000 Hz.

2.4. PEC Characterizations. The PEC experiments were carried
out in a 3 wt % NaCl solution under AM 1.5G (100 mW cm™2)
simulated illumination provided by a 500 W xenon lamp. A PAR 283
potentiostat (EG&G) was used to measure the photocurrent. A three-
electrode setup was used with the Cu,O film electrode served as the
working electrode (illuminating area, 0.785 cm?), a platinum sheet
(surface area, 8 cm?) as the counter electrode and an Ag/AgCl
electrode (saturated KCl) as the reference electrode. During the PEC
measurements, the applied potentials were set at the open circuit
potential (OCP, —0.05 V in this work).

3. RESULTS AND DISCUSSION

3.1. Growth of Cu,0 Films. The possible reactions during
the reduction of Cu®" in cupric acetate solution are*

2Cu** + H,0 + 2¢” — Cu,O + 2H"

E° = 0.203Vyyy + 0.059 pH (1)
Cu®™ +2¢” — Cu E° = 0337V (2)
Cu,0 + 2¢” + 2H" — 2Cu + H,0

E° = 0.471Vyyg — 0.059pH (3)

where Cu®*, H,0, e”, Cu,0, H*, and Cu represent dissolved
cupric ions, water, electrons, deposited cuprous oxide, adsorbed
protons, and metallic copper, respectively. E° is the standard
potential. The pH value of the solution at 60 °C decreased
slightly from 4.93 to 4.51 with the increase of SDS
concentration from 0 to 3.30 mM and the caused change of
potential was around 0.02 V according to eqs 1 and 3.
Therefore, the effect of SDS concentration on the change of
potential is negligible in this study. In a pH 4.93 solution, the
standard potentials for reactions in eqs 1, 2 and 3 are 0.272,
0.115, and —0.042 V, respectively. To deposit Cu,O following
eq 1, the deposition potential should be negative than 0.272 V.
To provide required overpotential to deposit Cu,O on FTO
glass (the polarization curves are shown in Figure S1 in
Supportin§ Information), we chose a deposition potential of
-0.1 V2%

Figure 1 shows the change of current density and the
morphology of Cu,O crystals during the deposition process. It
exhibits three different stages according to the change of
current density. In region I, the negative current density

dx.doi.org/10.1021/am506657v | ACS Appl. Mater. Interfaces 2014, 6, 22534—22543
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Figure 2. SEM images of Cu,O microcrystals electrodeposited at the end of region I in cupric acetate solutions (pH 4.93) with (a) 0 M, (b) 0.85
mV, (c) 1.70 mM, (d) 2.50 mM, and (e) 3.30 mM SDS. Scale bars are 2 ym. (f) The amount and the average size of Cu,0 microcrystals under
corresponding conditions of panels a—e (observation area, 7271 ym?).
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Figure 3. Morphology of Cu,O thin films electrodeposited on FTO in cupric acetate solutions (pH 4.93) with (a) 0 M, (b) 0.85 mM, (c) 1.70 mM,
(d) 2.50 mM, and (e) 3.30 mM SDS, respectively. Scale bars, 10 ym and (insets) S um. (f) The amount and the average size of Cu,O crystals
electrodeposited for 20 min (observation area, 10 535 um?). (g) Cross section of sample a (scale bar, 500 nm) and (h) cross section of sample d
(scale bar, 1 ym).

decreases sharply to the maximum, which is related with the density then increases gradually in region II with the growth of
formation of isolated Cu,O micron-crystals.”* The current island-like micron-crystals. Once the edges of micron-crystals
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contact each other to form a film covering the entire surface,
the increase of current density tends to be moderate, as shown
in region IIL

The effect of SDS concentration on the current density
during the deposition is shown in Figure 1b. Region I (the
arrows indicate the nadirs of the curves) becomes longer with
the increase of the SDS concentration, which indicates that
more time is needed to form Cu,O micron-crystals. This
phenomenon is attributed to the adsorption of SDS molecules
on the FTO glass and deposited Cu,O crystals,”” which reduces
the reduction sites of cupric ions (the electrochemical
impedance spectra of FTO glass and Cu,O film in the water
containing different concentrations of SDS have proved this
hypothesis and were included in Supporting Information as
Figures S3 and S4). Moreover, the reduction current density
becomes smaller with the increase of SDS concentration in the
plating solution in region I It suggests the decrease of the
amount of Cu,O micron-crystals formed in region I. This is
also confirmed with the morphology of Cu,O microcrystals at
the end of region I, as shown in Figure 2. As the SDS
concentration in the plating solutions increases, the amount of
Cu,O micron-crystals decreases and the average size (the
length of crystal) increases .

Region II becomes longer with the increase of SDS
concentration in the plating solution. It is also attributed to
the decreased amount of Cu,O micron-crystals and increased
distance among the Cu,O crystal islands, so that more time is
needed to deposit Cu,O on the entire FTO surface (Figure S2
in Supporting Information). It should be noted that the slopes
of curve of current density vs deposition time in region II
(Figure 1b) decrease with the increase of SDS concentration.
The result suggests that the growth of Cu,O crystals becomes
slower with the increase of SDS concentration.

At the end of region I, all the edges of crystal islands have
contacted and a layer of film formed on FTO substrates. After
that (i.e, in region III), the growth of film is predominantly
perpendicular to the FTO substrate. In this study, deposition
was proceeded for 20 min to ensure the Cu,O film covering the
entire substrate, which is indicated by the plateau shown in the
current density vs deposition time plots (Figure 1). The
deposited Cu,O films show orange-red color. Figure 3a—e
shows the morphology of Cu,O films electrodeposited in the
plating solutions with 0—3.30 mM SDS for 20 min. It clearly
illustrates that the Cu,O crystals grow uniform. Furthermore,
the amount of crystals decreases and the average size of crystals
(the crystals are treated as squares, and the average size is the
average area of squares) increases with the increase of SDS
concentration in the plating solution (observation area, 10 535
um?).

The crystals formed on all films show dendritic branching
growth because the diffusion of cupric ions in the plating
solution cannot replenish the deposition.”® As can be seen from
the insets of Figure 3a—e, the facets of crystal ridges are
smooth; however, that of crystal valleys along the substrates are
harsh with densely distributed nanopittings. It may result from
the nonuniform distribution of cupric ions during the
electrodeposition. The ridges can easily contact cupric ions
with a higher concentration and grow to perfect facets, while
the crystals at the valley form imperfectly due to the shortage of
cupric ions. Figure 3gh shows the cross sections of Cu,O thin
films electrodeposited in cupric acetate solutions without and
with 2.50 mM SDS, respectively. The thickness of correspond-
ing Cu,O thin films are ca. 0.9 and 24 um, respectively.

Comparing the thickness of Cu,O films with the crystal size, it
can be seen that the Cu,O crystals show a lateral preferential
growth. This may be attributed to the adsorption of SDS
molecules on the crystal facets with high surface energy (such
as {100} and {110} facets®'), leading to the preferential growth
of crystal facets with low surface energy (such as {111}
facets™") along the FTO substrate.

As shown in the aforementioned results, both the deposition
rates of Cu,O (i.e., the reduction rates of Cu**) and the growth
rate of crystals are affected by the concentration of SDS. It is
attributed to the adsorption of SDS molecules on the surface of
FTO substrate and the adsorption of Cu®** ions on the SDS
micelles. In particular, the SDS molecules intend to adsorb on
the surface of FTO substrate to reduce the interfacial energy.”’
Therefore, the SDS molecules occupy some reduction sites of
cupric ions on the FTO substrate (Scheme 1), which is more

Scheme 1. Growth of Cu,O Film in Cupric Acetate Solution
with SDS.?

NI NNy
b, 222 90 92 500 99,0

> SDS O Cu*

FTO [l Cu,0

“The SDS molecules adsorb on the surface of FTO glass and reduce
the contact sites between the cupric ions and the FTO glass.
Meanwhile, the SDS micelles adsorb cupric ions in the solution and
hinder the diffusion of cupric ions to the interface. (a) The isolated
Cu,0 micron-crystals form on the FTO substrate; (b) the micron-
crystals grow as islands and cover more area of the FTO substrate; (c)
the edges of Cu,O micron-crystals contact each other and cover the
entire surface to form a film.

significant with the increase of the concentration of SDS
(Scheme 2). When the SDS concentration is low, more Cu,O
microcrystals are formed at the beginning of electrodepositon
because fewer SDS molecules occupy the surface of FTO; with
the increase of SDS concentration, the amount of Cu,O
microcrystals formed on the surface decreases because more
SDS molecules occupy the surface of FTO (Scheme 2 and
Figure 2). Furthermore, the Cu’* ions in the solution were
adsorbed on the SDS micelles, which hinders the diffusion of
Cu®* ions to the interface.®* With the increase of SDS
concentration in the plating solution, both effects become more
significant and further decrease the reduction rate of Cu*" ions

dx.doi.org/10.1021/am506657v | ACS Appl. Mater. Interfaces 2014, 6, 22534—22543
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Scheme 2. Mechanism of Controlling Both Morphology and
Conductivity of Cu,O Films by Changing the Concentration
of SDS in the Plating Solution during Electrodeposition®
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“The SDS molecules are adsorbed on the surface of FTO glass and
occupy the deposition sites. A higher concentration of SDS results in
fewer contact sites. Meanwhile, the SDS micelles adsorb cupric ions in
the solution and hinder the diffusion of cupric ions to the interface.
With the increase of SDS concentration, the reduction rate of cupric
ions becomes smaller. As a consequence, (a) a large amount of small
Cu,O crystals with oxygen vacancies are formed on the substrate, with
low concentrations of SDS in the plating solutions, and (b) a small
amount of large crystals with copper vacancies are formed on the
substrate with high concentrations of SDS in the plating solutions.

(ie,, the growth rate of crystals). Therefore, the morphology of
Cu,O films are tunable by controlling the concentration of
SDS.

In previous studies, tailoring morphology of Cu,O crystals
employing preferential adsorption of SDS on facets with high
surface energy have been regorted by chemical or electro-
chemical methods.***”***7% The concentrations of SDS
employed in previous studies’®*”***373% were much higher
than the critical micelle concentration (CMC) of SDS (8 mM
in the water® and can be lower than 2 mM with the addition of
Cu® ions*), such as 170*” and 30 mM.**** With a high
concentration of SDS, there are sufficient SDS molecules
adsorbed on the surface of Cu,O crystals leading to a
preferential growth of the facets with low surface energy.
However, in this work, the morphologies of crystals are
identical at the beginning of electrodeposition with the increase
of SDS concentration, as shown in Figure 2. It is because that
the concentrations of SDS in plating solution are 0.75—3.30
mM, which are around the CMC of SDS in the water
containing Cu** ions. With such low concentrations (0.75—3.30
mM), the SDS molecules are insufficient to be adsorbed on the
facets with high surface energy, and hence, the effects of SDS
on the preferential growth of Cu,O crystals with low surface
energy are not significant.

3.2. Structure and Composition of Cu,O Films. The X-
ray diffraction (XRD) analyses (Figure 4) show that all Cu,O
thin films are polycrystalline cubic phase (JCPDS 65-3288)
with preferentially orientation in (111) planes. The result
indicates that the SDS molecules are preferentially be adsorbed
on the (100) and (110) planes and then promote the growth of
(111) planes. The peaks located at 20 = 43.40 and 50.67° were

Cu,0(200)

cu(111)

Cu(200)
FTO
Cu,0(220)
Cu,0(311)
Cu,0(222)

With 3.30 mM SDS

With 2.50 mM SDS

Intensity / A. U.

With 1.70 mM SDS

With 0.85 mM SDS
L_JJLJ«__A__J_

Without SDS

20 30 40 50 60 70 80
20/ degree

1 1 1

Figure 4. XRD patterns of Cu,O thin films electrodeposited on FTO
in cupric acetate solutions (pH 4.93) with different concentrations of
SDS. (a) Without SDS, (b) 0.85 mM, (c) 1.70 mM, (d) 2.50 mM, and
(e) 3.30 mM.

attributed to metallic copper (JCPDS 65-9026). All the XRD
patterns of Cu,O films deposited with different concentrations
of SDS are identical, which indicates that the crystal structures
of Cu,O films were not affected by the change of SDS
concentrations.

The metallic copper in deposited Cu,O films comes from the
reduction of Cu®* or Cu,O at —0.1 V (0.122 Vyyg) in the
plating solution with pH 4.93 according to eqs 2 and 3. Because
the overpotential for the reduction of Cu,O to metallic copper
is low (around 0.06 V), most of metallic copper in the film
should come directly from the reduction of Cu®" ions in the
plating solution. If a higher negative deposition potential (i.e., a
higher overpotential) is used, a higher content of metallic
copper in Cu,O films can be obtained.*® The appearance of
metallic copper in Cu,O thin film was also observed in other
studies.** ™

To character the oxidation states of Cu in Cu,O films, the
XPS spectra of both the as-deposited Cu,O films and the bulks
(ie., the fresh Cu,O films after the outermost surfaces were
etched away) were measured, as shown in Figure Sab,
respectively. The XPS spectra of both the as-deposited Cu,O
films and the bulk of all Cu,O films show Cu 2p3/2 and Cu
2p1/2 at 932.4 and 9522 eV, respectively. The primary peak
located at 932.4 eV can be assigned to Cu,0."*™* As for the
as-deposited Cu,O films, a shoulder peak located at 934.4 eV is
attributed to CuO."*** But the Cu®* peak disappears totally in
the bulk of Cu,O films (Figure Sb). Therefore, the CuO only
exists on the outermost surface of deposited Cu,O films, which
is aﬁributed to the fast oxidation of Cu,O on the film surface in
air.

3.3. Semiconductor Properties of Cu,0O Films. The
band gap E, of the Cu,O films can be determined by using the
relationship between the absorption coefficient @ and photon
energy hv, ™

ahv = A(hv — Eg)l/2 (4)

dx.doi.org/10.1021/am506657v | ACS Appl. Mater. Interfaces 2014, 6, 22534—22543
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Figure 5. XPS spectra of Cu 2p for the Cu,O films deposited in cupric acetate solutions (pH 4.93) with different SDS concentrations. (a) The as-
deposited Cu,O films, and (b) the fresh Cu,O films after the outermost surfaces were etched away.
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Figure 7. Mott—Schottky plots of the Cu,O films electrodeposited in cupric acetate solutions with (a) 0 M, (b) 0.85 mM, (c) 1.70 mM, (d) 2.50

mM, and (e) 3.30 mM SDS in 3 wt % NaCl solutions.

where A is a constant; @ could be estimated from the
adsorption spectra according to the following equation,

a = [In(1/T,,,)]/d ©)

where Ty, presents the transmittance and d is the film
thickness.

Figure 6a,b shows UV—vis absorption spectra and (ahv)® vs
hv plots of the Cu,O films, respectively. The absorption spectra
illustrate that the cutoff appears at ca. 640 nm. The band gaps

22539

of the Cu,O films estimated from Figure 6b are ca. 1.87 eV for
the films deposited with SDS concentrations lower than 0.85
mM and ca. 195 eV for the films deposited with SDS
concentrations higher than 1.75 mM. These values are in a
good agreement with literature data for Cu,O thin films
prepared by electrodeposition.”>>”

The type of conductivity (i.e., n-type or p-type) of the Cu,O
films can be determined through Mott—Schottky measure-
ments.*® At the interface of a semiconductor film and solution,

dx.doi.org/10.1021/am506657v | ACS Appl. Mater. Interfaces 2014, 6, 22534—22543
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the potential dependence of space charge layer is described by
the Mott—Schottky equation:”’

L= 2 (E_Eﬂ)_k_T)

C* eNpeg, e (6)
for an n-type semiconductor in a solution, or
1 2 kT
L)
C —eN,eg, e 7)

for a p-type semiconductor in a solution, in which C represents
the capacitance of the space charge layer; N, and N, are the
concentration of donors and acceptors, respectively; € is the
dielectric constant of the Cu,O film and is taken as 7.6** in
this case; &, is the vacuum permittivity (8.85 X 107> Fm™); e
is the elementary charge (1.602 X 107"’ C); E is the electrode
potential; Eg is the flat band potential; k is the Boltzmann
constant; and T is the absolute temperature.

Figure 7 shows the Mott—Schottky plots for Cu,O films in 3
wt % NaCl solution. The Cu,O films electrodeposited in
plating solutions with SDS concentrations lower than 0.85 mM
show n-type conductivity (Figure 7a,b) according to the linear
increases of C™> with the electrode potential (i.e., positive
slopes in Mott—Schottky plots). However, the Cu,O films
electrodeposited in plating solutions with SDS concentrations
higher than 1.70 mM show p-type conductivity (Figure 7c—e),
which was indicated by the linear decreases of C™* with the
increase of the electrode potential (i.e, negative slopes in
Mott—Schottky plots). The donor concentration of n-type
Cu,O films and the acceptor concentration of p-type Cu,O
films can be calculated from the slope of the experimental
Mott—Schottky plots, and the flat band potential of the Cu,O
films in NaCl solutions can be extrapolated from C™> = 0. The
values of carrier concentrations and the flat band potentials of
Cu,O films are listed in Table 1. It can be seen that the

Table 1. Density of Carriers and Flat Band Potential of
Cu,O Films in 3 wt % NaCl Solutions

density of carriers

SDS flat band
concentration electrical otential
(mM) conductivity ~ Np (em™) N, (ecm™) VAg/AgCl)
0 n-type 2.03 x 107 —0.263
0.85 n-type 4.06 x 10" —0.120
1.70 p-type 3.68 x 10" 0.161
2.50 p-type 5.07 x 10" 0.157
3.30 p-type 7.98 x 10" 0.148

concentration of carriers increases with the increase of SDS
concentration in plating solution for both n-type and p-type
Cu,O films. For n-type Cu,O films, the increase of donor
concentration makes the Fermi level move away from the
conduction band and consequently increases the flat band
potential. On the contrary, for p-type Cu,O films, the increase
of acceptor concentration makes the Fermi level move away
from the valence band and decreases the flat band potential.
The mechanism of the tunable conductivity of Cu,O films
(ie, n-type or p-type) by controlling the concentration of
surfactants is illustrated in Scheme 2. The reduction of Cu**
ions on FTO surface is the dominating reaction in the case that
there is no SDS in plating solution. When the SDS
concentrations are lower than 0.85 mM, a minute amount of
SDS exists on the FTO surfaces or adsorbs on the Cu®* ions in

the plating solution (Scheme 2a). Therefore, plenty of Cu**
ions contact the FTO surfaces, which are not covered by SDS,
resulting in higher reduction rates of Cu®*" ions and faster
growth of the crystal during the deposition. Rich oxygen
vacancies or Cu" ions are formed in the films during such a fast
reduction process, and consequently, the films show n-type
conductivities, and oxygen vacancies are responsible for donor
levels.®>' However, with the increase of SDS concentrations to
1.70 mM in plating solutions, SDS molecules occupy more area
on FTO surfaces and meanwhile adsorb on more Cu** ions in
the solution, which hinders the contacting of Cu** ions with
FTO surfaces and results in low rates of reduction of Cu** ions
(Scheme 2b). Cu vacancies are formed during the slow
reduction process. Meanwhile, since Cu® ions in the film diffuse
from the surface to the bulk, Cu vacancies become rich in the
films, which results in the p-type conductivities of the films,>>*>
and Cu vacancies are responsible for acceptor levels.

The photocurrent measurements of the electrodeposited
Cu,O films are performed at the open circuit potential (—0.05
V) in 3 wt % NaCl solutions. Figure 8 shows the photocurrent
response of each Cu,O film. For n-type Cu,O electrodes
(Figure 8ab), anodic photocurrents appear due to the
oxidation reaction resulting from the photogenerated holes.
The decrease of photocurrents with the increase of SDS
concentration is attributed to the decrease of band bending
(i.e., the difference between the electrode potential and the flat
band potential), even though the carrier concentration
increases. However, for p-type Cu,O electrodes (Figure 8c—
e), cathodic photocurrents appear owing to the reduction
reaction resulting from the photogenerated electrons. Combin-
ing the effect of carrier concentrations and band bending, the
Cu,O film electrodeposited with 2.50 mM SDS shows the
highest photocurrent. It should be noted that the spike and
overshoot (Figure 8c—e) of photocurrents are gradually
eliminated with the increase of SDS concentration during
electrodepositing Cu,O, indicating the decrease of the
recombination of photogenerated electron—hole pairs.>*

4. CONCLUSIONS

The present work shows a facile way to tune the morphology
and electrical conductivity of Cu,O films in one pot by
controlling the concentration of surfactants in the plating
solution. For Cu,O films electrodeposited in cupric acetate
solution (pH 4.93), the average size of crystals increases and
the amount of crystals decreases with the increase of SDS
concentration in the plating solutions. The Cu,O crystals show
lateral preferential growth on the FTO glass, and all the Cu,O
thin films are polycrystalline cubic phase with preferentially
orientation in (111) planes. The concentration of SDS affects
the crystal growth rate but not the crystal structure. The SDS in
the plating solutions also affects the conductivity of Cu,O films
by means of controlling the reduction rate of cupric ions. When
the SDS concentrations are lower than 0.85 mM in the plating
solution, the electrodeposited Cu,O films show n-type
conductivities due to the formation of oxygen vacancies. With
the increase of SDS concentration in the plating solutions, the
donor concentration increases, and the flat band potential
moves to the positive direction. The band gap for the
electrodeposited n-type Cu,O is about 1.87 eV, and the
photocurrent decreases with the addition of SDS. When the
SDS concentrations are higher than 1.70 mM in the plating
solution, the electrodeposited Cu,O films show p-type
conductivities owing to the formation of copper vacancies.
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Figure 8. Photocurrent responses of Cu,O films electrodeposited in plating solutions with varying SDS concentrations of (a) 0 M, (b) 0.85 mM, (c)

1.70 mM, (d) 2.50 mM, and (e) 3.30 mM at OCP.

With the increase of SDS concentration in the plating solutions,
the acceptor concentration increases, and the flat band potential
moves to the negative direction. The band gap for the
electrodeposited p-type Cu,O is about 1.95 eV, and the highest
photocurrent appears when the SDS concentration is 2.50 mM.
The method shown in this work can conveniently tune the
conductivity of Cu,O films in one pot and therefore paves a
promising way for the building of Cu,0O homojunction
electrodes in the future.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on December 10, 2014,
with a minor error in eq 3. The corrected version was reposted
on December 11, 2014. After the paper was posted on
December 11, 2014, additional corrections were made to eqs 6
and 7. The corrected version was reposted on December 12,
2014.
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