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Abstract

Solid inorganic three-dimensional nanocrystalline heterostructures are being studied lately, particularly, regarding photovoltaic struc-
tures and as a possible alternative to a solid dye sensitized solar cell (DSSC). Unbiased electron injection from copper species to porous
nanocrystalline TiO2 has been reported recently for TiO2–copper oxide photoelectrodes immersed in an aqueous electrolyte; demonstrat-
ing that relative position of band edges of these two nanocrystalline semiconductor oxides under illumination encourages pursuing a
three-dimensional nanocrystalline TiO2–CuxO heterostructure. Here, copper oxide deposition inside a porous nanocrystalline TiO2 film
using a more efficient photochemical deposition technique is studied further and described. Samples obtained using UV-radiation inci-
dent through the conducting glass substrate and samples radiated from the TiO2 side are prepared and studied. Relative concentration of
copper species in the TiO2 surface layer is analyzed using Rutherford backscattering spectrometry (RBS). Comparison of both sample
types gives an idea of copper species distribution along the incident direction of the reaction-provoking UV-radiation. XPS analysis of
TiO2 surface was used to determine oxidation state of copper species present, as well as, their relative proportions. AFM images and
roughness analysis clearly show the effect of the dependence of UV-radiation absorption with penetration distance. Finally, the photo-
current dependence with time corresponding to both sample types is studied, compared and explained.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Great interest exists toward solid inorganic three-dimen-
sional nanocrystalline heterostructures, in particular for
solar energy conversion devices [1–3]. Recently, unbiased
electron injection from copper species to a porous nano-
crystalline TiO2 film for TiO2–copper oxide photoelec-
trodes immersed in an aqueous electrolyte has been
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reported [4]. Electron injection demonstrates that relative
position of band edges under illumination of these two
nanocrystalline semiconductor oxides encourages pursuing
a three-dimensional nanocrystalline TiO2–CuxO interface
for photovoltaic applications. Copper oxides are suitable
for these applications because they are abundant, readily
available, low-cost and non-toxic. These characteristics
plus their absorption spectra that cover a wide range of
the solar spectrum, make these oxides good candidates
for a three-dimensional nanocrystalline heterostructure
with porous nanocrystalline TiO2. Both, Cu2O and CuO,
show p-type conductivity. CuO is grey-black in color with
a monoclinic crystal structure and a band gap of 1.2–1.5 eV
[5]. Cu2O has a reddish appearance, a cubic crystal struc-
ture and a direct band gap of about 2.0–2.2 eV [6,7].
According to their band gap values that determine their
absorption edges, CuO absorbs a wider solar spectrum
range.

Here, we study further copper oxide deposition into por-
ous nanocrystalline TiO2 using a new photochemical depo-
sition technique that allows relatively short deposition
times and which is described. This technique is quite sim-
ple. Samples obtained using UV-radiation incident through
the conducting glass substrate and samples radiated from
the TiO2 side are prepared and studied. It is expected that
results should be better, the greater the coverage of the
TiO2 real surface (it includes internal surface due to poros-
ity) and the smaller the deposit thickness (smaller than the
electron recombination length in the copper oxide). For
sample characterization SEM, X-ray diffraction and optical
transmission are performed. Using Rutherford backscat-
tering spectrometry (RBS) copper species relative areal
densities for the TiO2 surface layer are analyzed. XPS anal-
ysis of TiO2 surface was used to determine oxidation state
of copper species present, as well as, their relative propor-
tions. For morphological characterization, topography and
roughness of the structures have been studied using atomic
force microscopy (AFM). Finally, photocurrent depen-
dences with time corresponding to two-electrode photo-
chemical cells with both sample types as photoelectrodes,
are studied, compared and explained.
Fig. 1. Experimental set-up scheme for photochemical deposition irradi-
ating through TiO2. TiO2 layers were placed against an optical glass slide
in an up-right position during UV-irradiation. The lower part of the layer
is immersed in the precursor solution; which rises and fills pores due to
capillarity.
2. Experimental

2.1. Sample preparation

TiO2 porous films were produced using doctor’s blade
technique as described by Smestad [8]. Indium–tin-oxide
(ITO) covered glass with 15 X2 sheet resistivity was
employed as substrate. After films were dried at room tem-
perature, they were annealed at 400 �C during 1 h. Layers
4–5 lm thick were obtained. An aqueous solution of cop-
per(II) formate ((HCO2)2Cu, Aldrich) was used as precur-
sor to cover the TiO2 porous surface. Prior to irradiation,
samples were immersed for 24 h in a 40 mM (HCO2)2Cu
aqueous solution to ensure pore filling [4].
Samples were irradiated using a high-pressure Hg lamp.
Samples were positioned so that radiation intensity
received was 4 mW/cm2 at k � 350 nm. This intensity was
measured with a calibrated photodiode. When the porous
nanocrystalline TiO2 is brought into contact with the solu-
tion and irradiated, the interaction of UV-light with TiO2

produces electron–hole pairs. Holes oxidant capacity is
responsible for formate oxidation and electrons reduce
Cu(II) to Cu(0). Metallic copper is not stable in these
experimental conditions being reoxidized to Cu(I) and/or
Cu(II) [9,10].

For irradiation, each TiO2 layer was placed against an
optical glass slide in an up-right position with their lower
part immersed in a 40 mM (HCO2)2Cu precursor solution
(see Fig. 1). Due to capillarity, the solution rises and fills
pores. This ensures continued pore filling due to capillary
flow during irradiation that causes deposition and also
water evaporation. With this set-up, two types of samples
were obtained: sample type IT, UV-irradiated through
the TiO2 and sample type IS, UV-irradiated through the
substrate. A higher intensity UV-light source and continu-
ous capillary flow of precursor solution during irradiation
time, allowed reducing irradiation time of several hours
[4] to less than 10 min. After irradiation, samples were heat
treated for 1 h at 400 �C and then washed with deionized
water. Temperature was chosen in order to oxidize Cu(I)
to Cu(II) since CuO has a wider spectral range than
Cu2O. It is expected that oxidation is guaranteed at this
temperature according to reports from different authors
[11–15].
2.2. Samples characterization

Transmission spectra were obtained using an HP8453
spectrometer to have a relative indication of copper oxide
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deposited on the TiO2. Measurements were performed
using a conducting substrate as blank.

For SEM analysis a scanning electron microscope Hit-
achi S-570, 10–30 kV, was used and samples were gold cov-
ered. Porous TiO2 thickness was characterized from SEM
photos of fractured layer edges at 45�. Thickness is in the
range of 4–5 lm.

X-ray diffraction was performed with a Rigaku Rotaflex
Ru-200 B apparatus. Cu Ka radiation (k = 0.154056 nm)
was used for all X-ray diffraction experiments.

The ion-beam analysis were made using a 3 MV
TANDETRON accelerator of the Institute of Physics,
Federal University of Rio Grande do Sul, Brazil. Ruther-
ford Backscattering Spectrometry (RBS) was used to mea-
sure the Ti, Cu and O content by means of a 2.8 MeV 4He+

beam. A surface barrier detector located at 165� with
respect to the incident beam was used to detect the back-
scattered ions. The overall resolution of the detector plus
the associated electronics was better than 13 keV
(FWHM). RBS spectra were analyzed using the RUMP
program [16]. We were able to determine areal density
and stoichiometry from the fit obtained using Rump
algorithm.

The AFM measurements were performed with a com-
mercial microscope (Nanoscope III, Digital Instruments)
operated in tapping mode for topography analysis. All
the experiments were performed at room temperature and
air relative humidity was kept constant at 40%. The image
resolution was set to 65,536 pixels per image (256 · 256).
Root mean square roughness was measured for several
scanned areas ranging from 1 · 1 to 50 · 50 lm2.

XPS spectra were obtained using a Mg Ka X-ray source
and a hemispheric analyzer CLAM4 from VG Instruments.
The angle between sample surface and electron energy ana-
lyzer axis was 60�. Binding energies (BE) were calculated
using C 1s peak (284.5 eV) as an internal reference. After
subtracting a nonlinear background, each spectrum was
resolved into individual component bands of a convoluted
Gaussian–Lorentzian (20%) line shape.
Fig. 2. (a) Surface of sample type IT (irradiated through the TiO2 surface durin
are observed. (b) Same sample showing nanocrystalline structure after photoche
shown for comparison with (b).
A two-electrode photoelectrochemical cell was used for
photocurrent measurements which has been previously
described [17]. The cell uses a thin liquid electrolyte layer
and it is based on the capillary rise of the electrolyte. It
has a Pt counter-electrode and its geometry allows direct
incidence of radiation on the photoelectrode. The electro-
lyte was a 0.5 mM Na2SO4 aqueous solution. A 100 W
halogen lamp was used and radiation intensity on the sam-
ple was approximately one sun. The memory capacity of a
KEITHLEY 2001 multimeter was adequate for measuring
photocurrent dependence with time when the sample is illu-
minated and when the light is shut off.

3. Results and discussion

Samples surfaces were observed using SEM. Differences
are hardly visible between samples that were UV-irradiated
through the glass substrate during photochemical deposi-
tion reaction (sample type IS) and bare TiO2 samples. This
shows that nanocrystals larger than original TiO2 ones, are
not formed in this case. In Fig. 2a and b, surface of sample
UV-irradiated through the TiO2 surface (sample type IT) is
shown. Deposited crystals larger than TiO2 film nanocrys-
tals were visible in some points (see Fig. 2a). Most proba-
bly, this could be avoided in future experiments.
Comparison of nanocrystalline structure of samples surface
before and after photochemical deposition shows little dif-
ference (Fig. 2b and c). It seems that copper oxide deposi-
tion provokes some necking among smaller nanocrystals.

The logarithm of the inverse of optical transmission is
shown in Fig. 3. Light which is not transmitted is either
absorbed or scattered. TiO2 absorption edge appears for
photon energies higher than 3.0 eV (Eg = 3.0 eV for rutile
and Eg = 3.2 eV for anatase). Therefore, the dependence
shown for TiO2 in Fig. 3 is due to scattered light. The dif-
ference between curves shown for TiO2 deposited samples
and the one corresponding to bare TiO2 is explained by
copper species optical absorption. This is also evident to
the naked eye since samples turn brownish after
g photochemical deposition reaction) where some undesired larger particles
mical reaction. (c) Surface of TiO2 film before photochemical deposition is
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Fig. 3. Light absorption and/or scattering corresponding to samples type
IT, (UV-irradiated through the TiO2 during photochemical deposition),
samples type IS (UV-irradiated through the glass substrate) and TiO2

before deposition.

ig. 4. X-ray diffraction spectra (Cu Ka radiation, k = 0.154056 nm)
orresponding to: (a) TiO2 film before photochemical deposition, (b)
ample type IT, UV-irradiated through the TiO2 during photochemical
eposition and (c) sample type IS, UV-irradiated through the glass
ubstrate.

Table 1
RBS simulation result for IT, IS and TiO2 samples

Sample Thickness(1015 atom/cm2) StoichiometryTi:O:Cu

IT 2600 1:2:(0.4! 0.03)
+1 1:2:0.03

IS +1 1:2:0.02
TiO2 +1 1:2:0

Note: +1 means that the thickness can not be determined because the
TiO2 layer is too thick for RBS (>20,000 · 1015 atom/cm2).
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photochemical deposition. Samples irradiated through the
TiO2 have stronger light absorption (darker) than those
irradiated through the substrate. This shows that the con-
ducting glass absorbs part of the radiation intensity during
photochemical deposition reaction, i.e., reaction-provoking
UV-radiation intensity is smaller for this sample type (IS).

Fig. 4 shows X-ray diffraction spectra for samples type
IT and IS UV-irradiated during photochemical deposition
reaction through the TiO2 and glass substrate, respectively.
For both sample types (Fig. 4a and b), X-ray diffraction
patterns only show peaks corresponding to anatase and
rutile, as well as, In2O3, i.e., ITO conducting layer
(In2O3:Sn). No lines corresponding to Cu, CuO or Cu2O
appear. RBS and XPS results that follow show that Cu
to Ti atoms proportion is high enough for lines to be pres-
ent if copper species had deposited as crystals. Therefore,
one has to conclude that copper species do not tend to crys-
tallize. They either adhere to TiO2 and/or form amorphous
particles.

The reported concentrations in Table 1 have been
obtained from the simulation of the RBS spectra (see
Fig. 5). Concentrations correspond to a thin top layer (a
few microns) of the covered TiO2 according to the small
penetration depth of the incident beam. Samples are irradi-
ated during growth through different sample faces, but
RBS is always performed on the TiO2 surface.

The RBS simulation gives the sample stoichiometry as a
function of distance from the surface. In order to give these
penetration values, it is necessary to know the sample mass
density, which is not known. Therefore, areal density, which
is proportional to penetration, is reported in Table 1.
For example, for pure non-porous anatase, 20,000 ·
1015 atoms/cm2 areal density corresponds to 2.3 lm pene-
tration depth. Samples IS and TiO2 show a constant stoichi-
ometry over the first few penetrated microns. In Table 1 this
penetration (given as areal density) was consider as infinite
F
c
s
d
s

for the RBS analysis. Moreover, sample IT shows a differ-
ent stoichiometry as a function of depth, i.e., the number
of Cu atoms decreases from 40 to 3 atoms per 100 Ti atoms
in the first 2600 · 1015 atom/cm2, and it remains at 3 Cu
atoms per 100 Ti atoms over the rest of possible penetra-
tion. The RBS simulation cannot determine the Cu compo-
sition depth profile due to the large roughness of the IT
sample surface. For all the samples (i.e., IT, IS and TiO2)
a Ti:O stoichiometry of 1:2 was obtained.

As observed from Table 1, copper concentration in the
surface for samples IS, UV-irradiated through the conduct-
ing glass substrate, is 20 times smaller than for samples IT,
irradiated through the substrate. It has to be taken into
consideration that RBS only includes a thin top layer.



Fig. 5. 2.8 MeV 4He+ RBS spectra and simulation for IT and IS samples.
Arrows indicate the starting position of Ti, O and Cu signals. The dash
line at the bottom represents the Cu contribution to the spectra. Notice the
higher contribution of Cu atoms at the surface (starting position of the Cu
signal) in the IT sample.

Table 2
Elemental composition (in atomic percent) determined from XPS analysis

Element Samples IT (UV-irradiated
through TiO2)

Samples IS (UV-irradiated
through substrate)

Ti 22.37% 25.9%
O 67.89% 70.6%
Cu 6.3% Cu(0) + 3.4% Cu(II) 3.4% Cu(0)
Ti:O:Cu 1:3.03:0.43 1:2.72:0.13
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The exponential decay of UV-radiation intensity with dis-
tance according to Lambert–Beer law must cause surface
copper concentration for samples irradiated through the
conducting glass substrate to be considerably less. For
samples IT, UV-irradiated through the TiO2, the surface
must have the highest concentration while for samples IS,
the surface must have the smallest concentration. This last
one should be smaller than any concentration in sample
type IT due to UV-absorption by the conducting glass.
The Cu composition values at the surface for sample IT
calculated by the RBS simulation (Table 1) could be over-
estimated due to contribution from crystals on the surface
(see Figs. 2a and 6a). Therefore, one can conclude that con-
centration must change less than 20 times from surface to
bottom.
Fig. 6. Curve-fitted XPS spectra of sample types IS (top) and IT (bottom).
Notice the 2p3/2 Cu and CuO BE lines at 932.4 and 933.6 eV, respectively.
XPS analysis was used to determine oxidation state of
copper species present, as well as, their relative proportions
(see Fig. 6).
Fig. 7. AFM images corresponding to: (a) sample type IT (UV-irradiated
through TiO2 during photochemical deposition), (b) sample type IS (UV-
irradiated through the glass substrate) and (c) TiO2 samples before
photochemical deposition (scanned area is 30 · 30 lm2 for all samples).



Table 3
Sample roughness calculated from AFM images

Sample Roughness (nm)

Scanned area (lm2) 1 · 1 5 · 5 10 · 10 30 · 30 50 · 50
Sample IT, UV throughTiO2 20.6 21.8 190.0 208.2 237.0
Sample IS, UV through

substrate
15.4 19.4 21.6 38.8 55.9

TiO2 14.0 20.4 23.3 31.2 63.8
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In Table 2 the relative elemental composition for IT and
IS samples is presented. The atomic sensitivity factors were
considered. XPS analysis gives a relative atomic concentra-
tion Ti:Cu equal to 1:0.43 for sample IT and 1:0.13 for
sample IS. This is somewhat different from results given
by RBS analysis (see Table 1, Ti:Cu equals 1:0.3 for sample
IT and 1:0.2 for sample IS). This difference can be
explained by XPS smaller depth sensitivity (only the first
monolayers are analyzed) plus possible influence of depos-
its on sample IT surface. The higher oxygen concentrations
could be related to OH’s on the surface. Since RBS has a
higher depth sensitivity (few microns) compare to XPS
(few monolayers), RBS gives a better average value for
the overall composition.

Two BE lines are observed in the XPS spectra shown in
Fig. 6: BE lines at 932.4 and 933.6 eV corresponding to the
2p3/2 Cu and CuO signals, respectively. Cu(0) is present
and Cu2O is absent in both IT and IS samples. These
results also indicate that only in IT samples Cu(II) from
CuO was observed and that Cu(0) predominates over
Cu(II) in these IT samples (see Table 2). It needs further
analysis to explain why Cu(0) did not oxidize to Cu(I)
and/or Cu(II) [9,10]; at least on samples surface as ana-
lyzed by XPS.

Topography and roughness of the structures have been
studied using atomic force microscopy (AFM) for samples
morphological characterization. Images corresponding to
scanning area of 30 · 30 lm2 are shown in Fig. 7.

In the case of samples IT, deposits exist on the surface of
the sample but this does not occur for samples irradiated
through the substrate. Deposits on the surface of samples
IT contribute to explain the greater concentration of cop-
per species of samples IT found from RBS results.

Samples roughness was calculated from AFM images
for different scan lengths (see Table 3). Samples obtained
UV-irradiating from the substrate side have practically
the same roughness as untreated samples. The increased
roughness of samples obtained UV-irradiating from the
TiO2 side can be explained by deposits formed on the sur-
face (see Fig. 2a and Fig. 7a).
Fig. 8. Photocurrent transient behavior when illuminated. In 1 photoelectrode
the TiO2 during photochemical deposition. (b) Samples IS irradiated through
According to Fig. 8 a, samples IT irradiated through the
TiO2 during photochemical deposition show photocurrent
in the direction produced by electrons moving toward the
TiO2 indicating electron injection from CuO to the TiO2,
i.e., the photoelectrode behaves as n-type. The photocur-
rent in the steady state is less than one fifth of initial pho-
tocurrent (see Fig. 8a). Samples IS irradiated through the
substrate show photocurrent in the opposite direction
and it goes to zero rather fast (see Fig. 8b). For samples
IS UV-irradiated through the substrate, CuO must have
deposited in contact with the conducting oxide explaining
the photocurrent direction, i.e., electrons moving to the
electrolyte, as in a p-type photoelectrode.

Time dependence for photocurrent decay in samples type
IT shows three different regions. First, the photocurrent
decreases with a 40 s time constant, then for 20 < t < 80 s
it decreases with a 200 s time constant and finally, photocur-
rent decreases very slowly with a time constant of 3000 s.
The final slow decay could be due to photoelectrode degra-
dation. Further experimentation is necessary to explain the
different electron recombination mechanisms that cause
photocurrent decay.
4. Conclusions

CuO is formed into porous nanocrystalline TiO2 using a
more efficient photochemical deposition technique. Sam-
ples are UV-irradiated with a high-pressure Hg lamp dur-
ing 9 min followed by heat treatment. XPS analysis show
that CuO as well as Cu(0) appear in nanocrystalline TiO2
is illuminated and in 2 light is shut off. (a) Samples IT irradiated through
the conducting glass substrate during photochemical deposition.
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surface layer indicating that Cu(0) does not oxidize com-
pletely. RBS analysis shows that Cu species concentration
depends on UV intensity distribution inside the porous
TiO2 during photochemical deposition. According to
RBS results it is concluded that concentration changes less
than 20 times from sample surface to bottom. SEM and
AFM analysis show that deposits form on the surface of
TiO2 when samples are UV-irradiated through the TiO2

but not when samples are irradiated through the conduct-
ing glass substrate. There is practically no change in surface
roughness in the last case when compared to bare TiO2

samples. Electron injection from CuO to TiO2 occurs when
samples IT, UV-irradiated for deposition through the
TiO2, are used as photoelectrodes using an aqueous
electrolyte.
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