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Abstract Cu-incorporated nanocrystalline ZnO thin films
were deposited on glass substrate by sol—gel. To a solution
of zinc acetate 2-hydrate in dimethyl formamide, calcu-
lated quantities of copper acetate were added. The clear
solution, obtained after 2 h of continuous stirring, was
coated on ITO plates. Pre-annealing at 250 °C was fol-
lowed by sintering at 400, 500, and 600 °C. XRD analysis
revealed dominant evolution of hexagonal ZnO with a
possible simultaneous growth of meta-stable cubic ZnO.
AFM and SEM analysis indicated preferential growth of
nanocrystallites along c-axis. Optical characterization led
to two prominent absorption thresholds in the UV region;
one matching with the band gap of bulk ZnO and the
second at slightly higher energy, suggesting quantum
confinement effect in nanocrystallites. Cu incorporation
influenced the two band gap energies differently. Photo-
electrochemical splitting of water using 1% at. Cu—ZnO
film sintered at 600 °C resulted in 141% gain in photo-
current at zero bias.

Introduction
Dwindling availability of fossil fuels, their increasing cost,

and heavy emission of polluting gases on their burning
have compelled researchers to look for alternate and clean
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sources of energy. Hence, use of transition metal oxides for
photoelectrochemical (PEC) splitting of water to produce
hydrogen, a valuable fuel, is being hotly pursued [1-7]. In
such investigations, TiO, has often been used as photo-
electrode. ZnO, having almost similar band gap and band
edge energetic, is seen by some researchers as better
alternative to TiO,. The main reasons for growing interest
in ZnO for this application are its direct band gap, rela-
tively high electron mobility, and very unique defect
chemistry, which allow tuning its structural and optical
features [8]. Although the stability of ZnO in aqueous PEC
environment under anodic bias has been doubted by some
workers [9]. Yet, there are reports to suggest that ZnO can
yield almost stabilized PEC photocurrent for long durations
[10]. In order to reach higher absorption coefficient in ZnO,
especially under visible light irradiation, its band gap
reduction by impurity doping may be attempted. Theoret-
ical studies have shown that Group IB elements (Cu, Ag,
and Au) can favorably lead to band gap-reduced ZnO [11].
Among above choices, Cu is the best on account of the
comparable atomic radii of Cu and Zn atoms leading to the
lowest formation energy [12].

ZnO dominantly exists as hexagonal wurtzite structure
with the lattice parameters: ¢ = 5.205 10%, a = 3249 A. Its
native n-type semiconductor behavior is originated by the
existence of Zn interstitials and oxygen vacancies in the
lattice [13]. Cu-doped ZnO has been studied in recent years
mainly for electrical and ferromagnetic properties [14].
Solubility of copper in ZnO lattice is around 1 mol%, and
it can effectively substitute Zn>" jons. Room temperature
Cu doping of ZnO results in reduced number of carriers.
With the existence of donor—acceptor associate for Cug,,
where Cu), + Zn! — [Cuz, + Zn;]", the ionization of such
deep neutral defects requires high energy (~3.0 eV), and
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the presence of such complex defects compensates for the
n-type conductivity of ZnO [15, 16]. Many workers
investigated structural and optical properties of Cu-doped
ZnO, but, their observations are varied. While, in some
studies, the band gap was reduced on Cu doping, in few
reports band broadening is also mentioned. Cu doping can
lead to the generation of relatively uncommon p-type ZnO
also [17].

Sol-gel synthesis continues to be the most convenient
and low-cost method for the synthesis of transition
metal-doped ZnO. However, in this process, the oxida-
tion/spin state, homogeneity, and substitutional placement
of the incorporated metal are important considerations. In
general, some alcoholic solvents, viz., ethanol, propanol,
and methoxy ethanol are used in this synthesis, as these
also participate as reactant [18-20]. In such methods,
heating at 60—100 °C is needed to dissolve the precursor,
besides adding lactic acid to impart stability/homogeneity
to the sol and prevent the occurrence of hydrolysis/pre-
cipitation reaction. Under such reaction conditions, the
alteration in the oxidation state of the incorporated metal
cannot be ruled out [21]. This demands milder reaction
conditions.

This study deals with the synthesis, characterization, and
PEC application of Cu-incorporated ZnO films. Films were
prepared by sol-gel using dimethyl formamide (DMF),
which being a highly polar solvent was able to dissolve
zinc acetate precursor and copper salt even at room tem-
perature (<35 °C). Further, the relatively low vapor pres-
sure of DMF was helpful in preventing premature and
uneven drying, which may otherwise cause cracking and
disrupt ordered crystallisation in the films. The study is
primarily aimed to evaluate the effect of Cu incorporation
(1-7% at.) on the microstructure and optical properties of
nanostructured ZnO thin films, especially from the view
point of application in PEC splitting of water.

Experimental
ZnO thin films preparation

Zinc acetate 2-hydrate (ZAD) was dissolved in DMF along
with calculated amount of copper acetate under continuous
stirring. The content was further stirred for 2 h to obtain a
clear solution, which was spin coated on conducting glass
(ITO) substrate (3 x 2 cm) at 7500 rpm. After each coat,
deposited film was dried at 50 °C for 5 min. Finally, it was
pre-annealed at 250 °C for 2 h, and then annealed in air at
temperatures 400, 500, and 600 °C for 2 h. Films were
deposited on nearly 3/4th length of substrate plate, and the
uncovered area was used to establish electrical contact.

Characterization

X-ray diffraction pattern of samples was recorded by
glancing angle X-ray diffractometer (Bruker AXS DS
Advance, Germany), equipped with graphite monochro-
mator, a mirror at a fixed incidence angle of 1°-5° and Cu
Ko as the radiation source. The angular accuracy was
0.001°, and the angular resolution was better than 0.01°.
Utilizing the X-ray diffraction data and equation, ¢ = kA/
BCosf, Scherrer’s calculations were attempted to estimate
average crystallite size in the samples, where 7 is crystallite
size, B the full width at half maxima, and A the wavelength
of X-ray used (1.548 A). Utilizing equations, 6 = 1/7* and
& = BCos0/4, the dislocation density (6) and the micro-
strain (&) in the films were also estimated [22].

Scanning Electron micrographs (SEMs) of samples were
recorded using JEOL JSMS 800 LV. Surface topographic
images of the films were taken by employing Atomic Force
Microscope (Nanosurf Easy-Scan, Switzerland; Version
1.8). The set point force was fixed at 20 uN for all the
images, which were obtained for 256 x 256 data points for
each scan size 5 x 5 um. Absorption spectra of ZnO films
(recorded with respect to the bare substrate by employing
double beam UV-vis spectrophotometer, UV-2450, Shi-
madzu, in the range 360-760 nm) were analyzed by plot-
ting (ochu)2 versus hv, based on Eq. 1 [23],

oho = A(ho — Eg)"/2 (1)

where o is absorption coefficient, A is a constant (inde-
pendent from frequency v), and n the exponent that
depends upon the quantum selection rules for the particular
material. The intercept of the straight line portion of (ahv)*
versus photon-energy (hv) plot on hv axis yielded optical
band gap (E,) for direct allowed transition (n = 1).

Flat band potential (Vy,) and charge carrier density (Np)
are important physical properties of the semiconductors
from their PEC application view point. These were deter-
mined by measuring the capacitance (C) of the electrode—
electrolyte interface at different electrode potentials (V)
and using Egs. 2 and 3 [24],

1/C* = [2/e0esqNp] [V — Vi — (ksT/q), (2)
S =2/ (&8¢Np), (3)

where ¢, and & are permittivity of free space and ZnO,
respectively, g the electronic charge, T the temperature in
Kelvin, kg the Boltzmann’s constant, and S the slope of
1/C? versus V,i.e., Mott—Schottky (MS) curve. In this study,
by employing LCR meter (Agilent Technology Model
4263B), and using aqueous solution of NaOH (0.1 M, pH
12) as the electrolyte, the capacitance at ZnO-solution
junction was measured, with V varying from —1500 to
1500 mV, at 1 kHz signal frequency. The intercepts of
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linear portion of the MS curves on the potential axis yielded
the values of Vy,, while Np values were determined from
slope.

PEC measurements

ZnO films were used as working electrode (WE) for PEC
splitting of water, for which an Ohmic electrical contact
was created from the uncovered area of the substrate
(where films were not deposited) with silver paint and a
copper wire. Excluding an area of 2.25 cm? (1.5 x 1.5 cm)
at the center of the film, all edges and the electrical contact
were sealed by non-transparent, non-conducting epoxy
resin, Hysol (Dexter Singapore). PEC studies were con-
ducted using platinum foil counter electrode (CE) and
saturated calomel reference electrode (SCE) in an elec-
trochemical cell, having a Pyrex window for incoming
radiations and a water jacket around it, to prevent heating.
Aqueous solution of NaOH (0.1 M, pH 12), purged with N,
for 15-20 min just before PEC measurement was used as
electrolyte. Potentiostat (Model ECDA 001, Conserv
Enterprises, Mumbai) and 150W Xenon Arc Lamp (Oriel,
USA, used as light source) were employed to record cur-
rent—voltage (I-V) characteristics of the cell, both under
darkness and illumination. Reagents with purity >99.9%
and double distilled deionized water (specific conduc-
tance < 107° mho cm™') were used throughout. Film
samples were prepared in triplicate, and with each sample
3-5 repetitive measurements were recorded during the span
of 3-5 months. Results are reproducible within £15%
deviation and clearly suggest that not only the ZnO films
are stable in PEC cell, but even the evolved nanostructure
in films possibly remains intact for long durations.

Results and discussion

Chemical reaction for Zn in the used preparation method
may be tentatively written as:

Zn(CH3CO0),-2H,0 — Zn(CH3CO0),+ 2H,0

Zn(CH;COO0),+ 2HCON(CH3),
— Zn [CON(CH3),] + 2CH3COOH

Zn [CON(CH3),] + 2H,0 — Zn(OH),+ 2HCON(CHj),

Zn(OH),— ZnO + H,O

Prepared samples of ZnO films were of n-type, suggesting
O vacancy and/or Zn interstitials, due to possible non-
stoichiometric growth [25]. Resistivity of films decreased
with increase in sintering temperature. Further, it decreased
sharply (nearly by an order) on Cu incorporation and
continued to decrease with increase in Cu concentration,
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except in 7% at. Cu-incorporated samples sintered at 400
and 500 °C, where it has again increased marginally.
Measured density of films varied from 3.26 to 4.45 g cm ™,
which is ~58-79% the of theoretical bulk density
(5.60 g cm ) of ZnO (Table 1), suggesting that the films
are porous and can provide a large contact area with
electrolyte, when used in PEC cell. Slight increase in
density with rise in sintering temperature may be attributed
to the possible coalescing of grains at higher temperature.
Cu incorporation led to significant fall in density suggesting
opening up of the lattice, also evident from the significant
increase in microstrain and dislocation density (Table 2) on
Cu incorporation. The variation in density can be
understood in the light of the crystallization process in the
system, which is temperature dependent [26].

Figure 1 shows glancing angle X-ray diffraction patterns
(before and after copper incorporation) of zinc oxide films
sintered at 400, 500, and 600 °C. The presence of multiple
peaks of the ZnO phase indicates the polycrystalline nature
of films [27]. In earlier studies, ZnO films obtained by
molecular beam RF sputtering and sol-gel were also
reported to be polycrystalline [28, 29]. The high intensity
peaks at 20 angles 35.3°, 37.7°, and 42.2°, besides several
other low intensity peaks, can be easily ascribed to the
underlying SnO;:In layer on the substrate. However, the
additionally emerged peaks in Cu—ZnO films at 20 angles
31.8°, 34.4°, and 36.2° correspond to diffraction from
planes (100), (002), and (101), respectively, of hexagonal
wurtzite ZnO (JCPDS, Card. 89-1397). It can also be
observed that the substrate peaks at 37.7 and 42.2° exhibit

Table 1 Observed values of density and electrical resistivity of ZnO/
Cu—ZnO films

Sintering Incorporated Density Electrical
temperature concentration (g cm™?) resistivity
(°O) of Cu (% at.) (kQ cm)
400 - 4.35 1.35

400 1 3.26 0.98

400 3 3.34 0.67

400 5 3.37 0.77

400 7 3.36 1.03

500 - 4.37 1.13

500 1 3.30 0.64

500 3 3.37 0.65

500 5 3.53 0.50

500 7 3.60 0.72

600 - 4.45 1.01

600 1 333 0.75

600 3 3.61 0.63

600 5 3.68 0.46

600 7 3.68 0.45
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Table 2 Microstructural

i Sinterin, Incorporated  Average Dislocation density Microstrain (¢) 107> RMS surface
g;l;r;tltles of ZnO/Cu-Zn0 tempera%ure concrer:ltration crystal%ite size E(S)] x 107" ' © roughness
(°C) of Cu (% at.)) (nm) (line*/m? (nm)
400 - 43 54 0.73 09
400 1 29 12.7 0.95 10
400 3 24 17.3 1.23 10
400 5 20 27.7 1.53 15
400 7 23 20.6 1.06 09
500 - 32 9.7 0.97 10
500 1 28 13.7 0.98 10
500 3 29 11.8 1.06 13
500 5 26 14.7 1.26 15
500 7 20 27.7 1.56 12
600 - 29 12.7 1.08 07
600 1 23 20.6 1.21 11
600 3 31 10.4 1.22 08
600 5 25 17.3 1.43 06
600 7 31 11.1 1.33 12

significant increase in intensity on ZnO film deposition.
This may be attributed to the evolution of metastable phase
cubic zincblend ZnO also in the samples corresponding to
which diffraction peaks at 20 angles 37.2° and 42.2° from
(111) and (200) planes (JCPDS, Card 65-0682) are prob-
ably overlapped by the substrate peaks. The existence of
oxides of copper as distinct phase is not seen. With
increase in incorporated concentration of Cu, crystallites of
finer dimensions evolved. This is particularly evident in
samples sintered at 600 °C. With rise in sintering temper-
ature, the crystallinity decreased [30]. The attempts to grow
Cu—ZnO films on ordinary glass plates to eliminate the
appearance of substrate peaks in the XRD pattern resulted
only in an amorphous structure. This suggests that ITO
coating on glass plate also probably plays some role in
further growth of ZnO film over it. More work is desired in
this direction.

Thermodynamically ZnO is stable with the wurtzite
phase due to its ionicity that resides exactly at the bor-
derline between the covalent and the ionic materials.
However, the total energy of wurtzite ZnO is lower than
that of zincblend phase only by 50 meV, suggesting that
the metastable zincblend ZnO can also evolve. In fact,
evolution of zincblend ZnO by sol-gel process is reported
even earlier [31]. In several studies c-axis oriented growth
of wurtzite ZnO grains is seen [32]. The relative intensities
of the peaks in the XRD pattern, in this study also, suggest
some grain orientation perpendicular to the substrate in the
samples [33].

SEM and AFM images (Fig. 2, 3, 4, and 5) reveal
homogeneous and continuous growth in films. Separate
coating layers are not visible, but partial grain orientation

in the preferred c-axis can be seen. In films sintered at
500 °C, vertical growth of nanocrystallites is most promi-
nent. AFM data were utilized to estimate root-mean-square
(RMS) surface roughness and the values indicate increased
roughness in films sintered at 500 °C compared to films
sintered at 400 °C (Table 2). However, with sintering at
600 °C, a partial smoothing in the surface can be seen. In
Cu-incorporated films, most prominent vertical growth of
crystallites occurred in samples sintered at 400 and 500 °C.

Optical UV-vis absorption spectra of ZnO/Cu—ZnO
thin films from 300 to 700 nm (Fig. 6) indicate that the
absorption is relatively more in films sintered at higher
temperatures. In general, the decrease in optical absorp-
tion can be attributed to the improvement in crystallinity
and stoichiometry. From XRD analysis, the maximum
crystallinity is seen in films sintered at 400 °C, while
films sintered at 600 °C have the lowest crystallinity. The
absorption pattern is thus, guided both by variations in
crystallinity and stoichiometry. The absorption spectra of
films present an interesting observation, where, apart from
defects induced some low intensity absorptions corre-
sponding to d—d transitions in the visible region, a board
absorption band with two prominent absorption thresholds
can be seen in the UV region. The first one at around
400 nm may be due to the onset of fundamental absorp-
tion corresponding to O:2p — Zn:4s charge-transfer band,
widely reported in literature for ZnO. Corresponding to
this threshold, band gap (E,) values were determined by
plotting (ochv)2 versus (hv) (Fig. 7). The values (Table 3)
are close to the reported value for bulk ZnO, and there are
only marginal changes in it even after Cu incorporation.
The existence of an additional absorption threshold at
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Fig. 1 X-ray diffraction pattern of ZnO and Cu—ZnO films. Sintering
temperature: 400 °C (a), 500 °C (b), and 600 °C (c); Incorporated
concentration of Cu: nil (a), 1 (b), 3 (¢), 5 (d), and 7% at. (e);
Diffraction pattern from ITO substrate (f), peaks corresponding to
wurtzite ZnO

even lower wavelength, probably, indicates particle/grain
size heterogeneity in the samples lying in a range where a
fraction of particles/grains are of very low grain size and,
possibly due to quantum confinement, this fraction shows
band gap higher than that of bulk system [34, 35]. Band
gap values corresponding to this threshold (presented in
parenthesis in Table 3) show marked change on Cu
incorporation, although the variation is up and down and
trend is not clear. Probably, band gap energies in very low
size range of nanoparticles, to which this absorption
threshold seemingly corresponds, also depends upon

@ Springer
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Fig. 2 SEM images of ZnO and Cu—ZnO films. Sintering tempera-
ture: 600 °C; incorporated concentration of Cu: nil (a), 1 (b), 3 (¢), 5
(d), and 7% at. (e)

nanoparticles morphology. More work is needed to
understand this aspect.

In PEC cell measurements, the observed current—
potential (/-V) curves demonstrate n-type nature of ZnO
films [16]. Table 4 depicts the open circuit voltage (Vi)
and short circuit current (J,.), recorded under illumination.
The V,. values are comparable to the values reported ear-
lier [36]. There is significant change in J,. on Cu incor-
poration, and highest J,. was recorded with 1% at. Cu—ZnO
films sintered at 600 °C. The observed variation in pho-
tocurrent density (i.e., lijjumination — ldarkness) With applied
voltage is shown in Fig. 8. Films sintered at 600 °C yield
maximum photocurrent, but the photoresponse of films
sintered at 400 °C is very poor. Since, there is no additional
redox couple in the electrolyte, the significant value of
photocurrent density can be attributed to electrochemical
splitting of water, which was well indicated by evolution of
gases in the form of bubbles on the electrode surface. The
photocurrent density is altered significantly by copper
incorporation. It was maximum when 1% at. Cu—ZnO film
sintered at 600 °C was used as WE. Cu—ZnO films, pre-
pared in this study, can efficiently absorb UV light,
showing, at the same time, moderate to low absorption in
the visible region. Further, in this case, band edges are
seemingly well aligned to redox levels corresponding to
hydrogen and oxygen evolution, which is indicated by
significant short circuit current, especially with films sin-
tered at 500 and 600 °C. PEC data were further utilized to
evaluate applied bias photon-to-current efficiency (ABPE)
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Fig. 3 AFM images of ZnO and Cu-ZnO films. Sintering temper-
ature: 400 °C; incorporated concentration of Cu: nil (a), 1 (b), 3 (¢), 5
(d), and 7% at. (e)

of the cell under 500 mV bias [2]. The values, presented in
Table 4, once again suggest that the photoresponse is
maximum for 1% Cu-incorporated films and increases with
the rise in sintering temperature.

The values of Vy, derived from MS plots (Table 3) are
comparable to the values reported in some earlier studies
for ZnO [25]. Further, Vg, values are different from “Onset
potentials”, obtained from I* versus V relations, suggesting
the presence of surface states at the electrode—electrolyte
interface, where carriers may recombine easily [37]. The

Topography range  Line fit 76.6 nm

Topography range  Line fit 53.5 nm

[ee— — oo

e mmmms o See— — —
Topography range  Line fit 72.8 nm

Topography range  Line fit 76.6 nm

Topography range  Line fit 65.1 nm

Fig. 4 AFM images of ZnO and Cu-ZnO films. Sintering temper-
ature: 500 °C; incorporated concentration of Cu: nil (a), 1 (b), 3 (¢), 5
(d), and 7% at. (e)

typical maximum charge carrier density reported for the
zincblend ZnO is ~10'° cm_3, while for the wurtzite ZnO
is ~10*° cm™>, which means it is an order of magnitude
higher in the wurtzite ZnO [25]. The measured carrier
density in all the samples (ZnO and Cu—ZnO) prepared in
this study, as determined from the slope of MS curves are
in the expected range (Table 3). Cu incorporation in ZnO,
in general, resulted in an increase in charge carrier density.
However, in some samples, the values have decreased
(reason not clear at present). For PEC application and
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Fig. 5 AFM images of ZnO and Cu-ZnO films. Sintering temper-
ature: 600 °C; incorporated concentration of Cu: nil (a), 1 (b), 3 (¢), 5
(d) and 7% at. (e)

current generation, apart from the concentration of carrier,
their mobility is also important. Measured resistivity of thin
films, being low in the samples sintered at 500 and 600 °C,
suggest higher carrier mobility. Copper incorporation has
also led to significant fall in resistivity. Thus, the high
photocurrent values recorded with samples sintered at 500
and 600 °C, especially with 1% at. Cu—ZnO, may be due to
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Incorporated concentration of Cu: nil (a), 1 (b), 3 (¢), 5 (d), and 7% at.
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improved optical absorption coupled with decreased
resistivity, and carrier mobility appears more critical than
carrier concentration for PEC application. Yet, there is no
direct evidence to suggest that nanostructured Cu—ZnO is
better than the bulk system for PEC splitting of water, as
expected improvement in the light absorption in nanosys-
tem, due to increased surface area, gets nullified by a sig-
nificant blue shift in the absorption threshold. Thus, size
optimization is crucial in the whole process.
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Fig. 7 (2hv)* versus hw plots for ZnO and Cu-ZnO films. Sintering
temperature: 400 °C (a), 500 °C (b), and 600 °C (c); Incorporated
concentration of Cu: nil (filled square), 1 (filled circle), 3 (filled
triangle), 5 (filled inverted triangle), and 7% at. (filled diamond)

Conclusions

This study, thus, leads to the following conclusions:
(i) Evolution of hexagonal wurtzite with the possible

Table 3 Values of Band gap energy (E,), Flat band potential (Vy,),

and Charge carrier density (Np) for ZnO/Cu—ZnO films

Sintering Incorporated E; (eV) Vi, (V)  Np X 10721
temperature  concentration (cm_3)
(°O) of Cu (% at.)

400 - 3.22 (3.56) —0.58 0.38
400 1 322 (3.43) -0.74 0.53
400 3 322 (3.62) —0.77 0.16
400 5 323 (3.36) —0.74 0.33
400 7 324 (3.35) —0.69 0.67
500 - 321 (3.44) —0.64 0.13
500 1 3.20 (3.31) —0.73 0.80
500 3 3.22 (3.56) —0.87 0.18
500 5 321 3.63) —-0.72 0.53
500 7 322 (3.25) —0.66 0.25
600 - 322 (3.63) —-0.76 0.67
600 1 322 (3.41) —0.85 0.67
600 3 321 (3.78) —0.87 1.51
600 5 3.23 (3.55) —-0.75 1.34
600 7 324 (3.55) —-0.72 0.44

E, values in parenthesis correspond to the additional absorption
threshold observed at lower 4 in UV region (refer to the text)

Table 4 Observed values of open circuit potential (V,.) and short
circuit current (Ji) on using Cu-ZnO films of ZnO as working
electrode in PEC cell under illumination

Sintering Incorporated V. (V) Jy Applied bias
temperature concentration (MA cm™?  photon-to-current
(°O) of Cu (% at.) efficiency (ABPE)
400 - 0.50 19 0.07

400 1 0.76 413 0.38

400 3 0.64 109 0.10

400 5 0.47 70 0.05

400 7 0.49 117 0.13

500 - 0.71 216 0.25

500 1 0.67 427 0.45

500 3 0.53 180 0.23

500 5 0.48 150 0.16

500 7 0.47 209 0.16

600 - 0.69 312 0.79

600 1 0.69 752 0.66

600 3 0.50 169 0.20

600 5 0.48 255 0.45

600 7 0.43 154 0.13

concomitant growth of cubic zincblend ZnO has been
obtained by the preparatory method. (ii) Observed
absorption spectra and the optical band gap of the films
suggest that the films are efficient UV absorber and mod-
erate weak absorber of visible light. Thus, their use for
PEC splitting of water is possible. Further, due to quantum
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Fig. 8 Variation in photocurrent density with applied potential
employing ZnO and Cu-ZnO films as working electrode. Sintering
temperature: 400 °C (a), 500 °C (b), and 600 °C (c); Incorporated
concentration of Cu: nil (filled circle), 1 (filled star), 3 (filled
diamond), 5 (filled triangle), and 7% at. (open circle)

confinement effect, two absorption thresholds are seen in
the UV region with corresponding band gap energies get-
ting differently affected on Cu incorporation. (iii) The films

@ Springer

sintered at 500 and 600 °C (1% at. Cu incorporation) yield
maximum photocurrent and can be used as efficient
photoelctrode for photosplitting of water. The effect can be
attributed to better optical absorption and decreased elec-
trical resistivity of samples.
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