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Delafossite materials like CuGaO, have appeared as promising p-type semiconductor materials for their
exploitation in tandem dye sensitized solar cells and water splitting photoelectrochemical cells. However,
the intrinsic electronic properties of this material once nanostructured have not been extensively studied
and fundamental knowledge is required in order to further develop photovoltaic and photoelectrochem-
ical devices. In the present study, we report the main electrical properties of CuGaO, nanoparticles and
evaluate the effect of Mg doping. We determine for the first time the hole conductivity of mesoporous
CuGaO, using impedance spectroscopy, extracting values ranging from 1 to 10 x Scm~! in the interval
of applied bias tested. We show that after Mg doping, the optical bandgap is red-shifted 0.15 eV and the
conductivity increased one order of magnitude, indicating real p-type doping of the materials. Further-
more, after Mg doping the capacitance showed a Mott-Schottky behaviour reflecting the band bending of
the semiconductor. In these conditions, the estimated acceptor density and the flat band potential were
Nap=10" cm~3 and Vg =0.23V vs Ag/Ag’, respectively. When the material is not intentionally doped,
the measured capacitance corresponds to the double layer capacitance, since the semiconductor is fully
depleted in the testing conditions.
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1. Introduction

The development of nanostructured p-type semiconductor
materials as hole conductors in hybrid photovoltaic and photoelec-
trochemical devices has received significant attention in the last
years, mainly driven by the interest to integrate these materials
in hybrid photovoltaic [1] and photoelectrochemical devices [2].
Particularly, materials like NiO have been extensively and almost
exclusively studied in the field of p-type dye solar cells [3-6],
due to the existing wide experience on the preparation of porous
films for the development of electrochromic devices [6]. Addition-
ally, NiO has also been studied as an active hydrogen evolving
catalyst in water splitting cells, since Ni appears at the top posi-
tions in the Trassatti diagram for hydrogen evolution catalysts
[7-9]. On the other hand, p-type Cu, 0 has demonstrated promising
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performance as photocathode in water splitting solar cells, once
the severe limitations related to its stability in aqueous environ-
ment have been overcome by the addition of protective layers
[10-14].

Delafossite CuGaO, has emerged as a promising p-type mate-
rial for anodic applications and due to its large bandgap (~3.6eV),
it also appears very attractive as transparent conductive oxide [15].
Moreover, it shows significant synthetic versatility, which entails
tailoring its morphological, optical and electronic properties [16].
CuGaO; has demonstrated interesting photovoltaic properties as
photocathode in dye solar cells [17,18] and promising photocat-
alytic properties to reduce CO, to CO [19]. However, it has been
recognized that an improved understanding of its fundamental
properties is mandatory in order to enhance the current perfor-
mances achieved [19]. The aim of the present study is to provide
a detailed picture of the fundamental electrical properties of this
material to have a clear perspective of its functionalities and poten-
tial. Additionally, this information will be useful for the design of
relevant synthetic guidelines to optimize its performance.
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We have employed Electrochemical Impedance Spectroscopy
(EIS) to extract the most important electronic parameters of this
system. EIS entails the frequency analysis of the AC response of a
device and it is widely applied in a broad class of material systems
and devices, including inorganic, organic and biological systems
[20]. The main advantage of this technique relies on the abil-
ity to resolve processes with different characteristic time scales
with a single measurement, provided that the physical model
employed to interpret the experimental results conveys the fun-
damental processes of interest. In our case we have needed to use
a transmission line based model to describe the porous structure
of CuGaO, what allowed to distinguish between charge transport,
recombination and accumulation characteristics of the delafossite
films.

2. Experimental method

CuGa0,-P123 and CuGa0,:1%Mg materials were synthesized in
hydrothermal conditions based on the method developed by Srini-
vasan et al. with slight modifications [21]. Namely, an aqueous
solution of copper, gallium and magnesium nitrates (introduced in
stochiometric amounts) containing Pluronic P123 surfactant and
NaOH (pH=5.15) was poured in a 30 ml teflon bomb filled at 70%.
The bomb was sealed in an autoclave and heated at 190 °C for 56 h.
The as-synthesized samples were then successively washed with
liquid ammonia, nitric acid and distilled water to remove any pos-
sible traces of Cu,0, CuO or Cu. The materials were characterized by
powder X-ray diffraction on a D8 Brucker diffractometer equipped
with a front germanium monochromator (Cu-K-L3 radiation) and a
LynxEye PSD detector (Bragg-Brentano geometry). Scanning elec-
tron microscopy image were collected on a JEOL7600F apparatus.
Brunauer-Emmett-Teller (BET) analyses were done in a micro-
metrics ASAP 2010BET. The transmittance and diffuse reflectance
spectra of the photoelectrodes (CuGaO, and CuGaO,:1%Mg materi-
als deposited on an FTO-coated glass substrates ((Pilkignton TECS,
8 Q cm?) were recorded between 200 and 800 nm by a Cary 5000
UV-VIS Varian spectrophotometer. An integrating sphere was used
for the diffuse reflectance measurements and the absorbance was
calculated as: A=—log(T+R). The absorption coefficient () was
estimated by A=, where [ is the thickness of the electrode. The
direct optical bandgap could be estimated by the Tauc plot, r=1/2
[22].

Cyclic voltammetry, steady-state current density voltage (j-V)
and Electrochemical Impedance Spectroscopy (EIS) were carried
out using a FRA equipped PGSTAT-30 from Metrohm Auto-
lab. For EIS measurements, the selected frequency range was
106-5 x 10~2 Hz, and the amplitude of the AC signal was 20 mV.
A three-electrode configuration was used, where the FTO/CuGaO,
electrode was connected to the working electrode, a Pt mesh
was connected to the counterelectrode and a non-aqueous Ag/Ag*
electrode was used as the reference electrode. 0.1 M tetrabutylam-
monium perchlorate in acetonitrile was used as electrolyte. In order
to minimize the effect of the FTO substrate, the exposed FTO surface,
not covered by CuGaO, was passivated by a non-conductive resine,
which showed to be stable with the electrolyte. Cyclic voltammetry
measurements were carried out at 50 mV s~!. The electrodes were
illuminated using a 300 W Xe lamp. The light intensity was adjusted
with a thermopile to 100 mW/cm?, with illumination through the
substrate.

3. Results and discussion

The CuGaO, films were deposited on FTO substrates by screen
printing and subsequently heated at 400°C in Ar atmosphere for
30min. SEM examination reveals that delafossite films appear
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Fig. 1. Tauc plots of the direct bandgap transition for undoped and Mg-doped
CuGaO0,. The calculations of the bandgaps are indicated by the tangent lines and
the arrows.

as mesoporous layers composed of individual nanoplatelets with
approximately 5 nm thick and 100-400 nm wide (Figure SI1). The
surface area of the scrapped samples determined by BET was
22m?2/g and the thickness of the electrode determined by SEM
was approximately 4 .wm. Mg doping does not introduce significant
differences on the morphological properties of the films, although
higher surface area was measured by BET, 38 m?/g.

The optical properties of the material with and without Mg
doping are compiled in Fig. 1. We show the Tauc plot for direct
bandgap transition extracted from transmittance and reflectance
measurements. The direct bandgap obtained for CuGaO, (3.91eV)
is in reasonable good agreement with those reported by Srini-
vasan et al. (3.7-3.8eV) [16], and by Ueda et al. (3.6eV) [15], and
higher compared to the photoelectrochemical measurements car-
ried out by Benko et al. (2.7eV) [23]. Bandgap anomalies have
been reported for delafossite materials, related to a large dispar-
ity between the fundamental gap and the apparent optical gap,
which is responsible for the bipolar dopability of these materials
[24]. On the other hand, Mg doping leads to a slight red-shift of
the absorption onset (~0.15eV), and the obtained direct bandgap
isEg=3.76eV.

Fig. 2a shows the cyclic voltammograms of the undoped and
Mg doped CuGaO, films. It is clear that Mg doping leads to a more
capacitive material as showed by the hysteretic behaviour of the j-V
curves. Due to the large bandgap of these materials and the block-
ing nature of the electrolyte employed in the present study, the
dark and illuminated j-V curves are very similar. Fig. 2b shows the
potentiostatic current transients after illumination of the sample
at —1.2V vs Ag/Ag*, clearly reflecting the p-type behaviour of the
electrodes (negative photocurrents) and the higher photocurrent
measured for the Mg doped material. In these experimental con-
ditions, we did not observe either anodic or cathodic spikes, and
consequently charge transfer through surface states can be safely
ruled out [1].

Further mechanistic information about the carried dynamics
of these materials was extracted from impedance spectroscopy.
Potentiostatic frequency scans were carried out at different volt-
ages in the dark and the individual spectra were fitted to a
consistent physical model. Figure SI2 shows representative Nyquist
plots for a CuGaO, sample obtained at different applied voltages.
The high frequency region of these plots indicates some diffusive
contribution (straight line with 45° slope), which depending on the
applied voltage appears convoluted with an arc. Since we used
a blocking electrolyte for these experiments, the low frequency



572 I. Herraiz-Cardona et al. / Electrochimica Acta 113 (2013) 570-574

0.8

0.6 -

0.4

0.2 A

0.0 -

i (mA-cm™)

-0.2 4

CuGaOo,

CuGaO,:Mg

'0.6 T T T L] T T
12 08 -04 0.0 0.4 0.8

E vs Ag/Ag” (V)

-0.4 -

0.00

(b)

DARK
-0.04 -

-0.08 -

j (mA-cm?)

-0.12 A

CuGaO,
CuGaO,:Mg

-0.16 T T T T T T
0 20 40 60 80 100 120 140

LIGHT

time (s)

Fig. 2. (a) j-V curves of undoped and Mg doped CuGaO; in the dark (dashed lines)
and under illumination (solid lines). Scan rate was 50mVs~' (b) potentiostatic cur-
rent transients obtained for CuGaO, and CuGa0,:Mg at V=-1.2V vs Ag/Ag*.

region is dominated by the capacitive behaviour of the electrodes
(almost straight vertical line in the Nyquist plots). In order to
assess the stability of the samples during the dynamic characteriza-
tion, cyclic voltammetry curves in the dark and under illumination
before and after the impedance spectroscopy measurements were
carried out. Figure SI3 shows that the stability of the tested samples
was excellent.

In order to model the electrochemical behaviour of the elec-
trodes, we considered a sound physical model, which can be
translated into the equivalent circuit depicted in Fig. 3a. In
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Fig. 3. (a) Equivalent circuit employed to fit the impedance spectra of CuGaO, sam-
ples. (b) Description of the transmission line element (Ti) including a transport
resistance (r¢), a recombination or charge transfer resistance (r.;) and a capacitance
(Co)-

this model, Rs accounts for the series resistance of the electro-
chemical cell, which includes the contribution of the contact,
connection wires, etc., Ryco conveys the information of the
charge transfer resistance at the FTO/CuGaO, interface, Crco
models the capacitance of the FTO/solution interface and T
is an extended element, accounting for the carrier transport
(r¢) through the mesoporous film coupled to charge transfer to
the solution (r¢), Co is the capacitance at the CuGaO,/solution
interface, Fig. 3b. The use of transmission line elements to
describe the coupled transport and charge transfer to the
solution is well documented in the literature for similar meso-
porous systems, like TiO, [20,25-27], polypyrrole films [28],
etc.

From fitting the experimental spectra to this model, we could
extract information related to the most relevant electronic parame-
ters for the operation of these materials. For example, the transport
resistance (r¢) provides information about the film conductivity
through the expression:

L

77 RA( 1) =

where L is the film thickness (4 pm from the SEM examination, Fig-
ure SI1), A is the geometrical area of the specimens (0.25 cm?) and
p is the porosity of the film (p=0.5 was taken as a first approxima-
tion from SEM and BET measurements. The results are showed in
Fig. 4a. As expected for p-type semiconductors, the film conduc-
tivity increases for both materials with applied bias, as the Fermi
level approaches the valence band of the semiconductor (hole con-
ductivity). On the other hand, the conductivity is one order of
magnitude higher for the Mg doped material, with values ranging
1-10pScm! in the interval of applied bias tested. These values
are considerably lower compared to 20mScm~! and 63 mScm™!
reported for undoped CuGaO, prepared by thermal Pulsed Laser
Deposition and co-evaporation of Cu and Garespectively [15,29].In
any case, to the best of the authors’ knowledge, this is the first time
that hole conductivities are estimated by impedance spectroscopy
using the transmission line extended element for nanostructured
p-type semiconductors.

The capacitance of the semiconductor (Cy) is plotted in
Fig. 4b. This capacitance conveys the information of the inter-
face CuGaO,/solution and for both the undoped and Mg doped
CuGaO0,, it increases with applied potential. However, the origin
of this capacitance is believed to be different for both materials as
discussed below. In order to evaluate the physical origin of this
capacitance, we assessed different possibilities: i.e., a dielectric
capacitance, a chemical capacitance or a double layer capacitance.
For the undoped material, the Mott-Schottky representation of
Co (see Fig. SI3) does not provide a clear straight line and con-
sequently this capacitance cannot be interpreted as a depletion
capacitance. Indeed, the estimation of the width of the deple-
tion region for this material (N5 =10'7 cm~3) [30] is approximately
w~ 60 nm at these potentials, indicating that the CuGaO, platelets
must be fully depleted (the thickness of the platelets is around 5 nm
as shown in Figure SI1). Alternatively, the origin of this capaci-
tance could be chemical, and hence reflect the density of states
of delafossite near the valence band. However, this possibility was
ruled out due to the slow increase with potential, less than one
order of magnitude in 500 mV and consequently the most rea-
sonable origin for this capacitance is believed to result from the
Helmholtz layer (10-100 wFcm~—2). On the other hand, after Mg
doping, the Mott-Schottky representation of Cy clearly shows that
the origin of this capacitance is dielectric, with an acceptor den-
sity of Na=9x 10 cm3, and a flat band potential V=023V
vs Ag/Ag* (Fig. 4c). The estimation of the width of the depletion
region w=6nm is consistent with this assignment, given the small-
est dimension of these platelets (around 5 nm). On the other hand,
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Fig. 4. (a) Conductivity (o) and (b) capacitance (Cy) of undoped and Mg doped
CuGa0; and (c) Mott-Schottky plot of the Mg doped material.

Crco, the capacitance at the FTO/solution interface, systematically
shows a constant value (Crco =10 wF cm~2) for both undoped and
Mg doped materials through all the potential range evaluated, in
good agreement with the double layer capacitance of FTO directly
exposed to the electrolyte (not covered by CuGa0,) [31].

Finally, the resistance at the contact FTO/CuGaO, (Rrco) is
higher for the undoped material, (approximately 100 Q2 cm—2 vs
50 Q2 cm~2 for the doped material) probably due to a better adhe-
sion of the semiconductor nanoplatelets to the TCO substrate, while
the series resistance, Rs is practically identical for both materials
(20-30 2 cm~2) (see Fig. 5).
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Fig. 5. (a) Series resistance, Rs (b) resistance at the FTO/CuGaO, interface, Rrco and
(c) capacitance at the FTO/solution interface (Crco) for both undoped and Mg doped
CuGa0; materials after fitting the experimental impedance data to the physical
model depicted in Fig. 3. Geometrical area of the samples: 0.25 cm?.

4. Conclusions

The electrical properties of nanostructured CuGaO, films syn-
thesized by a hydrothermal route have been evaluated using
impedance spectroscopy methods. For the first time, hole con-
ductivities for p-type nanostructured semiconductors could be
estimated by using a transmission line approach. Conductivity of
CuGaO0, ranged 1-10 uScm~! in the interval of applied bias tested
and it increased one order of magnitude after Mg doping. On the
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other hand, the measured capacitance corresponds to different
mechanisms depending on the synthetic history. After Mg dop-
ing, the measured capacitance has a dielectric origin that reflects
depletion of the semiconductor due to band bending. In these con-
ditions, the estimated acceptor density is Na =101 cm~3 and the
flat band potential, Vgg =0.23 V vs Ag/Ag*. On the other hand, with-
out doping, the measured capacitance corresponds to the double
layer capacitance, since the semiconductor is fully depleted at the
testing conditions. The change of the conductivity and capacitance
characteristics obtained demonstrates that the synthetic method
used for the addition of Mg effectively dopes CuGaO,. Additionally,
this doping leads to a red-shift of 150 nm in the optical bandgap
of CuGaO0,. We believe that the findings of this study clarifying the
electrical characteristics of nanostructured CuGaO, films, will con-
tribute to a better electrode design for photovoltaic and catalytic
applications.
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