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ABSTRACT

Structural and electrical properties of the CuO films and the ZnO/CuO heterojunctions prepared by
chemical bath deposition (CBD) technique involving thermal annealing process were studied by
scanning electron microscope observation, X-ray diffraction, current density-voltage (J-V) and
capacitance-voltage (C-V) measurements. The as-grown CuO films showed p-type conduction after
annealing in the air at temperatures (T,) ranging from 200 to 300 °C. The n-ZnO/p-CuO heterojunctions
were composed of the columnar CuO grains and the ZnO nanorods (NRs) and their J-V curves exhibited
rectifying characteristics with large diode ideality factors (n) and leakage currents. The insertion of the
ZnO intermediate layer prepared by dip-coating (denoted by “Dip-coating ZnO”) between the ZnO and
CuO layers was found to be effective for reducing the n value and suppressing the leakage current. The
threshold voltage (Vy,), built-in potential (Vy,;) and n value of the ZnO/Dip-coating ZnO/CuO heterojunc-
tion were strongly dependent on T, and showed minima around To=250-300 °C. Taking into account
the fact that the rectification ratios of the forward current to the reverse current were very low at the
same T, region, the low Vi, and Vy,; values are attributed to the tunneling process through the interface

states introduced by the structural imperfection.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Tin doped indium oxide (In,03:Sn, ITO) films are widely used as
transparent conducting oxide (TCO) films in the electrodes of flat
panel displays and in the window layers of thin film solar cells.
However, the alternative TCO materials are required because of the
limited availability of In, one of the rare-metals. Zinc oxide (ZnO)
with a hexagonal wurtzite structure has the band gap energy of
3.37 eV, which is transparent to visible light. A variety of growth
techniques has been utilized for preparing ZnO films so far [1]. It is
also known that ZnO films doped with the group Il elements
(B, Al, Ga and In) or the group VII element (F) show low-resistivity
n-type conduction. Therefore, ZnO is one of the most conceivable
candidates for the alternative TCO material [2]. Moreover, ZnO is
abundant, inexpensive and non-toxic. On the other hand, it is
difficult to obtain high quality p-type ZnO films reproducibly
because of the self compensation effect that a crystal lowers its
energy by forming point defects and/or complex defects to counter
the effects of a dopant.

Cupric oxide (CuO) with a monoclinic structure and cuprous oxide
(Cuy0) with a cubic structure, stable phases of the well-established
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copper-oxide compounds, exhibit naturally p-type conduction
derived from copper vacancies (V¢,). The band gap energies of CuO
and Cu,0 have been reported to be ~1.35eV and ~2.1 eV, respec-
tively [3]. Up to now, there are some reports on the successful growth
of p-Cu,0/n-ZnO heterojunctions and solar cell performances. The
energy conversion efficiency of 3.83% was achieved on the hetero-
junction fabricated by depositing the ZnO layer on the thermal
oxidized Cu,O layer by pulse laser deposition (PLD) [4]. Moreover,
the insertion of the Ga,Os layer between the Cu,O and ZnO layers
was found to improve the energy conversion efficiency effectively [5].
According to the Shockley-Queisser limitation assuming single pn
junction solar cells, however, the maximum energy conversion
efficiency is expected to be achieved at the band gap energy of
~1.4 eV, which is very close to the direct band gap energy of CuO
rather than that of Cu,0. Rectifying behavior was observed on the
current (I) -voltage (V) characteristics of the p-CuO/n-ZnO hetero-
junctions prepared by directly bonding of ZnO and CuO sintered
bodies [6] and by electrodeposition [7]. For the later heterojunction, a
low energy conversion efficiency of 1.1 x 10~% was obtained.
Recently, Saji et al. have reported the successful growth of the CuO/
i-Zn0/ZnO:Al heterojunction with the energy conversion efficiency of
3 x 10~ %% by rf magnetron sputtering [8].

As with the case of ZnO, CuO films have been prepared by
various methods, such as chemical vapor deposition (CVD) [9,10],
spray pyrolysis [11], dip-coating [12], electrospun [13], PLD [14,15]
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and chemical bath deposition (CBD) [16] so far. Among these
growth methods, we have paid attention to CBD which is based
on controlled precipitation on a substrate via hydrolysis and/or
condensation of metal ions and/or complexes from aqueous
solution. The CBD method is performed at temperatures typically
lower than 100 °C, which allows us to use polymers as substrate
materials. In our previous paper, the shape controllability of
vertically aligned ZnO nanorods (NRs) by the CBD using ZnCl,
and zinc acetate dihydrate [ZnAc, (CH3COO),Zn - 2 H,0] as source
materials and the optical properties of the ZnO NRs [17] have been
reported.

In the present paper, the fabrication of p-CuO films and n-ZnO/
p-CuO based heterojunctions by CBD technique accompanied
by thermal annealing process, and their structural and electrical
properties will be discussed in terms of the post-annealing
temperature for CuO layer. To improve the interfacial properties,
the insertion of intermediate layers between the CuO and ZnO
layers will be also examined.

2. Experimental
2.1. Sample preparation

A flow chart for the fabrications of n-ZnO/p-CuO based hetero-
junctions with the substrate configuration is shown in Fig. 1.
Commercial Au (200 nm) /Ti (50 nm)/Si wafers (Kyodo Interna-
tional) were used as substrate materials. The Au layer acts as not
only the seed layer for the CBD of the CuO layer, but also the back
contact electrode. The alkali-free glass substrates coated with the
Au layers were also used for preparing single CuO films. The CBD
of the CuO layers was performed on the Au seed layers using the
aqueous solution of Cu(NOs),-3 H,O (denoted by “CuNA”) with
the concentration of 0.05 M. The pH value of the CuNA aqueous
solution was adjusted to be 10 by the use of ammonia solution
(28%). The CuNA aqueous solution was poured into a Pyrex glass
beaker. The beaker was placed in the water bath. The bath
temperature (Tg) for the CuO layer was maintained at 90 °C. The
substrate was suspended in the aqueous solution. During the
growth process, the solution was stirred with a magnetic stirrer.

As received Au/Ti/Si substrate
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Fig. 1. Flow chart for the fabrications of n-ZnO/p-CuO based heterojunctions with
substrate configuration.

Growth time (tg) for the CuO layer was 60 min. Post annealing
procedure was performed for the as-grown CuO film in the air for
10 min at annealing temperatures (T,) ranging from 150 to 350 °C.
The CBD ZnO layers were grown on the annealed CuO layer
directly or on the intermediate layer deposited on the annealed
CuO layer. The intermediate layers attempted in this study are as
follows: @ ZnO layers grown by dip coating (denoted by “Dip-
coating Zn0O”) using the aqueous solution of (CH;CO0),Zn -2 H,0
(denoted by “ZnAc”) and @ CdS layers grown by CBD using
cadmium sulfate (CdSO,4) and thiourea as precursors. The Dip-
coating ZnO layers were prepared by repeating the immersion of
the CuO films in the 0.05 M ZnAc solution at ~20 °C for 3 sec five
times followed by thermal annealing at 250 °C in the air for
10 min. The CdS intermediate layers were grown by CBD using
the mixed aqueous solution of 1.5 mM CdSO4, 0.075 M thiourea
and 2 M ammonia solution at Tg=75 °C for 7 min. The CBD ZnO
layers were synthesized from the ZnAc aqueous solution of 0.01 M
whose pH value was adjusted to be 10.5 by adding ammonia
solution. The growth apparatus and procedure for the CBD ZnO
layers were the same for those for the CBD CuO layers. The CBDs
of the ZnO layers were performed at Tg=70 °C for t;=20 min.
The aluminum (Al) surface electrodes were formed by vacuum
evaporation.

2.2. Characterizations

The crystalline structure was characterized by X-ray diffraction
(XRD) method using the Cu K radiation with a conventional -2
6 goniometer (Philips, PW1820/00). Surface and cross-sectional
morphologies were examined by scanning electron microscope
(SEM; Hitachi, S-3100). Conduction type was checked by thermo-
power measurements using our home-made apparatus. Electrical
properties of the fabricated n-ZnO/p-CuO heterojunctions were
characterized by current density (J)-voltage (V) measurements
using digital multimeters (Advantest, R6451A and R8240) and a
DC stabilized power source (Kenwood, PA70-1A) and by capaci-
tance (C)-voltage (V) measurements under the frequency of 1 MHz
using a capacitance meter (Hioki, 3532-50) and a digital multi-
meter (Yokogawa, 7651).

3. Results and discussion
3.1. Structural and electrical properties of CuO films

Fig. 2 shows XRD patterns of the CuO/Au/glass films annealed
at T=200, 350 and 500 °C in the air for 10 min, together with that
of the as-grown film. In the range from 32 to 55°, the (110), (00 2)
and (020) peaks of CuO and the strong (11 1) peak of Au can be
seen. The inset shows variations of the intensity and full-width
at half-maximum (FWHM) value of the CuO (002) peak as a
function of annealing temperature (Ta). The intensity of the CuO
(0 02) peak increases, whereas its FWHM value decreases with
increasing Ta. This finding suggests that the post annealing in the
air is effective for improving the crystalline quality. The intensity
ratio of the CuO (0 0 2) peak to the summation of those of all the
observed CuO peaks, indicating the degree of crystallographic
orientation of the film, was independent of Ta.

On the same CuO/Au/Ti/Si film, the resistivity measured
between the Au electrodes formed on the surface (surface Au
electrodes) was almost twice of that between the surface and back
Au electrodes. This result indicates that, when the resistivity
measurement is performed between the surface Au electrodes,
most of current flow via the back Au contact, that is to say the
resistivity of the CuO layer in the surface direction is extremely
larger than that in the thickness direction. In other words, the
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