
UTRIP 2017 Report

UTRIP 2017 Report:
Fabrication and characterisation of p-type amorphous zinc cobalt oxide
semiconductor thin film

Paulina Ewa Majchrzak,1 Yasushi Hirose,2 and Tetsuya Hasegawa2
1)University of Edinburgh
2)University of Tokyo

Zinc cobalt oxide (ZnCo2O4, ZCO) films were grown on silicon and glass substrates at room temperature
by pulsed laser deposition and their surface morphology as well as electrical transport properties were sub-
sequently characterised. The specimen were found to be amorphous with local root-mean-squared surface
roughness (Rrms) in the range 1-3Å. Further AFM and SEM studies revealed the presence of nanocrystals,
whose formation was shown to be suppressed by decreasing laser energy during deposition. Sample obtained
at laser input energy 15 mJ was confirmed to be a p-type semiconductor by Seebeck and Hall effect measure-
ments. Nonetheless, the heterojunction fabricated with p-ZCO and another n-type AOS) exhibited Ohmic
I − V curve and was therefore unsuitable for photocurrent generation applications.

I. INTRODUCTION

Amorphous oxide semiconductors (AOSs) have re-
cently emerged as promising candidate for large-area
giant-microelectronics devices on glass and flexible plas-
tic substrates, such as solar cells and transistors for flat-
panel displays. In comparison to conventional amorphous
semiconductors, prime example being hydrogenated sil-
icon (a-Si:H), they display a host of advantages such as
low temperature processing and high flexibility.1

Despite the aforementioned benefits, however, not
many electronic devices based on AOSs were reported to
date. The primary reason lies in the difficulty to obtain
p-type materials for the formation of pn-junction, cru-
cial for exploiting active functions of the semiconductors.
Conduction bands of AOSs are generally made of ex-
tended spherical wavefunctions of metal s-orbitals, thus
disordered nature of amorphous network does not sig-
nificantly disturb electron transport. As a result, many
n-type materials were synthesised.24 On the other hand,
the valence band maximum, serving as a hole conduction
path, primarily consists of mostly localised oxygen 2p-
orbitals, posing problems in realising p-type conduction.5

Zinc rhodium oxide was the first p-type AOS to be suc-
cessfully produced, origin of its conduction lying in large
octahedral ligand field splitting into fully occupied t2g
and empty eg levels.6 Cheaper material with similar elec-
tronic configuration, zinc cobalt oxide (ZnCo2O4, ZCO)
was also synthesised later, and rectifying heterojunction
consisting of a-ZCO and crystalline ZnO7, as well as all-
amorphous ZCO/InGaZnO8 were also reported.

This project aimed to optimise the growth conditions
for p-type amorphous ZCO thin films and prepare an all-
AOS pn-junction with p-ZCO and another n-type AOS.

II. EXPERIMENTAL

The ZCO films were grown on silicon (orientation
< 100 >, thickness 100.0±0.5 mm) and alkali-free glass

(Corning, Eagle XG, thickness 70 mm) substrates using
pulsed laser deposition (PLD).

Two bulk targets were obtained by solid state reaction
of ZnO and Co3O4 powders at molar ratios of 1:2/3 (sto-
ichiometric) and 1:1.3, and characterised by 1D X-ray
diffractometry (1D XRD, Cu − Kα1 radiation), as well
as energy dispersive X-ray spectroscopy (EDX). However,
since the XRD pattern of the stoichiometric mixture of
two oxides showed presence of ZnO wurtzite crystal struc-
ture in addition to expected ZCO spinel structure, it was
discarded for further study.

Four different growth conditions were investigated by
varying the energy of output laser pulses from around 20
mJ to 5 mJ in 5 mJ increments (Table 1). Each deposi-
tion was performed at room temperature for 30 minutes
with pulsed frequency 5.0 Hz, and the oxygen partial
pressure was kept at 1.2 mTorr.

FIG. 1. Schematic of fabricated Au/p-ZCO/n-AOS hetero-
junction.

Thickness of the resultant films was measured by Dek-
takXT Stylus Profiler (Bruker), and their amorphous fea-
tures were verified by 2D XRD (Bruker D8 DISCOVER
with GADDS). The surface morphology of the samples,
including their roughness and profile, was characterised
by atomic force microscopy (AFM; SII, SPI4000 with
SPA400) and scanning electron microscopy (SEM).

In order to confirm carrier type in the semiconductor
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films, Hall coefficient of the samples with lower resistiv-
ity was determined with six-probe method using stan-
dard Hall bar geometry. Seebeck effect measurement was
also conducted where the temperature gradient was ob-
tained by spot-welding one side of the slide glass on which
the sample was placed. Furthermore, four-probe van der
Pauw method was employed to investigate sheet resistiv-
ity of the films.

Finally, a heterojunction was fabricated by a series of
PLD steps. First, a ZCO film was deposited on top of a
n-type AOS on glass substrate, pre-prepared by Tsuchii.
The laser beam had energy of 15.35 mJ, shot with pulsed
frequency 5.0 Hz for 30 minutes at room temperature,
and the oxygen partial pressure was 1.2 mTorr. After-
wards, gold contact layer was placed by bombarding the
gold target with 25.12 mJ laser at repetition rate of 10.0
Hz for another 30 minutes. The schematic structure is
shown in Figure 1. The current-versus-voltage (I − V )
curve was obtained for the device.

III. RESULTS AND DISCUSSION

A. 2D XRD spectra

Figure 2 presents 2D XRD patterns of the investigated
samples. In case of films grown on glass substrate, the
detection area is uniformly grained at all growth condi-
tions. No peaks are visible, which confirms the amor-
phous character of the samples.

FIG. 2. 2D XRD patterns of samples deposited on silicone
(above) and glass (below) substrates with various laser energy.

Scanning the films grown on Si substrate yielded im-
ages with five faint spots present. However, subsequent
scan of the clean substrate revealed the same pattern,
suggesting that the peaks were merely an artifact. More-
over, as the film thickness decreased, the spots became
more intense, which could be explained in terms of x-ray
beams penetrating beyond the film into the substrate.

B. SEM images

Despite being a powerful method to characterise the
crystalline character of the sample, 2D XRD measure-
ments are not sensitive enough to detect nanocrystals

grown on the surface of the thin film. Therefore, SEM
and AFM images were taken to further investigate the
sample morphology.

Shown in Figure 3 are the SEM images of ZCO films
deposited on Si substrate. Spherical spots can be clearly
seen on all specimen, however their number per unit area,
as well as average size decreases. This observation in-
dicates that the formation of nanocrystals can be sup-
pressed by decreasing laser energy during deposition.

FIG. 3. SEM images of samples deposited on silicon substrate.

Elimination of nanocrystals from the sample surface is
critical to reduce grain boundary scattering and hence
improve the carrier mobility. Optimisation of deposition
time or pulse frequency is therefore needed to allow for
fabrication of thicker films with lower laser fluencies, as
discussed further in section D.

C. AFM images

Figure 4 presents AFM images of the studied samples
grown on glass samples.

FIG. 4. AFM images of samples deposited on and glass sub-
strate.

At high zoom (500 nm × 500 nm), the surfaces appear
smooth and do not show grain-like structure or peaks.
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Their root-mean-squared surface roughness (Rrms) lies
in range 1-3Å, characteristic of amorphous films. On the
other hand, scanning larger area (2000 nm × 2000 nm)
exposed spherical droplets on the surface. Unlike in the
case of SEM images, no explicit correlation between the
size/density of spots and the deposition energy can be
incurred.

D. Electrical transport properties

Figure 5 presents thickness and various resistivity data
of the obtained films.

FIG. 5. Resistivity of obtained samples against their thick-
ness.

Resistivity of samples fabricated at laser energy of 5
and 10 mJ turned out too high to successfully conduct
Hall effect measurements. It is suspected that the thick-
ness of those specimen was so low that the resistivity
reading was affected by the strongly insulating proper-
ties of the glass substrate. Since the film surface tends
to be flatter when lower laser fluence is employed dur-
ing deposition, it is desirable to reproduce these samples
with increased thickness. Out of two remaining films,
only the sample produced at 15 mJ consistently showed
positive Seebeck and Hall coefficients, confirming the its
p-type character. Unfortunately, as seen in Figure 6, the
Hall resistance fluctuated as the applied magnetic field
was swept, and thus no numerical data can be reliably
inferred from the measurement.

The 20 mJ sample displayed positive Seebeck and neg-
ative Hall coefficient, hence its carrier type could not be
determined with certainty, probably due to low mobility
of the carriers (e.g. due to grain boundary scattering off
nanodroplets present on the surface) or moderately high
resistivity of the sample.

E. p-ZCO/n-AOS heterojunction fabrication

Upon shining the light on Au/p-ZCO/n-AOS hetero-
junction, voltage produced was of the order of 1V, in-
dicating that no photovoltalic effect could be observed.

FIG. 6. Hall resistivity versus applied magnetic field for 15
mJ sample. The slope of red line is taken as Hall coefficient.

Indeed, the current-against-voltage (I − V ) curve was
perfectly linear, as shown in Figure 7.

FIG. 7. I − V curve for Au/p-ZCO/n-AOS heterojunction.

Such Ohmic behaviour (i.e. circuit allowing the cur-
rent to flow in either direction) is untypical for an all-
semiconductor pn-junction, which should normally only
conduct current for forward bias polarity, resulting in
I − V curve presented in Figure 8, with exponential for-
ward characteristic, near-zero reverse characteristic and
breakdown region.

Further investigation into electric transport properties
of ZCO is required to evaluate these results. However,
it is possible that there exists a mismatch between car-
rier concentrations of the two layers high electron con-
centration in n-type AOS rendering it effectively metal-
lic. Then, high injection effect hypothesis may be stated
by drawing analogies with metal-semiconductor devices:
large number of free electrons can fill the holes in positive
ions while travelling towards the junction, therefore de-
creasing the depletion layer and making it asymmetric.
Properties of the junction will then largely depend on
the characteristics of p-type material, and if the mobility
of the holes is low (as suggested by Hall measurement),
many of the them may recombine with excess electrons
before reaching the junction. This would result in de-
crease in the height of band gap between n-type AOS
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FIG. 8. I − V curves semiconductor pn-junctions, metal-
semiconuctor Ohmic contacts and Schottky barriers.9

conduction band and ZCO valence band, allowing for
tunnelling.

IV. CONCLUSIONS

Amorphous zinc cobalt oxide thin film was success-
fully fabricated and shown to exhibit p-type properties,
but the mobility of charge carriers is suspected to be low.
Grain boundary scattering off spherical nanodroplets on
the surface of the material was suggested as one of the
factors influencing the hole mobility. Since the suppres-
sion of said nanocrystals was demonstrated by decreas-
ing the laser energy during deposition, further optimisa-
tion of growth conditions should be focused on obtaining
thicker ( 50 nm) films at laser energies in or below the
range of 5-10 mJ.

Au/p-ZCO/n-AOS heterojunction produced turned
out to be unsuitable for photocurrent generation, and
furthermore it exhibited Ohmic contact I − V charac-

teristics. It was hypothesised that there was a mis-
match between concentrations of highly mobile electrons
in n-type AOS and quite immobile holes in ZCO, re-
sulting in the behaviour effectively resembling metal-
semiconductor diode with low band gap.
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