RESEARCH ARTICLE

Copyright © 2011 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of
Nanoscience and Nanotechnology
Vol. 11, 782-786, 2011

Structural and Optical Properties of Cu Doped
ZnO Thin Films by Co-Sputtering

Sung Mook Chung*, Jae-Heon Shin, Jeong-Min Lee, Min Ki Ryu, Woo-Seok Cheong,
Sang Hee Ko Park, Chi-Sun Hwang, and Kyoung Ik Cho

Convergence Components and Materials Research Laboratory, Electronics and Telecommunications Research Institute,
161 Gajeong-Dong, Yuseong-Gu, Daejeon 305-700, Korea

This paper reports on the structural and optical properties of ZnCuO thin films that were prepared
by co-sputtering for the application of p-type-channel transparent thin-film transistors (TFTs). Pure
ceramic ZnO and metal Cu targets were prepared for the co-sputtering of the ZnCuO thin films. The
effects of the Cu concentration on the structural, optical, and electrical properties of the ZnCuO films
were investigated after their heat treatment. It was observed from the XRD measurements that the
ZnCuO films with a Cu concentration of 7% had Zn0O(002), Cu,0O(111), and Cu,O(200) planes. The
7% Cu-doped ZnO films also showed a band-gap energy of ~2.05 eV, an average transmittance of
~62%, and a p-type carrier density of ~1.33 x 10'® cm~2 at room temperature. The bottom-gated
TFTs that were fabricated with the ZnCuO thin film as a p-type channel exhibited an on-off ratio
of ~6. These results indicate the possibility of applying ZnCuO thin films with variable band-gap

energies to ZnO-based optoelectronic devices.
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1. INTRODUCTION

Zinc oxide (ZnO) has been considered a promising material
for high-temperature electronics, transparent high-power
electronics, surface acoustic wave devices, optoelectronic
devices, ultraviolet (UV) light-emitting diodes, varistors,
and laser diodes.'” ZnO is a wide direct band-gap (E,:
~3.37 eV) semiconductor that has a large exciton binding
energy of 60 meV at room temperature, with a low lasing
threshold density.® To realize high-performance ZnO-based
optoelectronic devices, however, one of the most important
requirements is band-gap engineering.* The resistivity of
ZnO films may be adjusted between 10~* and 10'? Qcm
by doping and changing the annealing conditions.*’ To
improve the conductivity of ZnO films, various impurity
dopants have been attempted, such as Al, Ga, Ti, In, B,
and H for n-type ZnO, and N and As for p-type ZnO.*?
Achieving a high-quality p-type ZnO has been a major
challenge in the fabrication of long-lasting and robust elec-
trooptic devices.!® Various research groups have recently
started working on the synthesis of several p-type transpar-
ent conducting oxide thin films and on the fabrication of
devices that use them.””'® While the fabrication of n-type
ZnO films is easy with a high carrier concentration even
without any doping, the fabrication of p-type ZnO films is
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difficult due to the self-compensation effect that involves
native defects such as oxygen vacancies (V) and zinc inter-
stitials (Zn;).!! Copper (Cu) is a non-toxic, economical, and
abundant resource, which makes copper oxide an interest-
ing material.'? ZnO:Cu films are usually fabricated for their
electrical and ferromagnetic properties.'> It has also been
demonstrated that ZnO films doped with Cu have higher
electrical resistance and c-axis-crystallite preference.'* '3
Moreover, it is well known that a Cu atom, as a group
Ib element, can also act as an acceptor in ZnO if it is incor-
porated into a substitional Zn site.!® !’

In this paper, the structural and optical properties of
ZnCuO thin films that were prepared by co-sputtering
for the application of p-type-channel transparent TFTs is
reported. Pure ceramic ZnO and metal Cu targets were
prepared for the co-sputtering of the ZnCuO thin films.
The effects of the Cu concentration on the structural, opti-
cal, and electrical properties of the ZnCuO films were
investigated after their heat treatment. Bottom-gated TFTs
were also fabricated with the ZnCuO thin film as a p-type
channel.

2. EXPERIMENTAL DETAILS

ZnCuO thin films were deposited on a Corning glass
1737 by radio frequency (rf) sputtering of ZnO and direct
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current (dc) sputtering of Cu. Pure ceramic ZnO and
metal Cu targets were synthesized for the co-sputtering
of the ZnCuO thin films. The substrates were ultrasoni-
cally cleaned in acetone and methanol, and finally rinsed
in deionized water. The base vacuum in the chamber was
made to go down to 5 x 1077 Torr. Argon gas with a
little additional oxygen (<0.1%) was made to flow into
the chamber for the sputtering. The substrate temperature
and working pressure were 550 °C and 10 mTorr, respec-
tively. The heat treatment of the films was carried out
in a vacuum furnace for 1 h at 700 °C, with an oxy-
gen flow of ~10 sccm. After the fabrication, the sur-
face morphology and the film thickness were analyzed
using a scanning electron microscope (SEM). The struc-
tural changes were observed using an X-ray diffractometer
(XRD). The electrical parameters were estimated using the
Hall measurement method in the van der Pauw configura-
tion at room temperature. The transmittance measurement
was performed using an ultraviolet-visible (UV-VIS) spec-
trophotometer.

To investigate the potential of the ZnCuO thin films
for application in optoelectronic devices, the ZnCuO thin
films were deposited on a thermal-oxide gate insulator and
n-type Indium Zinc Oxide (IZO) thin films to form the
p-type bottom-gate TFT and the hetero p—n junction struc-
ture, respectively. The thickness of the ZnCuO active layer
for the TFTs was ~30 nm. The source and drain elec-
trodes that consisted of an 8 nm-thick titanium (Ti) layer
and a 100 nm-thick gold (Au) layer were deposited on the
ZnCuO active layer via electron beam (E-beam) evapora-
tion. The channel width (W) and length (L) of the ZnCuO
TFTs were 100 wm and 1,000 wm, respectively. The elec-
trical characteristics of the fabricated ZnCuO TFTs were
measured using an Agilent 4156C semiconductor parame-
ter analyzer at room temperature in a dark box.

3. RESULTS AND DISCUSSION

The XRD patterns of the ZnCuO films with various Cu
concentrations are presented in Figure 1. The cuprite phase
(Cu,0) peaks were found only in the Cu(7%)-doped ZnO
thin films. The diffraction peaks at 26 = 36.52 and 260 =
36.25 in the Cu(7%)-doped ZnO thin film might correspond
to the Cu,O(111) and ZnO(101) phase peaks, respectively.
All the ZnCuO films that were prouced by the argon gas
with a little additional oxygen flow (<0.1%) exhibited a
c-orientation peak (ZnO(002)). No secondary phase and
metal-related peaks were detected in all the ZnCuO films
within the sensitivity of XRD. The ZnO(002) peak position
of all the ZnCuO films shifted by about 0.1°~0.2° towards
the left, however, unlike that of the undoped ZnO. The peak
shift illustrates the incorporation of a Cu ion into the ZnO
lattice.'®!° By calculating the lattice constant of the ZnCuO
films, it was found that the cell parameters of a and ¢ of
the ZnCuO films had values of 0.3259 nm and 0.5242 nm,

J. Nanosci. Nanotechnol. 11, 782-786, 2011

Zn0(002)

(a) N J

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70
2-theta

Fig. 1. XRD patterns of ZnCuO films as a function of Cu concen-
trations: (a) ZnO, (b) Cu(5%)-doped ZnO, (c) Cu(7%)-doped ZnO,
(d) Cu(9%)-doped ZnO, and (e) CuO.

respectively, which are larger than those of the undoped
ZnO film (@ =0.3250 nm and ¢ = 0.5207 nm). Besides,
the intensity of the (002) peak was observed to have been
reduced with the incorporation of Cu in the films. Besides,
the intensity of the (002) peak is observed to be reduced
with the incorporation of the Cu in the films. The effects
of Cu doping on the c-orientation of ZnO films have been
inconsistently reported. Lee et al. reported an increase of
the c-orientation peak by Cu doping.'! On the contrary,
Bashi et al. reported an decrease of the c-orientation peak
by Cu doping.?’ There are numerous ideas about the reason
of the effects of Cu doping on the c-orientation in ZnO thin
films. Our Cu(7%)-doped ZnO film exhibits Cu,O(111) and
(200) peak at 26 = 36.52 and 42.42, respectively. The ionic
radii of Cu®* (0.057 nm) and Cu* (0.060 nm) are same
as or smaller than that of Zn?** (0.060 nm). Therefore, the
increase in the lattice parameters a and ¢ cannot be solely
explained by ionic radii difference.!®

Figure 2 shows transmittance spectra measured at room
temperature by a UV-VIS spectrophotometer. The average
transmittance of the undoped ZnO film is above 85% in
the visible wavelength region. However, the transmittances
of ZnCuO films decrease with the increase of the Cu con-
centration, which is consistent with the results of optical
transmission spectra in a reference.?'-?> The optical band
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Fig. 2. Transmittance of ZnCuO films as a function of Cu
concentrations.

gap of the ZnO thin films was estimated by the extrapola-
tion of the linear portion of (ahv)? versus hv plots using
the relation ahv = A(hv — E,)" where hv is the photon
energy, « the absorption coefficient, E, the band gap, A the
constant, and n = 1/2, 3/2, 2, and 3 according to the transi-
tions of direct-allowed, direct-forbidden, indirect-allowed,
and indirect-forbidden, respectively.?!:??

The ZnCuO film is also known to be a direct-allowed
semiconductor. Therefore, the extrapolation of the straight
line down to the point of (ahv)? =0 gives the value of
the energy band gap. From the measurement of the optical
transmittance and the calculated absorption coefficients,
the band-gap energies of the ZnCuO films were deter-
mined, as shown in Figure 3.

The obtained energy band gaps of ZnO, Cu(5%)-doped
Zn0O, Cu(7%)-doped ZnO, and Cu(9%)-doped ZnO films
are 3.14, 2.64, 2.05, and 1.89, respectively. While the
band gap of undoped ZnO film was closed to the pre-
viously reported value, the band gaps of the ZnCuO
films decreased with their Cu concentrations.'*? Nakano
et al. reported that the Cu,O-based p-type transparent

—0—2Zn0O
—0—Cu(5%)-doped ZnO
I——Cu(7%)-doped ZnO £
—A—Cu(9%)-doped ZnO

(ohv)?

Photon energy (eV)

Fig. 3. Energy band gap of ZnCuO films as a function of Cu
concentrations.
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Fig. 4. SEM images of ZnCuO films as a function of Cu concentra-
tions: (a) ZnO, (b) Cu(5%)-doped ZnO, (c) Cu(7%)-doped ZnO, and
(d) Cu(9%)-doped ZnO.

conductive oxides such as CuAlO, and SrCu,O, also have
a reduced energy band-gap structure due to the reduc-
tion of the oxygen-mediated d—d coupling energy between
Cu atoms.?*?* This mechanism of the band-gap reduction,
however, could not be directly applied to the ZnCuO sys-
tem in this study, since the ZnCuO films in this study did
not have a single ZnCuO phase but multi-phases of CuO,
Cu,0, and ZnO, as can be seen in the XRD data [see
Figs. 1(c and d)]. The SEM images of the ZnCuO films as
functions of the Cu concentration are shown in Figure 4.
It can be seen from the figures that the films had various
surface morphologies. Interestingly, the average grain size
increased abruptly when the Cu concentration increased
from 7% to 9% [see Figs. 4(c and d)], which may be
related to the CuO-phase polycrystalline, as expected from
the XRD pattern [see Fig. 1(d)].

The electrical properties were estimated using a Hall
measurement in the van der Pauw configuration. The type
of conductivity was confirmed from the sign of Hall coef-
ficient. The electrical properties are summarized in Table I.

The as-deposited films showed n-type conductivity.
When annealed, the conductivity changed to the p type for
the 7% Cu-doped films, where the Cu,O phase existed [see
Fig. 1(c)]. The type of conductivity reveals that the films
become p-type conducting when they crystallize in the

Table I. Electrical properties of ZnCuO films as a function of Cu con-
centration with heat treatment.

Hall Carrier

Cu Resistivity mobility concentration Conduction
concentration (Q-cm)  (cm?/Vs) (cm™) type
ZnO 100 20 6 x 10° n

Cu 5% doped ZnO 22.24 0.19 1.47 x 10 n/p

Cu 7% doped ZnO 17.28 0.27 1.33 x 10" p

Cu 9% doped ZnO 2.85 0.13 1.31 x 10" n/p
CuO — — — —
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Fig. 5. Room temperature /-V characteristic of ZnCuO/IZO p-n
junction.

Cu,O phase. In general, most oxides exhibit poor mobility
of holes in the valence band because the O 2p states of the
upper valence band are localized. Exceptionally, in Cu,O,
the top of the valence states is derived from fully occupied
Cu 3d states that are close to the O 2p states and are more
mobile when converted into holes.>!!

Figure 5 shows a typical current-voltage (/-V) char-
acteristic of the grown p-ZnCuO/n-1ZO hetero-junction
structure by sputtering. A rectifying effect of this p—n
junction was observed. The current—voltage curves of this
p-n junction diode were affected by electrical properties
of the p-type ZnCuO layer. The characteristics showed the
rectifying nature of this p—n junction with a typical for-
ward to reverse current ratio of ~2.1 in the bias range
of —4 to +4 V. The turn-on voltage of the p—n junc-
tion is found to have been ~0.7 V. The turn-on voltage,
which was also identified as the diffusion or built-in poten-
tial, might be a potential barrier such that the carriers
have to overcome it to contribute to forward current.?2
The Cu(5%) and Cu(9%)-doped ZnO films did not show
this phenomenon, though. The n-type IZO layer deposited
by rf sputtering was amorphous, and the co-sputtered
ZnCuO layer was poly-crystalline, which could lead to
structural imperfections at grain boundaries and at the
interface, which, in turn, could lead to the deterioration of
the diode quality.?

Figure 6 shows the [;~V,, measurement results of the
fabricated bottom-gate ZnCuO TFTs with the 7% Cu-
doped ZnO film as an active channel layer. The [,V
measurements were performed in both the linear region
(Vps = —1 V) and the saturation region (Vpg = —20 V),
as shown in Figure 6. The transfer characteristics (/4,—V,)
of the ZnCuO TFTs exhibited a p-type nature. Thus, the
drain current (I, the y-axis on the left of Fig. 6) increased
with the negative gate voltage. The on-off drain current
ratio (/,,,,r) Was ~6, and the field effect mobility was
~0.01 cm?/Vs. These results show that further experiments
are required to improve the electrical characteristics of
ZnCuO TFTs.
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Fig. 6. Transfer characteristics of p-type ZnCuO TFT (a) Vps = —1V
and (b) Vpg=—20 V.

4. CONCLUSIONS

Polycrystalline p-type semiconducting ZnCuO thin films
were obtained by co (dc and rf) magnetron sputtering.
The effects of Cu concentration on the structural, optical,
and electrical properties of ZnCuO films were investigated.
The films were transparent in the visible region. It was
observed that the band-gap energies and conduction types
of the films were affected by Cu,O phase. The p-type con-
ductivity was confirmed from Hall effects, p—n junctions,
and bottom-gated TFTs. The TFTs with the ZnCuO chan-
nel exhibited p-channel TFT operations. The on-off drain
current ratio (1, /o) is ~6. The results of this study indi-
cate the possibility of the application of the ZnCuO thin
films with variable band-gap energies to ZnO-based opto-
electronic devices.
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