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ABSTRACT: Cu-doped p-type ZnO films are grown on c-sapphire substrates by
plasma-assisted molecular beam epitaxy. Photoluminescence (PL) experiments reveal a
shallow acceptor state at 0.15 eV above the valence band edge. Hall effect results
indicate that a growth condition window is found for the formation of p-type ZnO thin
films, and the best conductivity is achieved with a high hole concentration of 1.54 ×
1018 cm−3, a low resistivity of 0.6 Ω cm, and a moderate mobility of 6.65 cm2 V−1 s−1 at
room temperature. Metal oxide semiconductor capacitor devices have been fabricated
on the Cu-doped ZnO films, and the characteristics of capacitance−voltage
measurements demonstrate that the Cu-doped ZnO thin films under proper growth
conditions are p-type. Seebeck measurements on these Cu-doped ZnO samples lead to
positive Seebeck coefficients and further confirm the p-type conductivity. Other
measurements such as X-ray diffraction, X-ray photoelectron, Raman, and absorption
spectroscopies are also performed to elucidate the structural and optical characteristics
of the Cu-doped p-type ZnO films. The p-type conductivity is explained to originate from Cu substitution of Zn with a valency of
+1 state. However, all p-type samples are converted to n-type over time, which is mostly due to the carrier compensation from
extrinsic defects of ZnO.
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1. INTRODUCTION

Having a wide band gap of 3.37 eV at room temperature, zinc
oxide (ZnO) has been recognized as a promising material for
near ultraviolet (UV) optoelectronic devices ever since its p-
type conductivity was demonstrated.1−9 In addition, the large
exciton binding energy (60 meV) of ZnO at room temperature
(RT) generates the interesting possibility of utilizing excitonic
effects in RT optoelectronic devices.10,11 However, the major
challenge for the fabrication of robust and long-lasting
optoelectronic devices lies in achieving high-quality and highly
stable p-type ZnO.
Many research groups have been working over the decades

to search for stable and reproducible p-type ZnO. p-Type
doping in ZnO may be possible by substituting either group IA
elements (Li, Na, and K) for Zn sites or group V elements (N,
P, As, and Sb) for O sites.12 Group IA elements tend to occupy
the interstitial sites rather than substitutional sites because their
ionic radii are smaller than that of Zn, which makes it difficult
to produce p-type materials.13 On the other hand, even though
there are many reports on successful p-doping using group V
elements,3,14−19 the reproducibility and reliability of these
results are still under constant debate,20 as the origin of p-type
may not be from direct substitution of these group V elements
on the O sites but from defect complexes.21 Because of the
limitations of group IA and V elements, recently several groups
have focused on group IB elements (Cu, Ag, and Au),
especially Ag, for p-type doping.22−27 From the first-principles
calculations of doping effects with group IB elements, the

formation energies on the substitutional sites are very low
compared to that on the interstitial sites under oxygen-rich
growth conditions, which suppress the formation of major hole-
killer defects such as oxygen vacancies and Zn interstitials.28

Therefore, the group IB elements could act as an acceptor in
ZnO, if incorporated on substitutional Zn sites.29 Fan and Freer
suggested that Ag can exist both on substitutional Zn sites
(AgZn) and in the interstitial sites (Agi).

30 On the other hand,
there have been very few reports regarding Cu-doping of
epitaxial ZnO. Mollwo et al. reported the existence of an energy
level of the Cu2+ atoms located 0.19 eV below the conduction
band edge for Cu/In codoped ZnO.31 Later, Kanai also
reported that Cu2+ level is located 0.17 eV below the bottom of
the conduction band as Cu atom substitutes at the Zn site.32

Recently, Xu et al. reported that Cu doping introduces an
acceptor (Cu+) level in ZnO at 0.45 eV above the valence
band.33 One can conclude from these reports that Cu may
assume a valency of either +1 or +2 depending on its chemical
environment, for example, in the compounds Cu2O and CuO,
respectively. However, whether and how Cu doping can lead to
p-type ZnO remains unclear.
We report on molecular beam epitaxial (MBE) growth and

characterization of Cu-doped ZnO thin films. Photolumines-
cence (PL), Hall effect, Seebeck effect, capacitance−voltage,
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etc. were used to assess the films. A growth window of Cu
doping to achieve p-type ZnO thin films is demonstrated.
Shallow acceptors with an activation energy of 0.15 eV are
proven. Strong p-type conductivity with room-temperature hole
concentration exceeding 1 × 1018 cm−3 is demonstrated.

2. EXPERIMENTAL SECTION
2.1. Cu-Doped ZnO Thin-Film Growth. Cu-doped ZnO thin

films were grown on c-sapphire substrates using an SVTA radio
frequency (RF) plasma-assisted MBE system. Radical Knudsen
effusion cells filled with elemental Zn (6N), Mg (6N), and Cu (6N)
metals were used as Zn, Mg, and Cu sources. Zn, Mg, and Cu fluxes
were controlled by the effusion cell temperatures. O2 (6N) gas was fed
through the RF plasma generator used as the oxygen source, and the
oxygen flow rate was precisely tuned by a mass flow controller. The
substrates were cleaned in an aqua regia (HNO3: HCl = 1:3) solution
at 150 °C for 20 min before deionized (DI) water rinsing and blow
drying by nitrogen. These substrates were then immediately
transferred to the MBE chamber. During the growth, several steps
were followed. In step I, the substrate was annealed in vacuum at 800
°C for 15 min to create an atomically smooth substrate surface. In step
II, an MgO/MgZnO/ZnO low-temperature buffer layer was grown at
450 °C for 5 min with an estimated total thickness of 2−3 nm. In step
III, another low-temperature ZnO buffer layer was grown at 500 °C for
10 min. During the growth of buffer layers, Zn and Mg cell
temperature were kept at 320 and 470 °C respectively. Oxygen flow
rate was 3 sccm with 400 W plasma power. The buffer layers minimize
the lattice mismatch between Cu-doped ZnO and c-sapphire substrate.
In step IV, the Cu-doped ZnO films were grown at 600 °C on top of
the buffer layer for 3 h with Zn cell temperature and O2 flow rate at
340 °C and 2 sccm, respectively. Cu effusion cell temperature was
adjusted from 610 to 590 °C with an interval of 5 °C for samples A−E,
as summarized in Table 1. In step V, an in situ annealing was
performed at 650 °C for 20 min with 1 sccm of O2 flow to activate the
Cu dopants. The total thickness of the films was about 400 nm.

2.2. Structural, Optical, Electrical, and Seebeck Character-
ization. The thickness of the films were measured using a Dektak 8
surface profilometer. X-ray diffraction measurement was performed
using a Bruker D8 Advance X-ray diffractometer. A Horiba LabRam
Raman spectroscopy system was used to investigate Raman spectrum
of the Cu-doped ZnO samples. Absorption spectra were measured by
a Varian Cary 500 double-beam scanning ultraviolet/visible/near-

infrared (UV/vis/NIR) spectrophotometer. PL study was carried out
using a home-built PL system with a Janis cryostat, a 325 nm He−Cd
laser for the excitation source, and a photomultiplier tube. Room-
temperature Hall effect measurement was done in a variable magnetic
field up to 6000 gauss. For Hall measurement system, a Keithley 6220
current source and a Keithley 2182 voltmeter were used with
minimum current capability of 0.1 pA, up to 105 V compliance, and
voltage capability of 1 nV, respectively. Au/Ni (100 nm/10 nm) was
deposited for Hall bar geometry sample as the metal contacts and also
annealed properly using the rapid thermal annealing process. A home-
built heater and heat sink system, together with a Keithley 2401 digital
multimeter, were used to measure the voltage and temperature for
Seebeck measurements.

2.3. MOS Device Fabrication and Characterization. A square
geometry (200 × 200 μm2) MOS capacitor device was fabricated using
a standard photolithography process. An aluminum oxide (Al2O3)
layer of 30 nm was deposited on the Cu-doped ZnO films by an
atomic layer deposition (ALD) process. Au (200 nm) was deposited
on both Al2O3 and Cu-doped ZnO films as the contacts for metal and
semiconductor by an electron beam evaporation process. The
capacitance was measured using an Agilent 4284A LCR meter.

3. RESULTS AND DISCUSSION

Table 1 summarizes the growth conditions of Cu-doped ZnO
samples. All five samples adopted the same growth temperature
of 500 °C, Zn cell temperature of 340 °C, oxygen flow rate at 2
sccm, and growth time of 3 h. The only variable parameter is
the Cu effusion cell temperature. The electrical properties of
the films are summarized in Table 2 with the date measured.
Sample A, which was grown at a Cu cell temperature of 610 °C,
shows n-type conductivity with a carrier concentration of 8.3 ×
1017 cm−3 and a mobility of 12.48 cm2 V−1 s−1. With a Cu cell
temperature of 605 °C (sample B), the film exhibits p-type
behavior with a hole concentration of 2.9 × 1017 cm−3 and a
mobility of 32.89 cm2 V−1 s−1. By decreasing the Cu cell
temperature to 600 °C (sample C), the carrier concentration
increases to 1.54 × 1018 cm−3 with a mobility of 6.65
cm2 V−1 s−1. Further decrease of the Cu cell temperature to 595
°C (sample D) leads to the decrease of hole carrier
concentration to 1.22 × 1017 cm−3 with a lower mobility of
0.59 cm2 V−1 s−1. As the Cu cell temperature reaches 590 °C
(sample E), the film behavior is n-type. Therefore, an
approximate p-type ZnO growth window is identified with
the Cu effusion cell temperature between 595 and 605 °C.
Sample C′ represents the sample C that turns into n-type after
5 months. Because all p-type samples converted into n-type
after about 5 months, only the electrical property data of the
representative sample C′ is included in Table 2 to avoid
redundancy.

3.1. Structural and Optical Characterizations. Figure 1a
shows an X-ray diffraction (XRD) spectrum of Cu-doped ZnO
film (sample C). The spectrum exhibits diffraction peaks for
ZnO(0002) and Al2O3(0006). The absence of other ZnO
directions indicates that the ZnO film is single-crystalline in

Table 1. Growth Conditions for Samples A−Ea

sample

heater
temperature

(°C)

Zn cell
temperature

(°C)

Cu Cell
Temperature

(°C)
O2 flux
(sccm)

growth
duration
(h)

A 500 340 610 2 3
B 500 340 605 2 3
C 500 340 600 2 3
D 500 340 595 2 3
E 500 340 590 2 3

aA growth window of p-type Cu-doped ZnO films (samples B−D) is
identified.

Table 2. Results of RT Hall Measurements of Cu-Doped ZnO Filmsa

sample date measured carrier concentration (cm−3) mobility (cm2 V−1 s−1) resistivity (Ω cm) electrical type

A 05/05/2014 8.3 × 1017 12.48 0.60 n-type
B 05/07/2014 2.9 × 1017 32.89 0.65 p-type
C 05/09/2014 1.54 × 1018 6.65 0.61 p-type
D 05/10/2014 1.22 × 1017 0.59 87.5 p-type
C′ 10/20/2014 6.39 × 1017 16.56 0.59 n-type

aSample C′ represents sample C measured after 5 months.
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nature. Moreover, no diffraction signals originating from Cu
and its compounds are observed within the detection level.
Figure 1b shows a Cu 2p core level XPS spectrum of Cu-doped
ZnO film (sample C) with an inset indicating peaks relative to
Zn and O. The incorporation of Cu dopant is determined by
two prominent peaks at 932.4 and 952 eV corresponding to Cu
2p3/2 and Cu 2p1/2 spin−orbit splitting, respectively. This result
indicates that the incorporated Cu exists in the form of
copper(I) oxide (Cu+) in our Cu-doped ZnO film. Because
copper(II) oxide (Cu2+) has hole states in the Cu 3d band (Cu
3d9 configuration), strong satellite peaks are commonly found
between 940 and 945 eV because of electron shakeup.34

Whereas the 3d band of copper(I) oxide (Cu+) is filled (Cu
3d10), the 4s band is unoccupied; thus, no satellites are
expected, which is in accordance with our result. The XPS
spectrum of sample C′ is shown in the Supporting Information
(Figure S1). All peaks corresponding to Zn, O, and Cu
elements resemble their original peaks in Figure 1b, suggesting
that the change of the conductivity originates from extrinsic
factors, as discussed later. Figure 1c shows Raman spectrum of
Cu-doped ZnO film (sample C). According to group theory,
the following fundamental optical modes should exist in a
wurtzite ZnO: E2 (low) at 101 cm

−1, E2 (high) at 437 cm
−1, A1

(TO) at 380 cm−1, A1 (LO) at 574 cm
−1, E1 (TO) at 407 cm

−1,
and E1 (LO) at 583 cm−1. The low-frequency E2 mode is
associated with the vibration of the heavy Zn sublattice, while
the high-frequency E2 mode involves only the oxygen
atoms.35−37 From the Raman spectrum of Cu-doped ZnO
film, a strong Raman shift signal appears at 437 cm−1 because of
the E2 (high) mode of ZnO along with weak peaks at 378 and
574 cm−1, which correspond to A1 (TO) and A1 (LO) modes
of ZnO, respectively. The peak at 417 cm−1 is attributed to the
optical phonon mode of the c-sapphire substrate. As seen from
the inset, there is no signal corresponding to copper oxide or
other copper compounds in the Raman spectrum, which is
consistent with the XRD results that no secondary phases are
present in the Cu-doped ZnO film. Figure 1d shows the derived

spectrum of α2 versus photon energy (hυ) of sample C at room
temperature, where α is the absorption coefficient. By utilizing
the Tauc’s plot, a direct band gap of 3.28 eV (378 nm) is
obtained by taking the intercept of the extrapolation to the zero
absorption. The excitonic resonance peak in the spectrum
shows good optical quality and the single slope absorption edge
ensures no significant phase mixing in the film.

3.2. Photoluminescence Experiments. Figure 2a shows
room-temperature PL spectra of samples A−D. The near band

edge (NBE) emission at about 3.27 eV (380 nm) and a weak
broad green emission (GE) centered at about 2.25 eV (550
nm) can be observed from the Cu-doped p-type ZnO films
(samples B−D). For Cu-doped ZnO film outside the p-type
growth window (sample A), the GE center shifts toward
shorter wavelength (∼2.30 eV). The NBE emission results
from exciton-related recombination.38,39 The green emission
might originate from intrinsic defects and/or Cu dopants. The
origin of GE in undoped ZnO has been investigated extensively
and explained by different types of electron transitions such as
from oxygen vacancy (VO) donor level to the valence band (D−
h), from VO to deep Zn vacancy (VZn) acceptor level (DAP),
from the conduction band to the VZn acceptor level (e−A), and
between two states of VO (intracenter).40 In the case of Cu-
doped ZnO, Gruzintsev et al. reported that visible emission
observed at around 2.27 eV corresponds to DAP transitions
from VO to CuZn levels of Cu

+:3d10.41 Because our Cu-doped p-
type ZnO thin films (samples B−D) were grown in O-rich
conditions and annealed in an O-plasma environment, oxygen
interstitial (Oi) and VZn should have dominant concentration.42

Therefore, the GE peak of 2.25 eV is more probably due to the
transition between Oi level and conduction band.
Figure 2b shows temperature-dependent PL spectra of

sample C measured from 14 to 300 K. Similar temperature-
dependent PL spectra of other p-type samples (samples B and
D) are shown in the Supporting Information (Figure S2). For
Cu-doped p-type ZnO films (samples B−D), the NBE

Figure 1. (a) XRD spectrum of p-type Cu-doped ZnO (sample C),
(b) Cu 2p core-level XPS spectrum of sample C (inset showing XPS
spectrum for Zn 2p and O 1s), (c) Raman spectrum of Cu-doped ZnO
(sample C; inset is Raman spectrum showing no Cu-rich secondary
phases), and (d) square of absorption coefficient (α2) at room
temperature of sample C.

Figure 2. (a) Room-temperature PL spectra of Cu-doped ZnO
samples (samples A−D), (b) temperature-dependent PL spectra of p-
type Cu:ZnO sample C, (c) integrated intensity of the A°X emission
as a function of temperature for sample C. The triangles represent the
experimental data, and the solid line is the fitting to eq 2. Panel d
provides the temperature-dependent PL spectra of sample C′.
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emissions associated with acceptor bound exciton (A°X) are
observed at 3.350−3.353 eV. With an increase of the
temperature from 14 to 80 K, emissions of 3.285 and 3.209
eV observed at 14 K show blue shifts, which are typical
characteristics of FA and DAP transitions.43 Over the entire
temperature range, the 3.285 eV emission line progressively
merges into the 3.209 eV emission line, showing the feature of
the thermal ionization of donors.44 Therefore, these two
emissions at 3.285 and 3.209 eV are identified as FA and DAP
transitions, respectively. The acceptor activation energy, EA, can
be calculated from eq 1.15,43

= − +E E E k T/2A gap FA B (1)

where the temperature-dependent transition EFA is approx-
imately 3.285 eV at 14 K and the intrinsic band gap Egap is
about 3.43 eV at 14 K.44 Therefore, the value of EA is calculated
to be 0.15 eV. Figure 2c shows the integrated intensity of the
A°X emission of sample C as a function of temperature. The
temperature dependence of the integrated PL intensity can be
described by eq 2.45

= + −
°⎡

⎣
⎢⎢

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟
⎤
⎦
⎥⎥I T I C

E
kT

( ) / 1 exp0
b
A X

(2)

where Eb
A°X is the binding energy of the acceptor and free

exciton, C a fitting parameter, and I0 the integrated PL intensity
at zero temperature, which is approximately the same as that at

T = 14 K. From the fitting to eq 2, Eb
A°X = 17 meV is obtained.

If an Haynes factor ((Eb
A°X)/(EA)) ≈ 0.1 is used,46 acceptor

binding energy, EA, is estimated to be 0.17 eV. This result is in
close agreement with the value estimated above from
spectroscopic data using eq 1. On the other hand, if we
assume that the acceptor activation energy is 0.15 eV, the
Haynes factor for Cu-doped ZnO is estimated to be about
0.113, which is comparable with the value for Sb-doped ZnO.46

Figure 2d shows temperature-dependent PL spectra of
sample C after it converts to n-type over time (denoted as
sample C′). The spectra have noticeably changed. A broad
emission is observed at 3.294 eV at 14 K and redshifts with the
increase of temperature for sample C′. This suggests that the
spectra are now dominated by donor-bound exciton emissions.
Because the sample was stored in the ambient air, hydrogen-
related impurities may absorb and diffuse into the ZnO, which
contribute to a great deal of donors. These donors eventually
compensate Cu-induced holes, leading to the conversion of the
conductivity type.
3.3. Electrical Characterization: Hall Experiments and

MOS Device Fabrication. Figure 3 shows Hall resistance as a
function of magnetic field at room temperature for the samples.
Positive increase in Hall resistance with applied magnetic field
is observed in samples B−D, demonstrating p-type conductivity
of these samples. Sample C has the most positive slope, which
supports its higher carrier concentration value compared with
that of others. The negative sloped lines for samples A and C′
represent the n-type conductivity of these samples.
MOS devices were fabricated to further study the p-type

behavior of Cu-doped ZnO samples. The inset of Figure 4
shows the device structure, consisting of a metal gate (Au, 200
nm), Al2O3 (30 nm), and Cu-doped ZnO film (400 nm) on c-
sapphire substrate. Capacitance−voltage (C−V) curves were
measured at 300 K with a frequency of 100 kHz. For samples

B−D, by increasing the gate voltage from negative to positive
values, the p-type Cu-doped ZnO film can accumulate holes
(accumulation mode), then deplete holes (depletion mode),
and finally fill with electrons on top of the Cu-doped ZnO film
(inversion mode). In contrast, for sample A, by decreasing the
gate voltage from positive to negative values, the n-type film
can accumulate electrons (accumulation mode), then deplete
electrons (depletion mode), and finally fill with holes on top of
the Cu-doped ZnO film (inversion mode). These trends of C−
V curves further demonstrate the p-type conductivity of Cu-
doped ZnO films.

3.4. Seebeck Characterization. Figure 5 shows Seebeck
effect measurement results. The decrease in voltage with the
increase in temperature difference confirms the n-type
conductivity of sample A. Positive increase in voltage with
the increase in temperature difference is evident for samples B−
D, which confirms their p-type conductivity. The most positive
slope is observed in sample C, which indicates its carrier
concentration is higher than that of other p-type samples
(samples B and D).

3.5. Discussion. Finally, we briefly discuss the origin of the
Cu-doped p-type ZnO. Owing to similar ionic radii between Cu
and Zn, and low formation energy of group IB elements to
occupy substitutional Zn site, Cu mostly substitutes Zn atom in

Figure 3. RT Hall resistance as a function of applied magnetic field of
various Cu-doped ZnO films. Inset shows one of the fabricated
samples used for Hall effect measurement.

Figure 4. C−V characteristics of fabricated MOS capacitor (inset)
devices utilizing Cu-doped ZnO (samples A−D) as the semiconductor
layer, Al2O3 as the oxide layer, and Au as the metal layer.
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Cu-doped ZnO films.28 Because of proper O-rich conditions,
these Cu atoms appear as a valency of +1 state, as revealed by
XPS results. These Cu+ ions create a shallow acceptor level at
0.15 eV above the valence band indicated from PL studies,
which is responsible for p-type conductivity in our Cu-doped
ZnO films within a Cu effusion cell temperature window.
Because the Cu-doped ZnO films were grown in O-rich
conditions, the density of intrinsic donors has been minimized.
Nevertheless, there are still some extrinsic donors originating
from hydrogen-related complexes and other possible alien
impurities during the growth; therefore, the Cu cell temper-
ature must be raised to a point where Cu+ concentration is high
enough to compensate these inadvertent donors to result in p-
type conductivity. The dopant compensation can be clearly
inferred from DAP emissions in PL studies. As the Cu cell
temperature exceeds the upper bound of the p-type film growth
window, ZnO becomes n-type. This behavior may be explained
by the nature of Cu doping in ZnO film. Because Cu+ and Cu2+

atoms can coexist in ZnO and as more Cu atoms are
incorporated into ZnO at a higher Cu cell temperature, Cu2+

atoms may outnumber Cu+ atoms. These excess Cu2+ atoms
have a tendency to form deep donor levels, resulting in the
disappearance of p-type conductivity.31,32,34

4. CONCLUSION

Cu-doped p-type ZnO thin films were grown by MBE with an
incorporation of a proper number of Cu atoms and
comprehensively characterized by a combination of Hall effect,
Seebeck effect, and C−V for the first time. A range of p-type
conductivity was observed in the Cu-doped ZnO films with the
strongest p-type behavior exhibiting a hole concentration of
1.54 × 1018 cm−3, a resistivity of 0.6 Ω cm, and a mobility of
6.65 cm2 V−1 s−1 at room temperature. PL studies revealed a
shallow acceptor energy level of 0.15 eV above the valence
band. The p-type behavior was found to originate from cationic
substitution at the Zn site with Cu+ state. Although the stability
of Cu-doped p-type ZnO films remains an issue, our
experimental results indicate that Cu could be an excellent
candidate for p-type ZnO fabrication.
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