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Abstract
Copper oxide (CuOx) ﬁlms were grown at a relatively low temperature (100 1C) by atomic layer deposition (ALD). HexaﬂuoroacetylacetonateCu(I)(3,3-Dimethyl-1-butene) ((hfac)Cu-(I)(DMB)) and ozone (O3) were used as the copper precursor and oxidant, respectively. It is
shown that stable phases of CuOx are obtained through rapid thermal annealing (RTA) in air. After annealing at various temperatures (200–
500 1C), different p-type band structures and electron binding information are obtained. X-ray photoelectron spectroscopy (XPS) and
spectroscopic ellipsometry (SE) studies indicate that the major copper oxidation state changes from 1 þ to 2 þ during thermal treatment. Thin ﬁlm
transistors (TFTs) incorporating the ALD-grown CuOx semiconductors are evaluated, and an unusually high p-type device performance is
observed, with a ﬁeld effect mobility of 5.6 cm2/V s after annealing at 300 1C.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
During the past decade, the successful implementation of ntype oxide semiconductors such as In–Ga–Zn–O into thin-ﬁlm
transistor (TFT) arrays [1] in ﬂat panel displays has triggered
considerable interest in p-type oxide semiconductors. It is
anticipated that high performance p-type oxide semiconductors
will promote a new era in the ﬁeld of transparent electronics and
displays by allowing the design of complementary metal oxide
semiconductors (CMOS) structures with both n-type and p-type
TFT devices. The latter combination will further advance the
fabrication of compact circuits with low power consumption.
Many research groups have thus been investigating various
p-type materials in the ﬁeld of oxide semiconductors [1,2]. The
most widely reported ones are based on copper oxide (CuOx)
n
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[3], tin oxide (SnOx) [4] and ZnRh2O4 [5] compounds.
However, the relatively low hole carrier mobility is a major
obstacle that makes p-type oxide semiconductors less competitive than their n-type counterparts. This is because the mobility
of valence band carriers is generally lower than that of
conduction band carriers [2].
Among various p-type oxide semiconductors, CuOx thin
ﬁlms have been subject of a great deal of interest for various
applications such as gas sensor, heterojunction diodes, photovoltaic cells, and thin-ﬁlm transistors [6–9]. The p-type
character of CuOx is generally reported to occur by the
presence of Cu vacancies, stimulating the formation of
acceptor-like states within the band gap [10]. Two types of
stoichiometric compounds exist, namely Cu2O (cuprous oxide,
cubic) and CuO (cupric oxide, monoclinic) [11]. Both Cu2O
and CuO are known to be p-type in nature with direct band gap
values of 2.1 eV and 1.3 eV, respectively [12]. The ﬁrst p-type
TFT based on epitaxial Cu2O was reported by Matsuzaki et al.
[13] with a ﬁeld effect mobility (μFE) of approximately
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0.26 cm2/V s. Subsequent studies on devices incorporating
poly-crystalline CuO grown at room temperature followed by
annealing in air at 200 1C indicated p-type performance with
μFE ¼ 0.012–0.4 cm2/V s [3,14]. Devices with a top gate
structure using high-k gate dielectrics exhibited relatively high
ﬁeld effect mobility of 4.3 cm2/V s, when CuOx semiconductors were grown at temperatures higher than 500 1C [15].
However, the temperatures used in the latter work are
excessively high for practical use, and in that regard room
temperature fabrication of Cu2O bottom gate TFTs on ﬂexible
substrates was achieved recently, with relatively high ﬁeld
effect mobility ( 2.4 cm2/V s) [16].
Several ﬁlm growth techniques allow the formation of p-type
CuOx, such as chemical vapor deposition [17], thermal oxidation [10,18], sputtering [9,19], and pulsed laser deposition [13].
An alternative method is atomic layer deposition (ALD), which
provides accurate control of the ﬁlm thickness and composition.
Also, relatively low deposition temperatures can be used to
grow uniform and high quality ﬁlms over large areas owing to
the self-limited surface reactions. The ALD process is thus
suitable for oxide TFT applications in large area electronics
[20]. Only few reports on ALD-deposited CuOx are available in
the literature [21,22], yet they do not discuss on their electrical
properties or associated device characteristics. Recently, the
authors reported on the successful ALD deposition of p-type
CuOx using hexaﬂuoroacetylacetonate Cu(I) (3,3-dimethyl-1butene) [(hfac)Cu(I)(DMB)] as a precursor and oxygen plasma
as an oxidant [21]. In the present work, p-type CuOx ﬁlms are
grown by ALD using (hfac)Cu(I)(DMB) and ozone (O3) as the
oxygen source at a relatively low temperature of 100 1C. The
electrical, optical and chemical properties of the ﬁlms are
investigated as a function of annealing temperature, from 200
to 500 1C. Outstanding TFT device performance is observed,
with ﬁeld effect mobility exceeding 5 cm2/V s.
2. Experimental details
CuOx ﬁlms were grown using an ALD system [LUCIDA
M100, NCD] at 100 1C. Hexaﬂuoroacetyl-acetonateCu(I)
(3,3-Dimethyl-1-butene)((hfac)Cu(I)(DMB)) and ozone gas were
used as the source of copper and oxygen, respectively. An ozone

delivery system [OWG-15A UP, OZONEWORKS] was employed
to supply a stable O3 ﬂow of 15 g per hour. The temperature of the
Cu canister was maintained at 40 1C using a heating jacket. Argon
gas was continuously supplied to the reaction chamber at a ﬂow
rate of 100 sccm during the ALD process. Here, one deposition
cycle of CuOx consists of a pulse and purge step for each of the Cu
precursor and ozone gas. The pulse times were set at 1 and 5 s for
the Cu precursor and ozone gas, respectively. The purge time was
ﬁxed at 10 s using argon gas for both the Cu precursor and ozone.
CuOx ﬁlms with a thickness of approximately 50 nm were grown
on Si wafers, SiO2 wafers and glass substrates in order to
investigate the ﬁlm properties. The CuOx ﬁlms were postannealed in a rapid thermal anneal (RTA) system at different
temperatures between 200 and 500 1C in air, each for 30 min.
The sheet resistance of the ﬁlms was measured by four point
probe. The ﬁlm structures were examined using X-ray diffraction
(XRD). The thickness and optical properties of CuOx ﬁlms were
monitored using spectroscopic ellipsometry (SE). Also, the electronic structure and chemical states were conﬁrmed by X-ray
absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS). In order to fabricate bottom gate TFT structures,
heavily doped p þ silicon substrates were used as the gate metal,
onto which 100 nm-thick silicon oxide (SiOx) ﬁlms were grown as
the gate insulator. After depositing the CuOx semiconductor,
50 nm-thick Au was deposited, followed by the deposition of a
20 nm- thick Ni layer to form the source-drain electrodes by
shadow mask patterning. The ﬁnal channel width and length of the
devices were 1000 mm and 100 mm, respectively. The electrical
characteristics of the transistors were measured using a Keithley
4200 semiconductor parameter analyzer.
3. Results and discussions
Fig. 1 shows the change in growth rate (thickness per cycle)
as a function of Cu precursor (a) and ozone gas pulse time
(b) at 100 1C. The growth rate saturates with increasing Cu
precursor and ozone pulse time. The saturated growth rate of
the CuOx ﬁlms is approximately 0.31 Å/cycle when the Cu
precursor and ozone pulse times are 1 s and 5 s, respectively.
This saturation behavior reﬂects the typical self-limitation of
the ALD surface reaction.
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Fig. 1. Dependence of ALD copper oxide growth rate a function of (a) precursor pulse time and (b) ozone pulse time.
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Fig. 2. Cu LMM XPS spectra with respect to annealing temperature.
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above 400 1C correspond to the  111 and 111 diffractions of
monoclinic CuO. Previous reports on low temperature-deposited
copper oxide indicated the presence of polycrystalline structures
even in as-deposited ﬁlms [3,14,16]. However, the ALD
deposited CuOx thin ﬁlm has an amorphous structure even after
annealing at 300 1C. Sufﬁcient energy is required for the atoms
to diffuse and locate at speciﬁc sites in order to form a crystal.
Physical vapor deposition techniques such as sputtering provide
kinetic energy to the incident particles to allow crystallization,
however in the ALD process only surface reactions take place
with relatively low thermal energy. It may thus be suggested
that ALD deposition may favor the preservation of the
amorphous structure, which is preferred in order to achieve
allows large area uniformity for TFT applications [25].
Normalized oxygen (O) K1 edge spectra were analyzed in
order to examine the electronic structure of the conduction band
in CuOx. The relative intensities of the XAS peaks in Fig. 3
(b) reﬂect the qualitative changes in molecular orbital bond
symmetry. Fig. 3(b) consists of the O K edge XAS spectra of the
as-deposited CuOx ﬁlm and ﬁlms annealed at 300, 400, and
500 1C. An important feature in the XAS data is the noticeable
crystal ﬁeld splitting of the peaks after annealing in spite of the
amorphous structure, which implies that more ordering is induced
in the molecular orbital bond by the thermal treatment. After
annealing at 300 1C, the absorption peaks increase signiﬁcantly at
530.8 eV and 535 eV while the one at 533.5 eV decreases. These
changes indicate that the bonding structure of copper oxide
converts from CuO to Cu2O. The 530.8 eV peak involves
coupling of the O p-character to the Cu Eg-character and the
535 eV peak is associated with the Cu 4s character [26,27]. On
the contrary, the peak at 533.5 eV consists of O 2p-Cu 3d
bonding in the Cu2O phase [26,27]. The O K-edge spectrum also
shows several other relatively broad features at higher energies,
which can be assigned to the hybridized orbitals of O (2p and 3p)
and Cu (4s and 4p) states. By increasing the annealing
temperature, the CuO related features become more pronounced,
which correlates well with the XPS analyses. The Eg state peak at
530.8 eV becomes prominent with an increase in annealing
temperature over 300 1C. This indicates that the relative intensity
of the Eg state provides information on the number of electrons
transitioned from the O 1s orbital to the unoccupied conduction
band edge composed of the O 2p and Cu 3d orbitals. The

Intensity (a. u)

Fig. 2 shows the high-resolution XPS spectra of Cu LMM
peaks collected from the CuOx ﬁlm with respect to annealing
temperature after sputtering a thin portion of the surface using
Ar þ ions. The spectrum was calibrated with respect to the Au
4f7/2 core level (83.98 eV) of a sputtered gold standard. The Cu
LMM spectra were deconvoluted into three sub-peaks centered at
918.5, 917.7, and 916.7 eV, which may be assigned to metallic
Cu (Cu0), Cu2 þ and Cu1 þ , respectively [22]. The reason why
the Cu LMM peak was taken into consideration is because the
Cu1 þ and Cu0 binding energies overlap within the Cu 2p3/2 peak,
which is the usual reference for studying Cu-related materials
[23,24]. As the annealing temperature is increased, monotonically
increasing Cu2 þ peaks are observed, while the Cu0 peak
intensities decrease. The results indicate that Cu is oxidized and
CuOx takes on larger portions of the ﬁlm with increasing
annealing temperature. The Cu2 þ bonding states are indicative
of Cu2O formation, of which the peak intensity increases up to
400 1C annealing temperature. At 500 1C, the corresponding peak
intensity decreases. The oxidation state of Cu in the ALD-grown
CuOx ﬁlms may thus be evaluated.
Fig. 3(a) shows the XRD patterns of annealed CuOx samples
recorded by 2θ scanning. No particular diffraction peaks are
observed in case of the as-deposited and 300 1C annealed CuOx
ﬁlms, indicating that the ﬁlms are amorphous. However, the
peaks observed at 35.4 and 38.31 at annealing temperatures
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Fig. 3. (a) XRD data of copper oxide ﬁlms deposited on silicon substrates, with different annealing temperatures. (b) XAS data of copper oxide ﬁlms deposited with
different annealing temperatures.
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Fig. 5. Transfer curves of copper oxide TFTs with various annealing
temperatures.
Table 1
Thin ﬁlm transistor (TFT) parameters including saturation μFE, VTH, S.S, on/off
ratio with width/length¼1000/100 μm as functions of annealing temperature.
The drain voltage (VDS) was ﬁxed at 10 V. The subthreshold swing (S.S)
values were extracted from the linear portion of the log(IDS) vs. VGS plot.
Fig. 4. (a) Tauc plot of the optical absorption coefﬁcient against photon energy of
copper oxide ﬁlms annealed at 200–500 1C and as-deposited ﬁlm, measured by
spectroscopic ellipsometry. (b) Schematic energy level diagram reﬂecting the relative
position of the Fermi level (EF) with respect to the conduction band minimum (C.B.)
and valence band maximum (V.B.) as a function of annealing temperature.

intensity of the Eg states increases as the annealing temperature
increases, meaning that the amount of electron transition to the
unoccupied states in the bottom of the conduction band increases.
Such a phenomenon results in increased possibility of carrier
transport in the conduction band, which may be a possible
mechanism of conductivity improvement in the ALD CuOx ﬁlms
upon thermal treatment.
In order to determine the band gap of the ﬁlms, spectroscopic ellipsometry (SE) was performed. The optical band gap
values of the ﬁlms were calculated using the k value measured
by spectroscopic ellipsometry (SE). To estimate the absorption
coefﬁcient α(hν), the following relationship was used:
k
α ¼ 4π U 107
λ
where k and λ are the extinction coefﬁcient and wavelength,
respectively. Fig. 4(a) depicts a plot of the absorption coefﬁcient
against incident photon energy hυ. The absorption coefﬁcient
increases drastically with increasing annealing temperature. The
dependence of the optical band gap on the annealing temperature is shown in Fig. 4(b). The band-gap was determined by
extrapolating the linear portion of the plotted curves to zero
absorption. The distance between the Fermi energy and the
valence band maximum was determined from the XPS valence
band edge spectra. The band structures clearly show that the
deposited CuOx ﬁlms are p-type. Also, the optical band gap of
the as-deposited CuOx ﬁlms is approximately 2.17 eV, but
decreases to 1.47–1.43 eV at annealing temperatures above
300 1C. Moreover, the as-deposited CuOx ﬁlms exhibits clear
p-type behavior, indicating hall concentration of 3.32  1016
cm  3 and mobility of 12.9 cm2/V s. Previous experimental data
and ﬁrst principle calculations show that CuO and Cu2O have
separate band gap values of 1.3 eV and 2.1 eV, respectively
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[1,12,28]. The results clearly reﬂect the possibility of converting
Cu2O to CuO by increasing the annealing temperature.
Fig. 5 shows the transfer curves of the TFTs incorporating
ALD CuOx ﬁlms deposited at 100 1C annealed at different
temperatures. Table 1 shows the extracted device parameters of
the devices. The devices with CuOx annealed at 300 1C exhibits
the highest ﬁeld effect mobility (E 5.64 cm2/V s) with a high
on/off ratio (E105), whereas the ones annealed at 200 and
400 1C have lower mobility (0.52 and 0.2 cm2/V s, respectively).
The mobility value is larger than the best known Cu2O TFT
reported up to date with the Cu2O deposited at high temperature
and using a high-k gate dielectric [15]. Also, this mobility is over
twice as high as those in previously reported TFTs fabricated at
low temperatures [16]. The on/off ratio is comparable to those of
the best known Cu2O TFTs [15]. The as-deposited CuOx TFT
exhibits relatively high off current levels and large subthreshold
swing, which may result from a large density of defect states
owing to the non-stoichiometry induced by the low deposition
temperature. The devices annealed at 200 1C and 400 1C exhibit
relatively poor performance compared to the as-deposited condition and the device annealed at 300 1C. The CuOx ﬁlm annealed
at 200 1C results in low off current, showing that the active layer
is semiconducting. From the energy band diagram, the CuOx ﬁlm
annealed at 200 1C consists mainly of Cu2O, which is a widely
studied semiconducting material. However, the low mobility may
result from the amorphous microstructure and subgap defect
states induced by CuO bonding [29]. On the contrary, the devices
incorporating CuOx annealed at 400 1C exhibit large off current.
From the XPS data, the CuOx ﬁlms annealed at 400 1C contain a
larger portion of Cu2 þ states. Also, the XAS and band diagram
show that the dominant phase is CuO. Previous experiments and
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ﬁrst principle calculations show that CuO is more conductive than
Cu2O due to higher carrier concentrations and smaller band gap
[28,30]. Thus, large carrier concentrations can induce high off
currents because the gate electric ﬁeld does not take effect [30]. It
is worthy of note that crystallization occurs when the CuOx ﬁlm is
annealed at temperatures above 400 1C. The formation of grain
boundaries may then act as carrier scattering sites and contribute
to the reduction of the ﬁeld effect mobility. The CuOx ﬁlm
annealed at 500 1C results in TFTs that do not react to the gate
ﬁeld, which is highly likely to be due to the fact that most of the
CuOx consists of highly conductive CuO. From these considerations, it may be concluded that the high mobility of the CuOx
device annealed at 300 oC results from a moderate carrier
concentration (relatively low portion of the CuO phase than
when annealed at higher temperatures) and the preservation of the
amorphous microstructure.
4. Conclusion
In this work, p-type CuOx ﬁlms were grown by ALD using
hexaﬂuoroacetyl-acetonateCu(I)(3,3-Dimethyl-1-butene)
((hfac)Cu-(I)(DMB)) and ozone gas (O3) at a relatively low
temperature of 100 1C. After annealing at various temperatures
(200–500 1C), different p-type band structures and binding
structures were obtained. To investigate the electrical properties of annealed CuOx ﬁlms, TFTs were fabricated and
characterized. The best performance was obtained when the
CuOx ﬁlm was annealed at 300 1C, with a ﬁeld effect mobility
(μFE) of 5.64 cm2/V s, which is higher than any previously
reported CuOx device in the literature. It is suggested that such
a high performance results from the optimized distribution of
the CuO and Cu2O phases within the semiconductor ﬁlm, and
the preservation of an amorphous microstructure. The ALD
process for Cu-based oxide semiconductors is thus a promising
ﬁlm growth method to fabricate high performance p-type
TFTs, for the realization of CMOS device structures using
oxide semiconductor devices.
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