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Abstract: In previous decades, investigation of superconductors was aimed either at finding materials
with higher critical temperatures or at discovering nontypical superconducting behavior. Here,
we present the cupric (CuO) thin films, which were synthesized by atomic layer deposition by using
a metal-organic precursor, copper (II)-bis-(-dimethylamino-2-propoxide), and ozone as an oxidizer.
The deposition process was optimized by employing a quartz crystal monitoring, and the contact
between the deposited films and planar and three-dimensional SiO2/Si substrates was examined by
scanning electron microscopy with a focused ion beam module. Phase and elemental composition were
analyzed by X-ray diffraction and X-ray fluorescence. Two-probe electrical resistivity measurements
revealed a resistivity drop below the critical temperature of 4 K, which may indicate low-temperature
superconductivity of the CuO thin films.
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1. Introduction

Even since the first discovery of superconductivity [1], investigation of superconductors was
aimed either at finding materials with higher critical temperatures Tc or, later, at discovering
unconventional superconducting behavior, which significantly deviates from the conventional
Bardeen-Cooper-Schrieffer model [2]. Over recent decades, several exotic superconductor-families
based on copper, iron, hydrogen, carbon, and even nickel have been discovered and explored. More or
less complex copper oxides, cuprates, are endowed with a unique combination of features that
make them excellent magnetic model systems and/or good superconductors. First, the 3d9 electronic
configuration of Cu2+ ensures the absence of the charge degrees of freedom. Second, sizable Jahn-Teller
distortions are typical of Cu2+; they stabilize an ordered orbital ground state. Thus, the low-energy
physics of cuprates is driven by the magnetic degrees of freedom due to S = 1/2 spins localized on Cu2+

atoms. The variety of spin lattices found in cuprates is ensured by their unique structural diversity
and initially stimulated the discovery of high-temperature superconductivity in cuprate oxides [3].

Two well-known and most common binary oxides of copper, cuprous (Cu2O) and cupric (CuO)
oxide, have been synthesized or modeled, and studied in many works. The oxidation and corrosion
of copper, particularly as seen by the surface science, was recently reviewed by Gattinoni and
Michaelides [4]. It was shown that the formation of copper oxides proceeds either epitaxially or, in most
cases, through the formation of nano-islands, which grow and eventually coalesce under the exposure
of oxygen, resulting in continuous thin solid films. Cu2O possesses moderate electron mobility, and the
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Cu2O films, epitaxially grown on MgO by pulsed laser deposition, were examined as thin film transistor
channels [5]. The formation of interconnecting Cu bias between transistors in a computing processor
can be made by the initial growth of Ru-doped Cu2O films, followed by their reduction to Cu [6].
Cu2O films were studied also as photoconductive materials [7,8]. Notably, CuO was investigated as
a prototype multiferroic material, owing to its hidden magnetoelectric properties [9,10]. The cupric
oxide CuO is the only known binary multiferroic [8] with the notably high transition temperature in
the multiferroic state, 230 K, and with a quite rich and interesting high-field phase diagram [11].

Thin films, consisting of nanocrystals of CuO, Cu2O and mixed CuO/Cu2O phases, obtained by
wet chemical synthesis, exhibit chemical sensing properties [12]. Furthermore, Cu2O nanocrystallites
may be considered as an effective catalyst in the oxidation of carbon monoxide to carbon dioxide [13].
Cu2O itself can actually be reduced from CuO films upon vacuum annealing [14]. Room-temperature
ferromagnetism was observed in structurally defective, nonstoichiometric, porous Cu2O films deposited
by sputtering [15].

The growth of copper oxide films by atomic layer deposition (ALD) was reported to yield Cu2O
as the main phase when using, for instance, (n-Bu3P)2Cu(acac) and O2, in the temperature range of
22–300 ◦C [16]; bis(1-dimethylamino-2-methyl-2-butoxy)copper, (C14H32N2O2Cu), and H2O in the
temperature range of 120–240 ◦C [17]; (II)-bis-(dimethylamino-2-propoxide)copper, Cu(dmap)2 and
H2O in the temperature range of 110–200 ◦C [18]. Cu2O nanodots also have been grown by ALD on
sapphire from (C14H32N2O2Cu) and H2O at 140 ◦C [19]. In a very recent study, Cu2O growth by ALD
has been explored by using copper (II) acetate, Cu(OAc)2, and H2O as precursors [8].

In the form of CuO, copper oxide films were grown by ALD from Cu(dmap)2 and O3 in
the temperature range of 80–140 ◦C [7,20], and from Cu(thd)2 and O3 in the temperature range
of 200–260 ◦C [21]. Cu2O1.25 films were grown at 100 ◦C by plasma-enhanced ALD, where the
phase-selective formation of CuO, Cu2O, and Cu films, as claimed, has been performed by controlling
the number of Cu deposition steps in one deposition cycle [22].

Various Cu precursors, such as copper(I)-N,N′-di-sec-butyl-acet-amidinate, copper(I)-N-sec-
butyl-2-iminopyrrolidinate, and copper(I)-N-tert-butyl-5,5-dimethyl-2-imino- pyrrolidinate, were
investigated in terms of their initial adsorption on silicon oxide surfaces, potentially useful in ALD
processes [23].

In the present work, we report on atomic layer deposition of the CuO thin films by using the
copper (II)-bis-(dimethylamino-2-propoxide) and ozone as precursors on planar and 3D stack type
substrates (i.e., Si substrates having a regular pattern of vertical etched channels with the depth of
~1.5 µm). We investigated phase composition of the deposited films by conventional X-ray diffraction
and examined the structure of the films depending on the deposition conditions. Physical properties of
the deposited films are characterized by means of low-temperature electrical resistivity measurements.

2. Materials and Methods

The cupric oxide films were grown in a low-pressure (200–260 Pa) flow-type in-house-built
hot-wall ALD reactor (Tartu, Estonia). Copper(II)-bis-(dimethylamino-2-propoxide), Cu(dmap)2,
was evaporated at the temperatures ranging from 81 to 87 ◦C. Ozone was produced from O2

(99.999% purity, AGA) using a BMT Messtechnik 802 N generator (Frankfurt, Germany for all
suppliers, manufacturers, and software companies. Please review and revise throughout the The ozone
concentration, measured by BMT Messtechnik 964 analyzer (Germany) for all suppliers, manufacturers,
and software companies. Please review and revise throughout the, was 200–220 g/m3 in our experiments.
The partial pressure of oxygen precursor was 34 Pa in the reaction chamber during the O3/O2 pulse.
Quartz crystal monitoring (QCM) was applied to establish the evaporation and substrate temperature
ranges, enabling effective evaporation of the precursor and the deposition of the target material.
QCM data were acquired by Q-pod monitor (Inficon, Switzerland) for all suppliers, manufacturers,
and software companies. Please review and revise throughout the) from an AT-cut quartz crystal
(IQD Microprocessor Crystal) with the initial oscillation frequency of 6 MHz. As the variations of
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mass sensor temperature notably influence the QCM signal, real-time studies were performed at the
substrate temperature between 112 and 165 ◦C. The best results were achieved at 140 ◦C. These studies
revealed that the application of reduced amount of O3 may efficiently improve the deposition of target
CuO films.

After determining the reactor conditions allowing the growth of CuO films, the solid films were
deposited by using 500, 2000, 5000, and 10,000 deposition cycles with cycle times 2-2-2-5 s, for the cycle
sequence Cu(dmap)2 pulse–purge–O3 pulse–purge. Before the depositions, Si (100) substrate was
rinsed in a mixture of H2SO4:H2O2 (ratio 5:2) and heated on a hot plate at 80 ◦C. After that, Si (100)
was washed with distilled water in an ultrasonic cleaner. In the next step, the samples were cleaned
with a 7% solution of HF and washed again with distilled water in an ultrasonic bath. After cleaning
and before placing the substrates in a reactor, a few nm thin film of SiO2 is formed on the substrate
surface because of the contact with surrounding air. Three-dimensional stack substrates were cleaned
only with distilled water.

The crystal structure of the grown films was evaluated by grazing incidence X-ray diffractometry
(GIXRD), by using a Rigaku SmartLab X-ray diffractomete -r with CuKα radiation (X-ray wavelength
of 0.15406 nm) and PDXL software for primary structural analysis. The same equipment was used for
X-ray reflectometry (XRR) to estimate the thickness of the films. The surface morphology of planar
films and 3D stacks (both bird-eye and cross-section images) was evaluated by scanning electron
microscopy (SEM), by using a Dual Beam equipment with a focused ion beam (FIB) module and
an Omniprobe model 100.7 in-situ nanomanipulator (FEI Helios NanoLab 600, Instead of using FIB for
creating cross-sections of the samples where thin film was deposited into 3D substrates, the breaking
of the samples into half before measurements was preferred, in order to avoid possible influence of
the FIB to the 3D stacks (mainly amorphization). Other advantages of breaking the sample into half
prior to measurements without using FIB are: the sample preparation speed, possibility to investigate
larger areas compared to the regular FIB created cross-sections, and a lack of need for the deposition of
a protective (Pt) layer. Some of the disadvantages are poorer control over the location of breakage/cross
section area and the roughness of the cross-section area due to uncontrollable crack formation. An X-ray
fluorescence (XRF) spectrometer (Rigaku ZSX 400) with the software program ZSX (version 5.55) was
used to evaluate the elemental composition and mass thickness of the layer.

For electrical resistivity measurements, the standard four-probe technique was used. Four electrical
contacts (Cu wires with the diameter of 100 µm) were attached to the film by using silver-containing
epoxy resin. Typical distance between the neighboring probes was 250 µm. In the four-probe
configuration, electrical current in the range between 40 nA and 10 mA was tested, yielding no
registered voltage due to the high electrical resistance of the film at room temperature. Thus,
the standard four-probe measurements are not possible, and the resistivity was measured by the
two-probe method by using the neighboring contacts as voltage and current probes. In the two-probe
measurements, the electrical current of 4.2 µA was used for the distance between probes of 265 µm.
Electrical resistivity was measured using the Resistivity option of a Physical Property measurement
System (PPMS, Quantum Design, San Diego, CA, USA) at temperatures between 1.8 K and 300 K in
zero applied magnetic field (H = 0 T). The empty Si substrate was measured at temperatures between
250 K and 400 K as a reference sample.

3. Results and Discussion

The QCM sensor signal was recorded, first, as a function of Cu(dmap)2 pulse duration and,
second, as a function of O3 pulse duration (Figure 1), in order to determine the appropriate doses of
Cu(dmap)2 and O3. This measurement was performed to find the temperatures for surface reactions,
which lead to the formation of CuO film with excess of oxygen. These conditions should be sufficient
to form a film, but, at the same time, they should not be too stable to form cuprous oxide, Cu2O. It has
been shown that the formation of copper oxides proceeds either epitaxially or, in most cases, under the
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exposure of oxygen (not ozone), resulting in continuous thin solid films [8]. In the case when the O3

cycle times were too long (twice longer than the metal precursor), the Cu2O film was formed [7,20].
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Figure 1. The illustrative image of quartz crystal monitoring (QCM) frequency change recorded 
during 5 atomic layer deposition (ALD) cycles with time parameters of 20-5-5-5 s (red line) and 10-
10-10-10 s (black line) at 140 °C. Long cycle times were recorded to show the appropriate self-limiting 
ALD process. At the same time, shorter cycle times, like 2-2-2-5, were sufficient to deposit the films. 

According to the XRF analysis of the films grown by using 500 ALD cycles, the atomic ratio of 
copper to oxygen reached the values of 1.06 ± 0.07, 1.20 ± 0.08, and 1.19 ± 0.19 in the films grown at 
112, 140, and 165 °C, respectively. The results imply that the CuO is the preferred copper oxide phase 
in the chosen temperature range. The content of residual carbon was found to be 15.4 ± 0.4, 9.0 ± 0.6 
and 25.4 ± 0.8 mass % in the films grown at 112, 140, and 165 °C, respectively. This was indicative of 
the preferred substrate temperature around 140 °C in order to provide films with the highest purity 
under particular reactor conditions. Therefore, in further experiments, the substrate temperature was 
held at 140 °C. 

Figure 2 presents the thin CuO film grown by using 500 deposition cycles. The light features on 
the SEM images possibly correspond to the regions of lower conductivity (Figure 2, left panel). 
Previously, it was shown that charging/discharging effects for nonconductive/conductive areas of the 
specimen affect the SEM image intensity [24]. Based on the XRF analysis, one could decide that these 
areas can be caused by an excess copper on top of the film. However, the spots disappeared when 
more ALD cycles were performed. 

The GIXRD patterns from the films deposited by using 500 cycles (cycle times 2-2-2-5 sec) 
showed strong reflections at 32.5, 35.5, 38.8, 53.6, 66.5, and 68.1 deg, indicating the presence of CuO 
(PDF 01-073-6023) (Figure 2, right panel). In the case, when the metal precursor cycle times were too 
long (five time longer than the oxidizer precursor, 5-2-1-5 s), or the films were deposited at lower 
temperatures (113 °C) or higher temperatures (167 °C), the crystallinity of films was significantly 
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Figure 1. The illustrative image of quartz crystal monitoring (QCM) frequency change recorded during
5 atomic layer deposition (ALD) cycles with time parameters of 20-5-5-5 s (red line) and 10-10-10-10 s
(black line) at 140 ◦C. Long cycle times were recorded to show the appropriate self-limiting ALD
process. At the same time, shorter cycle times, like 2-2-2-5, were sufficient to deposit the films.

According to the XRF analysis of the films grown by using 500 ALD cycles, the atomic ratio of
copper to oxygen reached the values of 1.06 ± 0.07, 1.20 ± 0.08, and 1.19 ± 0.19 in the films grown at
112, 140, and 165 ◦C, respectively. The results imply that the CuO is the preferred copper oxide phase
in the chosen temperature range. The content of residual carbon was found to be 15.4 ± 0.4, 9.0 ± 0.6
and 25.4 ± 0.8 mass % in the films grown at 112, 140, and 165 ◦C, respectively. This was indicative of
the preferred substrate temperature around 140 ◦C in order to provide films with the highest purity
under particular reactor conditions. Therefore, in further experiments, the substrate temperature was
held at 140 ◦C.

Figure 2 presents the thin CuO film grown by using 500 deposition cycles. The light features
on the SEM images possibly correspond to the regions of lower conductivity (Figure 2, left panel).
Previously, it was shown that charging/discharging effects for nonconductive/conductive areas of the
specimen affect the SEM image intensity [24]. Based on the XRF analysis, one could decide that these
areas can be caused by an excess copper on top of the film. However, the spots disappeared when
more ALD cycles were performed.Crystals 2020, 10, x FOR PEER REVIEW 5 of 9 
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Figure 2. Representative SEM image (left panel, cycle times 2-2-2-5 s at 140 °C) and grazing incidence 
X-ray diffractometry (GIXRD) patterns (right panel) for the cupric (CuO) films grown on Si substrate 
by using 500 ALD cycles. 

Table 1 and Figure 3 present the GIXRD and XRR results of a structural analysis of deposited 
films by using a different number of ALD cycles. The thickest film was continuous and crystallized 
in the CuO phase. 

Table 1. X-ray reflectivity analysis results of thickness, crystallite size, density, and roughness (with 
standard deviations) of the CuO films on Si/SiO2 substrate. 
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* GIXRD reflection at 35.6° was used for evaluating the size of crystallites in accord with the Scherrer’s 
formula and using standard reference material SRM-660 (LaB6) to take into account instrumental 
broadening, one could obtain X-ray crystallite size varied in different structures in the range of 5.6–
13.1 nm (standard deviation ~1 nm). 
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Figure 3. Representative X-ray diffraction patterns of CuO thin films grown on SiO2/Si substrate by 
using different number of deposition cycles indicated by labels. 

Figure 2. Representative SEM image (left panel, cycle times 2-2-2-5 s at 140 ◦C) and grazing incidence
X-ray diffractometry (GIXRD) patterns (right panel) for the cupric (CuO) films grown on Si substrate
by using 500 ALD cycles.
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The GIXRD patterns from the films deposited by using 500 cycles (cycle times 2-2-2-5 s)
showed strong reflections at 32.5, 35.5, 38.8, 53.6, 66.5, and 68.1 deg, indicating the presence of
CuO (PDF 01-073-6023) (Figure 2, right panel). In the case, when the metal precursor cycle times
were too long (five time longer than the oxidizer precursor, 5-2-1-5 s), or the films were deposited at
lower temperatures (113 ◦C) or higher temperatures (167 ◦C), the crystallinity of films was significantly
reduced (Figure 2, right panel).

Table 1 and Figure 3 present the GIXRD and XRR results of a structural analysis of deposited films
by using a different number of ALD cycles. The thickest film was continuous and crystallized in the
CuO phase.

Table 1. X-ray reflectivity analysis results of thickness, crystallite size, density, and roughness (with
standard deviations) of the CuO films on Si/SiO2 substrate.

ALD Cycles Thickness, nm Crystallite Size *
nm * Density, g/cm3 Roughness, nm

500 cycles 19.5 5.6 6.1 1.2
2000 cycles 51 8.7 6.2 2.2
5000 cycles 94 10.6 6.2 5.9

10,000 cycles 158 13.1 6.1 8.0

* GIXRD reflection at 35.6◦ was used for evaluating the size of crystallites in accord with the Scherrer’s formula and
using standard reference material SRM-660 (LaB6) to take into account instrumental broadening, one could obtain
X-ray crystallite size varied in different structures in the range of 5.6–13.1 nm (standard deviation ~1 nm).
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Figure 3. Representative X-ray diffraction patterns of CuO thin films grown on SiO2/Si substrate by
using different number of deposition cycles indicated by labels.

Analysis of phase composition by XRD clearly shows that the CuO oxide is the main phase in copper
oxide films. It is worth noting, that the appearance of a dominant CuO is highly desirable when one aims
at superconducting materials, which are applicable, for instance, in quantum computing. In particular,
the achievement of [111] orientation in nanocrystalline thin films of the electron-doped cuprate
materials would be necessary for this purpose, as mentioned by Kang et al., where superconducting
behavior has been observed in Nd2CuO single crystals [25].

The morphology of CuO films depends on the number of cycles used, the films deposited after
5000 and 10,000 cycles are shown in Figure 4. As could be expected, the grain size and the thicknesses
of the films increase with increasing the number of cycles. However, it is noteworthy, that, even in
the case of large number of deposition cycles, the coverage of three-dimensional substrates with the
aspect ratio of 1:20 is appreciable. In contrast to Si (111) substrates, a three-dimensional substrate is not
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planar having etched vertical channels perpendicular to the surface. Such 3D substrates are typically
used to investigate the filling of pores by the film material. Even if pores seem to be closed above
the wafer level during the growth process (Figure 5), some film material was deposited inside the
pores, too. Certain stage coverage becomes important when one aims at coating the arbitrarily shaped
nanostructures with the functional films used in applications. Good conformality and discontinuity
on highly trenched substrates were achieved previously for Cu2O films [26] but not for CuO films.
For example, in most of quantum-computer-related nanostructures, alumina was used as the electrode
material. However, the deposition of metals on more complicated substrates remains a challenging
task, as discussed by Gazibegovic et al. [27].
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Electrical resistivity of the CuO film was examined by two-probe technique in zero applied
magnetic field. Giving that the two-probe measurements may contain artifacts due to the additional
contribution from electrical contacts, the reproducibility of measurements was checked. The two-probe
measurements were found fully reproducible, and the representative results are shown in Figure 6.
The resistivity of CuO film is 0.55 Ω cm at room temperature, and almost temperature-independent
in the temperature range of 10–300 K. The CuO films produced using other methods, such as
sputtering, possess the resistivity values of 0.1–800 Ω cm depending on film thickness and deposition
conditions, such as oxygen partial pressure and whether the direct current or radio frequency sputtering,
was applied according to the previous reports [28]. In the present study, at low temperatures, the drop
of resistivity was detected at the onset temperature of Tonset = 4 K. The resistivity was abruptly reduced
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by 50% reaching the value of ~0.27 Ω cm at T = 2 K (Figure 6 left panel). Such drop in the resistivity can
be related to the fact that a part of the CuO film becomes superconducting under cooling. However,
other scenarios are also possible, including poor electrical contact because of the film shrinkage under
cooling or due to the mismatch between thermal expansion coefficients of the film and substrate. In the
reference measurement, we probed the electrical resistance of an empty Si substrate without CuO
film. The resistivity of Si substrate is notably higher than the resistivity of CuO film and exhibits
the activation behavior (Figure 6, right panel), which is shown as a linear fit of the lnρ vs. 1/T data
in the inset of Figure 6 (right panel, inset). Possible superconductivity of the CuO films unveiled
in this study requires further detailed investigation. In quantum-computer-related nanostructures,
where Al was used (TC = 1.2 K) as electrode material [28], the use of CuO films on complicated 3D
structures instead of Al may increase the working temperature and make the system more controllable
at low temperatures.
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Figure 6. Electrical resistivity of CuO film grown after 5000 ALD cycles, with the thickness of 94 nm,
i.e., with the maximum thickness where the phase was still appropriate [25], measured in zero magnetic
field (left panel). The inset shows the low-temperature region (left panel, inset). Electrical resistivity
of Si substrate (right panel). The lnρ vs. 1/T plot is shown in the inset, and the red line is a linear fit of
the data (right panel, inset).

4. Conclusions

In summary, we investigated halide-free atomic layer deposition technique for crystalline and
stoichiometric CuO films. The films were deposited using Cu(dmap)2 and O3 as precursors, and the
growth rate was 0.02 nm per cycle at 140 ◦C. To achieve the CuO phase instead of Cu2O, the process
was controlled with QCM and XRD. The influence of the metal precursor temperature, as well as of
the length of the precursors cycle times, was evaluated and the conditions for deposition of CuO on
stacked 3D substrates were established. The electrical properties of CuO films at low temperatures
were investigated, and the sharp drop of resistivity was detected at Tonset = 4 K in zero applied magnetic
field. This drop of resistivity can be due to superconductivity of the CuO film, which requires further
studies. The future investigation should be focused on the interrelations between grain size, lattice
constant, phase composition, and critical temperature of the resistivity drop on the thickness of CuO
films prepared by atomic layer deposition.
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