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ABSTRACT: Cuprous oxide (Cu2O) thin films were grown by chemical vapor deposition (CVD) using precursors (N, N’- di-secbutylacetamidinato)copper(I) and degassed water at low substrate temperatures of 125 to 225 °C. Despite being a widely studied
material, vapor deposition of Cu2O faces numerous challenges in avoiding material agglomeration, in obtaining high phase purity, and in limiting
the process temperature to below 200 °C for temperature sensitive applications. We deposited pinhole-free single-phase oxide films
that exhibit Hall mobilities up to 17 cm2 V-1 s-1 and wide band gaps exceeding 2.6 eV that are free from contaminants such as nitrogen, carbon, and cupric oxide (CuO). With good control of growth parameters (source temperature, substrate temperature, flow
rate of carrier gas, etc), the film morphologies could be tuned to achieve either smooth, pinhole-free coatings or highly crystalline
thin
films
with
rough
surfaces
that
are
suitable
for
applications
to
solar
cells.
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INTRODUCTION
Cuprous oxide (Cu2O) is a wide bandgap p-type semi- conducting oxide that demonstrates many highly desirable characteristics while being non-toxic and cost-effective due to
copper being concentrated geologically in a few ores. Cu2O
exhibits excellent electrical properties, including high Hall
mobilities of up to 90 cm2 V−1 s−11 and long minority carrier
diffusion lengths. Cu2O has a direct energy gap range from
2.1 to 2.6 eV1-3 and has a high absorption coefficient in the
visible range. Cu2O crystallizes in a cubic structure with lattice parameter a = 4.27 Å.
Cu2O has been prepared using a wide variety of techniques
such as electrochemical deposition,4 sol-gel process,5 RF magnetron sputtering,6 molecular beam epitaxy (MBE),7 thermal oxidation8 and chemical oxidation,9 consequently
demonstrating a variety of different properties dependent on
the preparation method. Due to its electronic and optical
properties, this material has been demonstrated to have
widespread technological applications encompassing solar
cells,4 gas sensors10 and photodiodes.11 Among the various
fabrication techniques, CVD is a highly attractive method
due to its scalability, high conformality and excellent control over growth parameters capable of depositing high purity materials over a wide variety of substrates. CVD of Cu2O
has been carried out using copper precursors such as copper iodide CuI,12 copper hexafluoroacetylacetonate
Cu(hfac)213 and copper acetylacetonate Cu(acac)214 . High substratetemperatures were required (no lower than 250 °C for
the most reactive precursor Cu(acac)2). These high substrate temperatures cause agglomeration due the high

mobility of copper13, 15-17 at elevated temperatures above
250 °C and can prevent the growth of carbon-free single
phase Cu2O.18
Herein, we report the thermal CVD of high purity Cu2O in
thin poly-crystalline films at a low temperature range of
125-225 °C using (N,N′-di-sec-butylacetamidinato)copper(I)
([Cu(sec-Bu-Me-amd)]2) and water. CVD growth characteristics, crystal structures, chemical and opto-electronic properties of the films will be presented.

EXPERIMENTAL

(N,N′-di-sec-butylacetamidinato)copper(I) dimer (from
Strem Chemical Company) is a volatile and thermally stable
dimeric amidinate precursor used in this work for depositing copper(I) oxide whose preparation has been previously
reported.19 Deionized and degassed water is used as the oxygen source for the vapor deposition after degassing. To
prepare cuprous oxide by using CVD, the copper(I) precursor was sublimed from a bubbler maintained at a temperature of 98 °C into a 100 sccm flow of purified nitrogen gas.
Water was evaporated from a bubbler maintained at a temperature of 25 °C into a 5 sccm flow of purified nitrogen gas.
Both reactants were mixed together with a 40 sccm flow of
purified nitrogen before injection into the process chamber
of a custom built hot-walled tubular CVD reactor. The process chamber was maintained at temperatures varying from
125 to 250 °C using a Lindberg Blue Minimite furnace and
the process pressure was held at 1 Torr to 10 Torr using an
MKS exhaust throttle valve (253B) coupled to the MKS

Baratron absolute capacitance manometer (626C12TBE)
and regulated using an MKS 600 series pressure controller.
Thermally oxidized silicon wafers, glassy carbon, and silica
glass were utilized as substrates for the deposition of Cu2O.
The substrates were treated by a UV/ozone cleaner (Samco
model UV-1, wavelengths = 185 nm and 254 nm) for 5
minutes at room temperature before being introduced into
the process chamber. These substrates were supported by a
316L stainless steel substrate holder with an embedded Ktype thermocouple probe for temperature monitoring. Table S1 summarizes the fabrication conditions for CVD o f
t h e Cu2O films.
The elemental composition of the Cu2O thin films was
quantified using X-ray Photoelectron Spectroscopy (XPS, Kalpha XPS, Thermo Scientific) to determine the ratios of Cu
to O, as well as to measure the amount of copper in the various oxidation states (0, +1, +2) and the amount of carbon
and nitrogen contamination underneath the film’s surface.
The film thicknesses were measured using X-ray Reflectivity (XRR, Bruker D8 Discover) and scanning electron microscopy (SEM, Ultra 55 FE- SEM, Zeiss). The film morphology and the surface properties were evaluated by SEM.
Steady-state spectral photoluminescence (PL) and Raman
spectroscopy measurements were performed using a 532
nm laser operating at 2 mW through a 50X confocal microscope objective with an 1800 blaze grating and a Synapse
CCD detector (LabRam Evolution Multiline Raman/PL spectrophotometer, Horiba). Hall mobilities, carrier concentrations and resistivities were measured using a Hall effect
measurement system. Four 100 nm-thick Au electrodes (1
mm in diameter, with a 5 nm-thick Ti adhesion layer) were
deposited at each corner of a 1cm × 1cm sample using ebeam evaporation (Denton).

RESULTS AND DISCUSSION
Cu2O thin films were deposited at various temperatures
of 100, 125, 150, 175, 200, and 225 °C for a duration of 1
hour. The weak copper-nitrogen bonds in the copper amidinate precursor of copper led to the increased reactivity of
([Cu(sec-Bu-Me-amd)]2) with water vapor compared to
other copper precursors, enabling the CVD of Cu2O films to
occur at lower temperatures. The growth rate was observed
to increase with increasing temperature. Cu2O was also deposited at various pressures of 1, 3, and 5 Torr at a constant
substrate temperature of 200 °C. The growth rate was found
to be pressure dependent as well, rising as the chamber
pressure increases. The thickness of Cu2O films were deposited was determined by XRR and plotted in Figure 1a.
These results show that the CVD process for fabricating
Cu2O is highly controllable by setting the appropriate substrate temperature and process pressure.

Figure 1. (a) Temperature dependent growth rate plot at different process pressures. (b) Arrhenius plots and linear fits at
different process pressure and at a constant substrate temperature of 200 °C.

By plotting the natural logarithm of the growth rate versus
the reciprocal of substrate temperature (from 125 to 200
°C, Figure 1b), the resulting traces nearly follow a straight
line. The activation energies of the Cu2O deposition process
at different process pressures can be calculatedfrom the Arrhenius equation fit to these lines. The Cu2O activation energy is estimated to be 48.6 ± 3.5 kJ/mol on substrates of
thermally oxidized silicon, which suggests a surface reaction controlled mechanism.20
Our CVD process achieves high purity Cu2O that is free of
CuO, metallic Cu, nitrogen and carbon. XPS spectra were collected from the bulk of the film after exposing the Cu2O thin
+
films to 120 seconds of 1000 eV Ar in-situ sputtering to remove surface contamination immediately before the measurements were made. Cuprous oxide can be identified in the
Cu2p scan as a higher energy shoulder at 934.4 and 954.2
eV. CuO contamination also shows up in the O1s scan as a
higher energy shoulder at 530.7 eV. Due to oxidation in the
oxygen-rich ambient atmosphere, a layer of CuO is always
formed on the surface of the CVD Cu2O films, which is detectable by XPS measurements when left in the air for under
a minute. This CuO layer on the surface is easily removed via
Ar+ sputtering in the XPS analysis chamber. In the Cu2p scan
in Figure 2a, the higher energy shoulder peaks of the two
main peaks and the satellite peaks in the 940-945 eV region
are no longer detectable after 60 s of Ar+ sputtering. As a
result, all XPS spectrums gathered in this study are measured
only after 120 s of Ar+ sputtering.
In Figure 2c-d, films grown at temperatures up to 220 °C
show less than 1 atomic % of C content in the bulk of the
film. Significant amounts of carbon (> 10 atomic %) and nitrogen (>2 atomic %) are only observed at substrate temperatures of at least 225 °C. Carbon is also present at process temperature of 125 °C and lower, indicating incomplete ligand exchange which results in the incorporation of
these ligands in the film. XPS analysis also shows the presence of Cu(OH) at substrate temperatures of 125 °C
(Figure 2b) and lower due to incomplete dehydration reactions of Cu(OH) at lower temperatures. Discussions from
here on will be using films on substrates maintained in the
CVD temperature window between 125 and 200 °C.

Figure 3. Cross sectional SEM images of Cu2O films deposited
under smooth uniform growth conditions for thicknesses of (a)
80 nm, and (b) 320 nm and deposited under high growth rate
conditions for thicknesses of (c) 24 nm, (d) 130 nm, (e) 560 nm,
and (f) 1.8 µm. All scale bars represent 200 nm.

Figure 2. XPS spectra of (a) the Cu-2p depth profiling scan indicating the presence of CuO (Cu2+) on the surface of Cu2O
which is removed by sputtering for 120 seconds, (b) the O-1s
depth profiling scan showing presence of copper hydroxides in
the film deposited at the lowest temperature of 125 °C, (c) the
amount of N incorporated into the films grown at various substrate temperatures, and (d) the amount of C contamination in
the films grown at various substrate temperatures. All films analyzed are > 50 nm in thickness and no substrate signals are
observed
after
Ar+
sputtering.

At growth temperatures of 200 °C and higher, the CVD
process enters a high growth rate regime that progresses
through multiple phases. This evolution is shown in the series of cross-sectional SEM micrographs found in Figure 3cf with their corresponding topological SEM micrographs in
Figure S1a-e. Cu2O deposition starts off with the nucleation
of small clusters of Cu2O on top of a compact fully formed
layer. An ultra-thin continuous layer of film is first established, followed by agglomeration of the Cu2O material.17 As
the growth proceeds, more islands are formed and these islands grow larger. Eventually the islands coalesce together
to form a continuous layer of Cu2O film. The suppression of
agglomeration at film thicknesses larger than a critical
thickness also promotes preferential growth of continuous
films.16 The post-coalescence grain sizes are now much larger
as a result of the merging of islands into larger grains. These
grains are an order of magnitude larger than the smaller
grains observed in the initial compact layer at the start of
the CVD process. Bigger grain sizes are typically desirable in
semiconductor applications such as in photovoltaics as
larger grains usually translate to enhanced electrical properties.
Adjusting the growth temperature to between 125 and
200 °C enables the Cu2O thin films to be deposited as a continuous and pinhole-free coatings with relatively low surface roughness. Figure 3a-b shows the SEM images of Cu2O
films deposited at 175 °C at 5 Torr. The Cu2O thin films
maintain a smooth, uniform morphology independent of the
film thickness in contrast to the films deposited in the high
growth rate regime at a higher temperature of 200 °C that
promotes the agglomeration of copper especially in thinner
coatings.16 As a tradeoff for achieving the deposition of uniform continuous films, growth rates under these low-temperature conditions are much slower. The process pressure
was found to have no significant impact on the film morphology. Thus, by increasing the pressure, the low growth
rates at lower deposition temperatures can be enhanced
while maintaining the low surface roughness.

Figure 5. Resistivity, carrier concentration, and Hall mobility
of Cu2O CVD thin films (a) of thickness of about 50-nm for various deposition temperatures, and (b) for various film thickness deposited at 200 °C. XRD spectra of Cu2O thin films (c) of
various film thickness deposited in the high-growth regime at
200 °C and (d) a close-up view showing the left shift in the
(200) peak. XRD patterns are well-matched with JCPDS card
No. 05-0667.

Figure 4. (a) Raman spectrum of CVD Cu2O films of varying film
thickness deposited at 200 °C. The Raman peak at 519 cm-1 is
observed to shrink as the film thickness increases. (b) A shift in
the Raman peak at around 217 cm-1 due to the film experiencing tensile stress before the islands coalesce and compressive
stress as the film grows thicker. (c) Raman spectra of CVD Cu2O
films deposited at various temperatures ranging from 125 to
200 °C.

In order to monitor the two growth regimes, Raman spectra (Figure 4a) were taken for Cu2O films with four different thicknesses with deposition durations of 2, 4, 6 and 12
hours grown at a process temperature of 200 °C. The corresponding film thicknesses are 60, 120, 180 and 360 nm, respectively. The thinnest film grown for only 2 hours shows
a prominent Raman peak at 217 cm−1. As depicted in Figure 4b, the films deposited for 4, 6 and 12 hours show a shift
of the same peak to 217.4 cm−1. This increase in the Raman
frequency of this peak indicates a change from tensile stress
to compressive stress in the CVD Cu2O film. The shift in frequency corresponds to the two different growth regimes,
starting with discrete island growth observed after 2 hours of
CVD growth exhibiting tensile stress. As the course of CVD
process continues, the coalescence of these islands subjects
them to compressive stress.

Figure 5a plots the Hall mobility, hole carrier concentration and resistivity plotted as a function of the deposition
temperature during the CVD of Cu2O. The Hall mobility of
the films decreases at higher substrate temperatures, suggesting more defects of the films. Thin films of Cu2O grown
by CVD exhibit a strong preference towards non-continuous
films at thicknesses of under 100 nm, which is evident from
the aggregated material observed in the cross-sectional
SEM images in Figure 3c. The corresponding increase in
hole carrier concentrations with increasing deposition temperature is attributed to the increased introduction of oxygen vacancies during the CVD process, leading to more conductive Cu2O films at higher process temperatures. Figure
5b shows the electrical properties of Cu2O films grown to
various thicknesses ranging from 60 to 750 nm at the same
substrate temperature of 200 °C under the high growth conditions that produce rough crystalline cuprous oxide films.
The change in growth mode at a film thickness of approximately 100 nm is evident in the drastic change electrical
characteristics. While the hole density remains constant
with film thickness, the mobility experiences a remarkable increase from 1-2 cm2 V−1 s−1 for film thicknesses of 120 and
240 nm to over 14 cm2 V−1 s−1. The Hall mobility remains
fairly constant initially as the film was predominantly growing islands of Cu2O which are connected to each other only
through the compact layer of film they nucleated on. Subsequently as the deposition proceeds, the islands coalesce together to form a continuous layer comprised of larger grains,
consequently enhancing carrier transport parallel to the
substrate, giving rise to the observed increase in Hall mobilities. Consequently, the improvement in film morphology results in a decrease in the resistivity of the material from
around 80 ohm·cm down to single digit resistivity values.
For comparison, Cu2O films fabricated using thermal oxidation and sputtering demonstrate higher Hall mobilities of

up to 110 and 62 cm2/Vs, respectively but with carrier concentrations in the range of 1013 and 1017 cm-3, respectively.21, 22

In an effort to confirm the high phase purity of the Cu2O,
Raman spectra were taken of the CVD grown Cu2O films deposited between 150 and 200 °C. Figure 4b presents the
characteristic Raman shift peak of CVD Cu2O at 217 cm−1
which is a strong narrow peak due to the second order scat−
phonon (not observable in the
tering from the 110 cm−1 Γ12
23
figure). Bands corresponding to minor Cu2O phases were
+
−
also detected at 519 and 630 cm−1 assigned to the Γ25
and Γ15
23-26
modes, respectively.
No known peaks corresponding to
the CuO phase at 298, 347, 591 cm−1 are observed.26 This
confirms that the CVD grown Cu2O films are of extremely
high phase purity and free of deleterious CuO contaminations. This phase purity is a result of using deoxygenated
water as the co-reactant source where dissolved oxygen
that is capable of oxidizing Cu2O to CuO has been eliminated.
Furthermore, the organometallic precursor contains no oxygen, preventing unwanted oxidation of Cu2O. Figure 4c
shows that when the growth temperature is increased from
125 to 200 °C, the Raman bands at 217 and 630 cm−1 are
observed to become more intense.

X-ray diffraction scans of films with different film thicknesses are shown in Figure 5c with diffraction intensities
normalized to the (200) diffraction peak which corresponds
to the cubic phase of Cu2O according to JCPDS card No. 050667. All films demonstrate a (200) peak centered at 42.40
° exhibiting the highest intensity. Its full-width at half-maximum (FWHM) decreases with increasing CVD deposition
time, indicating an increase in crystallite size as the film
grows thicker. At 60-nm thickness, the Cu2O film shows
broad, weak diffraction peaks of the (111) and (311) planes
centered at 36.50 ° and 73.70 °, respectively. Doubling the
deposition time to obtain a 120 nm thick film resulted in increase of the amplitudes and the narrowing the widths of both
peaks. In addition, two more peaks are observed at around
29.50 ° and 61.50 ° attributed to the (110) and (220) reflection planes, respectively. When the film thickness is increased to 240 nm and beyond, the diffraction peaks for
(110), (111), (220) and (331) disappear, demonstrating a
single preferred crystal orientation favoring the (200) crystal planes in thicker Cu2O films. This behavior of the XRD
spectra with varying film thickness is in excellent agreement
with our SEM study of the film morphology that reveals a distinct change from preferential growth of Cu2O islands at
around film thickness of 200 nm to highly polycrystalline, columnar grain structure. The (200) diffraction peaks narrow
slightly with increasing film thicknesses in Figure 5d, corresponding to the larger crystallites in the thicker films.
In Figure 6, (αhν)2 was plotted against the photon energy
to determine the optical band gap Eg of the Cu2O thin films
based on the Tauc relation27
𝑛𝑛

(𝛼𝛼ℎ𝜈𝜈)2 = 𝐴𝐴�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔 �

where A is a constant, hν is the photon energy, Eg is the
1
allowed energy gap, and 𝑛𝑛 = for allowed direct transition
2
in Cu2O. The absorption coefficient α is calculated from the
approximation
𝛼𝛼 = −

ln(𝑇𝑇)
𝑑𝑑

where T is the transmittance of the film relative to that of a
substrate with similar reflectance losses, and d is the film
thickness. The values for the optical band gaps are obtained
from the x-intercept of an extrapolation of the linear portion
of the Tauc plots. The optical band gap values are found to
vary in the range of 2.4 to 2.6 eV depending on film thicknesses, with thinner films exhibiting larger band gap values.
Our CVD grown films demonstrate optical band gap values
that are consistent with both experimental28 and theoretical
studies.29 This band gap widening effect with decreasing film
thickness having smaller grain sizes is a well-established observation in similar thin film studies.30, 31 Precise control of
the optical band gaps of Cu2O is easily achieved by the accurate manipulation of film thickness using CVD, making it
useful for tuning the performances of the film when used as
a hole transport layer in photovoltaic applications.32

Figure 6. Tauc plot of (αhν)2 vs. photon energy for Cu2O CVD
films at film thicknesses of 60 nm (green solid line), 120 nm
(blue solid line), 240 nm (red solid line), and 360 nm (black
solid line).

The Cu2O thin films demonstrate a strong, sharp band-toband photoluminescence emission at room temperature centered at 588 nm (Figure 7a), indicative of an electronic
band gap of 2.1 eV. The presence of significant PL emission
lines due to a radiative inter-band recombination process
from room temperature excitation suggests low defect density in the CVD grown Cu2O films. It is found that the electronic band gap of Cu2O thin films increases with decreasing
temperature. In Figure 7b, the dependence of Cu2O band
gap is observed to closely follow the semi-empirical relation
proposed by Varshni33
𝐸𝐸𝑔𝑔 (𝑇𝑇) = 𝐸𝐸0 −

𝛼𝛼𝑇𝑇 2
𝑇𝑇 + 𝛽𝛽

with the values of E0 shown in Figure 7b, α and β are parameters characteristic of the semiconductor material and
E0 is the transition energy at 0K. Fitting the parameters E0,
α and β yields the values 2.1093 eV, 1.0192 × 10−5 eV/K and
485.02 K2, respectively, in close agreement with similar
Cu2O studies.34 At temperatures above 150K, the band gap
varies linearly with temperature. The photoluminescence
intensity attributed to the band-to-band transition is observed to increase with decreasing temperature due to the
suppression of non-radiative recombination channels.

increases in emission intensities compared to the PL emissions involving copper vacancies.

Applications of Cu2O that demand both highly efficient
charge transport and enhanced light trapping (i.e. photovoltaics) will favor the CVD growth of Cu2O at temperatures of
at least 200 °C and with film thicknesses of at least 500 nm.
The larger grain sizes of the film grown under the CVD condition reduces charge recombination at the grain boundaries, resulting in the enhanced Hall mobilities. The increased texturing of the film surface originating from the coalescence of islands creates the rough surfaces that assist in
scattering and trapping incident light.

CONCLUSION

Figure 7. Spectrally-resolved photoluminescence spectra
showing the (a) inter-band photoluminescence emission profile of Cu2O thin film at various temperatures, (b) the variation
in band gap values of Cu2O at different temperatures compared
to a fitted model based on the Varshni relation, (c) the various
PL components that make up the PL emission spectra obtained
at room temperature, and (d) the temperature dependence of
various defect-related PL bands.

To understand the various defect-mediated PL emissions,
the spectra throughout the temperature range were fitted
with Gaussian curves. Using the least number of Gaussian
bands to fit the PL spectrum, the best fitting result consists
of six PL situated at 1.67 eV (744 nm), 1.60 eV (777 nm), 1.52
eV (817 nm), 1.43 eV (870 nm), 1.35 eV (917 nm), and 1.27
eV (973 nm), respectively as shown in Figure 7c. Well-known
transitions include the 1.67 eV peak originating from the
doubly charged oxygen vacancy (VO2+), the 1.52 eV peak corresponding to the singly charged oxygen vacancy (VO+),
and the 1.35 eV emission from the transition involving the
copper vacancy (VCu).35-37 No signal was observed between
600 nm and 1000 nm when PL measurements were performed on the blank substrates. Peaks at 1.60 eV, 1.43 eV
and 1.27 eV remain unidentified and warrantsfurther investigation. From the PL spectra taken at room temperature, it
can be deduced that VCu is the dominant defect present in
the film. As shown in Figure 7d, reducing the temperature
remarkably increases the PL intensity of the VO2+ defect
emission peak. As radiative processes begin to dominate at
lower temperatures, all defect emissions are observed to exhibit stronger PL emissions, with the higher energy defect
peaks attributed to oxygen vacancies experiencing larger

In summary, the chemical vapor depositions using (N,N′di-sec-butylacetamidinato)copper(I) and water were performed in a low temperature range of 125 to 200 °C to produce high quality Cu2O thin films of a single phase. Highly
crystalline films could be obtained with high growth rates,
2 nm/min at 200 °C while smooth and uniform films could
be obtained below 200 °C. The cubic phase Cu2O films
showed wide optical band gaps of up to 2.6 eV, Hall mobilities as high as 17 cm2 V−1 s−1 and hole carrier concentrations
in the order of 1017 cm−3. Because of the low defect density
in the films, the photoluminescence from inter-band transitions was observed even at room temperatures. XPS and Raman spectroscopy confirmed that there are no detectable
amounts of CuO in the films. Due to the low defect densities,
high phase purity and excellent electronic properties, Cu2O
thin films grown by CVD at low temperatures are expected
to be highly attractive for applications in semiconductor devices and in photovoltaics.

SUPPORTING INFORMATION
Experimental conditions used in the CVD of Cu2O thin
films and topological SEM micrographs showing the evolution of Cu2O thin films.
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