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• Single phase n- and p-type Cu2O thin
films were achieved by controlling oxy-
gen content in the PLD chamber.

• Donor and acceptor levels were esti-
mated using Electrochemical Imped-
ance and Optical data.

• Room temperature grown p-type Cu2O
films with resistivity ~23 mΩ·cm and
Hall mobility ~4.8 cm2/V.s.

• The n-type conductivities of Cu-O films
were explained and attributed to the
formation of electron-donating defect
states.
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Low resistivity (ρ ~ 3–24 mΩ·cm) with tunable n- and p-type single phase Cu2O thin films have been grown by
pulsed laser deposition at 25–200 °C by varying the background oxygen partial pressure (O2pp). Capacitance data
obtainedby electrochemical impedance spectroscopywas used to determine the conductivity (n- or p-type), car-
rier density, and flat band potentials for samples grown on indium tin oxide (ITO) at 25 °C. The Hall mobility (μH)
of the n- and p-type Cu2O was estimated to be ~0.85 cm2/V.s and ~ 4.78 cm2/V.s respectively for samples grown
on quartz substrate at 25 °C. An elevated substrate temperature ~ 200 °C with O2pp = 2–3 mTorr yielded p-type
Cu2O films with six orders of magnitude higher resistivities in the range, ρ ~ 9–49 kΩ.cm and mobilities in the
range, μH ~ 13.5–22.2 cm2/V.s. UV–Vis-NIR diffuse reflectance spectroscopy showed optical bandgaps of Cu2O
films in the range of 1.76 to 2.15 eV depending on O2pp. Thin films grown at oxygen rich conditions O2pp ≥ 7
mTorr yielded mixed phase copper oxide irrespective of the substrate temperatures and upon air annealing at
550 °C for 1 h completely converted to CuO phase with n-type semiconducting properties (ρ ~ 12 Ω.cm,
μH ~ 1.50 cm2/V.s). The as-grown p- and n-type Cu2O showed rectification and a photovoltaic response in solid
junctions with n-ZnO and p-Si electrodes respectively. Our findings may create new opportunities for devising
Cu2O based junctions requiring low process temperatures.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

The semiconductor cuprous oxide (Cu2O), has shownmuch promise
in photocatalytic water splitting [1], resistive switching devices [2], thin
film transistors (TFT) [3], gas sensors [4], as an anode material in Li-ion
based batteries [5] and in photovoltaic (PV) applications [6]. It is non-
toxic, earth-abundant, and could be prepared by physical and chemical
methods [6–8]. In addition, single phase Cu2O is desirable as an absorber
material for solar cells because of its reported direct bandgap
(Eg ~ 2.17 eV) and high absorption coefficient (above 105 cm−1) in the
visible region of solar radiation and, potentially, the ability to dope
both n- and p-type via manipulating processing conditions [9–15]. The
natural p-type conductivity of Cu2O is believed to stem from copper va-
cancies (VCu) in the crystal lattice [16,17], and its suitable band align-
ment with other wide bandgap n-type metal oxide semiconductors,
such as ZnO [18,19] and TiO2 [20,21], makes it attractive for realizing
reasonably efficient heterojunction solar cells. In contrast, the origin of
intrinsic n-type conductivity is a matter of debate [9,22,23], yet it has
gained substantial interest because of the possibility of the formation
of homojunction solar cells [7,9,12,14,24] to suppress the deleterious in-
terfacial defects states often formed in the case of most heterojunction
solar cells ([25] and refs. therein). The oxygen vacancy (Vo) [11] and
copper interstitial (Cui) defects in Cu2O lattice have been proposed for
the electron-donating source in explaining the experimental results
([22] and refs. therein). However, the formation energy of Vo is rela-
tively low compared to that of Cui irrespective of the copper-rich
(poor)/oxygen-poor (rich) growth conditions [22]. In general, the
donor- and acceptor- levels should be shallow for effective n- and p-
type semiconductors. Carrier concentrations over of ~1016 cm−3 and
mobilities at least ~5 cm2/V.s are also necessary for efficient Cu2O
based optoelectronic devices [11,26,27]. In the case of intrinsic n-type
Cu2O, most of the experimental works reported deep donor levels
([22] and refs. therein), therefore, unlikely to overcome the native p-
type conductivity stemming from cation deficiency (VCu) [6] due to
self-compensation [28]. However, a recent report by Nandy et al. dem-
onstrated that controlling the oxygen vacancies (Vo) into the Cu2O crys-
tal (i.e., Cu2O1-δ) may induce an impurity state close to the conduction
band thereby enhancing the electron-donating ability due to the un-
shared d-electrons of Cu atoms (nearest to the vacancy site) [29].
Their theoretical approach further suggested that the formation energy
for obtaining 2.08% (δ=0.208) of Vo in Cu2O could be as low as 0.32 eV
under oxygen deficient condition, suggesting that the stable Cu2O1-δ en-
tity maybe experimentally viable [29].

Several physical [6,25,30–32] and wet-chemical [3,5,15,33–36]
based deposition methods have been employed to produce phase
pure Cu2O. Among them, pulsed laser deposition (PLD) offers good con-
trol on a wide range of processing parameters such as laser wavelength,
pulse repetition rate, laser energy per pulse (LP), background gas pres-
sure (O2pp), substrate temperature (Tsub) etc. and has been demon-
strated to give single phase cuprous oxides with good structural,
morphological and electrical properties [11,25,27,37,38]. Previous
work [25,37] demonstrated the similar microstructures of CuxOy (a de-
fect variant of the basic-Cu2O) thin films on various substrates using dif-
ferent PLD processing conditions; these identified favorable process
conditions within which we now focus. These investigations, on the ef-
fect of Tsub (≤400 °C) and O2pp(≤10 mTorr), achieve single phase Cu2O
with varying optical and electrical properties by exploiting the non-
equilibrium deposition environment of PLD. The ablation species react
with ambient background gas chemically and physically while it pro-
ceeds towards the substrate from the target and affects the resulting
film properties. Oxygen content in copper oxide films can be adjusted
through controlling the oxygen partial pressure (O2pp) during growth.
In the literature most of the investigations related to electrical proper-
ties of Cu-O films deal with films deposited under oxygen rich condi-
tions near the Cu2O/CuO boundary. There is less information for films
deposited at the Cu/Cu2O boundary, where an n-type Cu2O may exist
[39] due to the predominant presence of oxygen vacancy (Vo) as op-
posed to thehole creating copper vacancy (Vcu).Meyer et al. [6], roughly
estimated the binding energy of donor and acceptors for Cu2O to be
266meV and 156meV using effectivemass theory (EMT) and discussed
that carrier densities well above ~1018 cm−3 are necessary to overcome
natural p-type conductivity due to the cation vacancy (Vcu). Wang et al.
[40] argued that n-type conductivity of Cu2O is possible only if the Vo

would exist at very high concentrations synthesized in oxygen poor
conditions. In our previous report we demonstrated the n-type conduc-
tivity of Cu2O based on electrochemical Mott-Schottky analyses for the
samples grown by PLD at room temperature with oxygen poor condi-
tion (O2pp bb 1 mTorr) [41]. Recently, Xu et al. [11], also reported PLD
grown phase pure Cu2O films produced at 600 °C under oxygen poor
conditions (O2pp = 0.09 Pa ≈ 0.68 mTorr). The films exhibited p-type
conductivity and upon post N2 plasma treatment of the as-deposited
samples they observed a phase transition from pure Cu2O to a mixture
of Cu2O and Cu with an accompanied change from p to n-type conduc-
tion. Therefore, in this work, the effects of O2pp (both oxygen-rich and
oxygen-poor conditions) in controlling composition, microstructure,
optical, electrical, and electrochemical impedance properties of PLD
Cu2O films were investigated. We found that under suitable deposition
conditions both n- and p-type copper oxide thin films can be realized
which are discussed below.

2. Experimental methods

2.1. Growth of PLD films

A simple PLD setup using a UV-ArF Excimer Laser (wavelength:
193 nm, repetition rate: 10 Hz, pulsed width: 20 ns, spot size:
~1 mm2, energy (LP): 25 ± 4 mJ/pulse) was used to deposit copper
oxide thin films on amorphous quartz, polycrystalline ITO, and single
crystalline NaCl(100) substrates under the following conditions: Base
vacuum of the PLD chamber ≤10−5 Torr; oxygen partial pressure
(O2pp): 0–10mTorr; target-substrate distance ~5 cm; substrate temper-
ature (Tsub): ranging from non-intentionally heated (RT ~ 25 °C) –
400 °C. The substrate temperature was controlled by halogen bulb
heater and measured by using a digital thermocouple as described in
ref. [25]. The substrate temperature and oxygen partial pressure were
varied to allow the film to grow in a stable regime, where no decompo-
sition of the filmwas observed. Post annealing treatmentwas also given
to some of the as-grown Cu2O films under controlled O2 ambient inside
the PLD chamber for comparison purposes.

Prior to film deposition, all substrates were ultrasonically cleaned
successively in Toluene, Acetone, isopropanol and ultra-pure water
(Mili-Q, 18 MΩ·cm) for 15 min followed by an Ar blown dry. All sub-
strates were subjected to an UV-Ozone clean for 20 min immediately
before being mounted in the PLD chamber. The target material was
commercially available hot pressed ceramic Cu2O (purity~99.95%). The
targetwas ablated for 5min prior to actual deposition on the substrates.

2.2. Characterization of PLD samples

The X-ray Diffraction (XRD) spectra were recordedwith Bruker AXS
D8 Advance powder X-ray diffractometer using Cu Kα(λ = 1.5406 Ǻ)
radiation. The diffraction patterns were recorded with a step size of
~0.0250 and a time per step of 18 s, the samples were rotated to homog-
enize themeasurements. TEM analyses of samples grown on NaCl(100)
were investigated by a JEOL 2010 and a Philips EM 430 as described in
ref. [25] where the TEM camera length calibration procedure was also
discussed. Raman and Photoluminescence spectra were recorded at
room temperature in the backscattering geometry with a Renishaw
2000 confocal spectrometer using λext = 514.5 nm Ar-ion laser
(P ≤ 5mW) as an excitation source. The optical transmission and diffuse
reflection measurements of films deposited on quartz substrate were
made using a UV-VIS-NIR spectrophotometer (Shimadzu UV2600
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plus) coupled with an integrating sphere. Sheet resistance was mea-
sured by a Keithley 2400 source-measure-unit (SMU) coupled with a
custommade collinear 4-point probe. Measurements of highly resistive
films (N200 MΩ) were carried out using a precision current source
(Keithley 6221 AC/DC) coupled with a Nanovoltmeter (Keithley
2182A). To minimize the non-uniformity nature of the PLD thin film,
measurements were performed over three or more different areas of
the sample to get a final resistance value. Thicknesses of the PLD films
were estimated by combined analyses of FE-SEM (JEOL JSM 6330F)
cross-sectional imaging and Variable Angle Spectroscopic Ellipsometry
(VASE) (M-2000 U, J.A. Woollam Co.) [37]. Hall mobilities of samples
grown on quartzweremeasured as accurately as possible using a home-
made Hall coefficientmeasurement setup utilizing a commercial 1 Tesla
permanent magnet (Magnetsales UK Ltd.) with gold coated electrical
contact pads in the vander Pauw sample configuration (see supplemen-
tary materials for details). Both Cyclic Voltammetry (CV) and Electro-
chemical Impedance Spectroscopy (EIS) measurements were
performed under dark conditions using a Potentiostat (Autolab,
PGSTAT-30) equipped with a frequency analyzer. An AC signal of
20 mV amplitude with frequencies ranging from 50 Hz to 10 kHz was
applied at a set of constant bias voltage over a narrow potential window
to preserve the stability of the Cu2O film. The Keithley SMU coupled
with a homemade multiprobe workstation was also used to measure
I-V curve of the Cu2O-based solid p-n junctions.

3. Results and discussion

Four sets of samples were deposited in an attempt to grow high
quality single phase copper (I) oxide (Cu2O) at relatively low tempera-
tureswith a range of conductivities. In the first two sets of samples, sub-
strate temperature was varied from 25 °C (RT) to 400 °C with two
different constant oxygen partial pressure(O2pp), namely 3 mTorr and
10mTorr, in order to find out the optimumprocess conditions for single
phase copper oxide. In the other two sets, the oxygen content inside the
PLD chamber was varied (0 ≤ O2pp ≤ 7 mTorr) at two substrate temper-
atures (Tsub), 25 °C and 200 °C. The PLD thin films grown at 25 °-
C ≤ Tsub ≤ 400 °C with constant O2pp ≈ 10 mTorr were found to be
mainly composed of a mixture of Cu2O and more O-rich Cu-O phases
as evident from the XRD analyses (see Fig. S1a for details). Therefore,
the oxygen rich (O2pp = 10 mTorr) samples will not be considered fur-
ther in the discussion below. As a quick guide for the readers: the struc-
tural, compositional, and electrical characteristics of samples
investigated are summarized in Fig. 1.

The microstructure and surface morphology of Cu (I) oxide thin
films are seemingly independent of substrate material as investigated
by XRD and FE-SEM where all films are polycrystalline in nature show-
ing grain sizes in the range 50 nm to 150 nm, but with some larger
grains and texture on crystalline substrates (see Fig. S1.1 and Fig. S5.1
to S5.4 in supplementary material).

It can be seen from Fig. 1 (Green, brown, andmixed colored squares)
that elevated Tsub and high level O2pp ≥ 7 mTorr produced a mixture of
Cu-O phases evident from XRD and Raman analyses (shown in Fig. S1-
S2 in supplementary materials). In contrast, substrate temperature
100 °C and 300 °C with fixed O2pp = 3 mTorr produce non-
stoichiometric Cu (I) oxide (Cu2O + CuxOy) exhibiting cubic SAED pat-
terns similar to phase pure polycrystalline Cu2O (see also Fig. S1b). The
origin of the CuxOy phase - a defect structure of Cu2O - was discussed in
detail in our previous report [25]. It should be noted that depositing
films at Tsub = 25 °C and Tsub = 200 °C while tuning the O2pp allows
one to achieve single phase Cu2O with varying electrical properties
(see orange color squares and numerical value for carrier mobility in
Fig. 1). The structural properties of these films are presented in Fig. 2
below.

Fig. 2a and 2b show the XRD profiles of as-grown films deposited at
Tsub = 25 °C (RT-grown) and Tsub = 200 °C (HT-grown), respectively,
on quartz substrates with varying O2pp. XRD results revealed that single
phase Cu2O, with no contribution from Cu and CuO, could be produced
with 1 mTorr ≤ O2pp ≤ 7 mTorr in the case of RT-grown and with 3
mTorr ≤ O2pp ≤ 5 mTorr in the case of HT-grown thin films. In these
phase purity limits, both RT- and HT-grown mainly exhibit Cu2O(111)
and Cu2O(200) Bragg peaks but the former displays an additional
Cu2O(110) peak at 2θ ≈ 29.50. Metallic Cu inclusions were observed
in the RT-grown film with O2pp b 1 mTorr and in the HT-grown film
with O2pp ≤ 2mTorr presumably due to the deficiency of oxygen species
in the PLD chamber. However, RT-grown film with O2pp = 1 mTorr
show single phase Cu2O films evident from XRD and SAED pattern
(see Fig. 2a and Fig. 1a). Both RT- and HT-grown films with O2pp N 7
mTorr were found to be mixed Cu-O phase (see Fig. S2) with CuO as a
major product. Notice also that RT- and HT-grown films approached to-
wards strong {100} and {111} texturing, respectively, with increasing
O2pp up to 7 mTorr (see also Fig. S3a). The average crystallite domain
size estimated by using Scherrer formula was found to be in the range
5–15 nm and found to be following a decreasing trend with increasing
O2pp (for details see fig. S3b) most probably due to the inclusion of ox-
ygen rich Cu-O phase at higher O2pp [37]. However, up to O2pp = 5
mTorr, PLD grown thin films are composed of Cu(I) oxide as evident
from the SAED patterns shown in Fig. 2c and 2d. The arced SAED pat-
terns, more conspicuous in Fig. 2d, is due to the micro-twinning on , ,
and planes while viewed down the [011] zone axis [25].

Room temperature Raman analyses have also been conducted to
supplement the XRD results in order to further confirm the phase purity
of RT-grownandatHT-grownsamplesdepositedwith2mTorr≤O2pp≤7
mTorr which are presented in Fig. 3 below. All Raman peaks in both
groups of samples can be assigned with reported phonon modes of
Cu2O crystal only (solid lines) [25], except for the HT-grown with
O2pp = 7 mTorr film which is seen to be a mixture of Cu2O (solid
lines) and CuO (dotted lines) (cf. Fig. 3a and Fig. 3b). The presence of
CuO phase is confirmed by the additional presence of Ag and Bg

(1)

modes at ~296 cm−1 and ~ 346 cm−1 respectively (see top panel in
Fig. 3b). The position of Raman peaks for copper oxide compounds
vary considerably in literature, but the vibrational modes for all three
copper oxide phases cited in references [6, 25, 42] clearly indicate that
none of the Raman signals in Fig. 3 (up to O2pp ≈ 5 mTorr in the case
of HT-grown films) are related to CuO and/or Cu4O3 phases.

The room temperature Photoluminescence (RT-PL) of thin films
grown at Tsub ≈ 25 °C(RT) and Tsub ≈ 200 °C(HT) with 2
mTorr ≤ O2pp ≤ 5 mTorr including Cu2O PLD target are shown in
Fig. 4. All luminescence peaks (solid lines) can be attributed to cop-
per oxide phases, consistent with the results reported previously
[25]. The exciton-related (X0 - Γ12− ) emission peak is clearly seen in
the RT-PL spectrum for all PLD films including the target material
suggesting good quality Cu2O thin films irrespective of O2pp condi-
tions. The luminescence peaks centering at ~760 nm and ~ 880 nm
have been put forward for Cu3O2 and [VCu

− - VO
+] complex respectively

[25]. Notice that at low O2pp = 2–3 mTorr, HT-grown films showed
an enhanced (X0 - Γ12− ) peak with additional [VCu

− - VO
+] complex

peak which is not conspicuous in RT-grown films. These samples
also exhibited diminished Vcu peak (see Fig. 4b).

The optical bandgap of the RT- and HT- samples grownwith O2pp up
to 7 mTorr were estimated by Tauc plot generated from diffuse reflec-
tion data using K-M function [43] and shown in Fig. 5. The bandgaps
(Eg) for RT-grown Cu2O thin films are found to be gradually and consis-
tently increasing approximately from 1.76 eV to 2.15 eVwith increasing
O2pp from 1 to 7 mTorr (see Fig. 5a). In contrast, for HT-grown samples,
Eg is found to reach amaximum~2.05 eV for O2pp of 5mTorr and then to
decrease for higher O2pp (see Fig. 5b). The optical band gap thus ap-
proaches the bandgap value of bulk Cu2O (Eg = 2.17 eV), and presum-
ably therefore stoichiometric phase formation, at optimum values of
O2pp. The lowest measured optical bandgap (~1.65 eV) of HT-grown
O2pp= 7mTorr film suggests an oxygen rich Cu-O phase as also evident
from its Raman spectrum (see top panel in Fig. 3b). The RT-grown sam-
ple (S1) annealed in air at 550 °C for 1 h also exhibited a lower optical



Fig. 1. (color online) Deposition diagramof PLD grown copper oxide phaseswith varying O2pp and Tsub. The colored squares represent the different phase compositions shown at the top of
the graph. The carrier mobility of some as-deposited and annealed S1(Cu(II) oxide: CuO) films are also included in the analysis for comparison purposes. SAED patterns of samples grown
on NaCl (100) with (a) O2pp = 1 mTorr_Tsub = 25 °C (Inset: bright field image), (b) O2pp = 3 mTorr_Tsub = 25 °C, and (c) O2pp = 3 mTorr_Tsub = 300 °C are showing single phase Cu
(I) oxide with different morphologies.
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bandgap~1.45 eV due to complete conversion to CuO (see Fig. S4 in sup-
plementary material). The lower optical bandgap for films with low
O2pp, suggest oxygen vacancies (Vo) which introduce defect states in
the bandgap leading to a lower effective bandgap compared to the stoi-
chiometric Cu2O.
Fig. 2. (color online) PLD grown copper oxide thin films deposited at various O2pp at two co
(a) Tsub = 25 °C and (b) Tsub = 200 °C as a function of O2pp. Vertical lines (faint) represent th
Tsub = 25 °C (c) and Tsub = 200 °C (d) with a constant O2pp = 5 mTorr. The rings/spots are in
Fig. 6 (below) shows the four point collinear probemeasured electri-
cal resistivity of RT- and HT-grown films as a function of O2pp. The data
points for thefilms grownwithout O2 injection in the PLDchamber have
also been included in the analyses for the sake of completeness and
comparison.
nstant substrate temperatures: XRD patterns of Cu2O films deposited on quartz glass at
e Bragg's reflection lines for bulk Cu2O. SAED pattern of samples grown on NaCl(100) at
dexed to assist the reader.



Fig. 3. Room temperature Raman spectra of, as-grown copper oxide thin films on quartz glass as a function of O2pp at Tsub≈ 25 °C (a), and at Tsub≈ 200 °C (b). Vertical lines represent the
reference vibrational mode of copper oxide.
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As can be seen from the Fig. 6a, the resistivities of RT-grown films are
found to be monotonically increasing with increasing O2pp. At 1
mTorr ≤ O2pp ≤ 3 mTorr PLD ambient their resistivities were estimated
to be roughly 3–24 mΩ·cm which is ~3 orders of magnitude lower
than the reported resistivity (40–60 Ω·cm) for Cu2O films grown by
PLD above Tsub ≥ 600 °C [44]. On the other hand, the resistivities of RT-
filmswith 5mTorr ≤O2pp ≤ 7mTorr PLD ambient are quite high, roughly
Fig. 4. (color online) Room temperature photoluminescence spectra of, as grown copper oxide t
Vertical lines represent the luminescence bands of cuprous oxide.
in the range 20–38kΩ·cm (see Fig. 6a) due tomore stoichiometric Cu2O
phase formed in the oxygen rich conditions. In contrast, the resistivity of
HT-grown films without injecting O2 into the PLD chamber was esti-
mated to be below7mΩ·cm (see Fig. 6b). TheHT-grown film deposited
using O2pp = 2 mTorr exhibited the highest resistivity of ~49 kΩ·cm
among all samples, due to inclusion of metallic Cu into the Cu2O matrix
which compensates available holes leading to insulating thin films.
hin films onto quartz glass as a function of O2pp at Tsub≈ 25 °C (a), and at Tsub≈ 200 °C (b).



Fig. 5. (color online) Comparison of modified Tauc plot of as-grown copper oxide thin films onto quartz glass as a function of O2pp deposited at Tsub ≈ 25 °C (a), and at Tsub ≈ 200 °C (b).

Fig. 6. Variation of Electrical resistivity of as-grown copper oxide thin films onto quartz glass as a function of O2pp deposited at Tsub ≈ 25 °C (a) and Tsub ≈ 200 °C (b).
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Since, the PLD chamber provides highly non-equilibrium growth envi-
ronment to the energetic ablated particles and therefore, the probability
to exist metallic Cu as ionized defect states (Cui+) is very high in oxygen
poor heated substrate surface. These energetic Cui+ defects compensate
available holes leading to insulating thin films compared to the films
grown in oxygen rich conditions. Similar observation was reported by
X. Liu et al. for PLDgrownCu2O (Tsub=600 °C onMgO(110))with vary-
ing O2pp [26]. In fact, the resistivities of 2 mTorr ≤ O2pp ≤ 7 mTorr HT-
grown films are roughly six orders of magnitude higher than that of
the film grown without oxygen. These results are also suggesting that
oxygen rich PLD ambient leads to more stoichiometric copper oxide,
thereby resulting in more insulating thin films due to the lack of charge
carrier creating defect (vacancy type) concentrations.

Hall coefficient measurements andMott-Schottky plots (see Fig. 7a)
constructed from electrochemical impedance spectra [9,33] were also
carried out for samples grown with identical deposition PLD conditions
on quartz and ITO substrates respectively (see Fig. S7 in supplementary
material). The results together with optical bandgap values are summa-
rized in Table 1. As can be seen, samples grownwith O2pp= 2–3mTorr,
showed a p-type conductivity with appreciable Hall mobility
(μH) ~ 4.78 ± 0.01 cm2/V.s and ~ 22.20 ± 0.01 cm2/V.s respectively in
RT- and HT-grown PLD Cu2O films. The higher mobility in HT-grown
PLDfilms could be attributed to the better crystalline and optoelectronic
quality evident from XRD, SAED, Raman, and RT-PL analyses. However,
the lower carrier concentrations (~ 6 × 1012–13 cm−3) of HT-grown
films may be attributed to the hole killing [VCu

− - VO
+] defect complex

seen in PL spectra (see Fig. 4b).
The acceptor concentration, Na ~ 6 × 1012–13 cm−3 and mobility,

μH ~ 13–22 cm2/V.s estimated for Tsub≈ 200 °C(HT) samples are consis-
tentwith previous results [6]. The highmobility indicates that PLDfilms
grown at 200 °C possess reasonably good electrical quality, however, a
carrier concentration as high as ~1014–1016 cm−3 is desirable for poten-
tial Cu2O based device applications [27]. Therefore, for some specific de-
vice applications [3,26,45] RT-grown PLD Cu2O may be utilized.

Notice that carrier density in RT-grown samples is exceptionally
high compared to that of HT-grown samples. For example, with
O2pp = 2 mTorr, carrier density ~ (5.71 ± 0.18) × 1012 cm−3 obtained
for HT-grown sample is at least eight orders of magnitude lower than
the carrier density ~ (6.97 ± 0.01) × 1020 cm−3 for RT-grown samples.
With increasingO2pp content slightly to 3mTorr for RT-grown sample, it
was obtained as ~(5.45 ± 0.23) × 1019 cm−3 which is still roughly six
orders of magnitude higher than its HT-grown counterpart. The effec-
tive density of states (D(Ef)) for these samples are in the range (D
(Ef)) ~ 1.35–5.67 × 1021 (eV)−1 cm−3 estimated from EIS data by a sim-
ilar approach presented in ref. [46] using the equation: D(Ef) = (Csc)2/
[ε0ε. e2], where, Csc is the space charge capacitance, ε0 is permittivity of
free space (8.854 × 10−12 F.m−1), ε is the relative dielectric constant
(~6.6 for Cu2O [33]) and e is the electronic charge (see supplemental



Fig. 7. (a) Mott-Schottky plots of Cu2O thin films grow on ITO using 1 mTorr_25 °C and 3 mTorr_25 °C deposition conditions showing n-type and p-type conductivity respectively. The
estimated carrier concentration, Flat band potential (VFB) and quasi Fermi level energy (Efx; where x = e or h) for donor and acceptor states are also shown in the inset. (b) An
approximate band diagram of Cu2O grown at low O2pp and Tsub by PLD.
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material for detail of the calculations). The high level of Na, is consistent
with low resistivity (few mΩ.cm), and low Hall mobilities (μH)
~1.03–4.78 cm2/V.s and could be attributed to the scattering of holes
at the grain boundaries of these RT-grown nanocrystalline films.

In contrast, the samples grown at 1mTorr_ 25 °C(RT) exhibited ann-
type conductivity with high level of donor concentrations
(Nd)~−3.47×1021cm−3 (μH~0.85±0.01cm2/V.s)and~−1.24×1021-

cm−3 obtained from Hall coefficient measurements and M-S analyses
respectively. The effective density of states (D(Ef)) for this sample is
1.05 × 1020 (eV)−1 cm−3 and is slightly lower when compared to p-
type RT-grown samples. However, such high level of carrier concentra-
tions may contribute to its exceptionally low resistivity of ~3 mΩ·cm.
The optical bandgap (~1.76 eV) of this n-type sample suggests that the
donor level may be shallow. In the literature, the Fermi level of donor
and acceptor levels for intrinsic Cu2O is rarely reported ([9,22] and
refs. therein). An approximate band diagram of a PLD-grown Cu2O
thin film electrode is shown in Fig. 7b using electrochemical M-S plot
and UV-VIS-NIR optical data to demonstrate the quasi Fermi level en-
ergy of Efe(~0.28 eV below CBM) and Ef

h (~0.13 eV above VBM) for
donor and acceptor states respectively. The Fermi level is estimated
from Flat band potentials −0.72 V vs RHE (Fermi energy with respect
to vacuum, Ef = −3.73 eV) and + 0.91 V vs RHE (Ef = − 5.37 eV) re-
spectively for n- and p-type Cu2O/ITO electrodes using a similar ap-
proach as described in ref. [9]. The distinct positive- and negative-
slope seen in M-S plots in Fig. 7a confirms the n- and p-type conductiv-
ity of Cu2O/ITO electrodes and as seen in Fig. 7b the donor level is obvi-
ously located in more positive potentials than the acceptor level for
Cu2O which corroborate the reported results [9,24]. The estimated Ef

e

~0.28 eV below the conduction band minimum (CBM) is considerably
Table 1
Optical and Electrical properties of single phase Cu2O and CuO thin films deposited with low O

Growth condition
(Tsub_O2pp)

Band gap (eV) ± 0.01 Thickness
(nm)
(VASE/SEM)

Resistivity
(Ω·cm)

25_1 1.76 556 ± 21 2.12 × 10
25_2 1.80 562 ± 4 8.71 × 10
25_3 2.00 615 ± 25 24.00 × 1
200_2 1.90 510 ± 7 49.28 × 1
200_3 2.00 585 ± 7 9.25 × 10
Ann. S1(CuO) 1.50 Assumed

~500
12.2 ± 0.
shallower than the results of Garuthara et al. (~0.38 eV) [47] and Ef
h

~0.13 eV above the valence band maximum (VBM) which is slightly
small compared to ~0.22 eV for Vcu and ~ 0.47 eV for Vcu,split [22].

The low resistivity (ρ ~ 3 mΩ·cm) of n-type Cu2O thin films grown
by PLD is yet at least ~3 orders of magnitude above the resistivity of
thermally evaporated metallic Cu (3.5 μΩ·cm) and Cu + Cu2O (27
μΩ·cm) thin films reported by Figueiredo et al. [30]. Additionally, sam-
ples grown at 1 mTorr_ 25 °C(RT) are single phase Cu2O, this is evident
from both XRD (Fig. 2a) and TEM (Fig. 1a) analyses and they are the
most oxygen deficient Cu2O among the samples deposited in this
study. Therefore, the origin of n-type conductivity in these PLD films is
presumably due to the electron generating predominant oxygen va-
cancy (Vo) at the vicinity of Cu/Cu2O phase boundary [23,39]. The single
phase n-type Cu2O deposited by electrodeposition with Nd as high as
~1020 cm−3 [15] has repeatedly been appeared in the literature, but sin-
gle phase n-type Cu2O deposited by PLD is rarely reported. Recently, Xu
et al. [11] reported PLD grown phase pure Cu2O using O2pp= 0.09 Pa at
Tsub = 600 °C with p-type conductivity and they were able to convert
them into n-type Cu2O via post-deposition N2 plasma treatment. How-
ever, in our study the slight increase of O2pp from 1 to 2 mTorr or more
in the PLD chamber yielded p-type Cu2O films suggesting that n-type
Cu2O can only be stabilized in a narrow range of O2pp ≤ 1mTorr. Our
findings for RT-grown samples suggest that critical regulation of low
level O2pp helps achieving single phase Cu2O with tunable optical
band gap (Eg=1.76–2.15 eV) and type of conductivitywith appreciable
Hall mobilities (μH ~ 0.85–4.78 cm2/V.s). Compared to results reported
by Xu et al. this is important for synthesizing diverse optoelectronic de-
vice with low thermal budget [3,45] including p-n Cu2O based
homojunctions [7,9,12,14,24].
2pp content during growth.

Carrier density
(cm−3)
[Hall effect meas.]

Hall mobility
(cm2/V·s)
±0.01

Carrier density
(cm−3)
[EIS meas.]

−3 −3.47 × 1021 0.85 –(1.24 ± 0.03) × 1021
−3 6.97 × 1020 1.03 -
0−3 5.45 × 1019 4.78 (1.39 ± 0.01) × 1020

03 5.71 × 1012 22.21 -
3 5.02 × 1013 13.45 -
7 −3.42 × 1017 1.50 -
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It is conspicuous that estimated acceptor concentrations in RT-
grown p-Type Cu2O samples are also high (Na ~ 6 × 1019–20 cm−3) in
our observations (see Table 1 and Fig. 7). This is consistent with other
recent reports. Theoretical studies reported by Raebiger et al. [16] sug-
gest that the dominant defect VCu can be above 1021 cm−3 in concentra-
tions, both in Cu-rich (oxygen poor) and Cu-poor(oxygen rich) growth
conditions, to produce a p-type conductivity. Recent experimental
works conducted by Zhang et al. [48] reported hole concentrations in
the range 5.81 × 1018–2.17 × 1021 cm−3 for sputtered Cu2O thin films
grown at room temperatures. Chen et al. [49] also reported that hole
concentrations could be as high as 1.5 × 1021 cm−3.

The PLD sample (S1) annealed at 550 °C in air for 1 h is single phase
CuO and showed n-type conductivity with carrier
concentration ~ 3.47 × 1017 cm−3 andmobility ~1.5 cm2/V.s and is con-
sistentwith reported results [31]. The n-type conductivity of CuO can be
understood as follows. PLD grown Cu2O thin films with high O2pp are
copper deficient p-type semiconductors where the type of conductivity
arises from the copper vacancies can be described by following equa-
tion:

½ O2↔Oo þ 2V−
Cu þ 2 hþ ð1Þ

where, OO - oxygen in regular positions of the lattice, VCu
− - metal vacan-

cies, and h+- holes. Due to annealing of p-type Cu2O in air, more and
more oxygen species are escaped from the Cu2O matrix and generate
more Cu2+ at the expense of Cu1+ in the films (this recrystallizes to a
CuOphase) leading to the creation of an electron-generating oxygen va-
cancy (Vo

+2) according to the following equation:

O↔½ O2 þ Vþ2
o þ 2e− ð2Þ

where, Vo
+2 - oxygen vacancies, and e− - electrons. As shown in Eq. (2),

evolution of oxygen is accompanied by the formation of oxygen vacan-
cies (with effective positive charge) and electrons that determine n-
type of conductivity.

As a proof-of-concept, solid p-n junctions were fabricated with FTO/
n-ZnO/p-Cu2O/Au and p-Si(111)/n-Cu2O structures. Their stable
current-voltage characteristic curves suggest that p-n junctions were
formed successfully, albeit with poor photovoltaic performance. These
results are summarized and discussed in the supplementary materials
(see Figs. S12–S14).

4. Conclusions

Single phase n- and p-type Cu2O thin films were grown on quartz
glass and other substrates (ITO, NaCl(100), and p-Si(111)) by a PLD
technique and the influence of substrate temperatures and oxygen pres-
sure (O2pp) on the films properties were explored systematically. Thin
films grown at 25 °C(RT) and 200 °C(HT) substrate temperatures are
single phase Cu2O with (200) and (111) texture respectively and their
texturing is found to be increasing with the increasing oxygen content
in the 2 mTorr ≤ O2pp ≤ 5 mTorr PLD ambient. The optical bandgaps
and electrical resistivities of RT-grown Cu2O thin films were found to
be tunable in the range 1.76 eV–2.15 eV and 3 mΩ·cm – 38 kΩ·cm re-
spectively and both properties were found to be consistently increasing
from low to higher values with increasing O2pp due to more stoichio-
metric Cu(I) phase formation. Critical regulations of low level O2pp dur-
ing the growth process helps achieving both n- and p-type Cu2O with
appreciable Hall mobilities (μH ~ 0.85–4.78 cm2/V.s). The as-grown p-
and n-type Cu2O showed promising rectification in solid junctions
with n-ZnO and p-Si electrodes respectively. The findings reported
here suggest that critical regulations of PLD growth conditions help
achieve single phase Cu2O growth with tunable electronic properties
desirable for diverse optoelectronic applications.
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