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Cu2O is a promising transparent conducting oxide (TCO) for photovoltaic (PV) applications, with a 
large absorption coefficient on the order of 104 cm−1 and p-type conductivity with charge carrier 
concentration on the order of 1014 to 1017 cm-3. Additionally, this material is abundant and 
nontoxic and can be synthesized using various chemical and physical routes.1,2  The 
Shockley−Queisser (SQ) efficiency limit of Cu2O-based solar cells is 20.5%, considering a 2.1 eV 
band gap as experimentally measured by Jolk et al. via excitonic absorption.3-5 

Over the past 20 years, the efficiency of copper oxide based solar cells notably increased from 2% 
to the current world record of 8.4%, reported by Shibasaki et al. in 2021.5-7 However, there remains 
a significant margin for improvement concerning the PV performance of this earth-abundant 
material.7 Despite recent improvements, the efficiency is still limited by the open- circuit voltage 
and the fill factor values.6-14 The former results from charge recombination processes in the bulk 
and at the interfaces, while the latter is partially associated with the poor electrical performances 
of the copper oxide absorber layer.1,2,15 In order to circumvent these limitations, a deeper 
understanding of the microscopic mechanisms ruling the material’s conductivity and its link to 
point defects is needed. In addition, as widely reported in recent years, material doping offers an 
interesting strategy first to inhibit the presence of defects acting as recombination centers and, 
second, to boost the material opto-electrical properties.  

The objective of this work is to extend the scientific community’s understanding of the role of 
point defects in intentionally doped copper oxide thin films. Additionally, we aim to further 
enhance the material opto-electrical performance via doping with N and Mg, as well as via (N,Mg) 
co-doping, appear as suitable elements in the case of copper oxide.16-21

2-inch targets : CuO (0Mg) and Cu2O:Mg (4Mg) 
Ar plasma (power 70 W, pressure 5 mTorr, flow 20 sccm)  
No substrate heating, dopant flow : N2 [0; 20] ccm 

XRD  (a) Phase of copper oxide polycrystalline films deposited from 0Mg target (CuO) shifts from Cu4O3 to Cu2O for 
increasing N2 flow, (b) Films from 4Mg target show Cu2O phase for all N2 flow values, with increasingly degraded quality.
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1. Improvement of the copper oxide optoelectrical properties upon singly N or Mg doping.

2. Degradation of the optoelectrical properties following the (N,Mg) co-doping. Amorphisation that could be attributed to high N incorporation

● Monodoping copper oxide with 
N or Mg leads to enhanced 
opto-electrical properties  

● (N,Mg) co-doping induces 
degraded opto-electrical 
characteristics 

● Identification of (N2)Cu defect as 
shallow acceptor; no absorption 
sub-band related to (N2)O  

● High level of N incorporation is 
associated with lower film 
quality and amorphisation
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ABSTRACT: In the present work, we investigate the eAects of N and
Mg doping on the optical and electrical properties of Cu2O thin films
deposited using radiofrequency magnetron sputtering at room
temperature. Additionally, crystalline phases are studied through
complementary X-ray diAraction and energy dispersive X-ray
spectroscopy measurements. It is shown that nitrogen incorporation
enhances both the electrical and optical properties, with resistivity
reaching a value as low as 1.15 Ωcm and an average transmittance in
the visible range of 31.74%. Raman spectroscopy measurements
indicate an increase in the number of (N2)Cu shallow acceptor point
defects, explaining the probed enhancement of p-type majority charge
carriers. Also, in Mg-doped samples, marginal improvement of the
optoelectrical properties is established. Conversely, we demonstrate
that co-doping with Mg and N degrades the material crystallinity, leading to a reduction of thin film conductivity that could be
attributed to high nitrogen incorporation. Subsequently, the influence of dopants on the electrical and optical properties is discussed
via the analysis of the correlation between defects and Raman activities in the studied copper oxide thin films. This work contributes
to the assessment of Mg and N as doping species, unveiling the dominant behavior of specific point defects. The results obtained in
the study can therefore benefit future developments in copper-based p-type semiconducting oxides with enhanced optical and
electrical properties.
KEYWORDS: copper oxide, nitrogen doping, magnesium doping, co-doping, RF sputtering, Raman, defects, phases,
transparent conducting oxides (TCO)

X INTRODUCTION
Cu2O copper oxide belongs to a broad class of semiconductors
termed transparent conducting oxides (TCOs). The vast
majority of them are n-type crystals exhibiting commercial
grade electrical and optical performances.1 However, their p-
type counterparts, essential for transparent electronics, face
important challenges hampering the development of e-cient
optoelectrical devices.2 These limitations are partially caused
by the low charge carrier mobility, lying between 1 and 100
cm2 V−1 s−1, as a consequence of the localized nature of the 2p
oxygen orbital in most oxides.2,3 Cu2O is also a promising
candidate for photovoltaic (PV) applications, as this material
exhibits a large absorption coe-cient on the order of 104 cm−1

and p-type conductivity with charge carrier concentration on
the order of 1014 to 1017 cm−3. Additionally, this material is
abundant and nontoxic and can be synthesized using various
chemical and physical routes.4,5 Cu2O is therefore well suited
for PV application with a Shockley−Queisser (SQ) e-ciency
limit of 20.5%, considering a 2.1 eV band gap as experimentally

measured by Jolk et al. via excitonic absorption.6−8 Over the
past 20 years, the e-ciency of copper oxide based solar cells
notably increased from 2% to the current world record of 8.4%,
reported by Shibasaki et al. in 2021.8−10 However, there
remains a significant margin for improvement concerning the
PV performance of this earth-abundant material.10 Despite
recent improvements, the e-ciency is still limited by the open-
circuit voltage (VOC) and the fill factor (FF) values.9−17 The
former results from charge recombination processes in the bulk
and at the interfaces, while the latter is partially associated with
the poor electrical performances of the copper oxide absorber
layer.4,5,18 In order to circumvent these limitations, a deeper
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Thin film deposition by RF magnetron sputtering  
Angstrom Engineering NEXDEP system 

 
Optical and electrical characterizations 

Shimadzu UV-Vis 3600 Spectrophotometer 
PhysTech RH 2035 Hall effect measurement system 

Morphological/elemental and structural characterizations 
TESCAN Vega 3 scanning electron microscope (SEM/EDS) 

Bruker Twin-Twin diffractometer with Cu K  source 

Compositional analysis  
      via EDS and TOF-SIMS 
 
Raman spectroscopy 
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2020Experimental approach

o Relative elemental compositions using EDX and TOF-SIMS measurements

o Optoelectrical measurements (VdP, Hall and absorption spectroscopy) 

o Raman characterisation
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o Thin film synthesis à RF magnetron sputtering

§ Room temperature

§ 5 mTorr plasma pressure

§ 20 SCCM of Ar flow (flow 1)

§ 1st Parameter: 0-20 SCCM of N2 flow (flow 2)

§ Thickness of 200 nm

§ 2nd Parameter: Sputtering targets CuO (S2023-0 - 0Mg) and Cu2O (S2021-4 - 4Mg)

Glass substrate

200 nm Cu2O

1.50 cm
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Electrical characteristics

oxide resistivity values on the order of 100 Ωcm obtained in
several works.20,23,35,38
As shown in Figure 3(c), without Mg and upon

incorporation of N via an increasing flow from 0 to 4 sccm,
we identify a 2 orders of magnitude decrease in resistivity with
a resulting value as low as 4.7 Ωcm. From Figure 3(a), we
attribute this decrease mainly to the nearly 2 orders of
magnitude increase in charge carrier concentration from 7.7 ×
1016 cm−3 to 2.3 × 1018 cm−3. As the nitrogen flow is further
increased above 4 sccm, a slight reduction of the material
resistivity to 1.15 Ωcm is identified for a N2 flow of 12 sccm.
The resistivity behavior for nitrogen flows above 4 sccm is
attributed to a constant increase of the charge carrier
concentration to a maximal value of 4.4 × 1020 (20 sccm)
and to a decrease of the mobility to ∼0.1 cm2 V−1 s−1 (see
Figure 3(a)). Overall, the nitrogen incorporation for low N2
flow leads first to a large decrease of the material resistivity
followed by a slight improvement, ending up in a saturation
value between 1 and 10 Ωcm. These observations are
corroborated by similar electrical improvements reported in
the literature as nitrogen is introduced in Cu2O samples
synthesized using various growth processes.22,23,37,38
Focusing our attention on the two 0 sccm data points

corresponding to the evolution of the resistivity upon Mg
doping, we report a decrease of resistivity from 191.7 Ωcm to
77.8 Ωcm. Comparing Figure 3(a) and (b), this evolution is
caused by a dominant charge carrier concentration increase
from 7.7 × 1016 to 8.7 × 1017 cm−3 and slightly counter-
balanced by a mobility decrease from 0.5 to 0.1 cm2 V−1 s−1. In
a previous study, we also reported that the Mg incorporation

leads to a nearly two-orders-of-magnitude increase of the
charge carrier concentration while reducing the mobility value
by a factor of 3.35 These observations have been further
corroborated in refs20 and 34. As proposed by IseroA and
Carter in ref 19, such an electrical resistivity decrease can be
explained by the interaction between Mg and the split copper
vacancy point defect VCu,split. Indeed, Mg tends to fill VCu,split,
resulting in the cluster defect IMg + 2 VCu.34 Since VCu acts as a
shallow acceptor, the increase copper vacancy concentration
consequently explains the hole concentration improvement
presented in Figure 3(a) and (b).
Upon both N and Mg doping, in Figure 3(c), we observe a

decrease in the resistivity for low nitrogen incorporation (4.3
Ωcm for a N2 flow of 2 sccm) followed by a constant increase
up to 695.25 Ωcm. The first resistivity decrease is attributed to
an increase of the charge carrier concentration from 8.7 × 1017
to 3.6 × 1019 cm−3, which then constantly decreases to 2.8 ×
1016 cm−3. Complementary studies for N2 flows lower than 4
sccm would be interesting in order to refine the trend in this
region. From our analysis, we understand that while copper
oxide doping using either nitrogen or magnesium enhances the
material electrical properties, the co-doping strategy leads to a
deterioration of the electrical conductivity due to the decrease
of the charge carrier concentration. Additionally, in terms of
nitrogen flow range, the conductivity degradation matches with
the high nitrogen incorporation reported in the EDX
measurements (see Figure 2).
Concerning the optical characterization of the 0Mg samples

presented in Figure 4, we reveal a mean transparency
improvement from 17.02% to 33.74% following the nitrogen

Figure 3. Electrical characterization of N-doped (S2023-0, blue-highlighted “0Mg” data) and (N,Mg)-doped (S2021-4, red-highlighted “4Mg”
data) thin films deposited using a N2 flow varying between 0 and 20 sccm. In (a) and (b) the thin film majority charge carrier concentration and
mobility corresponding to the N-doped and (N,Mg)-doped thin films are presented as a function of the N2 flow. In panel (c), the resulting thin film
resistivity is provided for each study (maximum relative error is 2.1%).
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based material: CuCrO2 as reported in ref 40. In the following,
we first present the methodology used to synthesize and
characterize the copper oxide layers. Then, we report and
discuss the optoelectrical results obtained for the N,Mg doping
processed thin films whose crystalline structures were
previously characterized. Then, in a subsequent development,
we correlate the optoelectrical properties, the crystalline
structure, and the material point defects through the wide
range of characterization techniques.

A SAMPLE SYNTHESIS AND CHARACTERIZATION
Copper oxide thin films were deposited by RF magnetron
sputtering in sputter up configuration at room temperature
(RT). The deposition was performed on 1.5 × 1.5 cm2 glass
substrates previously cleaned in an ultrasonic bath using
acetone followed by isopropyl alcohol (IPA) treatment (5 min
each). Prior to deposition, a presputtering step corresponding
to a 30 nm thickness was performed under a nominal base
pressure on the order of 1 × 10−4 mTorr. The specific
deposition parameters of each sample are listed in Table S1 of
the Supporting Information (SI). The Mg content was tuned
using two diXerent 2 in. ceramic sputtering targets (99.99%
purity): undoped (CuO, S2023-0) and doped (Cu2O, S2021-
4, ∼4 w/w%: Mg), with the Mg content expressed via the Cu/
[Cu + Mg] mass ratio (see Figure S1 in SI). During the
deposition, a plasma pressure of 5 mTorr, a constant flow of 20
sccm of Ar, and a variable flow of N2 between 0 and 20 sccm
were used along with a sputtering power of 69 W without
substrate rotation. As a result, the synthesized samples are
close to 200 nm in thickness. The investigation presented in
this work relies on a preliminary optimization of the RF
magnetron sputtering plasma pressure presented in the SI (see
Figure S2). In addition, a thorough crystallographic character-
ization of the targets is also presented (see SI).
Subsequently to the fabrication of the samples, two main

types of characterizations were performed. First, the optical
properties were measured using a UV−vis 3600 Shimadzu
spectrophotometer equipped with an integrating sphere, while
a PhysTech RH 2035 Hall measurement system was used for
electrical measurements. Transmittance measurements were
performed for wavelengths between 200 and 1600 nm by
ensuring a proper baseline realized in air. The arithmetic mean

transmittance value was computed in the visible wavelength
range between 380 and 750 nm as the mean transparency
value. Electrical measurements were performed on samples
under the Van der Pauw configuration at room temperature
using a static magnetic field of 0.4 T for the Hall measurement.
Then, the samples were analyzed by X-ray diXraction (XRD),
Raman, and energy dispersive X-ray (EDX) spectroscopies. In
a second step, crystallographic characterizations were carried
out with a Bruker Twin−Twin diXractometer in grazing
incidence configuration (incident angle 1°) for 2θ angles
between 25° and 70° with a Cu Kα source. Concerning the
Raman characterization, the focus was set on the Raman shifts
between 90 and 2600 cm−1 using a 532 nm laser source and a
power of 0.4 mW. Finally, the EDX measurements were
performed on a Tescan Vega 3 scanning electron microscope
SEM-EDS system. Further details concerning the character-
izations performed on the samples are provided in the SI.

A RESULTS AND DISCUSSION
Crystallographic Characterization. We initiate the

presentation of the results with the XRD characterization of
the undoped (0Mg) and Mg-doped (4Mg) samples as nitrogen
is introduced with a N2 flow between 0 and 20 sccm. First, as
depicted in Figure 1(a), concerning the S2023-0 synthesized
layers (0Mg), at 0 sccm, we report a Cu4O3 crystallinity
followed by a crystalline shift to Cu2O as the nitrogen flow is
increased from 0 to 4 sccm. The dominant peak located
around 36° is shifted to higher values, while XRD peaks
located just above 30° and below 45° are respectively
translated toward 29° and 43° as illustrated by the arrows.
Consequently, starting from the target CuO crystal phase (see
SI), the desired sample crystallinity (Cu2O) is achieved for
nitrogen flow values higher than 4 sccm. From this
observation, we emphasize both the change of crystallinity
that occurs first, (i) from the target to the 0 sccm layer
(following the sputtering deposition) and, second, (ii) upon
nitrogen doping. In a later section, the crystalline phase
transition discussed will be further validated through Raman
characterizations. The reduction of the oxygen content inside
the grown layer (Cu4O3) with respect to the S2023-0
sputtering target (CuO) could be attributed to the lack of
oxygen flow during the material deposition.10,33,41,42 Fur-

Figure 1. Crystallographic characterization of (a) N-doped (S2023-0, blue highlight) and (b) (N,Mg)-doped (S2021-4, red highlight) thin films
deposited using a N2 flow varying between 0 and 20 sccm. The top panels show the XRD measurements of the films, and the bottom panel provides
the XRD characterization of the sputtering targets themselves as well as the main copper oxide phases also reported in the top panel to facilitate the
phase identification. In (a), the arrows present a guide to the eye concerning the observed crystalline transition from Cu4O3 to Cu2O.
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X-ray diffraction spectra

Optical characteristics

flow increase. Similarly to the electrical trends reported above,
this transparency enhancement is characterized by a large
improvement from 0 to 6 sccm followed by a saturation for N2
flows above 6 sccm. We also report an increase of the material
band gap from 2.37 eV (0 sccm) to 2.49 eV (6 sccm) as
displayed in Figure 4(b). However, as presented in Figure
S3(a) in the SI, the onsets of the absorption coeAcient for the
0 and 2 sccm curves are not as sharp as the ones for higher

nitrogen doping values. Concerning the absorption behavior,
Zhao et al. predicted an additional subband absorption peak
located between 0.9 and 2 eV and attributed to the NO point
defect.30 This prediction was experimentally observed by
Malerba et al. in ref 23 but seems to be absent or not detected
from the Tauc plot analysis performed in this work. On the
contrary, based on the discussion supported by Figure S3 in
the SI, within this energy range, we report only variations
associated with interference eXects. As a result, the presence of
NO point defects could not be established.
In relation to the optical properties, along with Mg doping,

the material band gap decreases from 2.37 eV to 2.04 eV, an
observation corroborated by Jacob et al. in ref 45. In addition,
contrasting the reported electrical improvement, the Mg
incorporation leads to a drastic deterioration of the thin film
optical properties with an average transparency decreasing
from 17.02% to below ∼1%. Then, as a result of the nitrogen
incorporation in the Mg-doped layers, the mean transparency
improved to values between 7.32% and 13.87% and the band
gap values fluctuate around 2.1 eV (see Figure 4(b)). In
addition, based on the Tauc analysis presented in Figure S3,
we report a sharper onset of the absorption coeAcient for
N,Mg co-doped samples in opposition to the Mg-doped
sample. Additionally, we present in Figure S5(b) the Haacke’s
figure of merit for the N-doped and (N,Mg)-doped copper
oxide samples, while in Figure S5(a), we have plotted the
samples’ sheet resistance as a function of their average
transmittance in the visible window of the spectrum (350−
780 nm).

Phase and Defect Correlation through Raman Spec-
troscopy. Using Raman spectroscopy, possible copper oxide
point defects are correlated to specific phonon vibration
modes. As described by Sander et al. and Debibichi et al., the
Raman activity of copper oxide material is quite interesting
from the point of view of phases and point defects. Indeed,
according to group theory, a pristine Cu2O crystal only allows
one phonon mode, T2g, corresponding to an active Raman
band located at 515 cm−1.26,46 In addition, as presented by
Sander et al., a typical Raman spectrum of copper oxide Cu2O
is much richer than only the T2g phonon mode. Intrinsic point

Figure 4. Optical characterization of N-doped (S2023-0, blue-
highlighted “0Mg” data) and (N,Mg)-doped (S2021-4, red-high-
lighted “4Mg” data) thin films deposited using a N2 flow varying
between 0 and 20 sccm. Panel (a) presents the measured thin film
transmittance curves. From the transmittance measurements, a Tauc
plot analysis is realized and presented in Figure S3(a). Finally, from
the Tauc analysis and the measured transmittance curves, the band
gap and the transparency values of the deposited materials are
presented in panel (b). The extracted band gap values exhibit an error
margin of 0.05 eV.

Figure 5. Raman spectra of (a) the N-doped (S2023-0) and (b) the (N,Mg)-doped (S2021-4) thin films deposited using a N2 flow varying
between 0 and 20 sccm. The top panel displays the acquired raw data, while the red highlight corresponds to zones of interest. In the bottom
panels, we present the treated measurements as well as the phonon mode associated with the diXerent Raman bands (in black). In blue, the T2g
mode corresponds to the only active phonon mode for a perfect copper oxide crystal.26 In the insets, the Raman bands associated with nitrogen-
related defects are shown in red. This figure is interpreted based on Table 1.
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Raman spectroscopy measurements

thermore, in 2020, Patwary et al. reported on the nitrogen
doping of Cu4O3 thin films without observing any material
phase transition.43 However, in their work, the authors
described an additional oxygen regulation during reactive
sputtering deposition. As a result, the control of this parameter
could explain the absence of the crystallinity change.
Moreover, as this second crystalline transition is observed for
an increased nitrogen flow between 0 and 4 sccm, this could
also reveal a possible interaction between nitrogen and oxygen
through the formation of NO point defects.22 In the Supporting
Information, we present, for the N-doped thin films, crystallite
sizes ranging from 8 to 15 nm (Table S4).
In contrast, as presented in Figure 1(b) for the Mg-doped

samples prepared by using a Mg-doped Cu2O target, a Cu2O
material phase was obtained for each nitrogen flow. Based on a
first comparison between the 0 sccm thin films presented in
Figure 1(a) and (b), we observe a lower material crystallinity
in the case of the Mg doping. Then, a rapid degradation of the
film crystallinity as the nitrogen flow increased was observed
upon both Mg and N doping, as shown in Figure 1(b). Indeed,
for nitrogen flow above 2 sccm, the samples’ behavior tends
toward amorphous-like layers with a peak around 36°
spreading over a broad 2θ range.
Elemental Composition. In Figure 2, we present the

evolution of the sample stoichiometries as estimated from EDX

analysis, starting from the sputtering target (red background
highlight), proceeding to the nitrogen undoped thin films, and
finally reaching N-doped layers as the N is incorporated via the
N2 flow increase to 20 sccm. In Figure 2(a), the Cu and O
relative stoichiometries are presented, whereas Figure 2(b)
displays the relative compositions of the nitrogen and
magnesium doping species. It is relevant to note that
quantification of low atomic number elements such as nitrogen
or oxygen by EDX reveals trends rather than accurate values.
Moreover, unlike bulk sputtering target measurements, the
characterization of 200 nm-thick films includes contributions
from the glass substrate. Nevertheless, the measurements

presented in this work are well supported by time-of-flight
secondary ion mass spectrometry (TOF-SIMS) measurements
realized on the same layers and presented in the SI. Therefore,
in the following, we discuss the trends in the sample’s
elemental compositions by correlating the results obtained
from XRD, EDX and TOF-SIMS measurements.
In Figure 2(a), upon nitrogen doping of the Mg-free Cu2O

samples (blue curve, 0Mg), we observe an increase of the Cu
content and a decrease of the O content before reaching a
plateau for N2 flows above 4 sccm. The reported trend is in
good agreement with the crystalline phase transitions
determined from the XRD results: first (i) from CuO to
Cu4O3 (from the sputtering target to the 0 N2 flow thin film)
and, second, (ii) from Cu4O3 to Cu2O. Concerning the
nitrogen incorporation, as shown in Figure 2(b) (blue curve,
0Mg), we report first a negligible amount inside the
synthesized layer for N2 flow values between 0 and 4 sccm.
In contrast, for values above 4 sccm, an increased nitrogen
inclusion is observed followed by a plateau for N2 values above
12 sccm.
Regarding the Mg-doped thin films, following the nitrogen

flow increase, a slight decrease (respectively increase) of the O
content (respectively Cu content) is observed. However, as
reported in the XRD measurements, the Cu2O crystalline
phase seems to be conserved. Concerning the doping species,
in Figure 2(b), it is possible to observe a Mg reduction from
4% to 2% upon nitrogen incorporation. Corroborating this
observation, Resende et al. also reported a reduction of the Mg
content inside the synthesized thin film with a value 2.3 times
lower with respect to the Mg content in the prepared
solution.20 Moreover, each sample deposited with a nonzero
N2 flow presents an equivalent Mg stoichiometry. As
previously underlined based on the XRD observations, we
further suspect, based on the Mg stoichiometry reduction upon
nitrogen incorporation, a possible interaction between the N
and Mg doping species. Finally, concerning the nitrogen
content in the films, we report a drastic increase of the
elemental composition first from 0 to 2 sccm (reaching a value
of 9%). This observation is put into perspective with the 1%
nitrogen incorporation reported for the Mg undoped sample
for the same N2 flow. As the N2 flow increases, constant
nitrogen incorporation is observed until a maximum value of
∼12%. The magnitude of this incorporation is nearly four
times larger in the Mg-doped layers in contrast to the 0Mg
synthesized samples. In addition, the trends extracted from the
EDX analysis are corroborated by the TOF-SIMS character-
izations presented in the SI. These results suggest that such a
large nitrogen incorporation could be facilitated by the
presence of Mg and responsible for the amorphization of the
(N,Mg)-doped samples. Below, we present a possible
explanation for such observation by harnessing the knowledge
acquired from each characterization technique.

Electrical and Optical Properties. From the knowledge
acquired concerning the material crystal structure and
elemental composition, we now present and discuss the results
obtained for the electrical characterizations. In Figure 3(a) and
(b), the p-type charge carrier concentrations and mobilities are
displayed to support the thin film resistivity variations
presented in Figure 3(c). Concerning the (Mg,N)-free sample,
a p-type resistivity of 192 Ωcm corresponding to a mobility
and charge carrier concentration of respectively 7.71 × 1016
cm−3 and 0.48 cm2 V−1 s−1 is reported. The electrical behavior
reported here is in good agreement with state-of-the-art copper

Figure 2. Relative elemental composition of N-doped (S2023-0, blue
highlight) and (N,Mg)-doped (S2021-4, red highlight) thin films
deposited using a N2 flow varying between 0 and 20 sccm. We present
(a) the Cu and O relative compositions as well as (b) the N and Mg
relative compositions for both the sputtering targets (first point,
transparent red highlight) and the deposited samples. The overall
accuracy concerning the relative stoichiometries obtained is on the
order of ±2%.44 Elemental compositions are correlated to the results
obtained from XRD, EDX, and TOF-SIMS measurements (see SI).
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Compositional analysis

2222

o Systematic poorer transmittance and lower band gap 
values for the Mg-containing thin films 

o Improved thin film transparency upon nitrogen doping

o Possible subband absorption peak related to nitrogen 
incorporation on O site (NO) ruled out by interference 
effects.
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flow increase. Similarly to the electrical trends reported above,
this transparency enhancement is characterized by a large
improvement from 0 to 6 sccm followed by a saturation for N2
flows above 6 sccm. We also report an increase of the material
band gap from 2.37 eV (0 sccm) to 2.49 eV (6 sccm) as
displayed in Figure 4(b). However, as presented in Figure
S3(a) in the SI, the onsets of the absorption coeAcient for the
0 and 2 sccm curves are not as sharp as the ones for higher

nitrogen doping values. Concerning the absorption behavior,
Zhao et al. predicted an additional subband absorption peak
located between 0.9 and 2 eV and attributed to the NO point
defect.30 This prediction was experimentally observed by
Malerba et al. in ref 23 but seems to be absent or not detected
from the Tauc plot analysis performed in this work. On the
contrary, based on the discussion supported by Figure S3 in
the SI, within this energy range, we report only variations
associated with interference eXects. As a result, the presence of
NO point defects could not be established.
In relation to the optical properties, along with Mg doping,

the material band gap decreases from 2.37 eV to 2.04 eV, an
observation corroborated by Jacob et al. in ref 45. In addition,
contrasting the reported electrical improvement, the Mg
incorporation leads to a drastic deterioration of the thin film
optical properties with an average transparency decreasing
from 17.02% to below ∼1%. Then, as a result of the nitrogen
incorporation in the Mg-doped layers, the mean transparency
improved to values between 7.32% and 13.87% and the band
gap values fluctuate around 2.1 eV (see Figure 4(b)). In
addition, based on the Tauc analysis presented in Figure S3,
we report a sharper onset of the absorption coeAcient for
N,Mg co-doped samples in opposition to the Mg-doped
sample. Additionally, we present in Figure S5(b) the Haacke’s
figure of merit for the N-doped and (N,Mg)-doped copper
oxide samples, while in Figure S5(a), we have plotted the
samples’ sheet resistance as a function of their average
transmittance in the visible window of the spectrum (350−
780 nm).

Phase and Defect Correlation through Raman Spec-
troscopy. Using Raman spectroscopy, possible copper oxide
point defects are correlated to specific phonon vibration
modes. As described by Sander et al. and Debibichi et al., the
Raman activity of copper oxide material is quite interesting
from the point of view of phases and point defects. Indeed,
according to group theory, a pristine Cu2O crystal only allows
one phonon mode, T2g, corresponding to an active Raman
band located at 515 cm−1.26,46 In addition, as presented by
Sander et al., a typical Raman spectrum of copper oxide Cu2O
is much richer than only the T2g phonon mode. Intrinsic point

Figure 4. Optical characterization of N-doped (S2023-0, blue-
highlighted “0Mg” data) and (N,Mg)-doped (S2021-4, red-high-
lighted “4Mg” data) thin films deposited using a N2 flow varying
between 0 and 20 sccm. Panel (a) presents the measured thin film
transmittance curves. From the transmittance measurements, a Tauc
plot analysis is realized and presented in Figure S3(a). Finally, from
the Tauc analysis and the measured transmittance curves, the band
gap and the transparency values of the deposited materials are
presented in panel (b). The extracted band gap values exhibit an error
margin of 0.05 eV.

Figure 5. Raman spectra of (a) the N-doped (S2023-0) and (b) the (N,Mg)-doped (S2021-4) thin films deposited using a N2 flow varying
between 0 and 20 sccm. The top panel displays the acquired raw data, while the red highlight corresponds to zones of interest. In the bottom
panels, we present the treated measurements as well as the phonon mode associated with the diXerent Raman bands (in black). In blue, the T2g
mode corresponds to the only active phonon mode for a perfect copper oxide crystal.26 In the insets, the Raman bands associated with nitrogen-
related defects are shown in red. This figure is interpreted based on Table 1.
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F

Electrical  Films deposited from 0Mg target show p-type 
conductivity, with resistivity decreasing by up to 2 orders of 
magnitude upon N doping due to higher carrier concentrations. 
(N,Mg) co-doping does not enhance conductivity for large flows. 
Optical N-doping enhances film transmittance, with lesser optical 
characteristics for layers with Mg content. Sub-band absorption 
signal is associated with optical interference. N-incorporation on 
O site was not observed, i. e. absence of NO defect. 
Raman (1) Confirmation of crystalline phase transition from Cu4O3 
to Cu2O between 0 and 4 sccm, (2) Identification of (N2)Cu defect 
(shallow acceptor) while no band on the (N2)O site, (3) All spectra 
above 4 sccm present similar features between 90 and 800 cm-1 

Compositional (1) N-incorporation reduces film Mg content, (2) 

high N-incorporation in the Cu2O films from the 4Mg target.
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