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ABSTRACT: In the present work, we investigate the effects of N and
Mg doping on the optical and electrical properties of Cu,O thin films m‘
deposited using radiofrequency magnetron sputtering at room m
temperature. Additionally, crystalline phases are studied through [Sirems :
complementary X-ray diffraction 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 Qcm and an average transmittance in
the visible range of 31.74%. Raman spectroscopy measurements
indicate an increase in the number of (N,)c, 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.

Cu,O:Mg

KEYWORDS: copper oxide, nitrogen doping, magnesium doping, co-doping, RF sputtering, Raman, defects, phases,
transparent conducting oxides (TCO)

B INTRODUCTION measured by Jolk et al. via excitonic absorption.”"® 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 2021.57'° However, there
remains a significant margin for improvement concerning the
PV performance of this earth-abundant material.'"’ Despite
recent improvements, the efficiency is still limited by the open-
circuit voltage (Voc) and the fill factor (FF) values.””'” 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.”>'® In order to circumvent these limitations, a deeper

Cu,O 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." However, their p-
type counterparts, essential for transparent electronics, face
important challenges hampering the development of efficient
optoelectrical devices.” These limitations are partially caused
by the low charge carrier mobility, lying between 1 and 100
ecm® V™' 57! as a consequence of the localized nature of the 2p
oxygen orbital in most oxides.”> Cu,O is also a promising
candidate for photovoltaic (PV) applications, as this material
exhibits a large absorption coefficient on the order of 10* cm™

and p-type conductivity with charge carrier concentration on Received: August 8, 2024
the order of 10" to 10" cm™. Additionally, this material is Revised:  December S, 2024
abundant and nontoxic and can be synthesized using various Accepted: December 5, 2024

chemical and physical routes.”” Cu,O is therefore well suited
for PV application with a Shockley—Queisser (SQ) efficiency
limit of 20.5%, considering a 2.1 eV band gap as experimentally
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Table 1. Recent Assessment of Point Defects in Copper Oxide Films®

Defect type Defect AH; [eV] Behavior E; [eV] Raman activity [cm™] Expt Theo
Vacancy Ve Low Acceptor, delocalized hole 0.23 1 515 (Ty,) 1 541, (318, 510) (A, E) 25 21, 26,27
Veusplit Low Deep acceptor, localized hole 0.47 All 25 21, 27
Vo / Possible hole killer / All except 90 (T5,) 28 26,29
Substitution ~ Cug / / / All except 90 (T,) / 26
Ocu / / / LS1S (Toy) 1541, (318, 510) (A B) /26
Interstitial Lo oq High Deep 108 | 515 (Ty) 1 541, (318, 510) (A, E) 25 27
Lo tetr High Deep 127 Al 25 27
Iy / / / / / /
Extrinsic Mg on Vg, g Spontaneous (<0)  Indirect acceptor, Vg, / / 20 19
(N,) Low Acceptor 0.2 2280 24
N,)o High Deep donor 0.38 1309, 1929 24
No Low Deep acceptor 0.53 / 24, 30

“The defect type and the chemical species involved are highlighted, as well as the corresponding formation energy. Since this quantity is a function
of the material stoichiometry, a qualitative value labelled low (below 1.5 eV) or high (above 1.5 V) is provided. The behavior or character of a
given defect is qualified as either acceptor, donor, or deep. The latter qualification underlines the possible behavior of the defect as a recombination
center. The Raman bands of the reported defects are also provided with the corresponding phonon modes (90, 110, 145, 1SS, 320, S15, 620, 655
cm™" as described in refs 26 and 31). The two last columns show the corresponding experimental or theoretical works reported in the literature.

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 optoelectrical properties. Among possible doping
species, as presented in the following, Mg and N appear as
suitable elements in the case of copper oxide."”™**

As reported in Table 1, Cu,O presents a variety of intrinsic
point defects: vacancies (Vc,, Veuspliv and Vo), substitutions
(Oc, and Cup), and interstitials (I, Io, and Ij,.) with
different impacts on the material properties.”>>”**** In 2006,
Nolan et al. identified two kinds of Cu vacancies, respectively
V¢ which leaves two oxygen atoms with three bonds instead
of four, and Vg, gy, resulting from the displacement of a
neighbor copper atom toward the copper vacancy site, allowing
the four-bonds state to be recovered.'” Using first-principles
calculations, they studied the p-type conductivity in copper
oxide, reporting V¢, as the origin of the delocalized hole states
participating in the material conductivity.”””” Later on, in
2009, Scalon et al. underlined that both copper vacancies
behave as shallow defects participating in the material p-type
conductivity with formation energies below 1.5 eV. Using deep
level transient spectroscopy (DLTS), Paul et al. reported on
transition energy levels at 0.22 and 0.45 eV above the valence
band for respectively V, and ch,spht‘zs In contrast, both
oxygen interstitials (I and Ig,.) are associated with defect
energy levels located at about the center of the material band
gap but exhibiting high formation energies in the range from
1.5 to 2 eV. Concerning the copper interstitial, a high
formation energy was reported by Raebiger et al. More
specifically, they reported the anionic oxygen vacancy Vg as a
potential hole killer. However, its efficiency in this role is
debated: Raebiger et al. present Vg as inefficient due to its lack
of transition level inside the material band gap,29 whereas
Sekkat et al. point out Vg as responsible for the decreasing hole
concentration reported in refs 28 and 33.

Concerning Mg incorporation in copper oxide, Isseroff et al.
used hybrid DFT to study the doping of Cu,O."” These
authors demonstrated that the simple copper vacancy V¢,
produces a delocalized hole, while the split vacancy Vi
generates a localized hole. This localized hole plays a key role

in the origin of the minority carrier trapping in copper oxide.
The split vacancy could therefore inhibit the diffusion of
minority carriers, acting as a trap state. The authors of ref 19
suggested that these specific trap states can be prevented by
doping the material with Li, Mg, Mn, or Zn, resulting in single
vacancies and promoting delocalized holes. These predictions
have been further confirmed by experimental work using both
physical and chemical routes for the synthesis of the Cu,O
layers 203436

Moreover, in 2015, using hybrid density functional theory,
Thienprasert et al. studied the nitrogen-related defects in
copper oxide. Among them, substitutions Ny and (N,)¢, were
identified as the most dominant ones with formation energies
lower than 1.5 eV.** Moreover, N and (N,), are identified as
acceptor-type defects with transition energy levels, respectively,
of 0.53 and 0.2 eV above the valence band. Zhao et al. also
discussed that the substitution of oxygen by nitrogen N could
create a new absorption peak near 0.9 ¢V.** In addition to a
range of predictive studies, several works also successfully
achieved N-doped Cu,O thin films using various synthesis
techniques.””*>*" = Using postoxidation processes in oxy-
gen—nitrogen plasma, Li et al. reported a high concentration of
nitrogen interstitials (Iy) as well as Ny and V. However, in
their work, Thienprasert et al. reported formation energies
higher than 1.5 eV for each nitrogen interstitial type.”*
Moreover, in 2023, Mudhaffar et al. reported through
photoluminescence (PL) measurement, a lower V content
and fewer Cu dangling bonds produced by ion bombardment
via the sputtering. They interpreted those results as the filling
of oxygen vacancies with nitrogen Ng.

Building on the reported improvements in the material
properties from individual nitrogen and magnesium doping,
the objective of this work is to extend the scientific
community’s understanding of the role of point defects in
singly doped copper oxide materials. Additionally, we aim to
further enhance the material optoelectrical performance
through (N,Mg) co-doping. We investigate the (N,Mg) co-
doping of copper oxide thin films deposited using RF
magnetron sputtering at room temperature. To the best of
our knowledge, there is no previous work reporting on this
specific co-doping in Cu,O layers, and it is worth noticing that
this co-doping was successfully implemented in another Cu-
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Figure 1. Crystallographic characterization of (a) N-doped ($2023-0, blue highlight) and (b) (N,Mg)-doped (S2021-4, red highlight) thin films
deposited using a N, 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 Cu,O; to Cu,O.

based material: CuCrO, 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.

B 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 X 1.5 cm® glass
substrates previously cleaned in an ultrasonic bath using
acetone followed by isopropyl alcohol (IPA) treatment (S 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 X 10™* 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 different 2 in. ceramic sputtering targets (99.99%
purity): undoped (CuO, $2023-0) and doped (Cu,O, 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 N, 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 diffraction (XRD),
Raman, and energy dispersive X-ray (EDX) spectroscopies. In
a second step, crystallographic characterizations were carried
out with a Bruker Twin—Twin diffractometer in grazing
incidence configuration (incident angle 1°) for 20 angles
between 25° and 70° with a Cu Ka source. Concerning the
Raman characterization, the focus was set on the Raman shifts
between 90 and 2600 cm ™" 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

B 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 N, flow between 0 and 20 sccm. First, as
depicted in Figure 1(a), concerning the $2023-0 synthesized
layers (OMg), at 0 sccm, we report a Cu,O; crystallinity
followed by a crystalline shift to Cu,O 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 (Cu,O) 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 O 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 (Cu,O;) with respect to the $2023-0
sputtering target (CuO) could be attributed to the lack of
oxygen flow during the material deposition.'”*>*"** Fur-
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thermore, in 2020, Patwary et al. reported on the nitrogen
doping of Cu,O; thin films without observing any material
phase transition.”” 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 N, point defects.”* 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 Cu,O target, a Cu,O
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 26 range.

Elemental Composition. In Figure 2, we present the
evolution of the sample stoichiometries as estimated from EDX

(a) 120

: m (b)
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Figure 2. Relative elemental composition of N-doped ($2023-0, blue
highlight) and (N,Mg)-doped (S2021-4, red highlight) thin films
deposited using a N, 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%.** Elemental compositions are correlated to the results
obtained from XRD, EDX, and TOF-SIMS measurements (see SI).

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
N, 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 Cu,O
samples (blue curve, 0Mg), we observe an increase of the Cu
content and a decrease of the O content before reaching a
plateau for N, 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
Cu,O; (from the sputtering target to the 0 N, flow thin film)
and, second, (ii) from Cu,O; to Cu,O. Concerning the
nitrogen incorporation, as shown in Figure 2(b) (blue curve,
0Mg), we report first a negligible amount inside the
synthesized layer for N, 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 N, 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 Cu,O 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.”” Moreover, each sample deposited with a nonzero
N, 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 N, flow. As the N, 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 Qcm corresponding to a mobility
and charge carrier concentration of respectively 7.71 X 10
cm™ and 0.48 cm® V™! 57! is reported. The electrical behavior
reported here is in good agreement with state-of-the-art copper
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Figure 3. Electrical characterization of N-doped (52023-0, blue-highlighted “OMg” data) and (N,Mg)-doped (S2021-4, red-highlighted “4Mg”
data) thin films deposited using a N, 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 N, flow. In panel (c), the resulting thin film

resistivity is provided for each study (maximum relative error is 2.1%).

oxide resistivity values on the order of 100 Qcm obtained in
several works.””*%%%%

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 Qcm. From Figure 3(a), we
attribute this decrease mainly to the nearly 2 orders of
magnitude increase in charge carrier concentration from 7.7 X
10" em™ to 2.3 X 10" cm™>. As the nitrogen flow is further
increased above 4 sccm, a slight reduction of the material
resistivity to 1.15 Qcm is identified for a N, 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 X 10%° (20 sccm)
and to a decrease of the mobility to ~0.1 cm®* V™! s7! (see
Figure 3(a)). Overall, the nitrogen incorporation for low N,
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 Qcm. These observations are
corroborated by similar electrical improvements reported in
the literature as nitrogen is introduced in Cu,O samples
synthesized using various growth processes.””**>”*

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 Qcm to
77.8 Qcm. Comparing Figure 3(a) and (b), this evolution is
caused by a dominant charge carrier concentration increase
from 7.7 X 10" to 8.7 X 107 cm™ and slightly counter-
balanced by a mobility decrease from 0.5 to 0.1 cm®* V™' s™!. 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.>° These observations have been further
corroborated in refs20 and 34. As proposed by Iseroff 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 V¢, Indeed, Mg tends to fill Vi, g
resulting in the cluster defect I, + 2 Vo ! Since Vi, 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
Qcm for a N, flow of 2 sccm) followed by a constant increase
up to 695.25 Qcm. The first resistivity decrease is attributed to
an increase of the charge carrier concentration from 8.7 X 10"
to 3.6 X 10" cm™, which then constantly decreases to 2.8 X
10'® cm™>. Complementary studies for N, 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

https://doi.org/10.1021/acsaelm.4c01396
ACS Appl. Electron. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsaelm.4c01396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01396?fig=fig3&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c01396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(a)

T (%)

100
80
60
40

20

T

p—

oL

2.6

75

0

1000 1250

A [nm]

1500

E(,' [eV]

25

231

22

21F

T
— 0Mg
— 4Mg

2.0

5

10

30

20

10

Timean [%0)]

N, flow [SCCM]

Figure 4. Optical characterization of N-doped (S2023-0, blue-
highlighted “OMg” data) and (N,Mg)-doped (S2021-4, red-high-
lighted “4Mg” data) thin films deposited using a N, 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.

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 N,
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 coefficient 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 N point
defect.®® 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 effects. As a result, the presence of
Ny 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 coefficient for
N,Mg co-doped samples in opposition to the Mg-doped
sample. Additionally, we present in Figure SS(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 Cu,O crystal only allows
one phonon mode, T,y corresponding to an active Raman
band located at 515 cm™.>%* In addition, as presented by
Sander et al,, a typical Raman spectrum of copper oxide Cu,O
is much richer than only the T,, phonon mode. Intrinsic point
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Figure 5. Raman spectra of (a) the N-doped (S2023-0) and (b) the (N,Mg)-doped (S2021-4) thin films deposited using a N, 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 different Raman bands (in black). In blue, the T,

mode corresponds to the only active phonon mode for a perfect copper oxide crysta

1.%° 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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defects located at different crystallographic sites possess
specific local symmetries which are usually lower than the
one of the perfect crystal, resulting in the activation of different
Raman modes coupled to specific bands in the measured
spectrum.””*' Among such intrinsic point defects, the most
noteworthy ones are copper vacancies V¢, and Vg, and
oxygen vacancy V. Their respective Raman activities are
presented in Table 1 as reported by Sander et al. in ref 26.
Moreover, concerning extrinsic point defects related to Mg and
N,, one can mention the following ones in particular: Mg on
Veuspiie as well as (N,)c, and N as reported in ref 24.

As pointed out by Debibichi et al., Raman spectroscopy is
also an interesting analysis method to differentiate the distinct
Raman response of the various copper oxide crystalline phases
(CuO, Cu,0;, and CuZO).4’46 Concerning Cu,O;, several
Raman active modes are predicted by the group theory: Ay,
541 ecm™'; By, 651 ecm™'; and E, 318, 510 cm™'. These
theoretical predictions were also corroborated by experimental
results as Wang et al. reported, upon various oxygen flow rates,
Raman bands at 311, 505, and 531 cm™ for the Cu,O,
material phase. Concerning Cu,O, a large activity in the range
between 90 and 216 cm™' as well as a band located at 609
cm™! were observed and can be associated with defects.””**

Based on the Raman characterizations presented in Figure 5,
we can suggest possible explanations concerning the micro-
scopic origin of the charge carrier variations reported
previously. Concerning the N-doped Cu,O sample spectra
shown in Figure 5(a), a distinct variation is identified between
the undoped thin film (N, flow of 0 sccm) and the thin films
synthesized with a N, flow parameter above 4 sccm. This
behavior is further highlighted by the smooth transformation
of the 0, 2, 4, and finally 6 sccm Raman spectra observed. We
distinguish increased Raman activity for all bands between 90
and 250 cm™' as well as for the bands located around 610
cm™!. In contrast, the band at 515 cm™! tends to decrease in
intensity and broaden due to the splitting into two adjacent
bands at 510 and 540 cm™. This observation is clearly
corroborated by the results reported in refs 46—48
corresponding to a crystalline transition from Cu,O; to Cu,O.

Second, from a defect perspective, as the nitrogen flow
increases, two phenomena can be observed and supported by
Raman activities reported in Table 1. First, concerning intrinsic
defects, the splitting of the T,, mode into A;, and E, illustrates
an increase of copper vacancy V,. In addition, the increase of
the Raman activity for each band below 250 cm™" is attributed
to an increase of V¢, - Both of these observations lead to a
possible explanation regarding the increase in free charge
carriers previously reported. In addition to the increase of
intrinsic defects, in the inset of Figure 5(a), we report a strong
band activity close to 2280 cm™}, which corresponds,
accordin§ to Thienprasert et al, to the phonon mode of
(N,)co”" This point defect possesses a low formation energy
as well as a shallow acceptor behavior. Moreover, as the band
intensity is a function of the nitrogen flow, we consequently
believe that the charge carrier increase reported upon nitrogen
doping is attributed to the increased concentration of (N,)¢,.
Concerning the (N,Mg)-doped thin films presented in Figure
5(b), the Raman signatures indicate a Cu,O material phase, as
already reported in the EDX and XRD measurements.
Unfortunately, the relatively poor material crystallinity does
not allow us to observe any fine features that could be related
to the impact of Mg doping in contrast to the results presented

by Jacob et al.** In addition, no band activity is detected within
the inset figure concerning the (N,)c, point defects.

Point Defects. First, concerning the Mg doping, from the
literature, it is accepted that Mg dopant incorporates in a split
copper vacancy site, forming the Iy, + 2 Vg, cluster defects."”
Then regarding the nitrogen doping of free Mg samples, T-
Thienprasert et al. identified N as a deep acceptor that cannot
be responsible for the charge carrier variation reported in
opposition to the shallow acceptor (N,)¢, (associated with a
Raman band at 2280 cm™').** Moreover, using Raman
measurements, in this work (N,)c, point defects were clearly
identified in the case of N-doped Cu,O samples (see Figure
5(a)) with a band activity proportional to the nitrogen flow. In
contrast, within the absorption spectra, no sub-band
absorption corresponding to Ny was reported. Finally,
concerning the (N,Mg)-doped samples, the deterioration of
the crystallinity does not allow us to extract much information
concerning point defects. However, in the scope of EDX
measurements, we report a strong increase of the nitrogen
incorporation in contrast to the Mg undoped samples. As a
result, it seems that the presence of Mg facilitates the
incorporation of nitrogen. A possible explanation could be
that as the Mg replaces the split copper vacancy, the number of
simple copper vacancies V¢, possible sites for nitrogen
incorporation, also increases. The co-doping would therefore
enhance the nitrogen incorporation. Indeed, that observation
was realized through EDX measurements on samples
synthesized with nitrogen flow values in a range that is
concomitant to the amorphization reported in XRD measure-
ments. It is thus possible that an excessive amount of nitrogen
leads to the film amorphization, resulting in the subsequent
degradation of the optoelectrical properties.

B CONCLUSION

To conclude, this work highlights the possibility of synthesiz-
ing a Cu,O crystalline phase starting from a CuO sputtering
target. The formation of this crystalline phase can be attributed
to a reduction of the oxygen inside the synthesized layers due
to the lack of O flow during the RF sputtering depositions. We
observe that nitrogen doping leads to a drastic reduction of the
electrical resistivity from 192 to 1.15 Qcm, concomitant with a
marked improvement of the optical transparency from 17.02%
to 33.74%. The former effect is mainly associated with an
increase of the charge carrier concentration from 7.7 X 10'
cm™ to a maximal value of 4.4 X 10*° cm™ as a consequence
of the increased concentration of (N,)c, shallow acceptor
defects. These results are also supported by a good
experimental reproducibility as presented in Figure S4 of the
SI. Finally, upon Mg doping, we observe a slight improvement
of the material conductivity as well as a net degradation of the
thin film transparency. In addition, following the co-
incorporation of Mg and N, as the nitrogen flow increases,
we observe a drastic decrease of the film crystallinity. The
nitrogen flow range associated with the sample amorphization
corresponds to the flow range at which a high incorporation of
nitrogen is reported (more than 4 times higher than in the Mg
undoped thin films). This high N incorporation is also
accompanied by a degradation of the electrical properties (for
flow values above 2 sccm) and a slight improvement of the
optical properties. As part of forthcoming research, further
enhancements of the co-doping strategy, gathering the present
study’s insights, are to be considered to improve the material
optoelectrical properties. In such subsequent work, a
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quantitative assessment of the relationship between the Mg,N
concentrations and the amorphization degree of the thin films
would deepen our understanding of related defects in Cu,O
materials.

As illustrated using Raman spectroscopy, further defect-
related investigation techniques could be useful to the
identification of the origin of the thin film optoelectrical
behaviors. For instance, photoluminescence and advanced
measurements such as positron annihilation spectroscopy
(PAS) could play an interesting role in the quest for
consolidating the scientific knowledge of copper oxide layers.*®
Within this context, gaining additional control over the oxygen
flow would enable tuning of the layer stoichiometry. The
control of the oxygen flow rate has been shown to be a crucial
parameter affecting the impurity concentration as well as the
film transmittance.'® Finally, postdeposition thermal treatment
in a nitrogen atmosphere is also an interesting route,
specifically in the case of the (N,Mg)-doped copper oxide
layers, in order to improve the sample crystallinity.
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