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Abstract. Multiple metallic elements were screened as doping agents to alternate conductivity in cuprous
oxide (Cu2O). Energetic, charge transition levels and optical properties of Be, Mg, Ca, Sr, Zn, Cd, Hg,
Al, Ga, and In substitutionally doped Cu2O systems were investigated based on first principles methods.
Results of formation energy calculation under both Cu-rich and Cu-poor conditions indicate the easy
incorporation of 2A (Be, Mg, Ca, and Sr) group impurities into the crystal lattice of Cu2O under both
conditions. However, 3A (Al, Ga, and In) group impurities could be incorporated only under Cu-poor
conditions. While, the incorporation of Zn, Cd, and Hg in Cu2O is energetically less favorable under both
conditions. The calculated charge transition levels of these dopants revealed an n-type conductivity. The
calculated work functions show n-type to p-type surface inversion behavior for some doped systems. This
can explain the p-type conductivity of Mg-doped Cu2O found experimentally. Furthermore, the optical
properties of each system are calculated to investigate the effect of the introduced impurity on Cu2O. This
study can help identify potential dopants to use for solar cell fabrication.

1 Introduction

Due to the increasing energy crisis and environmen-
tal issues, a transition to safer and renewable forms of
energy resources is becoming increasingly urgent. It is
obvious that the most common energy resource is solar
radiation. Therefore, it is important to establish tech-
nologies to efficiently extract solar energy to the point
that it becomes competitive with fossil fuels. Crystalline
silicone technologies dominate most of the solar cell
industry, providing good performance with relatively
moderate-cost manufacturing methods [1]. However, sil-
icon photovoltaic has reached a plateau in performance
enhancement [1, 2] (efficiency vs manufacturing cost)
due to the high-cost of higher purity single crystal sili-
con. Therefore, more attention is needed to find alter-
native materials.

Metal oxides represent a very intriguing class of semi-
conductors; widely known for their vast range of tech-
nological applications; particularly in the field of trans-
parent conductors, optical smart windows, solar cells,
and gas-sensors [3–8]. In the field of low-cost solar
cells [9–12], cuprous oxide (Cu2O) as one of many
important metal oxide compounds is extensively inves-
tigated because of its good properties; possessing a
very high absorption coefficient with direct band gap
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ranging from 2 to 2.5 eV [12], non-toxic, abundant
source materials and easy-to-scale manufacturing meth-
ods [10, 11]. To construct p–n homojunction for Cu2O-
based thin-film solar cells with improved conversion
efficiency, the fabrication of high-conductivity n-type
Cu2O is extremely important and has been seen as
a challenge for Cu2O-based photovoltaics. Nowadays,
very limited n-type dopants have been identified for
Cu2O. The experiment showed a reduced resistivity
of Cl-doped Cu2O by 5 orders of magnitude [10]. In-
doped Cu2O thin films were deposited using direct
current magnetron co-sputtering showing n-type con-
ductivity at room temperature [13]. Zn-doped Cu2O
have been prepared via single-step electrodeposition
[14], they found that zinc doping increased the Fermi
level relative to Cu2O and enabled facile charge carrier
injection/extraction with p-type Cu2O. Homojunction
solar cells were also fabricated, McShane et al. reported
on the fabrication of a solar cell with an efficiency of
up to 1.06% based on intrinsic doped Cu2O homojunc-
tion [15]. Homojunction Cu2O solar cells were fabri-
cated with consecutive electrochemical depositions of a
p-Cu2O and an n-Cu2O layer with the performance of
up to 0.42% [16].

Some theoretical studies were also performed,
Sieberer et al. examined the effect of substituting Cu
by Mn, Fe, Co, and Ni in Cu2O to explore its suitable
semiconductor hosts properties for diluted magnetic
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semiconductors [17]. Another theoretical work also con-
firmed the n-type conductivity of Cu2O with the incor-
poration of Indium; it is based on the reduction of the
work function and the raise of the Fermi energy level
of the doped system [13]. In our recent work [18], we
predicted n-type conduction behavior among halogen
dopants (F, Cl, Br) substituting O ions.

The objective of this study is to find new dopants
ions to achieve n-type conductivity in Cu2O. We also
examined the effects of the different dopants on the
formation energies, work function, electronic structure
and optical properties of Cu2O. Substitutional n-type
doping in Cu2O can be incorporated into either Cu or
O sites. Based on the valence of Cu in Cu2O (+ 1),
we Choose Cu for the doping site. Total of 10 dopants
including 2A (Be, Mg, Ca, Sr), 12B (Zn, Cd, Hg), and
3A (Al, Ga, In) group elements were chosen as possible
donor impurity to achieve n-type conductivity.

2 Method of calculation

Energetic, work functions, electronic structure and opti-
cal properties simulations have been conducted using
the projector augmented wave approach to describe the
electron–ion interactions [19] and the screened hybrid
functional as proposed by Heyd, Scuseria, and Ernzer-
hof (HSE) [20] within the density functional theory [21,
22]. Similar to Scalon et al. [23] the value of the exact
nonlocal exchange α was set to 27.5%, which yielded a
band gap of 2.04 eV for Cu2O, in excellent agreement
with the experimentally measured band gap (2.1 eV
[12]). The calculation was done using the Vienna Ab-
initio Simulation Package (VASP) [24, 25]. The valence
electron configurations used in these calculations are
presented in Table 1.

Table 1 Valence electrons, Ionic radius and electronegativ-
ity of Cu, O, and M (Be, Mg, Ca, Sr, Zn, Cd, Hg, Al, Ga,
In) ions

Ion Valence Ionic radius Å Electronegativity

Cu 4s1 3d10 0.91 1.90

O 2s2 2p4 1.26 3.44

Be 2s2 0.59 1.57

Mg 3s2 0.86 1.31

Ca 3p6 4s2 1.14 1.00

Sr 4s2 4p6 5s2 1.32 0.95

Zn 4s2 3d10 0.88 1.65

Cd 5s2 4d10 1.09 1.69

Hg 6s2 5d10 1.16 2.00

Al 3s2 3p1 0.68 1.61

Ga 4s2 4p1 0.76 1.81

In 5s2 5p1 0.94 1.78

Fig. 1 2 × 2 × 2 supercell of M-doped Cu2O. Blue, red
and green spheres represent Cu, O, and M (Be, Mg, Ca, Sr,
Zn, Cd, Hg, Al, Ga, In) ions, respectively

The supercell used to model Cu2O doped systems is
described by a supercell containing 4-unit cells corre-
sponding to a 2 × 2 × 2 supercell containing 48 atoms.
For surface supercell used to calculate the work func-
tion, we took the relaxed doping supercell structure and
added a vacuum height of 12 Å to prevent the interac-
tions between the slabs and their periodic images. After
the incorporation of the impurity in the supercell, we
run a structural optimization with the integration over
the first Brillouin zone made using 4 × 4 × 4 and 4 ×
4 × 1 Gamma-centered k -points grid generated accord-
ing to the Monkhorst–Pack scheme [26] for the doping
and surface supercells, respectively. The cut-off energy
restricting the number of plane waves in the basis-set
was fixed at 520 eV. The convergence criteria of both
the total energy and ionic force were set to 0.1 meV
and 1 meV/Å3, respectively; allowing all structures to
relax according to the Hellman–Feynman forces using
the conjugate gradient algorithm.

3 Results and discussions

3.1 Structural and energetic properties

The Cu2O crystal has a high symmetry cubic struc-
ture with Pn3m space group, where oxygen atoms are
surrounded by four copper atoms in a tetrahedral con-
figuration. The calculated lattice constant ‘a’ of Cu2O
is 4.315 Å, in line with the experimental results (a =
4.27 Å [27]). For the M-doped Cu2O, the central copper
atom was substituted by one dopant atom. The dop-
ing concentration is about 3.12%, which is comparable
to experimental concentrations [13, 14]. The supercell
model is illustrated in Fig. 1. As a first step, the dop-
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Table 2 Crystal structures
parameters and the average
bond lengths of M-doped
Cu2O systems

System a (Å) Δa (%) M–O (Å) ΔM–O (%)

Cu2O:Be 4.309 − 0.13 1.498 − 19.82

Cu2O:Mg 4.335 0.48 1.927 3.14

Exp.a 4.2572

Cu2O:Ca 4.355 0.93 2.192 17.33

Cu2O:Sr 4.368 1.23 2.339 25.20

Exp.b 4.2869

Cu2O:Zn 4.332 0.42 1.923 2.93

Cu2O:Cd 4.350 0.81 2.208 18.19

Cu2O:Hg 4.352 0.87 2.353 25.95

Cu2O:Al 4.332 0.40 1.836 − 1.73

Cu2O:Ga 4.337 0.52 2.129 13.96

Cu2O:In 4.355 0.94 2.321 24.23

Exp.c 4.25–4.27
aRef. [29]
bRef. [30]
cRef. [13]

ing effects on the crystal structure of Cu2O were ana-
lyzed using the calculated lattice parameters, listed in
Table 2. The crystal distortion resulted from doping
is very small for most of the systems, suggesting that
this system could still keep the Cu2O original crystal
structure. Be dopant have compression effects on the
system, reducing the lattice parameter ‘a’ by 0.13%,
in agreement with its small ionic radius and high elec-
tronegativity compared to Cu (see Table 1). While, the
rest of the dopants Mg, Ca, Sr, Zn, Cd, Hg, Al, Ga, In
have expansion effects, with increasing of ‘a’ by 0.48%
and 0.93%, 1.23%, 0.42%, 0.81%, 0.87%, 0.45%, 0.52%,
and 0.94%, respectively; in correlation with their ionic
radius.

A second important parameter is the M–O bond
length (see Table 2). The relaxed Cu–O bond length
of Cu2O is 1.868 Å, which is in good agreement with
the experimental results (1.84 Å) [28]. The effect on
the M–O bond length is very noticeable. Be–O, and
Al-O bond lengths are compressed with respect to the
Cu–O one, while, the rest of dopants bond lengths are
expanded (see Table 2). Mg–O, Zn–O, and Al–O bond
lengths have shown negligible change due to the sim-
ilarity in ionic radius between these dopants and Cu
(see Table 1). We note that the experimental works
also found a negligible structural change in In-, Zn-,
Mg- and Sr-doped Cu2O [13, 14, 29, 30].

To predict the relative stability of the pure and doped
systems under both Cu-rich and Cu-poor growth con-
ditions, formation energies of pure and M-doped Cu2O
were considered. The corresponding energies were cal-
culated according to the following formulas [31, 32]:

ΔECu2O
form = ECu2O − (2μCu + μO) (1)

ΔEform = ECu2O:M − ECu2O − (nMμM − nCuμCu)
(2)

where ECu2O and ECu2O:M correspond to the total ener-
gies of pure and M-doped Cu2O supercell, respectively.
μCu, μO and μM are the chemical potentials of Cu, O,
and M=Be, Mg, Ca, Sr, Zn, Cd, Hg, Al, Ga, In ele-
ments, respectively. nCu and nM represent the number
of Cu atoms removed, and M atoms added to the pris-
tine Cu2O supercell, respectively.

The chemical potentials of Cu and O are constrained
by the relationships ΔECu2O

form = 2ΔμCu + ΔμO and
ΔECuO

form = ΔμCu + ΔμO. The calculated formation
energy of pure Cu2O and CuO are − 0.685 eV/atom
and − 0.650 eV/atom, respectively, in reasonable agree-
ment with the theoretical values of Isseroff et al. [33]
of − 0.541 eV/atom and − 0.719 eV/atom. Under
Cu-rich growth condition, the μCu is taken as the
energy of metallic Cu μmetallic

Cu . While, under the Cu-
poor growth condition, μCu is therefore taken as μCu =(
ΔECu2O

form − ΔECuO
form

)
+ μmetallic

Cu [33]. The μM of the
dopants species is taken as the calculated energy per
atom of their stable solid-state primitive cell.

Table 3 resumes the impurity formation energy per
atom of the M-doped Cu2O systems under both Cu-
rich and Cu-poor conditions. It indicates a clear trend
where 2A group (Be, Mg, Ca, Sr) impurities could be
readily incorporated into the crystal lattice of Cu2O
under both conditions. While, the incorporation of Zn,
Cd and Hg, is energetically unfavorable due to their
positive formation energy. Meanwhile, 3A group (Al,
Ga, In) impurities could be readily incorporated into
the crystal lattice of Cu2O under Cu-poor conditions.
We should note that In-, Mg- and Sr-doped Cu2O are
already fabricated experimentally [13, 29, 30], which
is in very good agreement with our calculated forma-
tion energies. Meanwhile, Zn-doped Cu2O, which has a
very low positive formation energy under Cu-poor con-
ditions, has been also fabricated experimentally [14].
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Table 3 Formation Energies ΔEform(eV/atom) of M-
doped Cu2O systems

System ΔEform (eV/atom)

Cu-rich Cu-poor

Cu2O:Be − 0.008 − 0.023

Cu2O:Mg − 0.014 − 0.030

Cu2O:Ca − 0.032 − 0.048

Cu2O:Sr − 0.024 − 0.040

Cu2O:Zn 0.020 0.005

Cu2O:Cd 0.028 0.012

Cu2O:Hg 0.038 0.022

Cu2O:Al 0.001 − 0.016

Cu2O:Ga 0.012 − 0.004

Cu2O:In 0.015 − 0.001

3.2 Charged defect energetics and transition level

The formation energy ΔEcharged of a charged dopant in
a material can be formulated as a function of the Fermi
level of electrons. In our case, the formation energy of a
charged dopant M substituting a Cu atom is obtained
using HSE hybrid functional as fellow [34]:

(3)

ΔEcharged = E(Cu2O:M;q) − ECu2O − μM

+ μCu + q (EVBM + εF) + Ecorr

where E(Cu2O:M;q) and ECu2O are the total energies of
defect and defect free supercells, respectively. μM, and
μCu are the chemical potentials of the dopant M and
Cu, respectively. q is the charge state, which is taken

here as − 2, − 1, 0, + 1, + 2. EVBM is the energy of
the valence band maximum (VBM) of the defect free
system, and εF is the Fermi level of electrons mea-
sured from the VBM. Ecorr is the correction energy
necessary due to periodic interaction between charges
in doped systems. Here, we used the scheme proposed
by Freysoldt et al. [34]. We calculated the defect ener-
getic considering Cu-poor conditions due to their lower
formation energies.

The calculated band gap energy of pure Cu2O is
2.04 eV, in agreement with the empirical data (2.1 eV
[12]). We have calculated the most stable transition
level (TL) for each impurity as function of the Fermi
energy in the O-rich/Cu-poor conditions. The results
are presented in Fig. 2. One can immediately notice
the trends for each group. TL of 2A group doped Cu2O
follow an ascending order, where Be and Mg show
a TL from charge state + to 0, ε(+/0) of 0.62 eV,
0.28 eV, respectively, below the conduction band max-
imum (CBM). Whist, Ca shows TL ε(+/0) of 0.07 eV
above the CBM. Interestingly Sr does not follow this
trend and presents two TLs; a relatively deep ε(+/0)
of 0.4 eV below CBM, and another very deep ε(2+/+)
of 0.86 eV. Above VBM. Ca is a shallow donor with
ε(+/0) lying above the CBM, suggesting that Ca impu-
rity as the best candidate among 2A group dopants for
n-type conductivity in Cu2O.

Similar to group 2A, TLs of 12B group impuri-
ties follow an ascending order, where Zn, Cd, and Hg
have transition levels ε(+/0) of 0.54 eV, 0.21 eV, and
0.07 eV, below the CBM, respectively. The impurities
of interest in this group are Cd and Hg as they present
shallow transition levels, and thus act as efficient donor
in the metal oxide.

For the 3A group, we notice that the transition lev-
els for Al and In in the charged state (+ 2/ +) are

Fig. 2 Thermodynamic
transition levels for M
defects in Cu2O,
determined from formation
energies. M = Be, Mg, Ca,
Sr, Zn, Cd, Hg, Al, Ga, and
In
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Fig. 3 HSE06 calculated DOS of a Ca, b Cd and c Hg-doped Cu2O

0.08 eV and 0.04 eV, above the VBM, respectively. The-
ses TLs represent ultra-deep donors, severely reducing
the intrinsic p-type conductivity of Cu2O by passivating
the TL of V Cu, which were calculated to be at 0.22 eV
above the VBM by Scalon et al. [35]. This can explain
the improved conductivity found experimentally in In-
doped Cu2O [13]. We can obviously see that Ca, Cd,
and Hg dopants are the most promising candidates for
n-type conductivity in Cu2O due to their shallow tran-
sition level.

The densities of state (DOS) plots of pure, Ca, Cd
and Hg-doped Cu2O are gathered in Fig. 3a, b and c,
respectively. The valence band does not present notice-
able change. However, the major change is in the con-
duction band, where the incorporation of the dopants
Cd and Hg leads to the separation of some conduction
band states creating, a band in the gap formed by Cu
(3d) states with contributions of O (2p) and Cd (5s)
states. However, Hg presents two bands in the band
gap formed mostly by the hybridization of Cu (3d),
O (2p) and Hg (6s) states. This bandgap states can

interact with charge carriers and leads to the recombi-
nations. In contrary, Ca incorporation presents no gap
states which means that charge carriers have no obsta-
cles when moving from the valence band to the conduc-
tion band. This let us suggest Ca as the best option for
n-type conductivity in Cu2O.

3.3 Work function and surface charge inversion

Surface inversion can be examined through the rela-
tive position of the Fermi level of a surface supercell
with respect to the vacuum using the work function.
The work function, Φw, of M-doped Cu2O surface were
calculated and compared to the pure case in order to
analyze the surface effects of doped systems, and the
type of conductivity induced by the surface inversion,
following the formula [13]:

Φw = Φ0e − EF (4)
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Fig. 4 Surface supercell of M-doped Cu2O. Blue, red and
green spheres represent Cu, O, and M = Be, Mg, Ca, Sr,
Zn, Cd, Hg, Al, Ga, and In ions, respectively

Table 4 Calculated work function (in eV) of M-doped
Cu2O systems

System Φw (eV) System Φw (eV)

Cu2O:Be 4.181 Cu2O:Cd 3.846

Cu2O:Mg 3.901 Cu2O:Hg 4.010

Cu2O:Ca 3.813 Cu2O:Al 3.884

Cu2O:Sr 3.812 Cu2O:Ga 4.184

Cu2O:Zn 3.806 Cu2O:In 3.815

where Φ0 is the electrostatic potential of a vacuum level
far from the surface, e is the charge of an electron, and
EF is the energy of the Fermi level.

The surface supercell model used for the work func-
tion calculation is illustrated in Fig. 4. The electrostatic
potential is calculated for the surface, then the vac-
uum level energy is deduced from the averaged potential
along the z direction. While, the Fermi level is extracted
from the OUTCAR file. The calculated work functions
are summarized in Table 4.

To assess the accuracy of our computation method,
we calculated the work function of pure Cu2O to be
3.894 eV; however, the experimental data of the work
function is 4.80 eV [36]. Luckily, we are looking for
the relative change in the work function, therefore the
accuracy of the results is not very important in this
case. From Table 4, we can see that the surfaces of the
dopants Be, Mg, Hg, and Ga flip the conductivity from

n-type to p-type due to surface effects. This can explain
the results of Jacob et al. [29], where they found a p-
type conductivity for Mg-doped Cu2O. We propose here
that this p-type conductivity is due to surface effects
and not to the impurity level.

Based on these findings and the previous results of
the charge level transition, we propose; Ca and Cd as
promising dopants for n-type conductivity in Cu2O.

3.4 Optical properties

The optical properties at a microscopic level can be
described by the complex dielectric response function
ε(ω) = ε1(ω) − iε2(ω) in linear response range. The
imaginary part ε2 can be calculated from the momen-
tum matrix elements between the occupied and unoccu-
pied wave functions, then the Kramers–Kronig relation
is used to calculate the real part ε1 from the imaginary
part following the equations [37, 38]:

(5)

ε2 (ω) =
(

4π2e2

m2ω2

)∑
i,j

∫
k

〈i|M |j〉2 fi (1 − fi)

× δ (Ei,j − Ei,k − ω) d3k

ε1(ω) = 1 +
2
π

p
∞
∫
0

ω′ε2(ω′)dω′

(ω′2 − ω2)
(6)

where m, ω and e are the free electron mass, the fre-
quency and the electron charge, respectively. M is the
dipole matrix, i and j are the initial and final states,
respectively. fi is the Fermi distribution function for the
ith state and Ei is the energy of an electron in the ith
state. The specific optical properties of the material can
be deduced using ε1 and ε2 [39], including absorption
coefficient α(ω), refractive index n(ω) and reflectivity
R(ω), where:

α(ω) =
√

2ω

[√
ε21(ω) − ε22(ω) − ε1(ω)

] 1
2

(7)

R(ω) =

∣∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣∣
2

(8)

To assess the optical properties of the doped systems,
optical absorption coefficient and reflectivity were cal-
culated and compared to pure Cu2O. Figure 5 shows
optical properties (absorption coefficient and reflectiv-
ity) of the 2A group doped Cu2O compared to pure
case. Trends can be noticed from the figure, there is a
great similarity in absorption between 1.5 and 7.0 eV
for all elements of the group; suggesting that doping
does not change the optical properties above 1.5 eV.
It is most noticeable that the dopants Be, Ca and Sr
lead to absorption peak around 0.39 eV due to conduc-
tion band edge absorption. While, Mg leads to peak
around 0.91 eV. The reflectivity plots of 2A dopants
are very similar above 1.5 eV. However, the behavior
differs below 1.5 eV. Be and Sr reflectivity are very
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Fig. 5 Calculated optical
properties of group 2A
doped Cu2O compared with
the pure Cu2O case
a absorption coefficient and
b reflectivity

similar with peaks around 0.30 eV with a reflectivity of
0.4 suggesting that these dopants have high reflectiv-
ity for infrared photons. Meanwhile, Mg and Ca have
peaks around 0.58 eV and 0.31 eV, respectively.

Figure 6 shows the optical properties of 12B doped
Cu2O. There is a clear gain in absorption below 4 eV
for all dopants, with Hg having the highest absorption
gain. The reflectivity plots of 12B dopants are very sim-
ilar above 2.7 eV. However, the behavior differs below
2.7 eV. Cd has a peak of 1.63 around 1.8 eV and Zn
has a peak of 1.9 around 1.7 eV, showing that it is more
reflective in the infrared region. While, Hg reflectivity
is similar to the pure case, indicating that it does not
reflects in the infrared.

Figure 7 shows the optical properties of 3A doped
Cu2O. All dopants result in a remarkable increased
absorption between 1 and 4 eV. Al doping leads to
absorption in the range (1–2) eV, indicating an inter-
mediate band gap material. Intermediate-band photo-
voltaics open a new way of surpassing the performance

limits of Shockley-Queisser in solar cells. It introduces
an intermediate band (IB) energy level between the
valence and conduction bands. In theory, the intro-
duction of an IB permits two photons of less energy
than the band gap to energize an electron from the
valence band to the conduction band, thus increasing
the induced photo-current and consequently improving
efficiency. Ga and In have similar effects on the absorp-
tion coefficient, where both ions lead to an impor-
tant absorption around (2–3) eV due to conduction
band edge absorption. Al dopant shows high reflectiv-
ity between 1.4 and 1.8 eV with a peak of 0.24. While,
Ga and In dopants show similar trends peaking at
2.5 eV.
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Fig. 6 Calculated optical
properties of group 12B
doped Cu2O compared with
the pure Cu2O case
a absorption coefficient and
b reflectivity

4 Conclusion

Structural, energetic, electronic and optical analyses of
M (M = Be, Mg, Ca, Sr, Zn, Cd, Hg, Al, Ga, and In)-
doped Cu2O were performed under periodic boundary
conditions using DFT based on plane waves methodolo-
gies. The model doping concentration is about 3.12% to
agree well with experimental concentrations. The calcu-
lated structural parameters show that Be dopant have
compression effects on the system, reducing the lattice
parameter ‘a’ by 0.13%. On the other hand, Mg, Ca, Sr,
Zn, Cd, Hg, Al, Ga and In have expansion effects, with
increasing of ‘a’ by 0.48% and 0.93%, 1.23%, 0.42%,
0.81%, 0.87%, 0.45%, 0.52%, and 0.94%, respectively.
The crystal distortion caused by doping is very small
for all systems, signifying that these systems could still
preserve the Cu2O original crystal structure.

Analyzing the solubility of the dopants in the Cu2O
matrix based on the formation energy for Cu-rich and
Cu-poor conditions, we were able to show that group
2A elements (Be, Mg, Ca, Sr) are stable under both
conditions. While, the incorporation of group 12B (Zn,
Cd, Hg) is energetically unfavorable under both condi-
tions due to their positive formation energy. Meanwhile,
3A group impurities (Al, Ga, In) could be readily incor-
porated into the crystal lattice of Cu2O under Cu-poor
conditions.

For group 2A dopants, the charge transition levels fol-
low an ascending order, with Ca showing the shallowest
TL. Similar to 2A group, TLs of 12B group impurities
follow an ascending order, where Cd and Hg present the
shallowest transition level. For the 3A group, we found
the TLs of Al and In dopants are located ultra-deep in
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Fig. 7 Calculated optical
properties of group 3A
doped Cu2O compared with
the pure Cu2O case
a absorption coefficient and
b reflectivity

the band gap, severely reducing the intrinsic p-type con-
ductivity of Cu2O by passivating the TL of VCu. The
calculated work functions indicate that the surfaces of
the dopants Be, Mg, Hg, and Ga flip the conductivity
from n-type to p-type due to surface effects.

The optical properties of group 2A doped Cu2O show
great similarity in absorption between 1.5 and 7.0 eV,
suggesting that doping does not change the optical
properties in this region. For group 12B doped Cu2O,
there is a clear gain in absorption below 4 eV for all
dopants, with Hg having the highest absorption gain.
For the optical properties of group 3A doped Cu2O,
all dopants result in a remarkable increased absorption
between 1 and 4 eV, with Al doping leading to absorp-
tion in the range (1–2) eV; indicating an intermediate
band gap material.

The results found here favor Ca doping as the most
promising to induce n-type conductivity, and Al doping
for most promising optical performance in Cu2O.
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38. M. Gajdoš, K. Hummer, G. Kresse, J. Furthmüller, F.
Bechstedt, Linear optical properties in the projector-
augmented wave methodology. Phys. Rev. B 73, 045112
(2006)

39. V. Wang, N. Xu, J.C. Liu, G. Tang, W.-T. Geng,
VASPKIT: a user-friendly interface facilitating high-
throughput computing and analysis using VASP code
(2019)

123


	Dependence of cuprous oxide conductivity on metal doping: a hybrid density functional simulation
	1 Introduction
	2 Method of calculation
	3 Results and discussions
	3.1 Structural and energetic properties
	3.2 Charged defect energetics and transition level
	3.3 Work function and surface charge inversion
	3.4 Optical properties

	4 Conclusion
	Author contributions
	References
	References




