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We study the hydrogen effect on the electronic, magnetic and optical properties of Cu2O in presence of differentdopants (Na, Li and Ti). The electronic properties calculations show that hydrogen changes the conductivity of
Cu2O from p to n-type. The results show that interstitial hydrogen atom prefers to locate in the tetrahedral sitein Cu2O system and it decreases the band gap value of the later. The Na or Li doping Cu2O preserves the p-typeconductivity of Cu2O, while hydrogen is the source of n-type conductivity in Na or Li doped Cu2O systems. Tidoping increases the band gap value of Cu2O and makes it an n-type semiconductor. Hydrogen increases theoptical transmittance of M doped Cu2O.
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1. Introduction

Owing to high optical absorption coefficient, non-toxicity, abundancy and inexpensive layer formation,
copper oxide (CuxO) is appealing to a renewed and rising interest. It could have a potential role in
fabricating semiconductor devices, among others, for nanoelectronic, spintronic and photovoltaic appli-
cations [1–3]. We know copper oxide as a p-type semiconductor in two stable forms, cupric oxide (CuO)
and cuprous oxide (Cu2O) and this latter enables higher conversion efficiency when used as an absorber
material for solar cell applications [4, 5]. Moreover, the possibility of synthesizing nanoparticles enables
excellent properties and opens the way to a new class of innovative and more efficient devices [6].
The ability to control the conductivity type can be important for the synthesizing of Cu2O thin films
paired with other p-type materials. The challenge of p-type doping of Cu2O must take hydrogen into
account, since it is known to passivate any acceptors in solar cell absorbers [7] and reverse the polarity of
conductivity in other materials [8]. Hydrogen is present in all semiconductors, including oxides, and is
highly reactive, forming a complex with most impurities and defects in the lattice. Hydrogen is a potential
source of n-type conductivity [9–11]. The capability of hydrogen to remove or stimulate the electrical and
optical activity of impurities makes it sometimes a helpful, sometimes a disagreeable agent, in either case.
However, a theoretical understanding of the principal interactions is very important. The diversity and
complexity of hydrogen states, inside the lattice and in traps, has made their characterization impossible
by experimental methods alone; the complementary role of theory is proved to be essential [12]. The
earlier calculations suggested that interstitial hydrogen prefers to locate in the bond center site (BC) in
CdTe and ZnO lattices [13–16]. It could locate in the tetrahedral site in other oxides such SnO2 and TiO2
[17, 18]. Theoretical prediction and spectroscopy confirmed that hydrogen in semiconductors may be a
cause of n-type conductivity; it forms shallow-donor states in the zinc oxide (ZnO) [13, 19–21]. Peacock

∗Corresponding author: A. Larabi, amina.larabi8@gmail.com, amina.Larabi@crtse.dz.

This work is licensed under a Creative Commons Attribution 4.0 International License . Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

23702-1

https://doi.org/10.5488/CMP.22.23702
http://www.icmp.lviv.ua/journal
http://creativecommons.org/licenses/by/4.0/


A. Larabi, A. Mahmoudi, M. Mebarki, M. Dergal

and Robertson [22] showed that hydrogen acts as a shallow donor in many oxides, while deep in the
silicates, SiO2 and Al2O3. Scanlon and Watson [23] studied the behavior of hydrogen in p-type Cu2O;
they showed that hydrogen could weaken the performance of Cu2O solar cell devices. It is important,
however, to study the H atom influence on different properties of Cu2O and M doped Cu2O (M= Na,
Li, Ti). As the fabrication process of solar cell devices uses different kind of gas, the knowledge of the
hydrogen effect is important in choosing the gas in the annealing process.

Our work uses the first-principles calculations. We study the effect of hydrogen on the electronic,
magnetic and optical properties of Cu2O and Cu2(1−x)MxO. To find the favoured position of the hydrogen
atom in the systems studied, we calculated the formation energies of different configurations proposed.
In addition, we try to discuss the influence of hydrogen and different dopants on physical properties of
M doped Cu2O. We also predict and give an easy, low-cost, and scalable strategy to prepare the Cu2O
composite on heterostructure solar cells, hydrogen storage and/or production.

2. Computational details

We used ab initio total-energy and molecular-dynamics program VASP (Vienna ab initio simulation
program) developed at the Fakultät für Physik of the Universität Wien [24, 25], to do all calculations.
For treatment of the exchange and correlation energies, we used the generalized gradient approximation
(GGA) [26] with projector-augmented wave (PAW) [25, 27] pseudo-potentials. Brillouin zone integrals
are converged with a 450 eV plane-wave cut-off, and a 2 × 2 × 2 Monkhorst-Pack k-point mesh suffices
to make sure that energy convergence takes place for supercell. These calculations showed a discrepancy
within 10−7 eV. We performed a relaxation with the standard conjugated gradient algorithm. We used the
supercell approach to simulate the H doped Cu2O or (Cu2, M)O system. The optimized lattice constant
of Cu2O, a = 4.26 Å, is in good agreement with the experimental value of a = 4.27 Å [28, 29] and
theoretical values a = 4.18 and 4.20 Å [30, 31].

In these calculations, we positioned the M atoms at the cation sites (Cu). We performed the H defect
formation energy calculations on 3 × 3 × 3 supercell, containing 162 atoms, using the calculated lattice
constant with the defect at different positions in the cell. The supercell size is necessary to allow for a
detailed study of many different dopant geometric structures. For calculations of the electronic properties
of H doped (Cu2, M)O, we suppose that M atom leads to the formation of 3 × 3 × 3 supercell with
chemical composition Cu2(107)MO54, with one atom of hydrogen at the interstitial site. All calculations
were spin polarized. We can determine optical properties using the complex dielectric function ε(ω) =
ε1(ω)+iε2(ω) [32]. The imaginary part of the dielectric function ε2(ω)was calculated from themomentum
matrix elements between the occupied and unoccupied wave functions [33]:
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Here, Ω,C,V, k, ω, û are the volume of cell, conduction band, valence band, k point, photon frequency,
external field vector, respectively, while ΨC
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k represent the eigenstates. We can obtain the real

part of the dielectric function, ε1 from ε2 by the Kramer–Kronig relationship [34]. The corresponding
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3. Results and discussion

3.1. Hydrogen in Cu2O

In Cu2O lattice we can attribute different substitutional and interstitial positions to hydrogen impurity.
Figure 1 illustrates all positions where copper, oxygen and hydrogen atoms are, respectively, represented
by blue, red and green spheres. In this figure, we notice four possible sites for the hydrogen impurity,
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Figure 1. (Colour online) Location of H impurity in Cu2O lattice. Cu atoms in blue color, O atoms in red
and H atoms are in green.

T (Tetrahedral site), BC (Bond Center site), C (Cation substitutional site) and A (Anion substitutional
site). To find the preferred site of H in Cu2O, we calculated the formation energies for all hydrogen
positions. We show the obtained results in table 1. The references [35, 36] give the formation energy for
hydrogen insertion in Cu2O as follows:

Ef = ECu2O+H − ECu2O − EH
tot + qEF . (3.1)

In case of substitution, the formation energy associated is:

Ef = ECu2O+H − ECu2O − EH
tot + ECu

tot + qEF , (3.2)

Ef = ECu2O+H − ECu2O − EH
tot + EO

tot + qEF . (3.3)

ECu2O+H is the total energy of supercell with one hydrogen atom, ECu2O is the total energy of supercell
without defects EH

tot , ECu
tot and EO

tot are the total energies of an isolated hydrogen, cuprous and oxygen
atoms, respectively, in the ground state. The last term in the formation energy (q) accounts because H+
donates an electron (q = −1), and H- accepts an electron (q = +1). EF is the Fermi level energy. If the
formation energy is positive (Ef > 0), the implantation of the hydrogen atom into the Cu2O lattice is
energetically unfavorable.

One can see from table 1 that the lowest formation energy is that of the T site with −0.77 eV. These
values show that hydrogen prefers to localize in the tetrahedral site in Cu2O lattice, which confirms earlier
results [23, 37]. Figure 2 shows different configurations of hydrogen in Cu2O relaxed lattice. We can see
that with insertion in the tetrahedral site, anionic site and cationic site, the hydrogen position does not
change, while with insertion in Cu-O bond center, the hydrogen atom takes another position in the Cu2O
lattice.

We plotted the total densities of state (TDOS) of pure Cu2O and a single H-doped Cu2O in figure 3.
The TDOS figures show that hydrogen causes a change in the position of the Fermi level from near the
valence band towards conduction band, leading the system to n-type semiconductor characteristic; this
result agrees well with earlier works [23, 38]. In fact, this behavior of hydrogen was found in other p-type
oxide materials such as SnO2, TiO2 and ZnO [38–41]. The calculated band gap of Cu2O, Eg=0.55 eV, is
smaller than the experimental value (2.17 eV) [42] according to the DFT-GGA calculations. The result
agrees well with the earlier theoretical values reported in the literature (0.6 eV [43, 44], 0.64 eV [45] and
0.7 eV [46]). For hydrogen doped Cu2O, we notice a narrow energy gap of 0.09 eV of the majority-spin

Table 1. Formation energies for different sites of hydrogen in Cu2O lattice.

Sites HT HBC HA HC
Ef(eV) – 0.77 5.64 0.15 0.41
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Figure 2. (Colour online) H impurity in Cu2O lattice after relaxation. Cu atoms in blue color, O atoms in
red and H atoms are in green.

electrons, while for the minority-spin electrons, the band gap is 0.23 eV. The hydrogen in Cu2O decreases
the band gap value of Cu2O.

To improve the physical properties of Cu2O for voltaic applications, we have tried three different
dopants: Sodium (Na), Lithium (Li) and Titanium (Ti). We investigated the properties of M doped Cu2O,
M= Na, Li and Ti, by substituting one M atom for one Cu atom in the 3 × 3 × 3 supercell Cu(108)O54.

In Cu2(1−x)MxO structure, we consider two configurations where interstitial hydrogen atom is at the
tetrahedral site. In the first one, a short distance (SD) separates M and H while in the second one, a long
distance (LD) separates M and H atoms.

3.2. Na and H doped Cu2O

In the first case configuration (SD), the distance between Na and H was 1.78 Å while after relaxation
this distance becomes 2.38 Å. This suggests that H atom relaxes to move away from the Na atom. For

Figure 3. (Colour online) Total density of states TDOS: (a) Pure Cu2O, (b) H doped Cu2O.
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Figure 4. (Colour online) Total density of states TDOS: (a) Na-doped Cu2O, (b) H-Na-doped Cu2O (SD),
(c) H-Na-doped Cu2O (LD).

the second configuration (LD) and before relaxation, the distance between Na and H was 6.98 Å. After
relaxation, this distance hardly moves to only 7.012 Å.

We show the total density of states of Na doped Cu2O in figure 4 (a). The figure indicates that the Na
doping decreases the band gap of Cu2O. The doping of Cu2O by Na does not change the nature of his
conductivity; the calculated energy of the gap is 0.35 eV. Elfadill et al. [47] showed that Na doping Cu2O
is a p-type characteristic, which shows that our calculations are in good agreement with experimental
data. In addition, Minami et al. used Cu2O doped Na as p-type in p-n heterojunction and/or homojunction
solar cells [48, 49].

For hydrogen implantation in Na doped Cu2O, the calculated band gap is 0.47 eV for a short distance.
In the long distance case, we note two different band gap values, 0.47 eV and 0.35 eV for the majority-spin
and minority-spin electron, respectively. From the DOS figures [figure 4 (b), figure 4 (c)], we note that
hydrogen changes the position of Fermi level (EF) of Na doped Cu2O, EF moves from the valence band
to conduction band. Thus, Na doped Cu2O becomes n-type semiconductor. The distance between Na and
H atoms does not influence the electronic properties of Na doped Cu2O, we found the same band gap
value in the two configurations.

3.3. Li and H doped Cu2O

For the short distance case, the distance between Li and H was 1.78 Å. After the relaxation, the
distance becomes 1.69 Å while in the long distance case, the distance between Na and H was 5.27 Å.
After the relaxation, the distance becomes 5.35 Å.

Figure 5 (a) shows the total densities of states for Li-doped Cu2O. From Fermi level position we note
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Figure 5. (Colour online) Total density of states TDOS: (a) Li-doped Cu2O, (b) H-Li-doped Cu2O (SD),
(c) H-Li-doped Cu2O (LD).

that the Li doped Cu2O is p-type characteristic. This result agrees well with the experimental work of
Kyung-Su Cho et al. [50] where they used Li doped Cu2O as p-type in p-n heterojunction. The calculated
band gap of Li-doped Cu2O is 0.61 eV.

From the DOS figures [figure 5 (b), figure 5 (c)] of H-Li-doped, we see the shift in the Fermi level
position. The hydrogen implantation in Li-doped Cu2O does not change the value of the band gap but
it makes the Cu2O an n-type semiconductor characteristic. The distance between Li and H does not
influence the band gap value of Li-doped Cu2O.

3.4. Ti and H doped Cu2O

For the first configuration (SD), the distance between Ti and H is 1.8 Å. After the relaxation, the
distance becomes 1.88 Å. In the second case configuration (LD), the distance between Ti and H was 7.92
Å. After the relaxation, the distance becomes 7.9 Å.

Figure 6 shows the total densities of states for Ti-doped Cu2O and H-Ti-doped Cu2O. The calculated
band gap of Ti-doped Cu2O is 0.73 eV and 0.86 eV for the majority-spin and minority-spin electron,
respectively. These values are larger than that of the pure Cu2O (0.55 eV). From the DOS figures, we note
that Ti doping changes the position of Fermi level from near the valence band towards the conduction
band, leading the system to n-type semiconductor characteristic. In the first case configuration, the
hydrogen implantation can decrease the band gap value of Ti doped Cu2O to 0.59 eV, while in the second
case configuration, hydrogen does not change the band gap value. In the two configurations, it does not
change the conductivity type of Ti doped Cu2O.

Table 2 shows the calculated band energies (Eg) and lattice parameters (a) for Cu2O and M doped
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Figure 6. (Colour online) Total density of states TDOS: (a) Ti-doped Cu2O, (b) H-Ti-doped Cu2O (SD),
(c) H-Ti-doped Cu2O (LD).

Table 2. Calculated band gap Eg(eV) and lattice parameter a(Å).

Eg(eV) a(Å)
Cu2O 0.55 4.26

H-Cu2O (spin up) 0.46 4.28
H-Cu2O (spin dn) 0.23 –

Na-Cu2O 0.35 4.26
H-Na-Cu2O (SD) 0.47 4.27

H-Na-Cu2O (LD) (spin up) 0.47 4.27
H-Na-Cu2O (LD) (spin dn) 0.35 –

Li-Cu2O 0.61 4.12
H-Li-Cu2O (SD) 0.61 4.11
H-Li-Cu2O (LD) 0.61 4.11
Ti-Cu2O (spin up) 0.73 4.11
Ti-Cu2O (spin dn) 0.86 –
H-Ti-Cu2O (SD) 0.59 4.24
H-Ti-Cu2O(LD) 0.86 4.12

Cu2O with or without hydrogen. From this table, we can see that the band gap value of Na doping Cu2O
makes it the best of the three as a p-type dopant in Cu2O. Compared with the value of pure Cu2O, the
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lattice parameter of Na doped Cu2O does not change while Li and Ti doping should compress the lattice
of Cu2O. For all cases, hydrogen does not change the lattice of systems except with hydrogen implantation
in the first configuration (SD) in Ti doped Cu2O. In this configuration, hydrogen should expand the lattice
of this system from 4.11 to 4.24 Å.

From the densities of states figures, we can see that hydrogen creates new states in the band gap in all
systems. Na and Li act as acceptor impurities in Cu2O and hydrogen should passivate these acceptors. Ti
is a source of n-type conductivity and hydrogen could not passivate this donor in Cu2O.

In the cases of H doped Cu2O, Ti doped Cu2O and H-Na-co-doped Cu2O for the second configura-
tion (LD), the diference in band gap value of majority-spin and minority-spin electrons shows anisotropy
of the gap which determines the elastic distribution between the hole states and electrons.

From these results, it seems that hydrogen can passivate the acceptors (Na, Li) or donors (Ti) in Cu2O.
Similar results have been found in experimental works; Lu et al. [51] revealed that a treatment of N-doped
Cu2Ofilms in hydrogen plasma could passivate the carrier traps. On the other hand, Ishizuka et al. [52, 53]
show that a treatment of N-doped Cu2O films in hydrogen plasma leads to an increase of conductivity.

3.5. Magnetic and optical properties

We list the values of the total and local magnetic moments in table 3. With hydrogen, we have the
values of the total magnetic moments approximately equal to 1 µB except with Ti-doped Cu2O, where
it is almost zero. In all systems, the Cu moments dominate the values of local magnetic moments with
a maximum value of 0.16 µB excluding the H-Ti-codoped Cu2O system where local magnetic moments
values are negative.

As far as the principle of contamination of the samples by ferromagnetic impurities can be discounted,
the common factor in all cases is crystal defects. Here, they have been established, but it is plausible
that they are point defects-atomic vacancies or interstitials. Examples of d0 ferromagnetism have been
reported in the literature [54].

The absorption coefficient α(ω) is important to estimate the optical properties of Cu2O and H-M-
codoped Cu2O (M= Na, Li, Ti) used in photovoltaic cells or as optoelectronic devices. A material with
a low absorption coefficient means more transmitted light. Cuprous oxide Cu2O is a promising p-type
TCO, but its relatively low band gap (2.1 eV) limits its optical transmittance in the visible spectrum. In
this paper, we aim at increasing this value.

Figure 7 presents the absorption coefficient (of the order of 104 cm−1) versus the wavelength (nm) of
all configurations compared to the pure compound Cu2O in the visible light region (400–900 nm) and UV
region (250–400 nm). The absorbance of pure Cu2O decreases from 1.92×105 cm−1 to 0.89×105 cm−1

in (250–400 nm) and in the visible region continues to decrease to 0.086×105 at 650 nm but we observed

Table 3.Magnetic moments (in unit of µB) of the supercell (mtot), H atom (mH), Na (mNa), Li atom (mLi),
Ti atoms (mTi), Cu atom (mCu) and O atom (mO).

mtot(µB) mH(µB) mNa(µB) mLi(µB) mTi(µB) mCu(µB) mO(µB)
Cu2O 0.0 – – – – 0.0 0.0

H-Cu2O 0.9999 0.056 – – – 0.13 0.05
Na-Cu2O 0.0 – 0.0 – – 0.0 0.0

H-Na-Cu2O (SD) 1.0 0.056 0.004 – – 0.16 0.06
H-Na-Cu2O (LD) 0.9999 0.058 0.0 – – 0.12 0.05

Li-Cu2O 0.0 – – 0.0 – 0.0 0.0
H-Li-Cu2O (SD) 1.0 0.06 – 0.013 – 0.15 0.06
H-Li-Cu2O (LD) 0.9955 0.06 – 0.0 – 0.12 0.04

Ti-Cu2O 1.0 – – – 0.75 0.024 – 0.012
H-Ti-Cu2O (SD) – 0.0006 0.0 – – 0.05 0.02 – 0.007
H-Ti-Cu2O(LD) 0.0699 – 0.07 – – 0.74 – 0.11 – 0.05
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Figure 7. (Colour online) The variation of the absorption coefficient of H inserted in M doped Cu2O
compared with pure one.

two peaks at 530 (0.287×105 cm−1) and 800 nm (0.428×105 cm−1). However, we noticed a small change
when the M (Na, Li, Ti) atoms are at the cation sites (Cu) in the pure Cu2O. We remark the same peaks
when we doped with Na with a small displacement of the second peak (from 800 to 650 nm). The Li or
Ti doped Cu2O gives the same result in visible and UV regions but without the initial peak recorded in
the pure system, and the absorbance increases between 650 and 750 nm. Furthermore, incorporation of
Hydrogen reduces the absorbance of pure Cu2O and Ti doped Cu2O. Hydrogen does not decrease the
absorbance of Na or Li-doped Cu2O.

4. Conclusion

We studied the electronic properties of M-doped Cu2O (M= Na, Li, Ti) with and without hydrogen
by first-principles calculations. The results show that hydrogen is most stable in the tetrahedral site with
the low formation energy. Interstitial hydrogen reduces the band gap value of Cu2O and it gives an n-type
conduction behavior. Adding hydrogen does not decrease the band gap value of Na or Li-doped Cu2O
but it changes the charges conductivity type from p- to n-type. In these cases, the distance between H
atom and Na or Li atom does not affect the structural and electronic properties of Na or Li-doped Cu2O
systems. The Ti doping of Cu2O changes its conductivity type. Hydrogen does not change the n-type
characteristic of Ti doped Cu2O system (hydrogen effect is negligible compared to that of Ti) but it
decreases the magnetic moments of this system. The distance between H and Ti atoms can influence
the structural, electronic and magnetic properties of Ti doped Cu2O. From these results, we see that
Na is the best p-type dopant in the Cu2O and it is necessary to remove hydrogen in this material to
achieve an increased performance. The absorption shows that Cu2O is a promising optical material in
the visible region. In this paper, we established the effects of H, Ti, Li or Na doping, which lead to a
significant decrease of the absorption, i.e., increase the optical transmittance. The results of this work
make it possible to adapt Cu2O to several technological applications and to different scientific fields. In
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the next stage of our research, we will study the dopants concentration effects and we hope to confirm
our results by experimental investigations.
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Першопринципне дослiдження поведiнки водню у

M-легованому Cu2O (M = Na, Li i Ti)

A. Лярабi1, A.Махмудi2, M.Мебаркi1, M. Дергал2
1 Науково-дослiдний центр з технологiї напiвпровiдникiв для енергетики (CRTSE), BP 140 Алжир 7-Мервей
16038, Алжир

2 Вiддiлення вивчення та прогнозування матерiалiв, вiддiл дослiджень матерiалiв та вiдновлюваних
джерел енергiї, LEPM-URMER, Унiверситет Тлемсена, Алжир
Дослiджується вплив водню на електроннi, магнiтнi та оптичнi властивостi Cu2O у присутностi рiзних
легуючих домiшок (Na, Li i Ti). Розрахунки електронних властивостей показують, що водень змiнює про-
вiднiсть Cu2O з p до n-типу. Результати показують, що мiжвузловий атом водню волiє розташуватися в
тетраедричнiй дiлянцi в системi Cu2O i зменшує ширину забороненої зони останньої. Cu2O, легованийNa або Li зберiгає p-тип провiдностi Cu2O, в той час як водень є джерелом n-типу провiдностi в системахCu2O, легованих Na або Li. Ti легування збiльшує ширину забороненої зони Cu2O i робить її напiвпровiд-ником n-типу. Водень пiдвищує коефiцiєнт оптичного пропускання М-легованого Cu2O.
Ключовi слова: Cu2O, водень, теорiя функцiоналу густини
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