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ABSTRACT: Cu2O is a good photoelectric material with excellent performance, and its crystal
structure, electronic structure, and optical properties have been extensively studied. To further
illustrate the charge distribution and the carrier transport in this system, the e−h recombination
dynamics was studied. It is found that N doping induced a shallower impurity band above the
VBM, leading to significant charge localization around the impurity atom. NAMD simulation
reveals that the N doping system possesses a longer e−h nonradiative recombination time scale.
Therefore, we demonstrate that the formation of the impurity band and charge localization play an
essential role in suppressing e−h recombination in N doping systems. This work is conducive for understanding the carrier transport
mechanism in N-doped Cu2O.

■ INTRODUCTION
As a p-type semiconductor with an intrinsic direct band gap of
2.17 eV, cuprous oxide (Cu2O) possesses a set of unique
optical and electronic properties.1,2 In addition, due to its low
cost, nontoxicity, and high absorption rate in the visible region,
it is regarded as one of the most promising materials for
photovoltaic and photocatalytic application.3−6 According to
the Shockley−Queisser limit,7 Cu2O has been theoretically
predicted to have a maximum power conversion efficiency of
approximately 20% for solar cells,8,9 while the achieved highest
efficiency is only about 6.1% by now.10 Therefore, more
research is needed to further optimize the material properties
and then to improve the cell efficiency.11,12 One way which is
often used is to modulate the conductivity of the Cu2O films
by doping, and nitrogen has been proved as an effective
dopant.13,14 Several experimental and theoretical studies have
been dedicated to study the doping effects of nitrogen on the
crystal structure, electronic structure, and optical properties of
Cu2O.

15−17 Researchers found that nitrogen can be easily
incorporated into the crystal lattice of Cu2O at high
concentrations to substitute oxygen atoms and act as a p-
type dopant, and some reported that an intermediate band
forms in the gap by N doping. Nitrogen-doped Cu2O could act
as a possible material for impurity band (IB) solar cells, while
the role of the N element in the charge distribution and then
carrier transport and lifetimes, which is important in
photovoltaic applications, has been of little concern.
In this study, using time-dependent ab initio nonadiabatic

molecular dynamics (NAMD) simulations, the electron−hole
(e−h) recombination dynamics, which is key to the lifetime of
excited carriers in Cu2O, were presented. The effect of N
doping was illustrated. It is found that N doping plays a
significant role in modulating the charge distribution except for
narrowing the band gap of Cu2O. NAMD studies further reveal
that the N doping sample exhibits smaller NA coupling. Our

study demonstrates that the formation of the IB and charge
localization play an essential role in suppressing e−h
recombination in N doping systems. This work provides an
effective way for the design of high-performance solar cells
based on Cu2O.

■ METHODS
The time-dependent ab initio NAMD simulations are
performed using the Hefei-NAMD code.18 It is convenient
to augment the Vienna Ab initio Simulation Package (VASP)19

with the NAMD capabilities within time-domain density
functional theory (DFT).
Geometry optimization, electronic structure calculations,

and ab initio molecular dynamics (AIMD) are performed using
the VASP. A 2 × 2 × 2 Monkhorst−Pack k-point mesh is
adopted. The projector augmented wave (PAW)20 method
describes electron−ion interactions. The valence configura-
tions of Cu, O, and N atoms used in the calculations are 3d10
4s1, 2s2 2p4, and 2s2 2p3, respectively. In addition, the Perdew−
Burke−Ernzerhof (PBE) functional under the generalized
gradient approximation (GGA)21 is applied to treat the
exchange-correction interactions. An energy cutoff of 400 eV
is used to converge energies and wave functions. To investigate
the influence of N dopants on geometry, electronic structure,
and charge dynamics, a (3 × 3 × 3) supercell was employed,
and two O atoms are uniformly substituted with N,
corresponding to 1.2% (atomic fraction) N doping concen-
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tration. All the structures are fully relaxed until the total energy
and the maximum atomic forces are smaller than 10−5 eV and
0.01 eV/Å, respectively. Then, the system is heated to 300 K
by repeated velocity rescaling. Here, the K-point mesh uses a Γ
point only because a huge 162-atom supercell is used. After
this, a 3 ps AIMD trajectory is obtained using the
microcanonical ensemble with a 1 fs time step. The NAMD
results are obtained by averaging over 100 random initial
configurations selected from the molecular dynamics (MD)
trajectory.22 The e−h nonradiative recombination times were
obtained by fitting the charge population using the exponential
decay function =f t t( ) exp( ) 1 /t .23 This method
has been widely used to study photoexcited carrier dynamics in
various systems.24−26 In this calculation, the spin−orbit
coupling (SOC) effects on the structural relaxation have not
been included to reduce the computational effort because it
has been proven that the results of SOC on charge distribution
are rather limited.27

■ RESULTS AND DISCUSSION
The supercell model of pure and N-doped Cu2O considered in
the present work is shown in Figure 1. Cu2O has a high

symmetry cubic structure (point group: O4h; space group:
224, Pn3̅m).28 It has six atoms per unit cell: the oxygen atoms
form a bcc lattice, while the copper is on the vertices of a
tetrahedron around each oxygen atom. The detailed
calculation parameters are displayed in Table S1. The
optimized lattice constants are a = b = c = 4.2696 Å, which
are in good agreement with experimental values.29 These
results implied that our calculation methods are reasonable,
and the calculated results should be authentic. In addition, we
found that the bond angle of Cu−O−Cu is equal to 109.4712°
in pure Cu2O, while in the N doping model, the bond angle of
Cu−N−Cu is 109.5500°, 109.5500°, 108.8184°, 109.5539°,
109.7971°, and 109.5538°, respectively. This indicates that
owing to the differences in the ion radius and valence electron
configuration between O and N atoms, a lattice distortion
occurs. In addition, the evolution of the Cu−O−Cu bond
angle and the Cu−N−Cu bond angle along the MD simulation
at 300 K is displayed in Figure S1. This indicated that in the N
doping system, the lattice distortion is more serious.
The calculated band structure and DOS of pure and N-

doped Cu2O are plotted and compared in Figure 2. As shown
in Figure 2a,b, pure Cu2O is a direct band gap semiconductor
with a calculated band gap of 0.54 eV between the VBM and
CBM. The PBE-DFT calculation marginally underestimates
the band gap relative to experimental results (2.17 eV), while
multiple studies have proven that the system underestimate
will not affect the ratiocination of the band gap variation
tendency.30 In the case of nitrogen doping, the band gap is

narrowed from 0.54 to 0.51 eV slightly. In addition, there is an
impurity energy level, which was identified by the red line
located above the top of the VBM about 0.09 eV. PDOS plots
in Figure 2c,d highlight that the upper valence band is
dominated by the Cu-3d states. The lower conduction band
exhibits the hybridized states between all atoms. The impurity
energy level is mainly derived from the N-2p states, but other
electronic states, O-2p and Cu-3p, -3d, and -4s, also contribute
to its formation.
To illustrate the effect of lattice distortion, which was

induced by N doping on the charge density distribution, the
Kohn−Sham orbitals of the CBM and VBM for pure and N-
doped Cu2O are plotted in Figure 3. For the pure system, the

VBM and CBM are distributed on both Cu and O atoms
uniformly, which shows a free charge carrier feature. In the N
doping system, the VBM was distributed on N atoms and Cu
atoms, which were near the N atoms, while the CBM was
distributed on Cu and O atoms far away from the doping
atoms. The IB was also displayed. The charge is localized
around N atoms. Significant charge localization can be
observed. According to Ambrosio and Mahata’s report, the
spatial separation between polaronic holes and electrons were
induced by local structural distortions of the sublattice.27,31

The bond angle variation in doping systems confirmed this
phenomenon.
The dynamics of excited charge carriers at a certain

temperature can be emulated by regular NAMD simulations.
The e−h recombination time is estimated as the time scale

Figure 1. Optimized geometries for pure and N-doped Cu2O.

Figure 2. Band structures (a, b) and projected density of states
(DOS) (c, d) for pure and N-doped Cu2O. The Fermi level is set to
zero. The impurity energy level was identified by the red line.

Figure 3. Orbital distribution of the CBM and the VBM for pure and
N-doped Cu2O.
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when either the electron or hole reaches the VBM or CBM,
respectively. For the systems with the IB in the band gap, it is
estimated as the time at which the electron and hole both
reach one of the intermediate bands, which are located in the
band gap. The results which have been corrected with a
scissors operation are shown in Figure 4. The e−h nonradiative

recombination times, which were obtained by fitting the charge
population using the exponential decay function

=f t t( ) exp( ) 1 /t , are listed in Table 1.23 The e−

h recombination time in the pure system is 10.10 ps. With N
doping, the timescale was prolonged to 37.05 ps, which relies
on the slower transition between electrons or holes to reach
the intermediate band. It is about four times more than the
pure system. Zhang et al. also reported that acceptor doping
could accelerate charge separation in Cu2O.

32

In NAMD simulations, the hopping probability of excited
e−h between different energy states depends on the NAC
e l e m e n t s , w h i c h c a n b e w r i t t e n a s :

= | | =
| |

d Rjk j t k

Hj R k

k j
. H is the Kohn−Sham Hamil-

tonian. φj, φk, εj, and εk are the corresponding wave functions
and eigenvalues for electronic states j and k. R is the position of
the nuclei, and Ṙ is the velocity of the nuclei.33 Table 1 shows
the averaged NAC results of pure and N-doped Cu2O at 300
K. In the pure system, the NAC is 3.95 meV. In the N-doped
system, the result is 2.18 meV between the CBM and IB and
9.78 meV between the IB and VBM. From the djk equation,
one can see that the NAC elements show strong dependence
on the electron−phonon (e−ph) coupling term⟨φj | ∇RH | φk⟩,
energy difference εk − εj, and the nuclear velocity Ṙ. Because
the nuclear velocity is temperature-dependent, which is
comparable in these two systems, we propose that the e−ph
coupling and band edge offset are the two crucial factors. The
charge density distribution of the CBM and VBM as shown in
Figure 3 illustrates that N doping leads to large charge
localization. Therefore, even though N doping reduces the
band gap slightly, the NAC is still small in this system. The

NAC results rationalize the variation tendency of the
recombination time scale sufficiently.
To understand the e−ph coupling, we present the

fluctuations of the electronic orbital energy difference of
related states in Figure 5a, and the corresponding FT spectra

are shown in Figure 5b. The fluctuation amplitudes are ∼0.08,
0.2, and 0.4 eV for CBM−VBM of the pure system and CBM-
IB and VBM-IB of the N-doped system, respectively. The
strength of the electronic-state energy fluctuation amplitude is
directly correlated with the strength of e−ph coupling.
Furthermore, the FT spectra reveal the dominant phonon
modes involved in the NAMD. Figure 5a shows that there is a
slightly small energy fluctuation for pure Cu2O, which is
induced by Cu+ stretching and compression along the face
diagonals of the cube (180 cm−1) and the twisting of the
tetrahedron of Cu+(120 cm−1).34 However, in the N-doped
system, a large extent of energy fluctuations indicates that there
is a strong e−-ph coupling for the relevant states, which is
excited by the rotation of the Cu+ tetrahedron (88 cm−1), Cu+
stretching and compression along the face diagonals of the
cube (180 cm−1),34 and stretching vibration of copper(I)−O
(622 cm−1).35 The introduction of N dopants activates more
phonon modes due to symmetry breaking.

■ CONCLUSIONS
In summary, using ab initio NAMD simulations, we have
gained deep insight into the nonradiative e−h recombination
in the Cu2O system. Calculation results indicated that N
doping induced a shallower IB on the VBM, leading to
significant charge localization. Further analysis of orbit
distribution combined with the band gap reduction illustrates
the variation tendency of NAC, which is the key factor for the
hopping probability of excited e−h. Therefore, we demonstrate
that the formation of the IB and charge localization play an
essential role in suppressing e−h recombination in N doping
systems, and it is beneficial to achieve high-efficiency Cu2O-
based optoelectronic devices.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c03916.

Calculation parameters for Cu2O and Cu2O:N supercells
(3 × 3 × 3); evolution of the Cu−O−Cu bond angle
and the Cu−N−Cu bond angle along the AIMD
simulation at 300 K; and crystal structure, band
structure, and orbital distribution of the CBM and the

Figure 4. e−h recombination dynamics in pure and N-doped Cu2O.

Table 1. Optical Band Gaps, Nonadiabatic Couplings
(NACs), and Nonradiative e−h Recombination Time for
Pure and N-Doped Cu2O

band gap (eV) NAC (meV) recombination (ps)

Cu2O (CBM-VBM) 0.54 3.95 10.10
Cu2O:N (CBM-IB) 0.51 2.18 37.05
Cu2O:N (VBM-IB) 0.09 9.78 0.89

Figure 5. (a) Time evolution of the relevant band gaps at 300 K. (b)
Fourier transform (FT) spectra of autocorrelation functions for the
fluctuations of the relevant band gap.
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VBM for N-doped Cu2O (N atom was doped not in the
neighboring sites) (PDF)
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