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Simulation of photoluminescence spectroscopy from first principles provides a powerful approach for pre-
dicting the experimental spectrum and understanding the origin of the luminescence of materials. We show here
that the use of the hybrid-exchange correlation functional combined with first-principles molecular dynamics
can simulate the defect-induced photoluminescence spectrum of zinc stannate (Zn2SnO4) in good agreement
with the experiment. The calculations were carried out for 12 different point defects of Zn2SnO4, and show
that the green-to-red photoluminescence emissions obtained in the experiment are mainly contributed by the
oxygen vacancy defects. These defect states play the roles of deep donors and radiative recombination centers
during the photoluminescence mechanism. In particular, their electronic properties are significantly affected by
temperature, which is related to the strong fluctuation of the nearest-neighbor Sn atoms relative to the vacancy
center.
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Over the past two decades, zinc stannate (Zn2SnO4), a
transparent semiconducting oxide, has attracted much atten-
tion from researchers thanks to its wide range of applications,
including humidity and gas sensors [1], transparent conduc-
tors [2,3], anodes for lithium-ion batteries [4–6], electrodes
for dye-sensitized solar cells [7,8], and photocatalysis [9], to
name a few. In particular, its wide band gap (≈3.7 eV) [10]
allows for native defects or impurity doping into the system
at various energy levels inside the band gap, resulting in light
emissions of a wide range of colors from this material. A few
examples that have been reported so far are blue [11–13],
green [9,12,13], yellow-orange [9,13,14], and red [15,16]
colors. In particular, recently, Vien et al. [16] have shown
that single-phase Zn2SnO4 powder synthesized from ZnO and
SnO2 can have a very bright emission at wavelength 684 nm
even at room temperature as observed in the photolumines-
cence (PL) spectrum. This emission is in the middle of the
far-red color regime (670–730 nm), which is highly important
for designing high luminous efficacy and high color rendering
index white light-emitting diode (LED) devices [17]. Hence,
Zn2SnO4 can be a potential candidate to coat LED chips for
white LED devices or even for agricultural applications where
light-based stimulating plant growth requires red or far-red
light emissions [18].

However, at the current stage, the physics for the PL spec-
trum of Zn2SnO4 are not fully understood. As mentioned
previously, because of the wide band gap, the PL spectrum
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of Zn2SnO4 is defect mediated where the transition energies
smaller than the band gap are in focus. But except for the
rather obvious band-to-band emission peak near the band-gap
value 3.7 eV [19,20], the contributions of defects to Zn2SnO4

optical properties are still ambiguous and under controversy
[9,20]. Almost all possible types of native defects with finite
thermodynamic stability and lattice distortion defects have
been considered as potential emission centers for Zn2SnO4 to
understand its luminescence spectrum. For example, blue and
green emissions may be attributed to oxygen vacancies and
lattice distortions may result in [9,11,12,19,21,22] orange and
red emission bands attributed to not only oxygen vacancies
but also Sn and Zn interstitials [15,23,24]. Furthermore, the
synthesis condition is an important factor that controls the
chemical potentials of each Zn, Sn, or oxygen element, lattice
structure, defect concentrations, etc. [9], causing difficulties
in establishing a correct relationship between defect structures
and the luminescence spectrum of Zn2SnO4. So far, the con-
sensus is that oxygen vacancy is the main reason for the blue
and green emission bands [19,22], and the origins of other
emission bands are not clearly explained. Moreover, these are
mostly explanations based on experimental evidence, and a
fully theoretical interpretation of the PL spectrum is miss-
ing. Therefore, having an accurate theoretical framework to
interpret the experimental luminescence results and make
predictions of other emission bands for Zn2SnO4 samples is
essential.

There are very few theoretical works studying defect states
in Zn2SnO4, mostly focusing on the oxygen vacancies [25]
and lacking information on their luminescence properties. In
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FIG. 1. Top (a) and side (b) views of the ball-and-stick model
of the Zn2SnO4 crystal unit cell. The structures have single oxygen,
Zn, or Sn vacancy and their names are defined by removing the
corresponding atom marked by the blue circles. Here, VO1 and VO2

are formed by removing oxygen atoms at the sites surrounded by (3
Zn and 1 Sn) and (2 Zn and 2 Sn) atoms, respectively. VZn1 and VZn2

are formed by removing Zn atoms from the octahedrally and tetrahe-
drally coordinated sites, respectively. VSn structure is unique because
all the Sn atoms in the system are symmetrically equivalent. a, b,
and c indicate the directions of the three primitive lattice translation
vectors of the system, of which the computed lengths are presented
in Table I.

this Letter, by using extensive first-principle simulations, we
aim to study systematically the electronic properties and the
PL spectrum for each type of defect in Zn2SnO4. This result
provides a detailed interpretation of the origin of the near-, far-
red, and green-emission peaks in the PL spectrum of Zn2SnO4

which has been summarized in Ref. [20]. In particular, using
our first-principles approach, we present the calculated PL
spectra of this system consistent with experimental results,
providing a reliable method to study the PL spectra of ma-
terials.

Experiments have shown that the ternary oxide Zn2SnO4

has an inverse spinel stable phase [10,26–28], where one Zn
atom in the chemical formula is tetrahedrally coordinated
while the other Zn atom and the Sn atom are octahedrally
coordinated in equal proportion. This phase is shown to exist
as a single phase by heating the composition of ZnO and
SnO2 to T = 1275 ◦C and then annealing to room temperature
[29,30]. However, it is not clear from the research community
about the exact symmetry of the crystal structure, especially
about the cation ordering. Reference [31] examined various
possible crystal symmetries of Zn2SnO4 using first-principles
calculations, suggesting that the correct symmetry depends
much on the pressure and temperature of the system. If the
cation is disordered, Zn2SnO4 is likely to be in a cubic space
group (Fd 3̄m) [32]. In contrast, at a certain pressure and
temperature where the cation ordering might exist, then the
higher chance is that the more favorable space groups are or-
thorhombic structures Imma or P4122 [31–35]. Furthermore,
Bao et al. [33] showed strong evidence that Imma symme-
try can be stabilized for Zn2SnO4. Therefore, in our Letter,
we relax the system using the initial Imma crystal structure.
In this orthorhombic symmetry group, Zn2SnO4 exhibits an
inverse spinel crystal structure (see Fig. 1) where the unit
cell has 28 atoms (consisting of 8 Zn, 4 Sn, and 16 oxygen
atoms). Starting with the Imma structure obtained from the

TABLE I. The lattice parameters (a, b, c) of the orthogonal
Zn2SnO4 unit cell and the atomic bond lengths of Zn–O and Sn–O
bonds (in Å) computed using PBE and PBE0 functionals and com-
pared with experiments.

PBE PBE0 Expt.

a 6.09 6.11 6.09 [35]
b 6.31 6.12 6.09 [35]
c 8.78 8.59 8.62 [24], 8.50 [35]
Sn–O 2.06 2.05
Zn–O 2.07 2.06

Materials Project database [36], we employ the first-principles
variable-cell relaxation method [37] to obtain the most stable
crystal structure. The optimized lattice parameters and atomic
bond lengths are shown in Table I.

Defect in Zn2SnO4 is simulated by constructing a supercell
of 3 × 3 × 2 pristine orthogonal Zn2SnO4 cells, containing
504 atoms in total, and then a single defect is imposed in
the supercell. We consider all possible 12 point defects that
may occur in Zn2SnO4, which are divided into three types:
vacancies, interstitial defects, and antisites. Vacancy defects
are constructed by removing the oxygen, Sn, or Zn atom at
symmetrically inequivalent sites, forming five different de-
fects, namely, VO1, VO2, VZn1, VZn2, and VSn (see Fig. 1).
Interstitial defects are formed by inserting the oxygen, Sn,
or Zn atom into the center of the biggest unoccupied re-
gion of the cell, resulting in three defects Zni, Sni, and Oi.
Finally, by replacing one atom in the cell with a different
atom denoted as AB (atom B replaced by atom A), one ob-
tains four kinds of antisite defects: ZnSn, ZnO, SnO, and
SnZn. Density functional theory (DFT) is employed with the
plane-wave and pseudopotential methods developed in the
QUANTUM ESPRESSO package [38,39] for our calculations.
The structures with defects are optimized at 0 K by using
the Broyden-Fletcher-Goldfarb-Shanno algorithm [40]. The
SG15 optimized norm-conserving Vanderbilt pseudopoten-
tials [41] are used for the electron-ion interactions. The energy
cutoff for the plane wave expansion is 100 Ry (400 Ry for
the charge density cutoff). Brillouin-zone integration has been
performed using single-� point sampling and a 6 × 6 × 6 k
grid for the Zn2SnO4 supercell and pristine unit cell, respec-
tively. Detailed atomic coordinates of all optimized structures
are presented in the Supplemental Material (SM) [42].

We calculate PL spectra theoretically following Fermi’s
“golden rule” [43], which describes radiative recombination
between an excited electron lying at the conduction band
minimum (CBM) ϕCBM and a hole residing at the deep defect
state, ϕd , of which the energy level is in the band gap of the
semiconductor:

PL(ω) =
∑

d

Nω2|〈ϕCBM|r̂|ϕd〉|2 × δ(εCBM − εd − ω). (1)

Here, r̂ is the position operator, and εCBM and εd are the
energy levels at the CBM and defect state, respectively. N
stands for the normalization factor. In our calculations, the
main recombination mechanism leading to PL emissions is the
band-to-defect transition [43,44] while other possible mech-
anisms such as band-to-band, excitonic, or defect-to-defect
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FIG. 2. Total theoretical and experimental optical absorption
spectra for the pristine Zn2SnO4 crystal. The theoretical spectra are
calculated with PBE and PBE0 functionals, which are averaged over
the x, y, and z directions. The experimental spectrum is taken from
Ref. [20]

transition are not considered, mostly because their transitional
energy is out of the PL energy window of interest. The single-
particle states ϕ’s and the energy levels ε’s in Eq. (1) are
obtained from the solutions of the Kohn-Sham equation in
the DFT calculations. We note that the complete formula for
the PL spectra [43] contains the electron (hole) occupancy
in the initial (final) state. However, as there are only deep
defect states, the excited electrons stay mostly around the
CBM while the hole occupancy at the defect states is always
unity, justifying Eq. (1).

We start with a discussion of an appropriate exchange-
correlation functional used in DFT calculations for predicting
structural properties, electronic band gap Eg, and optical
spectroscopy of Zn2SnO4. Two approximation levels, the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approx-
imation functional [45] and the PBE0 hybrid functional [46],
are considered for calculations of Zn2SnO4 using a pristine
unit cell. Both functionals predict a direct band gap for this
material. However, while the PBE0 functional predicts an Eg

value of 3.35 eV, compatible with experimentally reported val-
ues ranging from 3.3 to 3.7 eV [9,26,47], the PBE functional
reports Eg ≈ 1.3 eV, severely underestimating it. This failure
of PBE for predicting the band gap is due to its self-interaction
error [48] and the lack of piecewise linearity behavior of total
energy as a function of occupation [49]. Moreover, thanks
to its high macroscopic dielectric constant (ε∞ ≈ 10.23), ab-
sorption spectra can be calculated within the random phase
approximation [50] for Zn2SnO4. The results are plotted in
Fig. 2, showing that the PBE0 functional predicts well the
absorption spectrum of the system, not only the onset of the
absorption peak but also the peak position in the range from
2.0 to 5.0 eV, while the PBE one is not consistent with the
experimental one.

However, the discrepancy between the PBE0 and PBE
functionals when predicting structural properties of the pris-
tine Zn2SnO4 is less pronounced. Table I shows the average
atomic bond lengths of Sn–O and Zn–O bonds and three

lattice constants computed using PBE0 and PBE functionals
in comparison with the experimental values. Lattice constants
and bond lengths from PBE calculations are only less than 2
and 1% different from those from PBE0 ones, respectively.
These calculated lattice constants are less than 3% differ-
ent from the x-ray diffraction experimental data measured in
Zn2SnO4 nanoparticles [24] and in one-dimensional Zn2SnO4

nanostructures stabilizing in an inverse spinel orthorhombic
phase at high pressure [35], confirming the reliability of both
PBE and PBE0 functionals in predicting the lattice structure.
Therefore, because of the computational expense of the PBE0
functional, our approach to simulate Zn2SnO4 with defects
effectively is first to compute the optimized structure with the
PBE functional, and then conduct rigorously electronic struc-
ture and PL spectrum calculations with the PBE0 functional.

Choosing a reliable exchange-correlation functional and
having a lattice structure that matches the experiment allow
us to analyze and discuss in detail the electronic structure
of the defect states and their corresponding PL brightness by
calculating the Zn2SnO4 structure with defects at 0 K. We find
that all kinds of interstitial or antisite defects have a negligible
contribution to the overall PL spectra (see the Supplemental
Material [42]), therefore they are not considered in the main
text. Then, we plot in Fig. 3 the spin-resolved energy-level
diagram of the vacancy defects only (VO1, VO2, VSn, VZn1, and
VZn2). The common point for all these types of vacancies is
that the energy levels are inside the band gap, thus directly
contributing to the PL spectra of Zn2SnO4. Figures 3(a) and
3(b) characterize the defect states of oxygen vacancies VO1

and VO2, respectively. They are spin-non-polarized and fully
occupied midgap states that hybridize more strongly with ad-
jacent Sn atomic orbitals than with those of Zn, resulting in the
defect energy level (Kohn-Sham level) of 1.95 eV (1.55 eV)
above the valence band maximum (VBM) for VO1 (VO2), and
therefore acting as donors. These energy values are in the
same order as the results reported in Ref. [25]. It is also worth
mentioning that the formation energy of oxygen vacancy VO1

is higher than that of VO2, suggesting that under the same
synthesis condition VO2 may be easier to be formed than VO1.

In contrast, as the Sn or Zn atom in the pristine structure
is removed, their vacancies result in unoccupied defect states,
thus acting as acceptors. Interestingly, these defect structures
exhibit ferromagnetic order with the magnetization of 2μB

and 4μB, where μB is the Bohr magneton constant, for Zn
and Sn vacancies, respectively [see Figs. 3(c), 3(d) and 3(e)].
The ferromagnetism induced by the Zn vacancy has also been
reported in ZnO [51,52] where the magnetic moment is pri-
marily delivered from the O-2p states, which coordinate with
the Zn vacancy. They align via the p-p orbital coupling medi-
ated by hole carriers at the defect, leading to ferromagnetism
[51]. The same mechanism is likely to occur in Zn2SnO4

where the vacancies are located at the octahedral or tetragonal
sites, similar to ZnO. According to our calculations, VSn has
two twofold degenerate defect states at 1.0 and 2.45 eV above
the VBM, whereas each type of Zn vacancy causes two defect
energy levels for VZn1 and VZn2, respectively (0.95 and 0.2 eV)
and (1.15 and 1.05 eV). As exhibited in Fig. 3, the defect
states of Sn and Zn vacancies are p∗-type orbitals, which are
less localized than those of oxygen vacancies and allocated at
oxygen sites adjacent to these vacancies.
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FIG. 3. Top panel: The electronic structures of the five Zn2SnO4 vacancy-defect models. The deep defect states are denoted with black
or white arrows corresponding to occupied or unoccupied states, respectively. The up (down) arrow is corresponding to the spin channel up
(down) of the Kohn-Sham states, respectively. Bottom panel: Visualization of the density isosurfaces with the isovalue of 4 × 10−4 (e/bohr3)
for the defect states numbered in the top-panel figures. The host Zn2SnO4 crystal is visualized in the wire-frame model. The blue balls denote
the vacancy defect position. The two different colors of the density isosurfaces refer to the sign of the wave function. Here, to show symmetry
of the defect orbitals, the supercell of the VO1 is projected along the [001] direction, while for the others it is projected along the [100] direction.
The crystal coordinate axes of the system are denoted as (x, y, z).

Based on the electronic structures of Zn2SnO4 with de-
fects, one can calculate the PL spectra of the material. This
type of calculation is conducted in two steps: first, the PL
spectrum for each type of defect structure is obtained by
employing Eq. (1); second, the total PL spectrum is estimated
by averaging over all defect-dependent PL spectra, which can
be used to compare with experimental results. We further note
that the experimental PL spectrum for reference is obtained
from Ref. [20], in which the photon energy window is re-
stricted to the range from 1.4 to 2.6 eV, hence we focus our
calculations mostly in this energy range. In the first step, we
examine PL spectra for each type of defect and discover that
oxygen vacancies produce a bright peak at ≈1.4 eV (857 nm)
and ≈1.8 eV (666 nm), respectively, for VO1 and VO2, while
other defects produce darker peaks within the visible energy
window. Here, we note that VSn and ZnO can generate emis-
sion peaks at ≈0.9 eV (1333 nm) and at ≈0.5 eV (2254 nm),
respectively, whose PL intensity is in the same order as that of
the oxygen vacancies (see Fig. 3 of the SM [42]). However,
their energy is out of the energy window of interest, and
they thus are not considered in the following. These behaviors
reflect a trend that the low-energy optical transitions are more
likely to occur than those of the high-energy ones.

In the second step, we compute the total PL spectrum
at zero temperature by averaging PL spectra of all types of
defects and compare them with the experimental data obtained
from Ref. [20]. For this comparison, we align the highest peak
of computational and experimental spectra and determine the
relative positions of other peaks to this by applying a 0.2-eV
blueshift and normalizing the highest peak of both the com-
putational and experimental spectra to one. Figure 4 exhibits
these spectra, showing the consistency between experiment
and calculation, especially our first-principle calculations,
which predict the correct relative position between the main
and the second main peaks. The second main peak is in the
green region (≈2.3 eV) caused by VO2, which agrees with the
oxygen-vacancy-related green emission reported in Ref. [19].
However, the portion of spectral weight from 1.9 eV (red
emission) to 2.2 eV (green emission) is not depicted by the

zero-temperature spectrum. Because contributions from anti-
sites or interstitials are negligible, there are two main reasons
for consideration. The first reason may come from further
mechanisms of the optical transition that we do not consider
in this Letter, such as the carrier lifetime or scattering pro-
cess, which may broaden the PL peaks into the red-to-green
region. However, the chance for this is low because the energy
range of the discrepancy is too large for such a broadening.
The higher chance is from the difference in temperature in
use. Because the experimental spectrum is measured at room
temperature (300 K), thermal relaxation effects must be taken
into account.

To test this claim, we perform first-principle molecular dy-
namics (MD) simulations on Zn2SnO4 with defects at 300 K,

FIG. 4. The total photoluminescence spectra computed as aver-
aging over the spectra computed for the single-defect geometries
optimized at 0 K (orange dashed line) and sampled along the MD
trajectories at 300 K (red line), and compared with the experimental
spectrum (blue dots) taken from Ref. [20]. All the spectra are nor-
malized, and the first peak in the computed spectra is aligned to the
experimental one.
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FIG. 5. Distance between the oxygen vacancy center and its
nearest-neighbor Sn atoms computed for the VO1 (blue line) and
VO2 (orange line) structures along their MD trajectory at 300 K.
The ball-and-stick models represent the nearest-neighbor atoms to
oxygen vacancies (blue balls) for the VO1 and VO2 structures; each
of them is placed next to the corresponding MD trajectory. For the
VO2 structure, the distance to the Sn1 atom is considered (the distance
to the Sn2 atom is plotted in the Supplemental Material [42]). Eight
MD samples chosen for computing the PL are denoted by the blue
circles (VO1) and orange diamonds (VO2). The inset shows the relation
between the above distance and the energy difference between the
system’s CBM and defect states computed for the eight samples. The
linear fitting lines are also done for eye guiding.

using a leapfrog velocity Verlet algorithm to integrate the
ionic equations of motion [53] as implemented in the CON-
QUEST code [54,55] with a time step of 1 fs. These structures
are relaxed within 2 ps in the microcanonical (NV E ) en-
semble after 1 ps thermalization running within the NV T
canonical ensemble using the stochastic velocity rescaling
thermostat MD [56]. We only used this MD simulation on
VO1 and VO2 structures that contribute to the interesting PL
regime and computed the PL spectrum on their eight chosen
samples along the NV E MD trajectory, as shown in Fig. 5.
Details of each sample’s PL spectrum are shown in Figs. 4 and
5 of the SM [42]. The electronic calculations show that while
the band gap of the samples, Eg = 2.92 ± 0.04 eV, is almost
unchanged, the energy levels of oxygen vacancies are varied
up to 1.2 eV upon the MD relaxation [42] (especially, those of
VO2 vary more than those of VO1). The latter induces changes
in the PL spectra of both positions and intensities of the
peaks for each configuration. The averaged spectrum of the 16
samples of VO (300 K curve in Fig. 4) results in the computed
PL spectrum in agreement with the experimental one, thus
interpreting the discrepancy mentioned above. Details of each
sample’s PL spectrum are shown in Figs. 4 and 5 of the SM

[42]. There is still a discrepancy between the experimental
and the 300 K spectra between 2.3 and 2.5 eV. This energy
window is larger than the the band-to-defect emission energy
and thus requires another emission mechanism to interpret,
which is however beyond the scope of this Letter.

To examine which factor affects the oxygen vacancy struc-
tures the most, we plot in Fig. 5 the distances between oxygen
vacancy centers and their adjacent Sn atoms depending on the
number of MD steps. We choose the Sn atom because the
changes are more pronounced for the distance to Sn atoms
than that to the Zn atom (see also Figs. 6–8 of the SM [42]). As
found in Ref. [25], the strong hybridization between Sn atomic
orbitals and oxygen vacancy states means that electronic prop-
erties and charge distribution around an oxygen vacancy are
affected mainly by the adjacent Sn atom. Moreover, because
of the multiple oxidation states, Sn atomic orbitals can be
strongly bound to the defect states during the MD equilibra-
tion. Figure 5 shows that these distances oscillate strongly
during the MD simulation, up to 12% more than their av-
eraged distance in the pristine structure at zero temperature.
More importantly, the inset of this figure shows the tendency
of linear dependence between these distances and the defect
energy states (with respect to the CBM), justifying the role of
Sn atoms on oxygen vacancy energy levels. This role is also
reflected via the stronger variation of the PL spectra of VO2

upon MD relaxation compared to the VO1, where the VO2 is
adjacent to two Sn atoms and the VO1 is adjacent to only one
Sn atom.

In conclusion, we have investigated the PL spectrum of
Zn2SnO4 using DFT calculations with the hybrid-PBE0 func-
tional, which is a reliable and accurate tool for calculating
this kind of spectrum. We calculated a theoretical spectrum
that closely matches experiment at room temperature and
predicted the spectrum at 0 K. In accordance with previous
work, we provided further evidence of the origins of the bands
between the far-red and green peaks in the experimental spec-
trum, which are mostly due to the oxygen vacancies in the
systems. More importantly, we demonstrated that defect en-
ergy states, particularly for oxygen vacancy VO2, are strongly
influenced by thermal effects, fully explaining the difference
in PL spectra at zero and room temperatures. In particular,
the vibration of the metal atoms (Sn) around these oxygen
vacancies due to thermal equilibration significantly affects
the spectrum, justifying the impact of temperature on the PL
spectrum.
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