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The role of oxygen defects in a bismuth doped
ScVO4 matrix: tuning luminescence by
hydrogen treatment

Hai-Shan Zhang,a Fengwen Kang,ab Yu-Jun Zhao,a Mingying Peng,a Dang Yuan Leib

and Xiao-Bao Yang*a

We have investigated the mechanism of tunable luminescence in a bismuth doped ScVO4 matrix by using

the first-principles calculations. It is found that some intrinsic defects generally exist in the matrix due to

their low formation energies, while they have no remarkable effect in the optical band gap of the

compound. The calculated formation energy of substitutional Bi at the Sc site is 2.0–3.3 eV lower than that

of replacing V by Bi in various chemical environments. Yet, once there is an oxygen defect (vacancy) around

a Bi atom, it is energetically preferable to form a defect complex, BiSc + VacO. Based on the calculated

formation energy and the imaginary part of the dielectric function, the defect complex transfers between

the neutral charge state and the 1+ charge state, which is ascribed to be responsible for the red bismuth

photoemission observed in experiment. With the defect complex, tunable bismuth photoemission could

be achieved by selectively controlling the content of hydrogen. Our calculations have shown that there

is a passivation effect resulting from the re-padding of the oxygen defect by the hydrogen atom. This

confirms the experimental observation of tunable bismuth luminescence due to the defect complex,

leading to a potential facile design of other defect-controllable, micro- and nano-sized luminescent

materials ranging from the visible to the near- and far-infrared spectrum.

1. Introduction

Traditional phosphors are primarily rare earth (RE) ion doped
semiconductor materials with wide band-gap energies. For
example, tunable luminescence from 650 nm for CaS:0.1%Eu2+

to 625 nm for Ca0.2Sr0.8S:0.1%Eu2+ was considered to be most
promising for red phosphors,1,2 Y2O3S doped with Eu3+, a kind
of red phosphor, has been investigated for near ultraviolet
(UV) InGaN-based light emitting diodes (LEDs),3–5 Ba3MgSi2O8

doped with 0.075 and 0.05 moles of Eu2+ and Mn2+ ions shows
three emission colors: 442, 505, and 620 nm, which could be
used to fabricate white LEDs,6 where the above-mentioned
fluorescence emissions are mainly derived from the intrinsic
transitions at fixed energy levels (e.g., 4f - 4f for Eu3+ and
5d - 4f for Eu2+,Mn2+). However, RE ions, a non-renewable
energy source, will run down sooner or later, showing unsustain-
ability in the foreseeable years. Thus, researchers are encouraged

to construct alternative fluorescent materials without RE ions, by
the comprehensive consideration of non-RE characteristics and
material structures.

Due to its various unique physical and chemical properties,
the non-RE bismuth is an excellent candidate for making up
the disadvantages of RE ions. It is reported that bismuth can
possess various luminescent species ranging from UV light to
visible/near-infrared/even far-infrared light. As for the visible
luminescence, the bismuth valences are mainly focusing on
trivalent bismuth (Bi3+) and bivalent bismuth (Bi2+), in which the
former is always selected as the sensitizer of RE ions for improving
the RE luminescence,7–9 while the latter can emit either orange or
red under UV/blue excitations.10–12 However, due to the weak
luminescence, Bi2+ is premature to be applied in white LED
illumination. In previous works about phosphors, the X-ray photo-
electron spectra (XPS) of samples were compared with the XPS of
typical a-Bi2O3, confirming that Bi3+ could stably exist in solid state
compounds (Yx,Luy,Scz)1�aVO4:aBi (a = 0–5.0%, x + y + z = 1).13

Furthermore, Bi3+ was present in the ScVO4 and ScVO3 samples for
a long time during the reduction process.14 All these references
can exclude the influence of Bi2+ ions on Bi3+ luminescence.
That is to say, only Bi3+ has good potential application in white
LEDs. This can be exemplified by the successful white LED
fabrication based on LuVO4:Bi3+ phosphors.15
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Extrinsic defects are particularly notable in luminescent
materials. Many luminescent materials relying on different
chemical-bonding environments belong to extrinsic defect-
assisted materials,16,17 in which electronic states are created
between the valence band (VB) and the conduction band (CB),
for instance the carbon-based boron oxynitride phosphor.18 It is
also found that if there is no appropriate extrinsic defect help,
nanospheres and quantum dots (QDs) with tunable emissions
(e.g., SiO2,19 Al2O3,20 and MoS2

21–23) cannot be realized. Therefore,
introducing and (or) adjusting even a quite small amount of
defects can allow us to change the luminescence performance
greatly. In addition, controlling the defects via external tempera-
ture to enhance the photoemission intensity is also reported.
For example, the intensity of the LuVO4:Bi3+ phosphor can
reach B1.9 times at 250 1C when compared to that at room
temperature.15 It is obvious that defects have a significant
influence on the luminescence properties of materials. Oxygen
vacancy is a fundamental intrinsic defect in metal oxide semi-
conductors and may bring a crucial effect on their electronic
and physicochemical properties. Bismuth oxyhalide (BiOX)
(X = Cl, Br, I) with oxygen vacancies can absorb visible light and
display excellent visible light photocatalytic activity, in a large part
due to a new electronic peak of the Bi-6p state in the forbidden
band contributed by the oxygen vacancies.24–27

As the isostructural compound of LuVO4, ScVO4 is reported
to possess the unusual red luminescence under UV excitation,
which, verified by DFT results, is ascribed to the integrated
contributions of the complexes produced by Bi3+ and the
modulation of oxygen vacancy created by the replacement of
Sc3+ with Bi3+.28 In addition, a blue-shift of the ScVO4:Bi3+

emission in a hydrogen atmosphere is expected due to new
defects related to hydrogen and oxygen vacancies generated in
the vicinity of the introduced Bi3+ ion.14 Deeper mechanisms of
the unusual red luminescence and the confusing blue shift
phenomenon, however, are still open questions, at least including:
(i) what kind of defects are responsible for the red luminescence
could be stable under different experimental conditions; (ii) how
orbital energy transition triggers the red luminescence; (iii) how
the hydrogen atoms diffuse and what is the exact reason for the
blue-shift of the Bi3+ emission; (iv) whether we can effectively
utilize the defects to realize the tunable luminescence from the
experimental consideration; (v) which way is more suitable for us
to begin with the exploration of the mutual relationship between
the defect role and luminescence performance as defects are
bad-controllable and hard-predictable in experiments by con-
ventional techniques.

Enlightened by the above issues, herein we therefore carried
out the relevant studies. With utilization of first-principles calcula-
tions, detailed analysis was performed by discussing the possible
influence of intrinsic and extrinsic defects on the red Bi3+

luminescence in ScVO4. After analyzing the formation energies
with the actual Fermi energy position by charge compensation,
we determined the stable defects and the defect complex
BiSc + VacO resulting from the substitution of an Sc atom by a
Bi atom. We showed the intrinsic optical properties of blue-
emitting ScVO4 and red-emitting ScVO4:Bi and, in combination

with the experimental observations, further evaluated the impor-
tance of oxygen defects in the tunable Bi photoemission in
ScVO4. The concept of the defect role we show here is expected
to give an important implication for researchers to design and
realize the tunable photoemission of crystal materials.

2. Theoretical details

The first-principles calculations were performed on the basis of
the density functional theory (DFT) method, as implemented
in the Vienna ab initio simulation package (VASP).29,30 The
exchange correlation potential was calculated by using projec-
tor augmented wave (PAW) potentials with generalized gradient
approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE)
format.31,32 To minimize the computational cost, the Bi per-
centage, which is comparable to the maximum nominal doping
percentage (B3.0%) in ScVO4:Bi,28 was adopted in the modeling
process, though the optimal Bi content corresponding to the
strongest emission intensity was experimentally determined to
be B1.0%. The 2 � 2 � 2 supercell with 192 atoms was used for
the calculations of vacancies. All the structures were fully relaxed
with the mesh of a 1 � 1 � 1 k-point grid by conjugate gradient
minimization, and the force criteria were 0.05 eV Å�1. The k-point
grid was increased to 2 � 2 � 2 to obtain accurate energies and
optical properties with atoms fixed. To improve the calculations of
electronic properties, we used the Hubbard U model in DFT
calculations to deal with the 3d electrons for both Sc and V,
where U and J values of 3.0 and 0.8 eV are adopted, respectively.
The cut-off energy of the plane-wave was set to be 450 eV,
achieving the energy convergence within 1 meV per atom.

The defect formation energy containing atoms a in the charge
state q was calculated by means of the following equation:33

DHða;qÞf ¼ Eða; qÞ � Eð0Þ þ
X

a

na Dma þ msolida

� �
þ q EVBM þ EFð Þ

(1)

where E(a,q) and E(0) are the total energy of the supercell with
and without involving defect; Dma is the absolute value of the
chemical potential of the atom referred to its most stable phase
msolid
a ; na is the number of each type of defect atom; na value is
�1 or +1, depending on whether one atom is added or removed,
respectively; EVBM represents the energy at the valence band
maximum (VBM) of a defect-free system, and EF is the Fermi
energy relative to the EVBM.

3. Experimental design and
characterization

A batch of 10 g mixture powder with the nominal chemical
composition of Sc0.99VO4:0.01Bi was initially synthesized in air
by reacting the unpurified raw materials of Sc2O3 (99.99%),
NH4VO3 (99.95%) and Bi2O3 (99.999%) in a tube furnace at
1100 1C for 3 hours. After 5 min intermediate grinding in an
agate mortar, homogenous powder was obtained and then
divided into four equal batches for the following hydrogen
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atmosphere treatment. Except for one batch for comparison,
the remaining three batches were treated for the same time
(1 min) but at different hydrogen concentrations at 1100 1C.
N2/H2 ratios for the three batches were set as 97.5/2.5, 95/5 and
92.5/7.5, respectively. Finally, all samples were reground again
for the following photoluminescence characterization.

Static excitation and emission spectra of all samples were
performed by using a high resolution FLS 920 spectrofluoro-
meter (Edinburgh Instruments) equipped with a red-sentive photo-
multiplier (Hamamatsu R928P) in a Peltier air-cooled house in
single photon counting mode. To illustrate how the hydrogen
atmosphere influences the relevant photoluminescence and avoids
the errors as well as to understand the relationship between
theoretical and experimental results, for instance the emission
intensity and the atmosphere-dependent position-shift, the excita-
tion and emission slits were fixed to be 1.5 nm and 2.0 nm,
respectively. All excitation and emission spectra were performed at
room temperature and corrected over the lamp intensity with a
silicon photodiode and the PMT spectral response.

4. Results and discussion
4.1 Structural stability analysis

Firstly, in order to determine the stability of the intrinsic defects
in blank ScVO4 and the extrinsic defects caused by external Bi
atom doping, all the possibilities were considered on the basis of
first-principles calculations. In blank ScVO4, since there is no
external Bi atom doping, we have focused on the intrinsic defects
ranging from Sc, V, and O vacancies (VacSc, VacV, and VacO) to Sc,
V, and O interstitial defects (Sci, Vi, and Oi) and to antisite defects
caused by cation substitution of Sc by V or V on Sc (namely, ScV or
VSc). Returning to eqn (1), one can notice that defect formation
energy is exhibited as a function of Dma and EF. In the process of
formation energy calculations, there are some thermodynamic
limits on Dma and EF. In this case, except for maintaining the
essential EF value between EVBM and ECBM, in order to ensure the
successful formation of ScVO4 phase and, at the same time, to
avoid the competitive phase formation (including the elemental
solids, e.g., Sc and V etc.), the chemical potentials Dma need to
further meet the following requirement:

DmSc + DmV + 4DmO = DHf(ScVO4) (2)

mDmSc + nDmV + pDmO r DHf(ScmVnOp) (3)

DmSc r 0, DmV r 0, DmO r 0 (4)

With the constraints of eqn (2)–(4), the calculated chemical
potentials of Sc, V and O could form a chemical region, as
shown in the shaded area of Fig. 1. Based on the equilibrium
conditions, one can easily grasp the growth conditions of the
ScVO4 phase. Herein, we have selected three typical chemical
potential points M (anion-rich/cation-poor (I), DmSc = �9.49 eV,
DmV = �7.67 eV, DmO = 0), N (anion-rich/cation-poor (II),
DmSc = �8.91 eV, DmV = �8.25 eV, DmO = 0) and P (anion-poor/
cation-rich, DmSc = �6.01 eV, DmV = �3.40 eV, DmO = �1.94 eV).
After that, we obtain the formation energies of the corresponding

intrinsic defects as a function of the Fermi level at chemical
potentials M, N, and P (see Fig. 2(a)–(c)). For each defect, only
the charge state with the lowest formation energy is indicated at
each value of the Fermi level. The kink points shown in the
formation energies curves correspond to charge state transition
levels. Here, the defect concentrations are calculated at the
experimental sample preparation temperature (1400 K) with
self-consistent Fermi levels, carrier concentrations and defect
concentrations.34,35 Subsequently, the Fermi level at room
temperature (300 K) is further calculated with the fixed defect
concentrations, while their charge states are allowed to be
relaxed under charge neutrality conditions. As shown in Fig. 2,
there are several stable defects in blank ScVO4, i.e., VSc in 1+, 0
charge states; Oi in 0, 1� charge states and VacO in 1+, 2+ charge
states as well as ScV in the 2� charge state.

After analysing the intrinsic defects, we begin to evaluate the
extrinsic defects caused by external Bi atom doping. Experi-
mentally, upon excitation with UV light, Bi3+ can emit red/orange
luminescence in ScVO4.28 Due to the close cationic radii and
the same charges between Bi3+ and Sc3+, when Bi atoms are
built in a ScVO4 matrix, two kinds of possible defects induced
by the BiSc and BiV substitutions and other defect complexes
should be considered accordingly. In order to prevent the genera-
tion of some Bi-related compounds (e.g., Bi2O3, BiVO3, BiVO4), the
following constraints are used:

mDmBi + nDmV + pDmO r DHf(BimVnOp) (5)

Upon utilization of eqn (5) and the above chemical potentials
of V and O at M, N and P points, the chemical potentials of Bi
at M, N, and P points are calculated to be �3.93, �3.35 and
�0.45 eV, respectively. According to the three chemical poten-
tials (see Fig. 2(a)–(c)), we provide the formation energy of several
defects as listed in Table 1, and the Fermi level is determined
by the charge balance analysis. The formation energy of BiV

Fig. 1 Phase diagram of the ScVO4 stability region (shaded part) and the
competing phases in the (DmSc, DmV) plane.
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is 2.01–3.3 eV greater than that of BiSc, which indicates that the
external Bi atoms have an extremely strong energetic preference
to substitute the Sc sites. In addition, the Fermi level position
illustrates that the neutral charge defect BiSc is very stable in
the present chemical potential environment. Previous DFT
calculations have told us that the single defect of BiSc has no
significant effect on the optical properties of ScVO4,28 but Bi
atom incorporation can easily give rise to forming the defect
complex BiSc + VacO. Differing from the previous results, as
clearly shown in Fig. 2(a)–(c), our work further shows that under
the chemical potential environment of metal-poor/oxygen-rich
points M and N, the defect complex BiSc + VacO can be stabilized
in the 2+ charge state; yet, once under the chemical potential
environment of metal-rich/oxygen-poor point P, the charge state
of the defect complex BiSc + VacO is 0, with its formation energy
of 2.76 eV (Table 1).

If the above oxygen vacancies we calculated can indeed
influence the Bi3+ luminescence, then we introduce a hydrogen
atom to fill one generated oxygen vacancy to passivate VacO.
After carefully inspecting the formation energies of the defect
complex BiSc + VacO + H (also see Fig. 2(a)–(c)) and all possible
chemical potential environments, it is found that the defect
complex BiSc + VacO + H is stable in the 1+ charge state. Similar to
the case of BiSc + VacO, the neutral defect complex BiSc + VacO + H
is preferable to exist in the chemical potential environment

of metal-rich/oxygen-poor point P and the formation energy is
2.55 eV (Table 1). Of course, it has to be noted here that the
chemical potential of hydrogen mH is the energy per H atom of
the hydrogen molecule.

4.2 Dielectric function e2(x) analysis

It is known that the line shape of the dielectric function can
reflect the optical properties of all materials. Hence, we draw
the imaginary dielectric function e2(o) patterns of bulk ScVO4

with and without defects, as shown in Fig. 3(a). In Fig. 3(a), the
defect-related line shapes of e2(o) are similar to that of bulk
ScVO4. In view of the low formation energies, the intrinsic
defects could generally exist while the optical band gap of the
compound is not changed, which indicates that there is light
absorption at 3.0 eV. This further illustrates that the intrinsic
defects have no effect on the luminescence of bulk ScVO4. The
inset of Fig. 3(a) shows the partial density of states (PDOS) of
bulk ScVO4. Due to the strong coupling between V-3d and O-2p

Fig. 2 The formation energies of all possible intrinsic defects (dash line)
and extrinsic defects (solid line). The extrinsic defects contain Bi ions in
charge states q = �2, �1, 0, +1 and +2 under the respective chemical
potentials (namely, the phase diagram of point-M (a), point-N (b) and
point-P (c), see Fig. 1). The vertical lines indicate the equilibrium Fermi
energy position Eeq

F with the intrinsic defects only (dash line) and the
extrinsic defects containing Bi ions are considered (solid line). The defect
formation energy calculations are based on the chemical potentials at
points M, N and P shown in Fig. 1.

Table 1 The formation energy of listed defects at points M, N and P in the
chemical potential environment; superscripts are the stable charge states
of defects under charge equilibrium conditions (unit eV)

ScV VSc Oi VacO BiSc BiV

BiSc +
VacO

BiSc +
VacO + H

Point-M 3.952� 2.410 1.670 3.391+ 0.700 3.870 2.812+ 3.311+

Point-N 4.042� 2.232+ 1.670 2.421+ 0.700 2.710 1.562+ 2.691+

Point-P 2.232� 0.930 2.551� 2.711+ 0.700 4.002� 2.760 2.550

Fig. 3 (a) Calculated imaginary part of the dielectric function e2(o) of bulk
ScVO4 and stable defects; the grey dashed line denotes the average value
of all intrinsic defects, BiSc + VacO(1+, 2+) and BiSc + VacO + H(0, 1+);
the inset is the calculated PDOS of bulk ScVO4 with per atom and per
orbital contributions. (b) Excitation and emission spectra (lem = 640 nm,
lex = 330 nm) of ScVO4:0.01Bi samples treated in air and three different
N2/H2 ratios of 97.5/2.5, 95/5 and 92.5/7.5; the inset shows the digital
photographs under 254 nm excitation.
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orbits, the VBM and the CBM are contributed by the O 2p non-
bonding orbitals (non-BOs) and the e anti-bonding orbitals
(anti-BOs) of O-2p and V-3d, respectively. The electron transitions
from the VBM to the CBM correspond to the light absorption edge
that begins with 3.0 eV. Furthermore, it is obvious that there is an
absorption peak around 4.6 eV, which is also why we adopt
260 nm UV light as the excitation source in the experiment.

When considering the extrinsic defects caused by Bi atom
doping, the absorption edge of the dominant neutral defect
BiSc was found to be slightly lower than that of bulk ScVO4,
which is consistent with the previous results.35,41 However, two
peaks in the energy of 1.8 eV and 2.3 eV emerge in the e2(o) line
shape of the neutral defect complex BiSc + VacO, indicating a
valence change from 0 to 1+. We ascribe this valence change to
the red Bi3+ luminescence in ScVO4. When one hydrogen atom
was introduced to passivate the VacO, one can see the line shape
of e2(o) is the same as bulk ScVO4 (see Fig. 3(a)). Note that, the
line shapes of e2(o) of all intrinsic defects, BiSc + VacO(1+/2+)
and BiSc + VacO + H(0/1+), have no obvious differences. In order
to express Fig. 3(a) as clearly as possible, we apply the average
value of e2(o) here.

4.3 Experimental confirmation

Following the above theoretical analysis, we will confirm the
influence of defects on Bi luminescence. A facile experiment
has been designed for ScVO4:Bi to verify the influence of the
possible oxygen defects on Bi3+ luminescence by treating three
equal amounts of ScVO4:Bi compounds in three different
hydrogen atmospheres. The content of hydrogen gas is changed
by controlling the N2/H2 ratio. Since the compounds are easily
reduced by too high H2 content or long treatment time, we set
the reducing treatment time to one minute and three N2/H2

ratios to 97.5/2.5, 95/5 and 92.5/7.5. Our purpose is first to
obtain three different reducing gas gradients and then, with the
designs, to acquire three different concentrations of oxygen
defects accordingly, although we cannot exactly know how much
the defects have been produced. The experimental treatment
design is slightly different from the previous work where fixing
the N2/H2 ratio (95/5) but changing the treatment time is
adopted.14 It is observed in the experimental results that as the
hydrogen treatment concentration is increased, the excitation and
emission intensities are decreased and, meanwhile, the photo-
emission position gradually moves toward a higher energy direc-
tion from 640 nm to 619 nm (see Fig. 3(b)). Unlike the
photoemissions, the excitations do not seem to be affected by
this reducing treatment, leaving the excitation shapes unchanged.
The photoemission change can be reflected by the digital images
of samples under a 254 nm UV lamp excitation (see Fig. 3(b)
(inset)). Increasing the hydrogen concentration gradually turns
the initial bright-yellow-red into dim-yellow. More than that,
due to the phase conversion from ScVO4 to ScVO3 and the
increment of photoemission energy resulting from VO genera-
tion, hydrogen treatment can turn the colour of the ScVO4:Bi3+

sample from yellow to gray back. Since doping of ScVO3 with Bi
cannot give rise to luminescence, interaction of Bi3+ ions and
oxygen vacancies in the ScVO4 matrix is therefore preferably

presumed to be responsible for the experimental excitation and
emission spectra as well as color variations, although the inten-
sity is decreased as the reducing concentration is increased.

Considering the reducing influence of the H2 atmosphere
in the Bi charge state and the Bi2+ orange/red colors under the
UV/blue excitations, the present luminescence we observed may
be from Bi2+, instead of Bi3+. However, Bi2+ has its own unique
spectral features, namely, three excitation (or absorption) bands
resulting from the transitions of 2P1/2 -

2P3/2(1), 2P1/2 -
2P3/2(2)

and 2P1/2 -
2S1/2 and one orange/orange-red/red emission band

that correspond to the transition of 2P3/2(1) - 2P1/2. The excita-
tion and emission of typical Bi2+ doped phosphors have been
reported in our previous works.10,36,37 Furthermore, according to
our present and previous results,13,14,28,38,39 we can find that no
matter how we change the experimental conditions for instance
the H2 atmosphere treatment, the change in temperature and
the substitution of different sites in ScVO4 by different ions,
unique spectral features of Bi2+ are not detectable. Conversely,
after considering various possibilities of our theoretical stimu-
lations and the well matching XPS positions between typical
a-Bi2O3 and ScVO4:Bi3+ samples,14 we can confirm that Bi3+

could stably exist in ScVO4 and ScVO3 samples for a long time
during the present Bi3+ reduction process and therefore the
possible influence of Bi2+ ions on luminescence that we inves-
tigated can be excluded.

4.4 Bond length and electronic structure consideration

The bond length analysis and DOS calculations were employed
to calculate the electronic structure of the doped system and
understand its optical properties and interatomic interactions.
Fig. 4 and 5 show a series of local atomic models fully relaxed in
the xz plane and DOS calculation results. In a pure ScVO4

structure, every Sc atom has eight neighbouring O atoms, with
the distances of Sc–O 2.38 Å and 2.14 Å, respectively. The
distance between the V and the four nearest neighbouring O
atoms is always 1.72 Å (Fig. 4(a)). In addition, the V–O covalent
bonds are stronger than Sc–O ionic bonds. Furthermore, taking

Fig. 4 Fully relaxed atomic models of bulk ScVO4 (a), replacement of Sc
by Bi (b), neutral defect complex BiSc + VacO (c) and neutral defect
complex BiSc + VacO + H (d).
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the view of the charge state and the corresponding cationic
radius (i.e., RV

5+ (0.54 Å) o RSc
3+ (0.75 Å) o RBi

3+ (1.0 Å)42) into
consideration, it is easy to explain the reason why Bi is more
likely to replace the Sc atom relative to V. As a consequence,
when replacing Sc with larger Bi, the distances of the Bi–O bond are
extended to 2.4 Å and 2.31 Å, respectively, slightly longer than those
of Sc–O, and the distances of the V–O bond are reduced to 1.71 Å
(Fig. 4(b)). All these are due to the fact that the Bi–O bond is a little
weak than the Sc–O bond. As a result, the substitution defect BiSc

could induce a slight upward shifting of the VBM, and thus reduce
the band gap to 2.6 eV, as shown in Fig. 5(a). It does not seem to be
necessary to generate oxygen vacancies from the charge compensa-
tion consideration when Bi3+ is substituted for Sc3+. However,
Shahid and his co-workers have already confirmed that intrinsic
Vo could exist in ScVO4.40,41 Moreover, compared with the Sc–O
bond, the weaker Bi–O bond dissociates the oxygen atom near the
introduced Bi atom forming a defect complex BiSc + VacO further.
In an isolated VacO defect, a perfect ScVO4 crystal leaves three
dangling bonds which are derived from the coupled Sc-3d state,
V-3s, and 3d, and the defect levels drop much below the CBM, as
illustrated in Fig. 5(b). However, as seen in Fig. 2(a)–(c), the neutral
state of isolated intrinsic defect VacO is not stable in any chemical
potential environment. In other words, when there is one VacO in
the system, the dangling bonds derived from the Sc and V atoms
around the oxygen vacancies cannot form a localized state, and
they would exist in the form of delocalized electrons.

Fig. 4(c) shows the defect complex BiSc + VacO that contains a
nearest-neighbour BiSc and VacO. To be the most stable defect,
a class of defect complexes is involved with two isolated defects
separated at different distances. From the previous analysis, the
defect complex BiSc + VacO may exist in the neutral state at the
chemical potential point P (oxygen-poor/metal-rich). In com-
parison with the point defect BiSc in BiSc + VacO, the distance
between Bi and the second nearest neighbour V reduces from
3.84 Å to 3.26 Å. From Fig. 5(c), the neutral BiSc + VacO occupies
the defect levels in the band gap contributed by Bi and V atoms.
As for the model of [Sc/Bi� � �O� � �V], due to the existence of more
active Bi valence electrons, the direct coupling between Bi and
V orbitals can make the deep donor levels more stable, which is
important for the optical properties of the structure. Therefore,
the transition between Bi-6s and Bi-6p orbitals contributes to
the absorptions (1.5–2.0 eV) within the near-infrared and red
ranges (Fig. 3(a) and 5(c)). Moreover, since the coupling
between V-3d and Bi-6s, 6p orbitals could break the symmetry
of the crystal, it will abrogate the transitions forbidden between
V-3d orbitals. Thus, the optical absorption curve exhibits the
absorption peaks within 2.0–2.2 eV (Fig. 3(a)). Interestingly, the
donor defect complex BiSc + VacO can lose an electron to be in
the 1+ charge state and, at this time, the impurity levels in the
band gap mainly resulted from the V atom contribution, as
shown in Fig. 5(d). Because the cancellation of the orbital
coupling between Bi-2s, 2p and V-3d, there is a slight drop in
the orbital energy levels of the V atom. And what is more, owing
to the transition forbidden between the V-3d orbitals which
locate in the band gap and the conduction band, it only
emerges as a very weak light absorption at the beginning of
2.5 eV (Fig. 3(a)). When the defect complex BiSc + VacO changes
to be in the 2+ charge state, the impurity levels located in the
band gap disappear (Fig. 5(e)), showing the same optical band
gap as that of pure ScVO4 (Fig. 3(a)).

In the light of the qualitative analysis, the above discussions can
allow us to construct the feasible model to explain the red photo-
emission of Bi3+ in the ScVO4 matrix. Under p-type conditions, the
defect complex BiSc + VacO will be stable in the 2+ charge state,
which allows it to act as a compensating centre with low formation
energy. At this time, the formation energy of 1+ and 0 charge states
are increasing in turn. In contrast, under n-type conditions, where EF

is near the bottom of the conduction band, the BiSc + VacO may exist
in the 0 charge state. In both cases, the luminescence may result
from the transfer of the BiSc + VacO defect center from the 0 charge
state to the 1+ charge state, corresponding to the valence state
transition of the Bi ions from 3+ to 2+.

The above discussion is just the case of oxygen vacancies;
when treating the ScVO4:Bi compound in the reducing atmo-
sphere, hydrogen may enter into the matrix. In this case, it
naturally drives us to try to fill oxygen vacancies in the H atom.
It is shown in Fig. 4(d) that the H atom we introduced localizes
at the position of VacO after a full structural relaxation, which is
consistent with our prediction. The distances of H� � �Bi and
H� � �V are 2.31 Å and 1.72 Å, respectively, which are very close
to the distances of O� � �Bi (2.29 Å) and O� � �V (1.71 Å) in the
isolated defect BiSc (Fig. 4(b)). Hence, the DOS diagram also

Fig. 5 Density of states of replacement of Sc with Bi in the ScVO4 host (a),
an isolated oxygen vacancy (b), an defect complex BiSc + VacO in the 0
charge state (c), 1+ charge state (d), 2+ charge state (e), and the neutral
charge state BiSc + VacO + H (f). The black lines describe the density of
states of bulk ScVO4, and color lines indicate the density of states of the
impurity atoms.
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considers the process of BiSc + VacO and BiSc + VacO + H cases
(Fig. 5(c) and (f)). It is easily understandable that the role of the H
atom is to couple with partial dangling bonds, the results of which
can drive the valence electron orbitals of Bi atoms that previously
locate within the band gap to bond with the orbitals of the H atom
and then drop the hybrid orbitals down to the position near the
VBM. Of course, one can note that the defect levels derived from the
V-3d orbits remain located in the band gap. Due to the forbidden
transition between the V-3d orbitals, the remaining defect levels
therefore show no effect on the optical properties (Fig. 3(a)).

4.5 Reaction pathway of H2 molecule dissociation in an
oxygen vacancy

To verify whether the H2 molecule can decompose into H atoms
in experiment, we have also calculated the barrier of H2 molecule
dissociation in an oxygen vacancy (VacO), using the climbing
image nudged elastic band (CI-NEB) technique.42 The energy
profile of this reaction pathway is shown in Fig. 6(d), where 8
images are interpolated linearly from state A to state C. The initial
state A is a H2 molecule located in VO as shown in Fig. 6(a). As the
reaction progresses, the system will reach a transition state B
(Fig. 6(b)) with an associated barrier of 0.18 eV, in which the H–H
separation has been lengthened to 0.91 Å. At the end of this
reaction pathway, the system reaches the final state C (Fig. 6(c)), in
which the H2 molecule has been dissociated, with one hydrogen
atom located in the VacO, and the other bonded with an oxygen
atom forming a hydroxyl. The calculation results show that the
barrier of H2 molecule dissociation in VacO is as low as 0.18 eV,
which is a good proof for the above analysis.

5. Summary and outlook

In this work, we theoretically investigated the stabilities and
photoelectrical properties of the intrinsic defects of bulk ScVO4

and extrinsic defects caused by Bi atom doping. The results
showed that the intrinsic defects have no effect on the lumines-
cence of bulk ScVO4. Since the substitutional BiSc defect is
energetically preferable, one VacO around the Bi atom will be
created, forming the defect complex BiSc + VacO. As a consequence,
the orange/red Bi3+ luminescence is generated. More than that,
with re-filling the VacO by a hydrogen atom, the passivation effect
emerges. This is confirmed experimentally by the blue-shifting
of photoemission positions when ScVO4:Bi was treated in the
reducing hydrogen atmosphere. Our results can potentially serve
as a facile implication for the development of defect-controllable
luminescence materials, by making use of crystal defects.
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