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electronic, and optical properties
of ultra-wide bandgap zirconium-doped tin dioxide
from a DFT perspective

Shan Peng, Xiaolin Wu, Yuanke Sun, Zhanxiang Zhou, Debing Long *
and Huaqing Yu*

The effects of zirconium doping on the thermodynamic, electronic, and optical properties of tin dioxide are

investigated by using density functional theory calculations combined with the cluster expansion method.

In the whole composition range, the formation enthalpies of all structures are positive, indicating that

SnO2–ZrO2 is an immiscible system and the ZrSnO2 alloy has a tendency of phase separation at low

temperature. The x-T phase diagram of ZrSnO2 ternary alloy shows that the critical temperature is 979 K,

which means that when the growth temperature of ZrSnO2 crystal is higher than the critical

temperature, it is possible to realize the full-component solid solution. The bandgaps of ZrxSn1−xO2

alloys (0 # x # 1) are direct and increase as the Zr composition increases. Zr doping can tune the

bandgap of SnO2 from the ultraviolet-B region to the deep ultraviolet region, and has a strong optical

response to deep ultraviolet light. The projected density of states and band offsets clearly reveal the

reason for the increase of bandgap, which provides useful information to design relevant optoelectronic

devices such as quantum wells and solar-blind deep ultraviolet photodetectors.
1. Introduction

Semiconductor deep ultraviolet (UV) optoelectronic devices have
great application prospects in the elds of the national economy
and people's livelihoods, military defense, and other elds, and
can be widely used in laser precision processing, precision
measurement, semiconductor lithography processes, biomedi-
cine, water and air detection and purication, heat source
detection, etc.1–3 Therefore, ultra-wide bandgap semiconductor
materials with a band gap of more than 4.5 eV have gradually
attracted the attention of researchers from all over the world.
Common ultra-wide bandgap semiconductor materials include
aluminum nitride (6.2 eV), diamond (5.5 eV), b-Ga2O3 (4.8 eV),
SnO2 (3.6 eV), etc. Although some progress has been made in the
research of ultra-wide bandgap semiconductor materials, there
are still some problems e.g. that the AlxGa1−xN system is prone to
phase separation and composition segregation under high Al
content. At the same time, the donor and acceptor levels will
become deeper and difficult to excite; due to the continuous
photoconductivity effect, the response time of AlGaN-based UV
photodetectors is difficult to improve.4 High quality and large
area epitaxial growth of diamond has been difficult, and there is
no effective bandgap adjustment method. The p-type doping of
b-Ga2O3 is very difficult due to its band structure.5
ation Engineering, Hubei Engineering

China. E-mail: dblong@hbeu.edu.cn;
Due to the bandgap of 3.6 eV in SnO2, it can be used as a UV-
B band photodetector. F-doped SnO2 has been widely used as
a transparent conductive material in elds such as LEDs and
solar cells.6,7 Li et al. improved the luminous efficiency of SnO2

by doping In in SnO2, and achieved near UV electrolumines-
cence at 398 nm.8 At the same time, they also found that Ag
doping can form acceptors and achieve near-band edge lumi-
nescence at 361–375 nm. In addition, the transformation of
SnO2 from n-type to p-type can be achieved by heavily doping
Mg in SnO2, and strong UV luminescence can be observed in
photoluminescence experiments.9,10 Xue et al. achieved ultra-
wide response photodetectors in the 365 nm to 980 nm wave-
length range by growing SnO2 on p-type Si.11 However, limited
by the bandgap of SnO2 (3.6 eV), the minimum cutoff wave-
length of the above devices is about 320 nm, which can only
achieve visible light-blind UV detection, and it is difficult to
achieve solar-blind deep UV detection. In SnO2, both 5s and 5p
electrons of Sn are transferred to the O atom, resulting in empty
bands of 5s and 5p, forming the conduction band minimum
(CBM). The 4d band of Sn is in a full band state, located below
the valence band maximum (VBM). The VBM of SnO2 is
composed of the 2p orbital of O. By doping Zr to partially
replace Sn, the unlled Zr-4d orbital and O-2p orbital are
hybridized to form the VBM, thereby changing the symmetry of
the VBM and achieving efficient optoelectronic conversion. In
addition, the ionic radius of Zr4+ (0.79 Å) is slightly larger than
that of Sn4+ (0.69 Å), hence the similar ionic radius means Zr4+

ions can easily replace Sn4+ ions in the crystal lattice, and the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra08607k&domain=pdf&date_stamp=2024-01-03
http://orcid.org/0000-0003-1244-8366
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08607k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014003


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 8

:3
5:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
product compound can stabilize the lattice structure. The
bandgap of ZrO2 (5–7 eV) is much wider than that of SnO2,
which is suitable for forming a ternary alloy with SnO2,
increasing the bandgap of SnO2 and achieving band regulation,
so as to realize its application in the eld of ultra-short wave-
length and deep UV photodetectors.

In this paper, the crystal structure, solubility limit, elec-
tronic and optical properties of ZrSnO2 alloy are systematically
studied by rst-principles calculations combined with the
cluster expansion method. The variation trend and regulation
mechanism of the bandgap of the alloy caused by Zr doping
are revealed. This will provide meaningful guidance and
reference for the band engineering of SnO2 and its potential
application in solar-blind deep UV detectors in theory and
technology.
2. Computational methodologies

The cluster expansion (CE) method is performed by the MIT Ab
initio Phase Stability (MAPS) program in the Alloy Theoretic
Automated Toolkit (ATAT)12 to generate ZrxSn1−xO2 alloy
congurations with different doping contents, and quickly t
the energies of a small portion of congurations calculated by
DFT to obtain the formation enthalpies for all congurations.
The CE method has been successfully applied to the study of
various alloy systems, such as PdHx,13 MgxNi1−xO,14 CdSxSe1−x,15

and ZnS1−xSex.16 In principle, the ZrxSn1−xO2 alloy phase equi-
librium and ground state calculations require one to determine
the total energies of all possible congurations. However, it is
costly and unrealistic to calculate the total energies of all
possible congurations via rst-principles calculations. An
Ising-like Hamiltonian can be constructed via the CE method to
determine the energies of different alloy congurations. It can
rapidly calculate the energy of any alloy conguration and thus
saves signicant computation time. Here, we give a generalized
description of the CE method. The Ising-like Hamiltonian for
the energies of possible congurations s is calculated using

EðsÞ ¼ J0 þ
X
i

JiŜiðsÞ þ
X
j\i

Jij ŜiðsÞŜjðsÞ

þ
X
k\j\i

JijkŜiðsÞŜjðsÞŜkðsÞ þ/ (1)

where the J's (Ji, Jij, Jijk, etc.) denote the interaction energies
(effective cluster interactions) and Ŝi (i = 1, 2, ., N) are the
“spin” variables. Ŝi take the value of +1 or −1 corresponding to
the i site occupied by a Sn or Zr atom. The interaction energies
J's are obtained by tting the results of DFT calculations. In this
work, 25 alloy congurations are calculated by DFT to obtain the
interaction energies. Once the J's are obtained, the energy of any
conguration can be rapidly computed using eqn (1). In the
process of CE, the MAPS procedure is performed continuously
by gradually increasing the number of clusters contained in the
CE until the desired precision is reached. The predictive power
of the CE method is controlled by the so-called cross-validation
(CV) score, which is oen dened by comparing the difference
between the DFT-calculated energies EDFTi and the tted ener-
gies Eti from the CE method
© 2024 The Author(s). Published by the Royal Society of Chemistry
CV ¼
 
1

N

XN
i¼1

�
EDFT

i � Efit
i

�2!2

(2)

A small CV score provides a basis for the power of the CE
method. We can consider the CE to be suitable when a CV score
of less than 100 meV per cation appears. In this work, the CV
score is less than 0.73 meV per cation. We have added a detailed
description of the CE method in the computational method-
ology section of the revised manuscript.

The structural relaxation and property characterization were
performed using the rst-principles calculation program
Quantum Espresso.17 The ultraso pseudopotentials (USPPs)18

method was used to describe the interaction between ions and
electrons, and the generalized gradient approximation in Per-
dew–Burke–Ernzerhof (PBE)19 form was used as the exchange
correlation function to handle the interaction between elec-
trons. A plane wave energy cutoff of 600 eV was applied in the
entire calculation. The convergence thresholds for energy and
atomic forces in the self-consistent calculation were set to be
less than 0.05 GPa and 1.4× 10−5 eV, respectively. Due to strong
onsite Coulomb interaction of Zr-4d orbital, the PBE+U strategy
was adopted to describe the Coulomb and exchange correlation
effects of Zr-4d orbital. An effective U value of 4 eV 20 produced
ZrO2 equilibrium lattice parameters of a = b = 3.68 Å and c =
5.22 Å, which are consistent with the experimental values of a =

b = 3.61 Å and c = 5.21 Å.21

The branch-point energy (BPE) EBP is regarded as an energy
reference level for the band alignment in the band offset
calculations.22 It can be using

EBP ¼ 1

2Nk

X
k

"
1

NCB

XNCB

i

3ciðkÞ þ
1

NVB

XNVB

j

3vjðkÞ
#

(3)

where Nk denotes the number of G-centered Monkhorst–Pack k
points in the Brilloun zone. NCB and NVB represent the number
of conduction bands (CBs) and valences bands (VBs) at G-
centered Monkhorst–Pack k points, respectively, while 3ci(k) and
3vj(k) are the energies corresponding to the conduction bands
and valence bands. In this work, the BPE is computed by aver-
aging the eigenvalues of the two highest valence bands (NVB= 2)
and the lowest conduction band (NCB = 1). Once the BPE is
determined, it is set to zero and all DFT-calculated VBMs and
CBMs refer to it. Then, the VBM and CBM band offsets for
ZrxSn1−xO2 alloys with different Zr contents can be obtained as
follows:

DEv ¼ DEVBM � 1

2
dEg (4)

DEc ¼ DECBM þ 1

2
dEg (5)

where dEg = ED-solg − EGGA+Ug . In the above equation, ED-solg and
EGGA+Ug indicate the band gaps determined using the D-sol and
GGA+U methods, respectively.

The optical absorption coefficients are calculated based on
the imaginary part 32(u) of the frequency dependent complex
dielectric function 3(u) = 31(u) + i32(u) to quantitatively
RSC Adv., 2024, 14, 1538–1548 | 1539
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understand their light-harvesting ability. The imaginary part
32(u) is rst calculated according to the following formula:23

32ðuÞ ¼ 4p2

m2u2

X
c;v

ð
BZ

2

ð2pÞ3
��Mc;vðkÞ

��2dð3ck � 3vk � ħuÞd3k (6)

where jMc,v(k)j2 denotes the momentum matrix element, and c
and v are the conduction and valence band states, respectively.
Then the real part 31(u) is derived from the imaginary part
according to the Kramers–Kroning transformation.24 Finally, we
can obtain the optical absorption coefficients a(u) via the
following expression:25

aðuÞ ¼
ffiffiffi
2

p
u

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ

�1=2
(7)

3. Results and discussion
3.1. Thermodynamic properties

3.1.1. Formation enthalpy and ground-state search. Based
on the 25 DFT calculated structures, 670 congurations with
different distribution of dopants were searched through CE.
Using CE, we estimated the formation enthalpies of all
symmetrically independent congurations, accommodating up
to 48 atoms in the supercell, as depicted in Fig. 1. Through
ground state search, ground state structures are only found at
two endpoints (SnO2 and ZrO2), with no other intermediate
ground states (the stable ZrxSn1−xO2 alloy congurations with
other contents (0 < x < 1) with formation enthalpies below 0,
except for x = 0 and 1) present. The formation enthalpies of all
ZrxSn1−xO2 alloy congurations are positive, indicating that
SnO2 and ZrO2 are difficult to form stable and ordered alloy
solid solutions. They exhibit a trend of phase separation at low
temperatures, but may form good disordered alloys at high
temperatures.
Fig. 1 Formation enthalpies of ZrxSn1−xO2 alloys. Black crosses
represent CE-predicted energies, red dots denote the DFT-calculated
formation enthalpies of selected configurations, and stars mark the
two end points SnO2 and ZrO2 as DFT-calculated ground states of
ZrxSn1−xO2.

1540 | RSC Adv., 2024, 14, 1538–1548
3.1.2. Phase diagrams. The thermodynamic phase diagram
provides important clues for studying the solubility limit and
phase transition temperature of alloys. The binodal curves (the
equilibrium solubility limits) are formed via common tangent
construction to the Gibbs free energy DG at a given temperature
and the spinodal curves (the nonequilibrium metastability
limits) are made up of the points where the second derivative of
DG equals zero at a given T. The Gibbs free energy DG is dened
by

DG(x, T) = DH(x, T) − TDS(x) (8)

Here, x is the concentration of Zr, DH is the formation enthalpy,
and DS is the mixing entropy as described by the Bragg–Wil-
liams approximation.26 The mixing entropy is given by DS =

−kB[x log x + (1 − x) log(1 − x)] per cation. T is the temperature.
The binodal and spinodal curves in Fig. 2 divide the phase
diagram into the stable, metastable and unstable mixing
regions. In the region outside the binodal curve, the ZrxSn1−xO2

solid solutions are single-phase, homogeneous, and stable. The
metastable region exists between the binodal and spinodal
curves. Phase separation occurs in the region inside the spi-
nodal curve, where the ZrxSn1−xO2 solid solutions are unstable.
The critical temperature TC of ZrSnO2 alloy is 979 K, this means
that above this temperature, the ZrSnO2 alloy may achieve full-
component solid solution. Through advanced semiconductor
crystal growth technologies such as metal organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE), and
pulse laser deposition (PLD), the synthesis of stable ZrSnO2

alloys at high temperatures can be achieved. At present, Zr:SnO2

alloy thin lms prepared by spray pyrolysis, chemical vapor
deposition and Nb:ZrxSn1−xO2 alloy lms prepared by pulsed
laser deposition have been reported in the experiment.27–29 The
preparation temperatures are 150–200, 400, and 720 °C,
respectively. This indicates that ZrxSn1−xO2 alloys are very
promising to be prepared experimentally. The application of
Fig. 2 The x-T phase diagram of ZrxSn1−xO2 alloys. Solid and dotted
lines represent the equilibrium binodal and spinodal curves,
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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semiconductor materials under high temperature or extreme
conditions is also what people need. Therefore, the stable wide
bandgap ZrSnO2 alloys at high temperatures have practical
application value and research signicance.
3.2. Electronic properties

3.2.1. Band structures and density of states. To investigate
the effect of Zr dopant concentration on the electronic struc-
ture, ve low-lying congurations with different Zr contents (x=
0, 0.25, 0.5, 0.75, and 1) were select to analyze the variation of
Fig. 3 The front views of (a) SnO2, (b) Zr0.25Sn0.75O2, (c) Zr0.5Sn0.5O2, (d) Z
top and side views in (a)–(e), respectively. The brown, green, and red ba

© 2024 The Author(s). Published by the Royal Society of Chemistry
bandgap with composition. The crystal structures of ve low-
lying congurations are shown in Fig. 3. Due to the larger ion
radius of Zr, the lattice constants of ZrxSn1−xO2 alloys mono-
tonically increase with the increment of Zr content, as listed in
Table 1. The cohesive energies Ec of ZrxSn1−xO2 alloys are
calculated using the following formula:

Ec ¼ 16xEZr þ 16ð1� xÞESn þ 32EO � EZrxSn1�xO2

48
(9)

where EZrxSn1−xO2
is the total energy of the ZrxSn1−xO2 alloy, and

EZr, ESn, and EO are the energies of an isolated Zr, Sn, and O
r0.75Sn0.25O2, and (e) ZrO2. (a
′)–(e′) and (a′′)–(e′′) are the corresponding

lls are Sn, Zr, and O atoms, respectively.

RSC Adv., 2024, 14, 1538–1548 | 1541
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Table 1 Crystal structure information and cohesive energies (Ec) of
ZrxSn1−xO2 (x = 0, 0.25, 0.5, 0.75, and 1) alloys

ZrxSn1−xO2 a (Å) b (Å) c (Å) a (°) b (°) g (°) Ec (eV per atom)

0 9.61 9.61 6.46 90 90 90 5.13
0.25 9.65 9.65 6.49 89.91 89.99 90.03 5.84
0.5 9.68 9.72 6.49 90 90 90.01 6.57
0.75 9.73 9.74 6.50 90 90 89.99 7.28
1 9.77 9.77 6.52 90 90 90 8.01
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atom in vacuum, respectively. It can be seen that these Zrx-
Sn1−xO2 alloys have high cohesive energies, indicating that they
can theoretically form stable ternary compounds. In addition, it
Fig. 4 Band structures along the tetragonal high-symmetry directions fo
ZrO2 calculated at the GGA+U level. The red dotted line is the Fermi lev

1542 | RSC Adv., 2024, 14, 1538–1548
is worth noting that due to the different ionic radii between Zr
and Sn atoms, the lattice constants and a, b, g angles of SnO2

undergo small changes, resulting in lattice distortion, which
leads to an orthogonal or monoclinic lattice symmetry in the
ZrxSn1−xO2 alloy conguration.

The calculated band structures are shown in Fig. 4, and it
can be seen that the VBMs and CBMs of ZrxSn1−xO2 alloys are
both located at the G point in the Brillouin zone. Therefore,
these ZrxSn1−xO2 alloys are direct bandgap semiconductors. As
the Zr content increases, the bandgap shows a monotonically
increasing trend, with bandgap value ranging from 0.72 to
3.91 eV, as shown in Fig. 5. The distribution of the valence
bands is less dispersed than that of the conduction bands
r (a) SnO2, (b) Zr0.25Sn0.75O2, (c) Zr0.5Sn0.5O2, (d) Zr0.75Sn0.25O2, and (e)
el and has been set to zero.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 GGA+U calculated (cyan circle) and D-sol corrected (red
hexagon) bandgaps as functions of Zr compositions for ZrxSn1−xO2

alloys.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 8

:3
5:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
because the former has stronger locality. In addition, the CBMs
are more dispersive than the VBMs, which means that the
effective masses of electrons in the conduction bands are
smaller than those of holes in the valence bands. Taking the
band structure of Zr0.25Sn0.75O2 as an example, we calculated
the effective masses of holes in the VBM and electron in the

CBM according to the formula
1
m

¼ 1
ħ
v2EðkÞ
vk2

. The calculated

effective masses of electrons and holes are 0.44 m0 and 3.50 m0

(m0 is themass of an electron), respectively, which conrms that
the holes in the valence bands are heavier than the electrons in
the conduction bands. Hence, the holes have lower mobility
than the electrons. These band structure characteristics also
indicate that the O-2p electrons, which form the VBM states (as
shown in Fig. 6), are tightly bound to the atoms, reducing the
mobility of valence band holes. Thus, although the concentra-
tion of conduction band electrons is lower than that of valence
band holes, the contribution of electrons to conductivity is
greater.

The underestimations of bandgaps by GGA+U method can
be attributed to the inherent self-interaction error and the
absence of derivative discontinuity in the exchange–correlation
potential.30 To address these issues and diminish discrepancies
in the Kohn–Sham energy gap, we implemented the efficient D-
sol method31 as a correction measure for GGA+U computed
bandgaps. The D-sol method can signicantly improve Kohn–
Sham bandgap errors. It estimates the bandgaps of multicom-
ponent alloys by tting the experimental bandgap values of pure
binary compounds, avoiding complex calculations and
reducing computational costs. The D-sol method has been
successfully applied to calculate the bandgaps of various alloy
systems.15,16,32 The corrected bandgap is within the range of 3.56
to 5.78 eV, as shown in Fig. 5. This indicates that Zr doping is
expected to regulate the bandgap of SnO2 to the deep UV region,
so as to realize the application of SnO2-based ultra-wide
bandgap solar-blind deep UV photoelectronic devices.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The projected density of states (PDOS) analysis (Fig. 6) shows
that before doping with Zr element, the valence and conduction
bands near the Fermi level are mainly contributed by the O-2p
and Sn-5s states, respectively. Aer doping with Zr element,
the conduction band near the Fermi level is dominated by Zr-4d
states, accompanied by some contributions from Sn-5s states.
The effect of Zr-4d states on CBM is greater, so the change in
band gap value of ZrxSn1−xO2 alloy is mainly caused by Zr
doping content. Due to the delocalization of the d-band by GGA
exchange–correlation potential, the overlap between the O-2p
state and the Sn/Zr-4d state is overestimated, resulting in
a severely underestimated bandgap in strongly correlated elec-
tronic systems.33 For the conduction band, the lowest unoccu-
pied state near the Fermi level is a mixed state of Sn-5s and Zr-
4d. The hybridization of s–d orbitals in the conduction band
depends on the relative orbital energies. In fact, the energy
difference between the Sn-5s and Zr-4d levels is signicant, so
as the Zr content increases, the s–d hybridization effect
weakens, causing the CBM to move upwards. Therefore, the
bandgap of ZrSnO2 alloy gradually widens with the increase of
Zr content.

3.2.2. Band offsets. Since Zr doping is bound to affect the
electron lling in the VBM and CBM of SnO2, resulting in
changes in the position of VBM and CBM. The band offset can
intuitively reect the relative variation of the band alignment of
VBM and CBM at the interface of ZrxSn1−xO2 alloys with doping
content. It is an crucial parameter for evaluating charge trans-
fer, quantum connement, and conversion efficiency, and is
closely related to the design of optoelectronic devices.22 There-
fore, in order to apply ZrxSn1−xO2 alloys as heterojunctions in
electronic and optoelectronic devices, the band offsets of VBM
and CBM at the interface of ZrxSn1−xO2 alloys with different Zr
concentrations were calculated, as show in Fig. 7. The valence
band offsets are large, while the conduction band offsets are
relatively small. In the tetragonal ZrxSn1−xO2 alloys with Td site
symmetry, the anionic 2p and cationic 4d orbitals are equivalent
symmetric states, both of which are transformed into G15

representation.34,35 The interaction between them generates
energy level repulsion, leading to an increase in valence band
offset. Due to the higher energy of Zr-4d orbital compared to Sn-
4d orbital, as the Zr content increases, the p–d coupling effect
becomes more pronounced, leading to a gradual increase in
valence band offset.

3.2.3. Chemical bonding analysis. From the electron
localization function (ELF)36–39 and charge density difference
plots (as shown in Fig. 8), it can be seen that there is no charge
distribution between metals, which indicates that no bonding
interaction exists between them. However, there is a signicant
amount of charge distribution between the metal and O atoms,
and the charge around the metal and O atoms is distributed
spherically, indicating that the Sn–O and Zr–O bonds are mainly
ionic interactions. According to the Bader charge distribution
analysis40–42 (as listed in Table 2), the Bader charges on Sn, Zr,
and O atoms are−2.34 to−2.31 jej,−2.59 to−2.55 jej, and 1.17–
1.27 jej, respectively. It indicates that Sn and Zr lose electrons,
while O gains electrons and charges transfer from Sn and Zr
RSC Adv., 2024, 14, 1538–1548 | 1543
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Fig. 6 Projected density of states (PDOS) and band decomposed charge density distribution of VBM and CBM at G point for ZrxSn1−xO2 alloys.
The PDOS have been normalized according to the number of atoms in the ZrxSn1−xO2 alloys to better show how it varies with the Zr composition.
The red dotted line is the Fermi level and has been set to zero. The isosurface value is 0.01 e Å−3.
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Fig. 7 Band offsets of ZrxSn1−xO2 alloys with different Zr composi-
tions. The branch-point energies are set to zero, treated as reference
energy levels, and used to align the conduction and valence band
edges.

Fig. 8 Calculated ELF of (a) SnO2, (b) Zr0.5Sn0.5O2, and (c) ZrO2 alloys in
sectional plots of corresponding ELF along the (001) plane in (a)–(c). Char
× 2 × 2 supercells at an isosurface value of 0.01 e Å−3. The yellow and b
(d′)–(f′) are the sectional plots of corresponding charge density differenc

Table 2 The Bader charges of Sn, Zr, and O atoms in ZrxSn1−xO2

alloys. Positive and negative values represent the gain and loss of
electrons, respectively

ZrxSn1−xO2 Sn Zr O

0 −2.34 — 1.17
0.25 −2.32 −2.59 1.19
0.5 −2.31 −2.57 1.22
0.75 −2.31 −2.56 1.25
1 — −2.55 1.27

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atoms to O atoms. This is consistent with the phenomenon
reected on the charge density difference plots (Fig. 8d–f).

3.3. Optical properties

The effective response of semiconductor materials to light is
vital for their applications in optoelectronic and photovoltaic
devices. The optical absorption coefficients of ZrxSn1−xO2 alloys
were calculated based on the imaginary part of the frequency
dependent complex dielectric function. As shown in Fig. 9, the
2 × 2 × 2 supercells at an isosurface value of 0.7 e Å−3. (a′)–(c′) are the
ge density difference of (d) SnO2, (e) Zr0.5Sn0.5O2, and (f) ZrO2 alloys in 2
lue bubbles indicate charge accumulation and depletion, respectively.
es along the (001) plane in (d)–(f).
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Fig. 9 Absorption coefficients of ZrxSn1−xO2 alloys with different Zr
compositions for parallel (red) and perpendicular (blue) light
polarization.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 8

:3
5:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
absorption coefficients of ZrxSn1−xO2 alloys exhibit signicant
optical anisotropy. The absorption edge of pure SnO2 is located
in the UV-B spectrum range, with the shortest cutoff wavelength
of about 320 nm, which can only achieve visible light- blind UV
detection. Aer the incorporation of Zr element, the adsorption
edge shows a notable blue shi. As the Zr content increases
from 0 to more than 25%, the absorption edge of the ZrSnO2

alloy gradually shis to the deep UV region. This is expected to
enable the application of solar-blind deep UV photodetectors.
1546 | RSC Adv., 2024, 14, 1538–1548
4. Conclusions

The positive formation enthalpies of ZrxSn1−xO2 alloys indicate
that it is difficult for SnO2 and ZrO2 to form stable and ordered
solid solutions. They show a tendency of phase separation at
low temperatures, but may form good disordered alloys at high
temperatures. The ultra-wide ZrxSn1−xO2 semiconductor alloys
may achieve a full-component solid solution above the critical
temperature of 979 K. Through band engineering, the bandgap
of ZrSnO2 alloy varies from 3.56 to 5.78 eV. It is expected to
realize the preparation of SnO2-based ultra-wide bandgap
semiconductor alloys, so as to achieve the application of solar-
blind deep UV photoelectronic devices. The increase of Zr
content weakens the s–d hybridization effect, which leads to the
upward movement of the CBM, thus widening the bandgap of
ZrSnO2 alloy. Since the Zr-4d orbital has higher energy than the
Sn-4d orbital, the p–d coupling effect becomes more obvious
with the increase of Zr content, resulting in a gradual increase
in the valence band offset. As the Zr content exceeds 25%, the
absorption edge of ZrSnO2 alloy moves to the deep UV region,
which is expected to realize the application of solar-blind deep
UV photodetectors.
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