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Supplementary Information

THz spectroscopy

Figure S1: TDS spectra of Zn1-xGaxSb2O6 solid solutions at 300 K and 200 K.

Figure S2: TDS spectra of Zn1-xGaxSb2O6 solid solutions at 100 K and 65 K. Error bars
become significantly larger at lower temperatures.

As synthesised Zn1-xGaxSb2O6 solid solutions with nominal compositions of 2%, 8%, 10%,

15% and 20% Ga were measured using THz-domain spectroscopy (TDS) in order to obtain

electrical conductivities. The spectrometer used a titanium sapphire laser as the source of
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ultrafast optical pulses (50 fs) with a wavelength of 800 nm. The generated pulses had a

bandwidth of 0.3 THz to 3 THz, and the data was processed at 1 THz. Figures S1 and S2

show the electrical conductivity of these solid solutions at a range of temperatures, which are

supportive of metallic-like conductivity upon Ga incorporation into the tri-rutile ZnSb2O6

structure. The data at 200 K and 300 K are also overlaid on the conductivity plot in the

main text.

Conductivity of the pure ZnSb2O6 sample is low at all temperatures, supportive of the de-

fect chemistry that there are no shallow, intrinsic donors able to provide intrinsic, degenerate

conductivity. As the nominal percentage of Ga increases, conductivity rises to a maximum

around 1200 S cm−1, after which it begins to tail off. This is about 60% of the conductivity

achieved in the most heavily doped single crystal. Considering the grain boundaries and

extended defects present in powder samples, this is as expected.
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HAXPES

Figure S3: (a) Survey spectra of ZnSb2O6 single crystals, showing all expected core levels,
as well as very minor Ca and F contamination in the crystals; (b) Sb 3d and O 1s core level
spectra of ZnSb2O6 single crystals; (c) Zn 2p core level spectra of ZnSb2O6 single crystals;
(d) Ga 2p core level spectra of ZnSb2O6 single crystals, clearly demonstrating Ga is not
present in the nominally undoped crystal and present in the doped crystal.

Figure S3 shows the HAXPES spectra for the undoped and doped single crystals. The

survey spectra show the appearance of all expected Zn, Sb and O core levels, as well as minor

contaminants. The Zn 2p, Sb 3d and O 1s core spectra are very similar in both samples

(we note that the Sb 3d5/2 and O 1s levels overlap at a binding energy of around 531 eV),

while there is clear evidence of the presence of Ga at a binding energy of around 1118 eV in

Figure S3d in the doped sample, and the absence of Ga in the undoped sample. The fact

that we also observe conduction band emission in the doped sample and not the undoped

sample suggests strongly that it is the Ga that is contributing electrons and raising the Fermi

level.
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EDS

Figure S4: EDS spectrum for nominally undoped ZnSb2O6 (red). Inset displays expanded
energy range 8 keV to 10 keV with doped crystals overlaid showing the change in intesity
between Ga Kα1 and Zn Kα1. Background subtracted and data normalised to Sb Lα intesity
of each crystal. Moving from orange to green to blue denotes heavier Ga-doping.
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Extended defect discussion

Cation vacancies

The zinc vacancy in ZnSb2O6 has formation energy of 6.58 eV in the neutral charge state,

with transition levels from the (0/1-) and (1-/2-) charge states occurring at Fermi levels

of 1.20 eV and 1.63 eV, respectively. This is a deep acceptor defect that displays polaronic

behaviour, as shown in the charge density plot in Figure S5. In the neutral charge state, two

holes are stabilised, which reduces to one upon the acceptance of an electron from the VBM,

and to none upon the acceptance of a second electron. This is analogous to the behaviour

seen in the zinc vacancy in ZnO.1

Figure S5: Zinc vacancy and corresponding hole density in various charge states. (a) neutral;

(b) 1-; (c) 2-. Isosurface plotted with a density of 0.07 electron Å
−3

.

The antimony vacancy has much higher formation energies (over 13 eV in the neutral

charge state), and is not plotted on the transition level diagram in the main text. It too is

a deep acceptor defect that displays polaronic behaviour, stabilising five holes around the

vacancy, which are in turn reduced as the defect accepts more electrons from the VBM.

Oxygen vacancies

There are two distinct oxygen environments in ZnSb2O6, shown in Figure 1b. In the first

(light blue O atom), there are two equal Sb-O bonds of length 1.99 Å and a single Zn-O

bond of 2.07 Å. In the second, (dark blue O atom), the Sb-O bonds are of different lengths,
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1.97 Å for the Sb in the edge-sharing polyhedron and 1.98 Å for the Sb in the corner-sharing

polyhedron, while the Zn-O bond is longer at 2.09 Å. The formation energies of the neutral

vacancy are 1.92 eV and 1.98 eV, respectively, with both stabilising the +1 charge state for

small Fermi level range (0.03 eV and 0.05 eV respectively).

In environment one, upon VO generation, the two Sb atoms relax inwards by 2.6%, while

the Zn relaxes outwards by 6.8%. Upon ionisation to V+
O, the two Sb atoms relax outwards

by 7.4% from their position in the neutral vacancy, and the Zn relaxes outwards by a further

0.7%. Ionising again to V++
O causes a further 6.8% outwards relaxation of the Sb atoms and

another 0.8% for the Zn atom.

In environment two, when the neutral vacancy forms, the Sb atom with the shorter bond

length relaxes inwards by 10.9%, while the other Sb atom relaxes outwards by 3.7% and the

Zn atom relaxes outwards by 8%. The Zn atom remains in approximately the same position

regardless of charge state. Upon ionisation to V+
O, the first Sb atom relaxes outwards again

by 11.5%, surpassing its original position, while the other Sb atom relaxes outwards by a

further 8.0%. Then after the second ionisation, the first Sb relaxes away by 13.5% and the

second by a further 2.7%.

In both cases, Sb is preferentially attracted towards the neutral vacancy over Zn, pre-

sumably due to the higher charge on the cation and the smaller ionic radius. The relatively

equally-sized steps in inward and outward relaxation as a function of charge state in both

cases stabilises the narrow formation window of V+
O in ZnSb2O6, similar to what is observed

in In2O3.
2 This is different to the negative-U behaviour observed in SnO2 and ZnO,3,4 which

is driven by the much larger and non-stepwise change in bond lengths as a function of charge

state.
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Miscellaneous

Table S1: Lattice parameters of ZnSb2O6 resolved from experiment and simulations. Aster-
isks denote results from this work.

Method a / Å c / Å a/c

PXRD∗ 4.6793 9.2906 0.5037
PBE0∗ 4.6740 9.2585 0.5048
PBEsol∗ 4.6921 9.3388 0.5024
Bystroem et al 4.67 9.26 0.50
Nishiyama et al5 4.668 9.265 0.504
Kikuchi et al6 4.68 9.29 0.50
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Figure S6: Band structure computed with quasi-particle self-consistent GW using 80% scal-
ing of self-energy (hQSGW).
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All AMSET calculations were performed with the default settings, with the addition of

free-carrier screening in the polar optical phonon matrix element (free_carrier_screening: true).

High-frequency dielectric constant (ε0) =


3.15 0 0

0 3.15 0

0 0 3.45



Static dielectric constant (ε0) =


12.16 0 0

0 12.16 0

0 0 8.86



Elastic constant (GPa) =



234 159 138 0 0 0

159 234 138 0 0 0

138 138 393 0 0 0

0 0 0 178 0 0

0 0 0 0 86 0

0 0 0 0 0 86


Polar optical phonon frequency (THz) = 10.767
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Figure S7: Directional mobility of ZnSb2O6 at room temperature at two different carrier
concentrations.
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Figure S8: (a) Al-doping and (b) F-doping of ZnSb2O6. Grey faded lines show the native
p-type acceptors VZn and ZnSb.
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Methodology

Computational Methods

Geometry Optimisation and Electronic Structure

Density functional theory calculations were primarily performed within the plane-wave pe-

riodic code vasp,7–10 which uses the projector augmented wave method to describe the

interactions between valence and core states,11,12 details of which can be found in Table S2.

A plane-wave energy cut-off of 500 eV was used for all calculations, and a 7×7×4 Γ-centred

k-point mesh was employed. The PBE013,14 hybrid exchange correlation functional was

used because it has been shown to accurately reproduce the band gap of rutile-structured

SnO2.
3,15,16 ZnSb2O6 shares a rutile-based crystal structure, so we expected PBE0 to perform

well in this case – the calculated fundamental gap is within 0.15 eV of the experimentally

derived value, closing to within 0.03 eV when used within the hQSGW approach. The static

dielectric constant was calculated with density functional perturbation theory (DFPT) using

the PBEsol functional.17–19 Effective masses and band structures were calculated and plotted

using the sumo code.20

Table S2: Explicitly treated valence electrons in DFT calculations.

O F Al Zn Ga Sb

2s22p4 2s22p5 3s23p1 3d104s2 4s24p1 5s25p3

Additionally, a quasiparticle calculation was performed using the “hybrid quasiparticle

self-consistent GW” (hQSGW) method as implemented in the questaal code using a lin-

earised muffin-tin orbital (LMTO) basis set. In this hybrid approach a converged self-energy

is obtained by the quasiparticle self-consistent GW (QSGW) approach, and an empirical

80% of the self-energy is combined with the LDA self-energy to obtain a prediction of the

semiconductor bandgap.21–23 This correction is routinely used to account for neglected inter-

actions and improve the accuracy of bandgap estimations.24,25 The lattice parameters and
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atomic positions were used from the results of the PBE0 geometry optimisation. The LMTO

basis set was generated with the recommended parameters in questaal, using a 10 Ry1/2

cut-off for the interstitial mesh in the one-particle Hamiltonian steps, 2.7 Ry1/2 cut-off for

the interstitial mesh of the two-particle objects and 3.3 Ry1/2 cut-off for the basis envelope

functions in GW steps. The 7×7×4 k-point grid used for the DFT calculations was reduced

to 3×3×2 for the GW steps. Effective masses were determined by quadratic fitting to band

structure data, using tools in the questaal package.

Optical calculations

The frequency-dependent dielectric matrix was calculated in VASP using the PBE0 func-

tional, a well-converged k-point grid of 7× 7× 4, and a low smearing value. The frequency

dependent matrix was converted into an absorption spectrum using sumo,20 to which a small

amount of Gaussian smearing was added to improve visualisation.

Defect calculations

Stable competing phases within the Zn-Sb-O chemical potential space were relaxed using the

PBE0 functional, a plane-wave energy cut-off of 500 eV and a converged k-point mesh until

the forces were reduced to below 1× 10−2 eV Å
−1

. The ground state energies were used to

identify the chemical potential limits that bound the thermodynamic stability of ZnSb2O6,

using the program cplap.26 The chemical potential of oxygen was set as the dependent

variable in the cplap analysis, as this can be most readily changed in experiment through

the use of partial pressures. The chemical potential limits from the thermodynamic stability

calculations can be found in Table S3.

A 2× 2× 1 supercell (72 atoms) of the primitive cell was generated as an approximately

cubic template for defect calculations (9.35 Å by 9.35 Å by 9.26 Å). There are two distinct

cation sites in the P42/mnm space group (Figure 1b), one occupied by Zn (pale orange)

and the other by Sb (dark orange) in ZnSb2O6, and two distinct anion sites (pale and dark

13



Table S3: Chemical potential limits (in eV) of each element considered in this defect study.
Asterisk denotes the limits used in the transition level diagrams in the main text.

Sb Zn O Al Ga F

A -0.4661 -1.206 -1.9432 -5.1465 -2.2096 -3.1588
B* -0.669 -1.6117 -1.808 -5.3493 -2.4124 -2.9559
C -2.7628 -3.7055 -0.7611 -6.9196 -3.9828 -1.909
D -4.6655 -4.4666 0 -8.0613 -5.1244 -1.5285
E -5.3273 -3.143 0 -8.0613 -5.1244 -2.1903

blue), both occupied by O. Two interstitial candidate sites were identified: “i1” on the 8h

Wyckoff site between two Zn and two Sb atoms, and “i2” on the 4c Wyckoff site between

two Zn atoms. All supercells were optimised to reduce forces below 1× 10−2 eV Å
−1

, keeping

the lattice vectors constant while allowing ionic coordinates to move. Supercell calculations

were performed using a Γ-centred 2× 2× 2 k-point mesh.

The Gibbs free energy of formation for each defect D with charge q in a given chemical

environment µ and at a given Fermi energy EF (relative to the VBM) is approximated as:27

∆Gf (D, q, µ, EF ) = (ED,q−Ehost)+
∑
i

ni(E
ref
i +µi)+q(EF +εVBM,host)+Esc-corr(D, q). (1)

To account for changes in composition n of each element i, the DFT total energy of a

standard elemental reference Eref
i is combined with a relative value of chemical potential µi.

Post-processing supercell corrections are applied to counteract the effects of using a finite

supercell, and consist of: potential alignment correction, to account for the shift in eigen-

values between a charged and non-charged supercell;28 anisotropic image charge correction,

developed by Murphy and Hine from the Makov-Payne method, a finite-size correction that

removes the Coulombic repulsion between periodic images of defective supercells by treating

the defect as a periodic point charge in a dielectric medium;29,30 and a band filling cor-

rection, which counteracts the unrealistic filling of the conduction band (emptying of the

valence band) in a finite-sized supercell.28 At a given EF , the lowest energy charge state
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dominates for that defect, and a “transition level” is the point at which two charge states

are in thermodynamic equilibrium.

Charge Transport Calculations

Electronic transport properties were calculated using the amset package, which solves the

linearised Boltzmann transport equation under the relaxation time approximation. Unlike

the constant relaxation time approach, amset explicitly calculates band and k-dependent

relaxation times using scattering matrix elements obtained from first principles inputs. Ac-

cordingly, amset can provide fundamental insights into the strength of scattering processes

that limit charge transport, and has demonstrated excellent agreement with experimental

measurements of mobility in a range of semiconductors.31 In the present work, we have

included scattering due to polar optical phonons (POP), acoustic deformation potentials

(ADP), and ionised impurities (IMP). We have not included piezoelectric scattering as

ZnSb2O6 is centrosymmetric (P42/mnm point group symmetry) and therefore does not

display piezoelectricity. The primary input for amset was a hQSGW band structure calcu-

lation on a relatively dense 7× 7× 4 k-point mesh. To calculate wave function overlaps, we

used the wave function coefficients from a PBE0 calculation on the same k-point mesh, per-

formed using VASP. The hQSGW and PBE0 computational methodologies were consistent

with the calculations described above. To obtain the transport properties and scattering

rates, the electronic band structure and wave function coefficients were interpolated onto

a dense 87 × 87 × 45 k-point mesh. One benefit of AMSET compared to state-of-the-art

approaches based on density functional perturbation theory combined with Wannier inter-

polation (DFPT+Wannier) is that scattering rates can be obtained from common materials

parameters without requiring an expensive DFPT calculation.32 The calculated materials

parameters (dielectric constants, polar phonon frequency, and elastic constants) along with

additional settings used by amset are provided in the Supporting Information. The full

AMSET methodology, including the scattering matrix elements and interpolation scheme is
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given in detail in Ref. 31.

Self Consistent Fermi Level Analysis

To calculate the SCFL of ZnSb2O6, a python based implementation of sc-fermi was used

(which can be found at https://github.com/bjmorgan/py-sc-fermi).33 The required in-

puts are an electronic density of states of the defect-free system, a temperature, the total

cell volume and number of electrons, and the thermodynamic transition levels for all defect

species. The SCFL is calculated by recognising that the overall charge of a system must

be equal to zero, which must be equal to the concentration of all of the charged defects

plus any positive holes and negative electrons. We can construct simultaneous equations

using the Fermi-Dirac distribution and the formation energy of a defect (Equation 1), and

therefore find the Fermi level that gives overall charge neutrality. A rigorous description of

this problem, and how it is implemented in the code, can be found in the original paper.33

In our analysis, we calculated the SCFL at the synthesis temperature of ZnSb2O6 and

froze the defect concentrations at this temperature. We then recalculated the SCFL at room

temperature, allowing the concentration of the individual charge states of each defect to

change, in order to predict the total electron concentration at the temperature at which our

experiments were performed.

Band alignment

The core level alignment method was used to calculate the ionisation potential and electron

affinity of ZnSb2O6.
34 A slab-gap model was constructed using the PBE0 relaxed structure

and a vacuum and slab thickness of 30 Å using the surfaxe code.35 The (110) termination

was selected, which has been demonstrated to be the lowest energy surface for rutile SnO2.
36

The planar average of the electrostatic potential was converged and calculated within sur-

faxe, and the plateau of this was taken to be the energy of the vacuum.

16



Experimental Methods

Solid State Synthesis

Powders of ZnO (Sigma-Aldrich, 4N), Sb2O3 (Sigma-Aldrich, 4N) and Ga2O3 (Sigma-Aldrich,

5N) were dried and ground together in near stoichiometric molar ratios. The powder was

heated for 12 hours at 600 ◦C in a 400 mbar Ar atmosphere in a sealed quartz tube to pre-

react to form the ZnSb2O4 phase. The 1-2-4 polycrystalline powder was then extracted,

reground and heated in an air atmosphere at 800 ◦C for a further 12 hours for oxidation into

the ZnSb2O6 (1-2-6) phase. This two-step process was necessary to control antimony evap-

oration during baking,6 and we typically observed less than 1% Sb loss during the synthesis

which could be accurately accounted for by adding excess Sb2O3 in the starting materials.

Chemical vapour transport (CVT) was selected for the crystal growth method as it is

appropriate for materials with high melting points and low vapour pressures such as ZnO37

and Ga2O3.
38 Advantages include that high purity crystals can be obtained as, due to the

closed nature of the growth system, minimal external impurities can be incorporated into the

crystals. A sealed quartz ampule was employed using Cl2 as a transport agent. The Cl2 was

added to the transport ampule via an evacuation rig similar to that described by Binnewies et

al.39 The tube was sealed at a length of 15 cm and placed horizontally at the centre of a two-

zone furnace set at 1100 ◦C and 1000 ◦C. Since the reaction is endothermic the precursor was

placed at the hot end of the ampule. After 200 hr, the powder was fully transported to the

cold end in the form of single crystals adhered to the ampule walls. The ampule showed signs

of attack during the growth reaction determined by XRD to be cristobalite (SiO2), a feature

not uncommon in CVT reactions using Cl2 as a transport agent.40 It is important to note

that neither hard X-ray photoelectron spectroscopy (HAXPES) surveys (Figure S3a) nor

energy-dispersive X-ray spectroscopy (EDS) measurements (Figure S4) showed any silicon

in the crystals. Gallium oxide also had a tendency to react with the ampule walls, and

around 20% molar excess was added to the starting powders to compensate.
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Characterisation

Samples were cut and polished into cuboid geometries with typical dimensions of 0.8 mm

by 0.6 mm by 0.2 mm. The composition of the crystals was determined using an Oxford

instruments EDS system built into a JEOL JSM-6060OLV scanning electron microscope

(SEM) operating at 20 keV, and the resultant data analysis using the Aztec software from

Oxford Instruments (Figure S4). Electrical properties of the crystals were determined using

a five-point Hall-bar geometry with Dupont silver-epoxy contacts annealed onto the bars

allow Hall effect and resistivity measurements concurrently. Measurements were taken on

a Quantum Design PPMS-9 using a 1 mA excitation current in magnetic fields between ±

1 T at temperatures from 350 K to 200 K. The Hall component of the transverse voltage Vxy

was obtained by extracting the odd function dependence of the transverse resistance with

an applied magnetic field. For optical measurements, a Shimadzu Solid UV-Vis-IR 3700

spectrophotometer was used to measure the transmittance of the crystals over the range of

250 nm to 900 nm. Structural characterisation was made by x-ray diffraction measurements

on crushed crystals using a Rigaku SmartLab with a 9 kW rotating anode providing Cu Kα

radiation. This arrangement employs a vertical goniometer and measured under a continuous

scanning rate at 4 degrees per minute at 0.02◦ intervals of a 10◦ to 120◦ (2θ) range. HAXPES

measurements were carried out at the I09 beamline at Diamond Light Source Ltd, using a

photon energy of 5.91 keV with a semi-grazing angle between the beam and sample of 11◦.

The binding energy scale and the experimental resolution of 250 meV were determined from

Au foil in electrical contact with the sample. The spectra were aligned to adventitious carbon,

and to the intrinsic Fermi level of the doped sample, which were in excellent agreement. Core

level peaks were normalised with respect to the Zn 2p maximum intensity, while the valence

bands were normalised to the area under the curve.
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