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Abstract 

Vanadium dioxide (VO2) is one of the most interesting thermochromic materials 

with a phase transition temperature of 340 K. Our first-principles calculation indicates 

that Li, Na or K dopants with a doping level of 1 atomic percentage could reduce the 

phase transition temperature of VO2 by 43K, 49K, 94 K, respectively. In addition, the 

V-V chains feature the dimerization characteristics in the Li, Na or K doped VO2(R). 

The calculated electronic structures and optical properties indicate that K is as an 

appropriate doping element for VO2, since it can effectively lower the phase transition 

temperature as well as enhance the near-infrared absorption. 
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1. Introduction 

Smart windows refer to a glass window that can intelligently control the amount of 

light and heat passing through, usually by an external stimulus such as electrical field 

(electrochromic), temperature (thermochromic), ultraviolet irradiation (photochromic) 

and reductive or oxidizing gases (gasochromic).1 Vanadium oxide is an abundant and 

diverse family of compounds with thermochromic properties, among which V2O3, VO2 

and V2O5 could undergo a metal-insulator phase transitions (MIT) at the critical 

temperatures of 168 K, 340 K and 145 K, respectively.2,3 Table 1 summarizes the basic 

physical properties of V2O3, VO2 and V2O5.
2  

Vanadium dioxide (VO2), as a key material of thermochromic smart windows, has 

been consistently studied since the discovery of its MIT at ~340 K in 1959.4,5 Across the 

MIT from the low-temperature monoclinic (M) phase to the high-temperature rutile (R) 

phase, VO2 undergoes a transition from a relative infrared transparent state to an 

infrared reflecting state, which is accompanied by an abrupt resistivity change.6,7 This 

property can be exploited to intelligently control near-infrared light radiation, which 

carries a large amount of solar energy, and makes VO2 a promising material for use in 

smart windows.8-10  

The phase transition temperature (Tc) is approximately 340 K for pure VO2, and it 

should be lowered to near room temperature (298 K) in order to meet the requirement of 

the applications of VO2 for smart windows.11 To address this issue, various studies have 

been conducted to tailor Tc by means of element doping,12 external strain,13 photon 

irradiation14 or a combination of these factors.15 Reported results reveal a significant 
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evidence that the properties of VO2 could be effectively influenced through doping 

special elements such as H, W, Mo or Nb.16-19 For instance, H-doped VO2 film was 

reported to present the metallic properties when cooled down to 120 K, and the change 

of Tc is around -55 K/at.% H (at.% means per atomic percentage).16 W is proven to be 

one of the most effective dopants where the transition temperature is reduced by about 

28 K with increase of every 1 at.% of W.17 The Mo-doped VO2 nanowires synthesized 

through melting-quenching method presented the decreased Tc to 315 K.18 The 

dopant-induced reduction of Tc in VO2 can be concisely explained as follows: the doped 

atoms provide or remove some of their electrons in the V 3d valence bands and make 

some V-V pairs break in M-phase, which leads to the destabilization of VO2 and 

consequently lowers the MIT temperature.  

It was revealed that the reduction of Tc mentioned above is essentially attributed to 

injected carriers from dopants.20 More additional electrons provided from the doped 

atoms favor a decrease in MIT temperature. For instance, first-principles calculations 

indicate that Be doping can change the electronic structure by injecting additional 

electrons which reduce the transition temperature by 58 K per at% Be.20 Motivated by 

this finding, we herein propose a new strategy to modulate the transition temperature of 

VO2 by doping with the most frequently used alkali, i.e., Li, Na or K, which possesses 

one electron in the outermost orbital. Doping at an interstitial site can inject this electron 

into a VO2 supercell, which may reduce MIT temperature.  

2. Computational details 

Calculations were conducted with the Vienna ab initio simulation package (VASP), 
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a plane wave density functional code.21,22 The potentials were of the projector 

augmented wave (PAW) type, and the exchange-correlation part of the density 

functional was treated within the generalized gradient approximation (GGA) of 

Perdew-Burke-Ernzerhof (PBE).23,24 To account for strong on-site Coulomb repulsion 

among the V 3d electrons for VO2(M), 25,26 the Hubbard parameter U was added to the 

PBE functional in the rotationally invariant approach of Dudarev et al., in which only 

the difference (Ueff=U-J) between the Coulomb repulsion U and screened exchange J 

parameters must be specified.27,28 Despite the fact that more sophisticated methods such 

as GW, local density approximation with dynamical mean field theory (LDA+DMFT) 

and particular hybrid functionals might yield better results,29-32 the Dudarev DFT+U 

method has been shown to reasonably describe the electronic structure and strong 

correlation of VO2(M). For instance, Zhang et al. correctly predicted that both VO2(R) 

and VO2(M) phases were energetically stabilized by Be doping using the GGA+U 

method,20 and Sun et al. successfully reproduced that W, Mo, and Re were the most 

effective dopants to reduce the Tc of VO2.
33 As discussed in references,17,20

 Ueff in 

GGA+U formalism was chosen to be 3.4 eV in the present calculations.  

The valence electron configurations for the elemental constituents are as follows: 

V-3d34s2, O-2s22p4, Li-2s1, Na-3s1, K-4s1. The cut-off energy for the plane-wave basis 

was 520 eV. The basic calculations were performed in the supercells with 2×2×4 and 

2×2×2 primitive unit cells for the VO2(R) and VO2(M) phase, respectively. Each 

supercell consisted of 96 atoms, with one Li, Na or K atom doped at one of three 

different interstitial sites: the tetrahedral (T), octahedral (O) and side centered (S) site as 
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shown in Fig. 1. In comparison, the doped atom substituted the V site was also taken 

into considerations. 2×3×3 k-point meshes were used to sample the Brillouin zone for 

the different sized supercells. This set of parameters assured that the total energies 

converged to 1×10-5 eV/unit cell. Lattice constants and internal coordinates are fully 

optimized until Hellmann-Feynman forces became less than 0.01 eV/Å. 

3. Results and Discussion 

3.1 Reduction in phase transition temperature 

To compare the relative stability among the alkali dopants in the different interstitial 

sites of VO2, interstitial formation energy, Ei, is calculated via 

Ei = Edoped − Epure − xEalkali, (1) 

where Epure and Edoped correspond to the total energy of the pure and doped VO2 

supercell, respectively. Ealkali is the total energy per atom of the optimized Li, Na or K 

metal, and x is the number of doped atoms in one supercell. 

Table 2 contains the available calculated and experimental results of the lattice 

constants, interstitial formation energies (Ei) of Li, Na or K at different interstitial sites, 

supercell volumes, enthalpies and band gaps of VO2. It can be seen from the table that 

the enthalpies of VO2(M) and VO2(R) are -699.613 eV/supercell and -704.748 

eV/supercell, respectively, which implies that the VO2(R) is more stable than VO2(M), 

agreeing well with the experiments.34 Moreover, Li, Na or K doping into VO2(R) or 

VO2(M) interstitial sites is an exothermal process due to the reason that all Ei values are 

negative. Then, we compare the Ei of different doping interstitial sites. In fact, we set a 

tight convergence criterion in the calculations which assured that the relaxation of the 
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electronic loop stopped when the total energies change between two steps were smaller 

than 1×10-5 eV/unit supercell, and the lattice constants and internal coordinates were 

fully optimized until Hellmann-Feynman forces became less than 0.01eV/Å, so that the 

energies are calculated with high accuracy. Therefore, the energy differences of dopants 

at different sites should not be treated as errors although the values are small. 

It can be seem from Table 2 that VO2(M) with Li, Na and K at the T site, the O site 

and the O site has the lowest Ei, respectively, suggesting the most possible doping site 

of Li, Na and K in VO2 is the T site, the O site and the O site, respectively. The 

interstitial size of the T site and O site in VO2 are 0.70 Å and 1.21 Å, respectively. The 

doping Li, Na or K atom has a radius of 0.68 Å, 0.97 Å and 1.33 Å, respectively.35 The 

atomic radius of Li is close to that of the T site and the distortion caused by Li atom at 

the T site is found to be less than that at the O site, accordingly, the Li atom is easier to 

occupy the T site in VO2. For Na or K doped systems, the atomic radius of the dopant is 

larger than that of the T site but smaller than that of the O site，therefore the Na or K 

atom is easier to occupy the O site in VO2. For the sake of simplicity, the results of VO2 

with Li, Na and K at the octahedral (T) site, the two octahedral (O) sites were taken as 

representatives in the following discussion, respectively. 

The influence of the Li, Na or K on the phase transition temperature (Tc) can be 

quantitatively calculated according to the thermodynamic model of Netsianda et al,38 in 

which the Tc upon doping is given via 

c c,0

0

H
T T

H

∆
=

∆
 (2) 

where Tc,0 is the transition temperature of pure VO2, and the value of 340 K was 
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adopted. H∆  and 0H∆  are the enthalpy changes associated with the phase transition 

for doped and pure VO2, respectively.38 The enthalpy was approximated as the 

Helmholtz free energy obtained from our DFT calculations by neglecting the pV term 

for condensed matter and omitting the contribution from entropy at 0 K. This 

thermodynamic model of Netsianda et al has been successfully applied to a number of 

research results.17,20 For instance, Zhang et al. estimated the reduction of Tc to be 27 

K/at.% by W doping, which is quite close to 20~26 K/at.% observed in experiments.17 

The transition temperature change between the doped and pure VO2 can be defined as 

c c c,0T T T∆ = −  (3) 

From Equations (2) and (3), it can be calculated that Li, Na or K dopants with a 

doping level of 1 atomic percentage could reduce Tc by 43K, 49K, 94 K, respectively 

3.2 Atomic and electronic structures on pure and doped VO2 

The V-V chains along c-axis described in Fig. 2(a) shows that the V atoms arrange 

uniformly with a distance of 2.789 Å in pure VO2(R). Fig. 2(b) shows that the V-V 

bonds arrange alternately at 3.125 Å and 2.654 Å along c-axis due to the existence of 

Peierls distortion in pure VO2(M). As the three doping structures present the same 

change trend, we take the K-doped structure as an example. Fig. 2(g) shows the 

structural distortion of K-doped VO2(R) phase, the distance of V-V bonds range from 

2.935 Å to 3.026 Å, and the short ones range from 2.486 Å to 2.692 Å. Fig. 2(h) 

describes the short V-V distance in the K-doped VO2(M) range from 2.468 Å to 2.523 Å, 

and the long distance range from 2.860 Å to 3.119 Å. It can be seen from Fig. 2 that all 

of the Li, Na or K-doped VO2(R) phases all feature the dimerization characteristics as 
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that in VO2(M) phase. Moreover, the Li, Na or K doping has a greater influence on the 

atomic structures of VO2(R) with respect to that of VO2(M). 

In this section, we will discuss the electronic structures on the pure and doped VO2. 

Fig. 3 describes the density of states (DOS) of pure VO2 and Li, Na or K doped VO2. It 

can be seen from Fig. 3(a), (c), (e) and (g) that the pure, Li, Na and K doped VO2(R) 

exhibit the metallic properties since the Fermi level crosses the conduction band. Fig. 

3(b) is the density of states of the pure VO2(M), showing that the Fermi level of exists 

in the top of valence band with a band gap of 0.61 eV, close to the X-ray photoemission 

data39 and other theoretical calculation results.39,40. Fig. 3(d) and (f) show a shifting up 

of Fermi level to the edge of the conduction band and a widened band gap of 0.734 eV 

and 0.714 eV. Fig. 3(h) shows that K-doped VO2(M) has a narrowed band gap of 0.562 

eV. Generally, the intrinsic band gap has an impact on the near-infrared (800~1500 nm) 

absorption of the VO2 film, the widened band gap for Li or Na doped VO2(M) is 

expected to result in an decrease in the near-infrared absorption, while the narrowed 

band gap for K doped VO2(M) may lead to an increase in the near-infrared absorption. 

Based on the discussion above, the K can be selected as an appropriate doping element 

for VO2, since it can lower the phase transition temperature as well as enhance the 

near-IR absorption  

Fig. 4 shows the V 3d partial DOS in both pure VO2 and K-doped VO2. In the 

atomic structure of VO2, each V atom of VO2 is surrounded by a distorted VO6 

octahedron. This structure leads to a splitting of the d level to doubly degenerate geσ  

and triply degenerate t2g states. The two components states are labeled as 2 2x y
d

−
and 
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2z
d , whereas the three components of the triply degenerate t2g states are signed as xyd , 

yzd , and xzd .40 Fig. 4(a) and (b) show the pure and K-doped VO2 with blue and red line, 

respectively. The occupied states of the doped system all extend to the lower energies, 

showing that the V 3d orbitals have stronger bonding. As mentioned above, the V atoms 

in VO2(R) are equally spaced along the c-axis, and those in VO2(M) are dimerized and 

tilted with respect to the c-axis (Fig. 2). We should focus on the 2z
d  orbital because the 

V-V chain extends along the c-direction which is the V–V chain direction in VO2. Fig. 

4(a) shows that the occupied states of 2z
d  shift down to -1.26 eV and the unoccupied 

states raise up to 1.54 eV in K-doped VO2(R) with respect to that of the pure system, 

confirming a stronger bonding between the nearest-neighboring V atoms.  

3.3 Absorption coefficients of the pure and the K-doped VO2(M) 

The optical properties of a material can be described by means of the dielectric 

function: ε(ω) = ε1(ω) + iε2(ω).35 The imaginary part (ε2(ω)) of the dielectric function 

can be regarded as detailing of the real transitions between the occupied and unoccupied 

electronic states. The real part (ε1(ω)) of the dielectric function can be obtained from the 

imaginary part with the famous Kramers-Kronig relationship. The absorption coefficient 

(α(ω)) can be derived from ε1(ω) and ε2(ω), which are calculated via:35 

1

22 2
1 2 1( ) 2 ( ) ( ) 2 ( )

c

ω
α ω ε ω ε ω ε ω = + −

   (4) 

Since our concerned VO2(R) and VO2(M) are both optically anisotropic, the 

components of the dielectric function, corresponding to the electric field parallel to 

(notated as E∥) and perpendicular to (notated as E⊥) the V-V chains, have been 

considered in our calculations. Fig. 5 displays the absorption coefficients of the pure 
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and the K-doped VO2(M) for the near infrared light. Fig. 5(a) shows a weak absorption 

for the pure VO2(M), indicating that infrared light could easily penetrate the VO2(M), in 

good agreement with the experimental observations. When the systems are doped with 

K, the VO2(M) exhibits a larger absorption coefficient for the light with energy less than 

1.6 eV in Fig. 3(b), suggesting the introduction of K increases the absorption of the 

infrared light in VO2(M). The optical properties of the K-doped VO2(M) can be 

explained through its electronic structures. As displayed in Figure 3(h), there is a 0.562 

eV band-gap near the bottom of conduction band of K-doped VO2(M). The infrared 

light would lead to electronic transitions from the occupied state to the unoccupied 

states, which just corresponds to the strong absorption for the light with energy less than 

1.6 eV. 

4. Concluding remarks 

In summary, by using first-principles calculation, we investigated the behavior of 

Li, Na or K-doping and its influence on the transition temperature (Tc) of VO2. The Li 

atom is easily located at the tetrahedral interstitial site in VO2, whereas the Na or K 

atom is easily located at the octahedral interstitial site, which can be ascribe to different 

atomic sizes of the dopants. The phase transition temperature of VO2 can be reduced by 

43 K, 49 K or 94 K with 1% of Li, Na or K doping, respectively. The atomic structures 

show that the V-V chains feature the dimerization characteristics in the Li, Na or K 

doped VO2(R). The K can be selected as an appropriate doping alkali for VO2, since it 

can lower the phase transition temperature and enhance the near-infrared absorption. 
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Table. 1 Comparisons of the properties of V2O3, VO2 and V2O5.
2 

 valance 3d electron crystal structure Tc (K) transport (T<Tc) band gap 

V2O3 V3+ 3d2 Hexagonal 168 n-type ~0.2eV 

VO2 V4+ 3d1 Monoclinic 340 n-type ~0.6eV 

V2O5 V5+ 3d0 Orthorhombic 145 n-type ~2eV 
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Table. 2 The lattice parameters (a, b, c, α, β, γ), interstitial formation energies (Ei) of Li, Na and K in VO2 at the tetrahedral (T), octahedral (O) 

and side centered (S) sites, volumes (V), calculated enthalpies (H), and band gaps (Eg) collected from the experiments and the ab initio 

calculations. 

 a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3/atom) Ei (eV/atom) H (eV/supercell) Eg (eV)  

R-phase            

V32O64 9.108 9.108 11.428 90 90 90 9.872 - - 0.000 Expt.36  

V32O64 9.305 9.305 11.154 90 90 90 10.060 - - 0.000 Calc.37 

V32O64 9.313 9.313 11.156 90 90 90 10.079 - -699.613 0.000 this work 

LiV32O64 (T) 9.265 9.323 11.165 90 90 90 10.046   -2.351 -709.837 0.000 this work 

LiV32O64 (O) 9.276 9.359 11.127 90 90 90 10.062 -2.345 -709.274 0.000 this work 

LiV32O64 (S) 9.386 9.307 11.148 90 90 90 10.145 -2.345 -709.279 0.000 this work 

NaV32O64 (T) 9.272 9.342 11.134 90 90 90 10.046 -2.329 -707.119 0.000 this work 

NaV32O64 (O) 9.291 9.376 11.089 90 90 90 10.062 -2.325 -706.748 0.000 this work 

NaV32O64 (S) 9.396 9.327 11.113 90 90 90 10.145 -2.326 -706.850 0.000 this work 

KV32O64 (T) 9.274 9.265 11.224 90 90 90 10.046 -2.683 -741.220 0.000 this work 

KV32O64 (O) 9.375 9.257 11.133 90 90 88.8 10.062 -2.686 -741.477 0.000 this work 

KV32O64 (S) 9.289 9.402 11.154 90 90 91.3 10.145 -2.682 -741.082 0.000 this work 

M-phase            
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V32O64 9.052 10.766 11.506 122.6 90 90 9.839 - - 0.590 Expt.36  

V32O64 9.100 10.600 11.480 122.2 90 90 9.760 - - - Calc.37  

V32O64 9.232 10.867 11.212 121.7 90 90 9.972 - -704.748 0.610 this work 

LiV32O64 (T) 9.249 10.924 11.225 121.6 90 90 10.067 -2.384 -713.030 0.734 this work 

LiV32O64 (O) 9.255 10.930 11.230 121.6 90 90 10.084 -2.384 -713.026 0.738 this work 

LiV32O64 (S) 9.249 10.924 11.225 121.6 90 90 10.067 -2.382 -713.030 0.715 this work 

NaV32O64 (T) 9.232 10.932 11.247 121.6 90 90 10.067 -2.308 -705.141 0.487 this work 

NaV32O64 (O) 9.262 10.937 11.207 121.5 90 90 10.084 -2.359 -710.036 0.714 this work 

NaV32O64 (S) 9.304 10.883 11.213 121.4 90 90 10.092 -2.357 -709.911 0.682 this work 

KV32O64 (T) 9.185 10.955 11.268 121.5 90 90 10.067 -2.621 -739.690 0.456 this work 

KV32O64 (O) 9.335 10.876 11.188 121.5 90 90 10.084 -2.695 -742.356 0.562 this work 

KV32O64 (S) 9.262 10.924 11.187 121.1 90 90 10.092 -2.683 -741.198 0.489 this work 
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Fig. 1 Tetrahedral (a), octahedral (b) and side-centered (c) interstitial sites in VO2.The V, 

O and doped atoms are indicated by gray, red and purple spheres, respectively. 
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Fig. 2 The V-V chains along c-axis for pure VO2(R) (a), pure VO2(M) (b), Li-doped 

VO2(R) (c) , Li-doped VO2(M) (d), Na-doped VO2(R) (e), Na-doped VO2(M) (f), 

K-doped VO2(R) (g) and K-doped VO2(M) (h). The V, O and doped atoms are indicated 

by gray, red and purple spheres, respectively. 
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Fig. 3 The density of states (DOS) of pure VO2(R) (a), pure VO2(M) (b), Li-doped 

VO2(R) (c), Li-doped VO2(M) (d), Na-doped VO2(R) (e), Na-doped VO2(M) (f), 

K-doped VO2(R) (g) and K-doped VO2(M) (h). The zero point of the energy axis 

corresponds to the Fermi level EF. 
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Fig. 4 The partial density of state (DOS) of the V-3d orbital of pure and K-doped VO2(R) 

(a) and VO2(M) (b). The zero point of the energy axis corresponds to the Fermi level EF 

in (a) and valence band maximum EVBM in (b), respectively. 

 

Fig. 5 The absorption spectra in the infrared spectral range obtained from first principles 

calculations for the pure VO2(M) (a) and K-doped VO2(M) (b). The absorption 

coefficient α(ω) is given in 105 cm-1.  
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Our first-principles calculation indicates that K dopant with a doping level of 1 

atomic percentage could reduce the phase transition temperature of VO2 by 94 K. The 

calculated electronic structures and optical properties indicate that K can be selected 

as an appropriate doping element for VO2, since it can effectively lower the phase 

transition temperature as well as enhance the near-infrared absorption. 

Page 21 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


