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Abstract We report results on the electronic, vibrational,

and optical properties of SnO2 obtained using first-princi-

ples calculations performed within the density functional

theory. All the calculated phonon frequencies, real and

imaginary parts of complex dielectric function, the energy-

loss spectrum, the refractive index, the extinction, and the

absorption coefficients show good agreement with experi-

mental results. Based on our calculations, the SnO2 elec-

tron and hole effective masses were found to be strongly

anisotropic. The lattice contribution to the low-frequency

region of the SnO2 dielectric function arising from optical

phonons was also determined resulting the values of

e1\
latt(0) = 14.6 and e1k

latt(0) = 10.7 for directions perpen-

dicular and parallel to the tetragonal c-axis, respectively.

This is in excellent agreement with the available

experimental data. After adding the electronic contribution

to the lattice contribution, a total average value of

e1(0) = 18.2 is predicted for the static permittivity constant

of SnO2.
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1 Introduction

Tin dioxide (SnO2), known also as stannic oxide or cas-

siterite, is a key functional material in many applications,

such as transparent conducting electrodes, solar cells, and

gas sensors. As a compound with a wide band gap

(Eg = 3.6 eV) [1] and high-dielectric constant (high-k),

SnO2 is also of general interest for the next generation gate

oxides for Si-based electronic devices [2, 3]. Owing to the

fact that the oxide can relatively easily be doped, appro-

priate conduction band offset with Si may be achieved.

Moreover, SnO2 is also a potential candidate for applica-

tions in optoelectronics, such as in light emitting diodes,

laser diodes, etc.

Although SnO2 has been studied for more than three

decades, the existing reported results on its electronic

structure, vibrational modes, and related properties are still

incomplete [4–10]. A few years ago, Mäki-Jaskari and

Rantala [9] had calculated the band structure, the energy

dependence of both the electronic contribution of the real

and imaginary parts of the dielectric function and the

optical absorption of SnO2. However, instead of correlating

their results to the high values of the dielectric constant

exhibited by this material [2, 11], their data were used only

to interpret their evaluated dielectric function and optical
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absorption of the SnO2 (110) surfaces, which was described

in this same paper.

From the vibrational properties point of view, Parlinski

and Kawazoe [10] have calculated the phonon dispersion

and the Grüneisen parameters for the zone center modes of

SnO2. Despite the fact that the results they obtained are in

good agreement with the known experimental data, their

evaluated LO modes at C were obtained by extrapolation of

the LO branch obtained at points close to C, due to the fact

that they did not include linear response effects in their

calculations. Moreover, for the same reasons, Z* and e1(0)

were only approximately calculated. They also did not take

into account the SnO2 lattice asymmetry that, in the rutile

structure, results in the c lattice vector, which is not having

the same value as a and b (with a = b). In our calculations,

we distinguish the parallel and perpendicular components

of these tensors.

Until recently, there are no studies reporting theoretical

values for SnO2 carrier effective masses, as well as for

some of its optical properties and effective charges that can

be directly compared with experiment. In our previous

work [12], by using the full-potential linear augmented

plane-wave (FP-LAPW) within a full-relativistic approach

and by including the spin–orbit coupling effects, we have

shown that the effective masses are highly anisotropic, with

the holes heavier than the electrons. Moreover, we have

shown that the electronic part of the dielectric constant are

e1\(0) = 4.5 and e1k(0) = 4.8, and for our evaluated

refraction indexes n\(0) and nk(0), we obtained the values

of 2.15 and 2.20, respectively, which compares well with

the available experimental data.

However, there are no previous attempts to derive the

static permittivity constant of SnO2 using computing

methods which consider both the bare electronic contri-

bution as well as the lattice contribution arising from the

transversal optical phonons which are important for the

correct evaluation of the e1(0) in this class of compounds,

as shown recently for HfO2 [13].

In the present work, we address the above issue and

provide detailed calculations of energy-dependent optical

properties, such as the real and imaginary parts of the

complex dielectric function, the energy loss-function, the

refractive index, the extinction and the absorption coeffi-

cients, phonon vibrational modes, Born effective charges,

as well as the electron and hole effective mass values for

SnO2 as obtained using ab initio theoretical methods,

completing the information described in our previous

results [12]. The obtained phonon frequencies show good

accordance with the available experimental results. In

addition, the calculated value for the SnO2 static dielectric

constant, e1(0), is in excellent agreement with the experi-

mental data showing that the vibrational contribution to e1

is the origin of the high-k feature of SnO2.

2 Theoretical methods

Our calculations for crystalline SnO2 in the rutile (r-)

structure were based on the density functional theory in the

generalized gradient approximation for the exchange-cor-

relation term (DFT-GGA) [14, 15] according to Perdew–

Burke–Ernzerhof [16]. The electron–ion interaction was

described by pseudopotentials generated within the

Projector-Augmented Wave (PAW) scheme [17, 18], as

implemented in the Vienna Ab-initio Simulation Package

(VASP-PAW) [19, 20], and the scalar relativistic contri-

butions plus the spin–orbit (so) interaction were included in

the calculations.

The PAW method allows for the accurate treatment of

the Sn 4d, 5s, and 5p electrons, and the O 2s and 2p

electrons which were treated as part of the valence band

states. The inclusion of the so corrections are found to play

a role only in the Sn4d-derived states, and consequently on

the Sn4d–O2s interaction due to the splitting of the

d-levels, and neither affect the highest valence band (VB)

states nor the lowest conduction band (CB) states. Values

of carrier effective masses are found to change by less than

one percent, therefore, the so effects will be neglected in

the results shown here.

We have also used both DFT-LDA and DFT-GGA,

together with the pseudopotential method ABINIT [21] in

order to calculate the vibrational spectra of r-SnO2 to

evaluate the phonon frequencies, Born effective charges

and the transversal optical phonon contribution to the static

permittivity constant. For this, we followed the recipe

recently discussed in Ref. [13], where the phonon spectra

were obtained using density-functional perturbation theory,

as also described in Ref. [22].

3 Results

The equilibrium structure of the r-SnO2 was obtained by

relaxing its unit cell with respect to the lattice parameters a,

c, and internal parameter u. We obtained values a =

4.839 Å, (c/a) = 0.670, and u = 0.306, which are in good

agreement with the experimental data [23], and also with

other ab initio results [7, 8, 12, 24].

The band structure of r-SnO2 along high-symmetry axis

of the crystal Brillouin zone (BZ) is displayed in Fig. 1,

together with the projected density of states (PDOS).

A direct band gap at C of 0.65 eV (0.60 eV if the Sn 4d

electrons are frozen in the core) is obtained. This feature is

in agreement with that observed in our previous report by

using the FP-LAPW method with relativistic corrections

[12]. The treatment of the Sn(4d) electrons as valence band

electrons is responsible for a hyperdeep band lying around

21 eV below the VB maximum. X-ray photoemission
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spectroscopy data show this band has to be located at

&21.5 eV, with respect to the main peak which is due to

O(p) states close to the top of the VB [25]. We may point

out that, as observed for other oxides and nitrides, such as

in e.g. ZnO and InN, the well known underestimated

O(p)—metal(d) repulsion observed [26], occurs also for

SnO2, although in the latter case, it is smaller due to the

deeper position in the VB of the Sn(4d), when compared to

that of Zn(3d) and In(4d). The top of the VB mostly con-

sists of contributions from the O(p) states, while the bottom

of the CB has an anti-bonding character arising from the

Sn(4s) and O(p) states.

Table 1 depicts the calculated values for the carrier

effective masses in the C ? M, C ? X, and C ? Z direc-

tions of the BZ. We observe that the carrier effective masses

in SnO2 are very anisotropic, as indicated qualitatively in

our previous work [12]. Our predicted values for the elec-

tron effective mass, the perpendicular (\) and parallel (k)
components with respect to the tetragonal c axis, may be

compared with the experimental values which in general

show values spreading between 0.1 and 0.8 m0 [27]. While

anisotropy has been indicated m*e\ = 0.299 m0 and

m*ek = 0.234 m0 from cyclotron resonance measurements

[28], this is not as large as we predict. A good agreement

between the value of m*e = 0.4 m0 [29] and our theoretical

calculation is observed if we consider the calculated iso-

tropic effective mass, given by m*e = (2m*e\ ? m*ek)/

3 = 0.38 m0. To our knowledge, there is no experimental

data reported for holes effective masses in SnO2.

From the electronic structure calculations, we have

obtained the imaginary part, e2(x), of the complex
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Fig. 1 Band structure of SnO2

along high-symmetry axis of the

BZ (left panel) and projected

density of states (PDOS) (two
right panels). The energy zero

(horizontal short-dot line) was

set at the VB maximum

Table 1 Electron (m*e) and hole (m*h) effective masses for SnO2 in

units of m0 (the free electron mass) along high-symmetry directions in

the BZ

m*e m*h

C ? X 0.48 3.241

C ? M 0.48 3.337

C ? Z 0.192 2.263
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dielectric function directly from the VASP code, and then

have used the Kramers–Kronig relation to get its real

part, e1(x). Figure 2 depicts the energy-dependent e1 and

e2, as well as the loss-energy function L, the refractive

index n, the extinction and absorption coefficients. Some

anisotropy is seen for all calculated optical properties for

energies lower than 15 eV with the exception of the loss-

energy function, L, and of the absorption coefficient a

which are anisotropic in the energy range 10–40 eV. The

theoretical curves are in excellent agreement with the

experimental data (shown as open circles in the figure),

as obtained from reflection electron energy loss spec-

troscopy (REELS) measurements carried out between 4

and 40 eV [30].

An average value of e1(0) = 4.95 is calculated for the

electronic contribution to the static dielectric constant, in
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Fig. 2 Left panels: Energy-dependent real (e1) and imaginary (e2)

parts of the SnO2 dielectric function, as well as the energy-dependent

loss-energy function (L). Right panels: Energy-dependent refractive

index (n), and the energy-dependent extinction (k) and absorption (a)

coefficients. Experimental data, shown by open circles, correspond to

results obtained using reflection electron energy loss spectroscopy

(REELS) measurements and were extracted from Ref. [30]
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accordance with previous ab initio studies of r-SnO2 [4].

The value we obtained for the refractive index n(0) = 2.2

is also in good agreement with reported data [31].

By using the ABINIT code, we were able to calculate

the phonon spectra of r-SnO2, and the calculated zone-

center phonon frequencies (cm-1) are depicted in Table 2.

The corresponding phonon dispersion was already pub-

lished in our previous work [11]. The results obtained are

in good agreement with the available experimental data.

The same holds for the comparison with the other theo-

retical calculations except for the second Eu(LO) mode,

where the observed difference must be a consequence of

the extrapolation method used in Ref. [10]. Here, we have

performed a full lattice dynamics calculations which

includes not only the harmonic terms, but also those terms

which come from the long range Coulomb interactions as

obtained by the Linear Response calculations implemented

in the ABINIT code [21].This was not done in the previous

theoretical work. Finally, we would also like to remark that

LDA calculations tend to underestimate the phonon fre-

quencies due to an overestimation of the obtained bulk

modulus, as verified in our previous work [11], while for

the GGA ones, the opposite occurs.

Concerning the lattice asymmetry of the rutile structure,

DFT-LDA values we obtained for the Born effective

charges of r-SnO2 are

Z�ðZrÞ ¼
4:20 0:54 0:00

0:54 4:20 0:00

0:00 0:00 4:62

0
@

1
A;

and

Z�ðOÞ ¼
�2:09 �0:77 0:00

�0:77 �2:09 0:00

0:00 0:00 �2:31

0
@

1
A;

which, besides the natural difference between the c (the

parallel component) and both a and b lattice vectors (the

perpendicular ones), there is some degree of anisotropy of

the effective charges in the perpendicular direction, due to

non-zero values obtained for the non-diagonal terms of

these tensors. Comparing values we obtained for the Born

effective charges with those previously calculated, we infer

that calculations using extrapolation of the LO branches, as

those done by Parlinski and Kawazoe [10], give rough

results for both Z* and e1(0). However, their results can be

used as an initial guess for obtaining the true values of

these properties. In addition, we would like to remark that

DFT-GGA values determinated for the Born effective

charges of r-SnO2 are similar to the DFT-LDA ones, and

they are around 1% higher.

With the knowledge of the TO frequencies, we then

evaluate the phonons’ contribution to the low-frequency

region of the frequency-dependent dielectric function.

Figure 3 shows the results for the perpendicular (\) and

parallel (k) components of e1 and e2, named e1x, e2x, and e1z,

e2z, respectively, together with a fitting by means of the

Lorentz–Drude model. Specifically, we use the following

expressions

e1ðxÞ ¼ e1ð1Þ þ
Xm

i¼1

x2
piðx2

TOi � x2Þ
½ðx2

TOi � x2Þ2 þ c2
i x

2�
; ð1Þ

e2ðxÞ ¼
Xm

i¼1

cix
2
pixTOi

½ðx2
TOi � x2Þ2 þ c2

i x
2�
; ð2Þ

where m is the total number of oscillators, xpi is the

plasmon frequency for ith oscillator, and ci is its damping

parameter, which is directly related to sample size.

For both the e1\(x) and e2\(x), three Eu modes, at

200.2, 270.6 and 584.5 cm-1 with their plasmon frequen-

cies of 535.1, 220.1 and 826.3 cm-1, respectively, were

necessary for the fitting, with a fixed value for c of 0.01.

For the parallel component, only A2u at 457.7 cm-1 with

the plasmon frequency of 1,060.7 cm-1 was necessary, and

we kept c fixed with the same value used in the perpen-

dicular direction.

The values e1\
latt(0) = 14.6 and e1k

latt(0) = 10.7 were

obtained for directions perpendicular and parallel to the

tetragonal c-axis, respectively, in excellent agreement with

the available experimental data obtained from far-infrared

spectroscopy data, 14.2 ± 2 and 9.0 ± 0.5 [34], and also

with the measured average value of 12.5 reported in

Ref. [35].

Table 2 Evaluated zone-center phonon frequencies (cm-1) for SnO2

compared with the available experimental data (taken from Refs. [32,

33]) and other theoretical results (taken from Ref. [10])

Mode LDA GGA Experimental Theoretical

B1g 82.58 90.24 87–123 104.7

B1u 138.4 133.7 – 146.8

Eu(TO) 200.3 196.5 244.0 241.5

Eu(LO) 251.9 237.1 276.0 278.9

Eu(TO) 270.5 253.3 293.0 285.9

Eu(LO) 306.9 294.0 366.0 406.3

A2g 320.3 314.2 – 366.3

A2u(TO) 457.4 424.2 477.0 461.0

Eg 462.4 432.6 472–476 469.7

B1u 552.6 519.7 – 585.1

Eu(TO) 584.1 538.0 618.0 581.4

A1g 617.3 577.6 632–638 638.1

A2u(LO) 648.5 606.9 705.0 657.1

Eu(LO) 711.8 662.3 770.0 703.5

B2g 733.8 688.2 773–782 761.9
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4 Conclusions

In summary, results for electronic, vibrational, and optical

properties of SnO2 based on ab initio calculations per-

formed within density functional theory were presented. By

combining the calculated lattice contributions to the static

dielectric constant with its electronic part, an average value

of e1(0) * [(2 9 e1\
latt(0) ? e1k

latt(0))/3] ? 4.95 = 18.2 is

predicted for the static permittivity constant of SnO2. This

allows us to conclude that low-frequency optical phonons

are the primary contributors to the high-k value observed

for tin dioxide. The calculated optical phonons as well as

the energy-dependent optical quantities, real and imaginary

parts of complex dielectric function, the energy-loss, the

refractive index, the extinction and the absorption coeffi-

cients are in good agreement with the experimental avail-

able data. Strongly anisotropic electron and hole effective

masses are also predicted. Our predictions will certainly be

of relevance in future analysis and design of new SnO2-

based nanostructures devices.
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