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We consider the effects of three different types of applied compressive stress on the structural, electronic
and optical properties of rutile SnO,. We use standard density functional theory (DFT) to determine the
structural parameters. The effective masses and the electronic band gap, as well as their stress
derivatives, are computed within both DFT and many-body perturbation theory (MBPT). The stress

derivatives for the SnO, direct band gap are determined to be 62, 38 and 25 meV/GPa within MBPT for
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applied hydrostatic, biaxial and uniaxial stress, respectively. Compared to DFT, this is a clear improve-
ment with respect to available experimental data. We also estimate the exciton binding energies and
their stress coefficients and compute the absorption spectrum by solving the Bethe-Salpeter equation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Sn0, belongs to a class of post-transition-metal compounds
such as ZnO and In,03 that are typically used as transparent con-
ducting oxides (TCOs). These TCOs are insulating oxides that by
appropriate doping become conductive, still maintaining their
transparency in the visible [1]. TCOs are used for photovoltaic
solar cells, transparent electrodes, liquid crystal displays, smart
windows, gas sensors and other optoelectronic devices. SnO, films
are chemically and thermally stable, mechanically strong and rather
inexpensive [2]. As a result, SnO, is one of the most used n-type TCO
material. In order to exploit SnO, for new applications, a deep
understanding of its key bulk properties is therefore necessary.

The naturally occurring form of stannic oxide (Sn0O,) is the min-
eral cassiterite. It adopts the rutile structure with a tetragonal unit
cell. It is a wide-gap semiconductor with optical gap around 3.6 eV
[2]. Its properties can actually be engineered by applying an exter-
nal pressure in order to intentionally deform its crystalline
structure.

A few experimental [3-6] and computational [7-10] studies on
the structural, electronic and optical properties of SnO, under pres-
sure have been reported. First-principles electronic structure cal-
culations on SnO, have been carried out with different methods,
most of them in the framework of density functional theory
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(DFT) [11,12]. DFT has proven to be accurate for the description
of structural properties of SnO,. In contrast, it severly underesti-
mates the value of the band gap, by at least 1.8 eV, and in the worst
case by as much as 2.7 eV. Such a behavior is not surprising, as DFT
with standard local or semi-local exchange-correlation (XC) func-
tionals usually underestimates significantly the band gap [13,14].
More recently, many-body perturbation theory (MBPT) [13,14]
was used to improve the description of SnO, excited-state proper-
ties [7,15-18]. Although most computations give results that are
closer to the experimental data, there are still discrepancies up
to 0.7 eV in the reported band gap values.

Experimental works available in the literature focused on the
behavior of SnO, under high pressure, and different phase transi-
tions have been described. However, there is a clear evidence that
Sn0, is stable in the rutile structure for pressures below ~12 GPa
[3]. It should be noted that most of the available experimental
measurements focus on the effect of hydrostatic pressure. For
example, Schweitzer et al. [4] have investigated the effects of
hydrostatic pressure on the fundamental gap, Eg, and on the exci-
ton binding energy, E;, of bulk SnO, by performing two-photon
absorption experiments at T =7 K. In SnO,, indeed, the direct opti-
cal transition from the valence band maximum (VBM) to the first
conduction band minimum (CBM) is dipole forbidden while two-
photon absorption is allowed. In their work, they have reported a
band gap pressure coefficient, dEg/dp, of 62.0 meV/GPa, an exciton
binding energy of ~50 meV with a pressure coefficient, dE; “/dp, of
0.87 meV/GPa.
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Contrary to the hydrostatic pressure, anisotropic stresses can
lead to both compressive and tensile strains. These more selective
stresses could thus be used in order to tune targeted properties of a
material. During the growth process, crystals are often exposed to
anisotropic and inhomogeneous mechanical stresses. Tensile and
compressive stress fields are generated in the thin semiconductor
layers. These phenomena occur in the lattice-mismatched hetero-
structures, in applications for flexible electronics or in materials
with intrinsic or induced lattice defects. TCOs are usually deposited
as thin films and therefore they are often subject to the biaxial
strain induced by the substrate [19].

The behavior of the electronic band structure of SnO, under
anisotropic (uniaxial) compressive stress has been studied previ-
ously by Saniz et al. [7] with DFT and MBPT using LDA, although
relativistic corrections for Sn atom were neglected, and the effects
of hydrostatic and biaxial stress on the optical properties were not
considered. In the recent works by Cai et al. [20] and by Zhou et al.
[10] the dependence of the electronic band structure and of the
band gap on hydrostatic pressure and biaxial stress respectively,
was computed ab initio with DFT.

In this paper, we extend the previous study of Saniz et al., by
investigating the effects of hydrostatic pressure as well as of biaxial
and uniaxial compressive stresses on SnO,, up to 3 GPa [7].

In Section 2 we first summarize the theoretical and computa-
tional methods used in this work. In Sections 3 and 4, we present
the structural deformations and the evolution of the electronic
structure of SnO, under stress computed from first-principles with
all-electron (AE) methods and a norm-conserving pseudopotential
(PP) based approach. We use PP to compare the effects of DFT and
MBPT on the fundamental band gap. Finally, in Section 5, we qual-
itatively discuss how the stress affects the optical properties of
Sn0O, computed within the Bethe-Salpeter formalism (BSE) [14]
and we estimate the stress coefficients of the excitonic binding
energies.

2. Methods

In this paper, the pressure effects on the electronic and optical
properties of SnO, are computed within DFT and MBPT. All the
DFT calculations are performed both with the PP and AE
approaches. In contrast, MBPT calculations are performed based
on the PP formalism.

In all ground state calculations, the XC energy is described in
the local-density approximation (LDA) using the Perdew-Wang
functional [21].

PP calculations are performed with plane waves as imple-
mented in the ABINIT code [22]. All PPs are generated with the
Troullier-Martins scheme [23]. Sn 5p2, 552, 4d'°, 4p®, 4s? electrons
and O 2s?, 2p* electrons are treated as valence states and scalar rel-
ativistic corrections are included for Sn. In order to converge the
band structure energies within 1 meV, an energy cutoff of 105 Ha
has been used.

SnO,, lattice parameters and electronic gap have been computed
with various computational approaches, including PP, AE and the
projector augmented wave (PAW) method where the use of a pseu-
dized wavefunction is combined with atomic-like orbitals inside
atom centered spheres to correctly describe the nodal shape of
the wavefunction [24]. Table 1 summarizes the results obtained
in this work and compare them with selected published results.
We observe a significant variation in the band gap values, which
we ascribe to the intrinsic inability of DFT to treat localized states
such as Sn 4d and to the use of different PP. For this reason, we
compare results obtained with PP and AE calculations as imple-
mented in a full-potential linearized augmented-plane wave code
[25]. We note that the results obtained by including relativistic
effects in the Sn PP are closer to the AE results. This clearly

Table 1

SnO, lattice parameters and electronic gap computed within DFT using different
methods and XC functionals. Our results are compared to other theoretical values and
to the experimental data. For the electronic gap, the value obtained within MBPT is
also indicated when available.

Method  Functional  Refs. a(A) c(A) EPFT (eV)  EVP'T (eV)
PP LDA [26] 473 319 094 2.89

PP LDA [7] 4.72 3.19 1.80 3.85

PP LDA [15] 4.72 3.05 1.71 3.85

PAW LDA (5] 474 319 - -

PAW LDA(+U)  [18] 474 32 094 3.65

AE LDA [27] 4.76 3.18 1.08 -

PP LDA This work  4.72 3.19 0.89 2.75

AE LDA This work - - 1.17 -

Exp. (3.28] 474 319 36

indicates the importance of such correction and validates the set
of pseudopotentials used in this work.

In AE calculations the charge density is expanded in k-space up
to Gmax = 12 Bohr~!. The cut-off value for the planewave expansion
of the wave functions in the interstitial region (i.e. the value that
defines the maximum length for the G + k vectors) is rgmax = 8.

In order to simulate the applied pressure, the unit cell is opti-
mized for each given stress using PP calculations with ABINIT.
The non-diagonal components of the stress tensor are set to zero
and thus non-shear stress only is taken into account. The compres-
sive uniaxial stress —o along the c axis (Fig. 1) is obtained impos-
ing that the diagonal components of the stress tensor are o = 0,
and o, = 0,, = 0 where the z direction coincides with the c axis
and is orthogonal to the ab plane (Fig. 1). An homogeneous com-
pressive (biaxial) stress —o, in the ab plane is simulated by setting
the stress tensor component as ¢, = 0y = 0y, and o0, = 0. The
hydrostatic pressure is indicated as —oy,.

We also perform AE DFT calculations to compute the electronic
structure of SnO,, the density of states and the effective masses. In
these calculations, only atomic positions are allowed to relax,
while the cell parameters are fixed to the values obtained from
the structural relaxation performed with PPs.

DFT represents a reliable method for computing structural
properties whereas it usually fails in predicting excited state prop-
erties (like the band gap). Therefore, we employ MBPT to overcome
the DFT band gap problem [13]. In solving Hedin’s equations
[31,13,14], the self-energy operator is obtained by the one-shot
perturbative approach (GoW,) with the Godby-Needs plasmon-
pole model [32], with the eigenvalues and wave functions com-
puted either within DFT or from the self-consistent Coulomb-hole
screened-exchange approximation (scCOHSEX) [31,33].

All LDA calculations with PP are performed on a shifted 4 x 4x6
Monkhost-Pack (MP) [34] grid. For MBPT calculations, we use a
4 x 4x6 MP grid. The screened interaction W is computed on a
(1,1,1) shifted mesh and the self-energy operator is evaluated on

Fig. 1. SnO, rutile (space-group symmetry P4,/mnm) unit cell, containing two
formula units. Oxygen atoms form a distorted octahedron around each tin atom.
The Sn-0 octahedral coordination is illustrated in the left panel where subscripts on
oxygen atom indicate inequivalent Sn-O bonds.
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a I'-centered grid. The cut-off energies for the wave functions and
the dielectric matrix, as well as the number of empty states
included in the calculations allow us to converge the quasiparticle
eigenenergies within 0.05 eV. The elastic constants are computed
ona 10 x 10 x 15 MP grid.

We compute the charge carriers effective masses from DFT via
parabolic fit of the band structures near the CBM and VBM at the
I' point, along the directions parallel (I"-X) and orthogonal (I'-Z)
to the c-axis, respectively. The optical absorption spectra are
computed both in the random phase approximation (RPA) and
including the electron-hole interaction via the solution of the
Bethe-Salpeter equation. The BSE is solved including local field
effects, and approximating W with a model dielectric function
[35] constructed from the electronic dielectric constant €,, com-
puted in the RPA. This approximation was validated in the —o case
by comparing the model dielectric function results with those
obtained with the ab initio W from a GoW, calculation. It is found
that the spectra are very similar in the energy range of interest.
It is worth stressing that the sampling of the Brillouin zone is
improved by adding a small shift to the grid of k-points, along a
symmetry breaking direction.

3. Structural properties

Sn0, crystallizes in the rutile structure with a tetragonal unit
cell (space group P4,/mnm) characterized by lattice parameters
a=b=4.738 Aand c = 3.188 A (see Ref. [3]). The internal parameter
u is ~0.307.

The structural parameters at equilibrium, computed within
LDA, (a=3.185A, c=4.719A, and u = 0.306) are in good agreement
with previously published results (see Table 1) and experimental
values [5,7,18,26].

In the rutile unit cell, Sn atoms are octahedrally coordinated to
the 6 oxygen nearest neighbors (Fig. 1). The Sn atoms are located at
Wyckoff sites 2(a), corresponding to reduced coordinates (0, 0,0)
and (1/2,1/2,1/2), while the four O atoms sit at the 4(f) sites
(fu,+u,0) and (1/2 +u,1/2 Fu,1/2).

In the left panel of Fig. 1, we consider the environment of the
central Sn atom. We label the two inequivalent oxygen atoms
relative to this central Sn atom as O, and Oy. The octahedron defor-
mation is defined by the ratio of the SnO, and SnO; distances and

by the angle OSHO/,.

The effect of the applied (hydrostatic) stress on the lattice
parameters is presented in Fig. 2, and compared with available
experimental data from Haines et al. [3]. In Table 2, we compare
the bulk-modulus of SnO, computed with PP and AE techniques.
The results agree with each other within 3%.

The pressure-induced change in the structural parameters is
almost linear. The pressure coefficients obtained with a linear
least-squares fit are reported in Table 3, as well as the coefficients
relative to the internal variation in Sn-O distances. The same
methodology is used to obtain the pressure coefficients for non-
hydrostatic stresses, also reported in the same table. Our results
agree well with previous published calculations [5].

The lattice deformation is directly related to the elastic con-
stants. In Table 2, we compare our results for the elastic constants
with available experimental data. Our data are within the range of
variation of the experimental values and of previously published ab
initio results [7,8,30]. It should be noticed that the LDA results are
in much better agreement with the experimental data than the
corresponding GGA results.

4. Electronic structure

Fig. 3 displays the upper valence bands and the lowest conduc-
tion bands, in the energy range from —10 to 6 eV (the zero of
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Fig. 2. The unit cell parameters a and c of SnO, under hydrostatic pressure ;. Open
symbols refer to experimental data from Haines and Léger [3].

energy is located at the VBM). The partial density of states (PDOS)
at equilibrium is also reported. The conduction band consists
essentially of Sn 5s and Sn 5p orbitals while O 2s states have little
contribution. The upper valence bands are mainly due to O 2p and
Sn 5p-4d orbitals, while in the —6 to —8 eV range O 2p hybridize
with Sn 5s states. Other valence bands, lower in energy (not shown
in Fig. 3) arise from the O 2s and Sn 4d states. It is found that the
main features of the LDA and GGA band structures are similar to
each other and consistent with previous results.

As expected, the valence and conduction bands are mainly of
bonding and antibonding character and ¢ tends to increase the
bonding-antibonding split. Besides increasing the band gap,
pressure mainly affects the valence states located in the energy
window from —4 to —6 eV.

Available experimental results for SnO, electronic properties
are often difficult to interpret due to the quality of the sample that
depends on the growth and deposition conditions, and on the post-
deposition treatment [39]. There are no reported measurements of
SnO, electronic band gap from photoemission experiments, but the
fundamental direct gap has a lower limit defined by the direct opti-
cal gap (3.6 eV) [28]. SnO, presents a single free-electron-like con-
duction band minimum, similar to In,O3; and ZnO. The effective
mass model is therefore justified, and cyclotron resonance experi-
ments give electron effective masses <0.3my [37].

Although the absolute value of the DFT-LDA band gap is not
reliable, it is meaningful to compare the derivatives of the band
gap with respect to the total pressure. Previous studies have shown
that the DFT band gap pressure derivatives are quite accurate and
with no significant dependence on the different XC functionals
[40,41].

Both the DFT (PP and AE) and the MBPT approximations predict
this relationship to be linear (see Fig. 4), but the slopes differ.
Despite the difference in the absolute values of the LDA gaps, AE
and PP predict band gap pressure coefficients that differ by less
than 1 meV/GPa. The results obtained with MBPT are found in
much better agreement with the experimental data than DFT.
On the other hand, it is worth noticing that while DFT-LDA
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Table 2

SnO; elastic tensor components and bulk modulus (GPa) at 0 GPa calculated within DFT using different methods and XC functionals. Our results are compared to other theoretical

values and to the experimental data measured at ambient conditions from Ref. [29].

Method Functional Ref. C11 = Cx C33 Cc12 Ci3 Ca4 Cos B
PP LDA [7] 2743 412.5 180.9 149.8 943 2029 211.7
PAW GGA [30] 246.6 459.6 1834 156.5 97.4 203.3 199.3
PP LDA This work 249 430 177 155 95 205 199
AE LDA This work - - - - - - 193
Exp. [29] 261.7 449.6 177.2 155.5 103.1 207.4 2123
Table 3 0.20 T T . .
Stress coefficients d/dp relative to several structural parameters, with respect to the °
different types of stress, computed with LDA.
(1072 A/GPa) e -0 ~On
da/dp -1.51 0.51 -0.92
dc/dp 0.74 ~0.93 ~028 015 1
dSn0,/dp -0.29 0.07 -0.22
dSnOg/dp —-0.61 0.14 —0.44
S
L o010} b
6 oo
w
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Fig. 3. Band structure and the projected density of states in LDA at equilibrium
(0 GPa).

underestimates the absolute value of the gap by ~70%, the LDA
underestimation for the band gap change rate reduces to ~20%.

Building upon this validation of the GoW, methodology, we
carry on, and obtain the pressure coefficient for the fundamental
band gap, for the different types of stress, by a least square fit
assuming a linear dependence of the band gap. The tetragonal
symmetry of the crystal structure of SnO, leads to an anisotropy
in the electronic and optical properties. For example, the smaller
distance between Sn atoms along the c-axis, may facilitate a higher
atomic orbital overlap and thus a more conductive pathway for
electron transport. For example, rutile TiO, conductivity is five to
ten times greater along the c-axis as compared to the (110) direc-
tion [42].

The band gap stress coefficients are reported in Table 5. Those
relative to oy are comparable to those of similar semiconductors,
such as TiO,. Table 5 shows that, in terms of efficiency in tuning

0 1 2 3 4
-0 (GPa)

Fig. 4. The effects of g, on the band gap of SnO,. We report values obtained with
LDA (PP and AE) and GoW, calculations.

SnO, band gap, the hydrostatic stress is the most effective, while
purely uniaxial stress is the least. This is consistent with the recent
results reported in Ref. [10] in which the authors discuss the effect
of biaxial stress in the bc plane of SnO, (at variance with our ab
biaxial stress). Zhou et al. computed the band gap pressure coeffi-
cient within DFT using the HSE functional. They obtained a value of
46 meV/GPa confirming that biaxial stress is the most suitable for
tuning tin oxide band gap.

Despite being an excited state property, the effective masses
from DFT-LDA are quite close to experimental data, as shown in
Table 4. Due to numerical issues related to k-point sampling, com-
puting effective masses from MBPT is more difficult than from DFT.
Given the reasonably good agreement of the DFT data with exper-
iment, we will rely on it for the pressure dependence of the effec-
tive masses. The dependence of the effective mass on pressure is
reported in Table 5 and are extremely small. Regardless of the
method, whether PP or an AE approach, electron effective mass
changes by few percent e.g. when uniaxial stress is applied the
change is ~0.01 per GPa along directions orthogonal to the c-axis
and 0.001 per GPa along a direction parallel to c.

5. Optical properties

We are interested in the effect of stress on the optical properties
and particularly on the optical gap. In principle, we should
compute all dielectric functions by solving the BSE and hence take
excitonic effects into account.
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Table 4

SnO0,, electron and hole effective masses at I computed with different theories (DFT
or MBPT), methods, and XC functionals. Our results are compared to other theoretical
values.

Method Theory Functional Ref. m; m;

r-z r-m r-z r-m
PP DFT LDA [7] 0223 0.253 1.655 1.228
PAW MBPT  HSE* [18] 021 0.26 147  1.21
PAW DFT HSE [36] 021 025 1.60 1.27
PP DFT LDA This work 0.18  0.21 1.67 123
EXp. [37] 0234 0299 - -
 Ref. [38].

Table 5

Stress coefficients d/dp relative to the band gap and the effective masses, with respect
to the different types of stress, computed with LDA, GoW, and scCOHSEX+GoW,. For
the effective mass parameters, only the LDA data have been computed.

Method dEg/dp (meV/GPa)
-0, -0 —0p

LDA 32 20 51

GoWo 38 25 62

SCCOHSEX+GoW - 27 -

Exp. - - 62°

(mo/GPa)

dmg/dp

-z 0.001 0.001 0.002

I-M -0.029 0.017 -0.014

dmy [dp

Ir-z ~0 0.003 0.003

I -M —0.002 —0.003 —0.004
2 Ref. [4].

By linearly extrapolating the slope of the absorption curves
around the half maximum of the onset to zero absorption, we
obtain the optical gaps. However, the computational cost required
to converge the BSE spectra around the absorption onset is extre-
mely high because of the slow convergence with respect to the
k-point sampling. Here we report on BSE results for the case of
uniaxial stress only (see Fig. 5). As noted before, the rutile SnO,
has a tetragonal symmetry and therefore only two components
of the dielectric function are independent. In Fig. 5, the absorption
spectra i.e. the imaginary part of ¢ is plotted in the ordinary (¢,)
and extraordinary (g) polarization. The applied pressure has
stronger effects on the absorption onset for light polarization
parallel to the c-axis, the anisotropy is apparent.

The computed spectra reported in Fig. 5 reveal significant
excitonic effects. For instance, a sharper absorption onset is
obtained compared to RPA calculations. The dielectric function
shows significant anisotropy between its components perpendicu-
lar and parallel to the c-axis. A pronounced excitonic peak is visible
around the absorption onset of the perpendicular component. Our
calculated static refraction indices differ by ~0.1, in agreement
with the experimentally observed birefringence in SnO- (and TiO5).

Solving the BSE should in principle give the value of the binding
energies of excitons. In consideration of the computational cost of
the BSE, we resort to the two-band model of Wannier-Mott [43,44]
in order to obtain a qualitative description of the excitonic binding
energies for the three types of stress. One can approximate the
binding energy of the first exciton as Ej = R, u/meel;, where p
is the reduced effective mass and & is the effective static screen-
ing. Indeed, we have previously assumed that the parabolic
approximation can be applied to the dispersion of SnO, highest
valence and lowest conduction band. The Wannier-Mott approxi-
mation, in the case of materials similar to SnO,, has been reported

-~

F7 GPa

o

r 3 GPa

-~ o

—OGPa:

40 45 5.0 55 6.0 6.5 7.0
w (eV)

Fig. 5. The imaginary part of the dielectric function, close to the absorption edge
computed within RPA (dotted line) and solving the BSE (solid line). The spectra are
computed at zero pressure (lower panel) and for an applied compressive uniaxial
stress o ~3 GPa (central panel) and ~7 GPa (upper panel). Red (blue) curves are
relative to the light polarization perpendicular (parallel) to the c axis of the rutile
structure. We correct the LDA band gap with a rigid shift to match the
scCOHSEX+Go W, values (vertical dotted lines). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

to give excitonic binding energies in agreement with BSE results
[44].

We use the ¢ computed within the RPA approach (Table 6) and
the carriers effective masses to compute the excitonic binding
energies E; presented in Table 6. The E;¢ at equilibrium (o = 0)
is 157 (146) meV for the ordinary E L ¢ (E || ¢ extraordinary)
polarization.

It is known that computed excitonic binding energies can over-
estimate the experimental value by up to one order of magnitude.
The experimental excitonic binding energy of SnO, is ~30-50 meV
[28,4]. The large discrepancy with respect to the experimental val-
ues can be ascribed to the incorrect description of the screening.

Indeed, as illustrated in Ref. [18], if we take the average of the
experimental static dielectric constants of SnO, ie. & = 14 and
ai‘) =9 [45] and compute the Wannier-Mott exciton binding ener-
gies we obtain E; ~ 20 meV.

In light of the above discussion, it is expected that the dE;“/dp
experimental value [4] relative to hydrostatic pressure is overesti-
mated by our calculations.

Table 6

Macroscopic dielectric constant ¢, under hydrostatic pressure and biaxial, uniaxial
stress, computed within the RPA. The computed ¢, at zero pressure is 3.92 (4.02 AE
FP-LAPW). Excitonic binding energy E;“ and binding energy pressure coefficients
dE; /dp for the different types of stress (o; = 3 GPa), computed within the Wannier-
Mott approximation.

-0, -0 —0Op
[ 3.86 3.81 3.83
EF (meV)
Elc 162 183 170
E|c 152 167 158
dEF“/dp (meV/GPa)
Elc 1.6 7.7 4.4
E|c 1.7 6.0 3.8
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6. Summary and conclusions

In this paper, we have investigated the effect of pressure on the
structural, electronic and optical properties of rutile SnO,. The
resulting trends for the fundamental band gap, the band
dispersion, and the electron effective masses under pressure are
comparable to the experimental findings for similar compounds
e.g. TiO,. The use of different DFT implementations does not
influence significantly the effect of pressure on the band gap. As
reported in Refs. [46,47], for some simple semiconductors, the
LDA band gap pressure coefficients are very close to the quasipar-
ticle values, obtained via GoW,.

However, the pressure coefficient for the hydrostatic pressure
computed with GoW) is in better agreement with the experimental
result of Schweitzer et al. [4] compared to DFT. Our calculations
indicate that hydrostatic pressure is the most effective among
the different types of stress for tuning the SnO, band gap.

In addition, we compute exciton binding energies and their
corresponding stress coefficients and we present the optical
absorption spectra. We show that the impact of excitonic effects
is significant and has to be taken into account in the calculations
e.g. by solving the BSE.
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