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ABSTRACT: A detailed theoretical first-principles study of structural, electronic, and
hyperfine properties at Sn and Ta sites of undoped and Ta-doped rutile SnO, is presented,
using the Full-Potential Augmented Plane Wave plus local orbitals (FP-APW+lo) method. In
the Ta-doped systems, we performed calculations for two different charge states. The
predicted electric-field-gradient (EFG) tensor, the key magnitude in this study, for both
charge states of the impurity result to be almost equal and in good agreement with Time-
Differential Perturbed y—y Angular Correlation (TDPAC) results in '*'Ta-doped SnO, thin
films. This study enables at present to discuss the origin of the EFG and the role played by
the structural anisotropic contractions introduced by the Ta atom and the impurity charge
state on the hyperfine properties. To determine the correct charge state of the impurity, we
performed energetic studies, predicting the metallic behavior of degenerate semiconductors,
in agreement with resistivity experimental results obtained in samples with the same Ta

dilution.

I. INTRODUCTION

In past years, transparent conducting oxides (TCO) thin films
have been increasingly used in optoelectronic devices such as
solar cells, flat-panel displays, and, more recently, touch panels.
Initially, In,O; doped with Sn as n-type donor (indium—tin
oxide, ITO) was the most used TCO. However, the difficulty to
obtain it and its high cost have made necessary the exploration
of alternative materials. ZnO and SnO, can also be heavily
doped with n-type donors and are the principal candidates to
replace ITO. Thin films based on SnO,, such as Sb-doped
Sn0,,"* are the most chemically stable; however, the toxicity
of Sb makes it undesirable. In this sense, Ta-doped rutile SnO,
thin films (TTO) have proven to be an ideal candidate.*"® Ta-
doping in rutile SnO, thin films does not produce a significant
loss in their transparency’ and decreases their resistivity from
0.17 Q cm (pure SnO, film) to 1.I X 107* Q cm
(SnposTages0,) at 300 K,° which is comparable to the
resistivity of ITO thin films.

In condensed-matter physics, hyperfine experimental techni-
ques”'® have been extensively employed to investigate
structural, electronic, and magnetic properties at the atomic
scale in pure and doped systems.'' In particular, the Time-
Differential Perturbed y—y Angular-Correlation (TDPAC)
spectroscopy provides a precise characterization of the
electric-field-gradient (EFG) tensor at diluted (ppm) radio-
active probe atoms, and therefore can be employed to elucidate
the subnanoscopic environment of impurities or native atoms
in solids.'">”>* The EFG is a second-order symmetric tensor
whose components are defined by V;(7) = (0°V(7))/(dx,0x)),
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where V(7) is the Coulomb potential generated by the charge
density surrounding a probe nucleus. In the principal axis
system, the EFG tensor is traceless. With the usual convention
Vi3l > [V, > IV, the EFG is completely defined by the
largest component Vy; and the asymmetry parameter 7 = (V7
= V3)/Vs

In a TDPAC experiment, a suitable probe atom is used, often
an impurity in the system under study. At this probe site, the
local information, in the case of electric—quadrupole
interactions, is given by # and the nuclear-quadrupole
frequency @, = eQV33/4I(2I — 1)h. Q is the nuclear
quadrupole moment of the sensitive nuclear state of the
probe atom with spin I In our case, I = 5/2 for the '*'Ta probe
atom. The power of TDPAC lies in its highly local sensitivity to
the anisotropic charge distribution close to the probe nucleus
(due to the r> dependence of the EFG from their charge
sources), and therefore can give very precise information about
the local environment of the probe atoms. All of the
information that the EFG tensor can provide about the system
under study, such as localization of impurities and defects,
structural distortions, charge state of defect centers, etc., could
be obtained by confrontation of the experimental results with
theoretical predictions of the EFG. Very accurate EFG
calculations in doped systems can nowadays be per-
formed'®~'®**%* through the use of all-electron (AE) ab initio
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electronic structure calculations in the framework of the
Density Functional Theory (DFT).****

The crystallization process of amorphous Sn—O thin films
toward the desired most stable and transparent rutile SnO,
phase was studied using TDPAC, implanting '$'Hf(—'*'Ta)
probe atoms, and conversion electron Mossbauer spectroscopy
(CEMS) with "Sn as probes.”**” From these studies, the
authors concluded that the final stage of the process was
crystalline rutile SnO, and that Ta impurities did not affect the
overall crystallization of the films. Despite the monochroma-
ticity of the hyperfine interactions observed in the TDPAC
experiments, the lack of an accurate EFG prediction at those
times made it difficult to correctly predict the localization of the
impurities in the host lattice, and if the impurities trap defects.
In addition, the simple point-charge model (PCM) calculations
used in ref 27 did not reproduce the observed V;; and the
parameter, and could not describe the local structural
relaxations around the impurity and the origin of the
temperature dependence of the EFG.

Recently, Qin et al.*® reported an ab initio study in Ta-doped
rutile SnO,, focusing only on bulk (i.e,, nonlocal) properties.
However, due to the high Ta concentration used in that work,
their results could not be compare with those coming from
resistivity or TDPAC experiments. To our knowledge, a local
characterization (experimental or theoretical) of the structural
and electronic environment of Ta impurities in Ta-doped rutile
SnO, has not been reported yet. Hence, it is desirable to predict
structural, electronic, and hyperfine properties of Ta-doped
SnO, with a concentration of dopants simulating isolated
impurities, as is the case in TDPAC and the resistivity
experiments.6

In this work, we perform a detailed first-principles study of
structural, electronic, and hyperfine properties of Ta-doped
rutile SnO, with different doping concentrations using the
state-of-the-art Full-Potential Augmented Plane Wave plus local
orbitals (FP-APW+lo) method.”*® Because the presence of
intrinsic defects and/or codoping (with donor or acceptor
impurities) can modify the impurity charge state, and as the
electronic, structural, and hyperfine properties close to the Ta
impurity may depend on this,'® %% we performed calculations
for different charge states of the impurity. The predicted EFG
tensors were compared to the EFGs obtained in the TDPAC
experiments in '8'Hf(—'#'Ta)-implanted SnO, and Sn—O thin
films.>**” Although the EFG can be a powerful tool to identify
impurity charge states in doped systems,'”>' ™ in the present
study this identification is not trivial, and energetic studies were
necessary to unravel this issue.

This Article is organized as follows. In section II, we describe
the theoretical approach used. In section IILA, we present a
detailed study of the undoped system and compare electronic
and hyperfine properties with experimental results and other
theoretical predictions from the literature. In sections IILB.1—
IILB.3, we present and discuss the structural relaxations, the
electronic structure, and the EFG predictions, respectively, for
different charge states of substitutional Ta impurities in rutile
SnO,. In section II1.B.4, we compare these ab initio results with
experimental data and in section IILB.S with other theoretical
calculations. Finally, in section IV, we present our conclusions.

Il. THEORETICAL APPROACH AND CALCULATION
DETAILS

Rutile SnO, is tetragonal with a = b = 4.7374(1) A and ¢ =
3.1864(1) A3 (¢/a = 0.672 at room temperature and

atmospheric pressure). The unit cell contains two molecules,
with Sn atoms at positions 24, (0;0;0) and (1/2;1/2;1/2), and
the four O atoms at positions 4f, +(u;u;0) and +(1/2+u;1/2—
1;1/2), with u = 0.3056(1)** or 0.3064(4).>* Each Sn atom is
surrounded by six nearest oxygen neighbors (ONN) forming
an octahedron. The four oxygen atoms of the rectangular basal
plane (O1) are at a distance d(Sn—01)=2.058 A, and the two
of the vertex are at d(Sn—02)=2.047 A; see Figure la.
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Figure 1. (a) Rutile SnO, unit cell. (b) Supercell with a’ = 24, b’ = 2b,
¢" = 3c. The gray, black, and light-blue spheres correspond to Sn, Ta,
and O atoms, respectively.

To simulate an isolated impurity, we constructed a supercell
(SC) of 12 unit cells of SnO, repeated periodically, in which
one of the 24 Sn atoms was replaced by a Ta atom, obtaining
SnggsgTag 04205, representing a cationic doping of 4.2 at. %. The
resulting 72-atom SC is also tetragonal and has dimensions a’ =
2a=b"=2b=9.47 Aand ¢’ = 3c = 9.56 A (see Figure 1b), with
¢'/a’ = 1.01, giving a distance of about 9.5 A between the Ta
impurities. For checking purposes, we have also considered SCs
containing 8 (a’ =2a="b"=2b=9.47 Aand ¢’ = 2c = 6.37 A)
and 16 (@' =2a=b"=2b =947 Aand ¢’ = 4c = 12.74 A) unit
cells. It is worth mentioning that the presence of a Ta impurity
at a Sn site breaks the equivalence between O1 and O2.

When a Ta** atom replaces a Sn** atom, Ta formally acts as a
donor impurity. As we know, the charge state of the impurity
could be essential in the description of the structural and
electronic properties of the impurity—host system. Therefore,
to describe real samples, where the presence of defects
(vacancies, interstitial atoms, and/or the presence of substitu-
tional donor or acceptor impurities), thermal effects, or optical
transitions can change the charge state of the impurity, we
performed calculations assuming two different physical
situations:

(a) A Ta atom substitutes a Sn atom in the SnO, supercell.
We call this situation “neutral charge state”, SnO,:Ta’.

(b) Taking into account the donor character of Ta when it
replaces Sn in SnO,, we performed calculations removing one
electron from the supercell. We will call this situation “charged
state”, SnO,:Ta". For this physical situation, the presence of
certain defects such as cation vacancies, interstitial oxygen
atoms, acceptor impurities, or grain boundaries that could trap
electrons is needed. Other sources of impurity ionization are
thermal or optical transitions.

To solve the scalar-relativistic Kohn—Sham equations, in the
framework of the DFT,*** we employed the FP-APW+lo
method”®** implemented in the WIEN2k code.*® In this
method, the wave functions are expanded in spherical
harmonics inside non overlapping atomic spheres of radius
Ryry and in plane waves in the interstitial region of the unit cell.
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Exchange and correlation effects were treated using the local-
density approximation (LDA),>” the generalized gradient
approximation (GGA),>® and the GGA parametrization
proposed by Wu and Cohen (WC-GGA).”” Because the
differences between the results obtained with GGA and CW-
GGA are negligible, we only report the results using the LDA
and CW-GGA approximations. The EFG tensor was obtained
directly from the second derivative of the full potential.***!
Structural optimizations were performed taking into account
the quantum mechanically derived forces, and displacing all of
the atoms in the SC according to a Newton damped scheme.*
The procedure was repeated until the forces on the ions were
below 0.01 eV/A. We used atomic spheres with Ry(Ta) =
099 A, Ryr(Sn) = 095 A, and Ry (O) = 0.86 A. The
parameter RK,,,. (R is the smallest muffin-tin radius and K, is
the largest wavenumber of the basis set), which controls the
size of the basis set, was set to 7. Integration in the reciprocal
space was performed using the tetrahedron method considering
50 k points in the first Brillouin zone. A convergence less than
0.1 X 10* V/m? in the EFG components and 0.01 A in the
interatomic distances was obtained using these parameters.

Finally, although the experimental TDPAC results®®*’ do
not suggest any magnetic interaction present at the Ta site in
Sn0,:"*!Ta, we have also performed spin-polarized calculations
for the doped system, and we checked that no magnetic
solution exists at the equilibrium positions, for both charge
states of the Ta impurity. Therefore, all of the results reported
here correspond to non spin-polarized calculations.

lll. RESULTS AND DISCUSSION

A. Undoped SnO,. Before studying the doped system, we
studied first pure SnO,. To check the accuracy of the present
calculations, we compared the predicted structural, hyperfine,
and electronic properties with experimental data and theoretical
results reported in the literature. For this purpose, we
performed a complete optimization of the crystalline structure
(see Table 1). From this optimization, we found for the internal

Table 1. Lattice (a, ¢) and Internal Parameter (x) Obtained
Using FP-APW+lo in Both LDA and CW-GGA Calculations
for Pure SnO,

a (A) ¢ (A) u
experimental 4.7374(1)¢ 3.1864“ 0.3056(1)°
0.3064(4)"
LDA 4.7297 3.1995 0.3061
CW-GGA 4.7710 3.1999 0.3056

“Reference 34. “Reference 35.

u parameter a value of 4 = 0.3061 for LDA and u = 0.3056 for
CW-GGA, differing by less than 1 X 107* with respect to those
obtained in X-ray diffraction (XRD) experiments,**** within
errors (see Table 1). These values are in perfect agreement with
those previously obtained” using LAPW calculations (u =
0.3060 for LDA and u = 0.3054 for GGA). A rather higher
value of u = 0.307 was reported by Qin et al*® using the
CASTEP code and ultrasoft pseudopotentials. For the a and ¢
lattice parameters, we found a = 4.7297 A and ¢ = 3.1995 A for
LDA, and a = 4.7710 A and ¢ = 3.1999 A for CW-GGA (see
Table 1).

In CEMS experiments, due to the nuclear spin I = 3/2 of the
sensitive state of the ''’Sn probe, a separate determination of
V33 and 7 at the Sn site is not possible, the quadrupole splitting

Ao = (eQVss(1 + 1?/ 3)"/2)/2 being the measured quantity. In
Table 2 we show, adopting the experimental and optimized

Table 2. FP-APW+lo Predictions for the EFG Tensor Using
the Experimental and Optimized Structures of Pure SnO,

Vis
(10*' V/m?) n Vi dir.  A,” (mm/s)

exp. LDA +5.06 049 [170] —0.44

structure  Cw.GGA +5.30 052 [1T0] —046

opt. LDA +5.71 044 [1T0] —049

stracture  Ccw.GGA +5.10 068 [110] —0.46
exp.” 0.499(13)°

“To determine Ae, from the predicted Vs;, we used Q(*Sn) = —132
mb.** PReference 45. “The sign of A,; has not been experimentally
determined.

structures, the predictions of V3, 1, V35 direction, and A, at
the Sn site, and compare with A,;, coming from CEMS
experiments (using the ''°Sn as probe). Using the most recent
determination of the nuclear quadrupole moment of the excited
state of 1%Sn, Q = —132 mb,™* our predicted A, values are in
excellent agreement with the experimental value reported by
Collins et al.** for polycrystalline SnO, (see Table 2). With this
actualized Q value, the A, prediction by Errico® using LAPW
adopting the experimental lattice parameter and optimized u
value is also in perfect agreement with the experimental result.

Finally, in Table 3 we show the p and d valence contributions
to the EFG at the Sn site. The s—d valence contributions are

Table 3. p and d Valence Contributions to the EFG Tensor
Principal Components (in Units of 10>' V/m?) at Sn Sites in
Pure SnO,, Using the CW-GGA Approximation

Vi V Vi
P —044 -3.65 +4.09
d —0.79 —0.41 +1.20

negligible and are not shown here. The total density of states
(DOS) and atom-projected partial density of states (PDOS),
using CW-GGA, at Sn and O sites for pure SnO, are shown in
Figure 2. The fine structure of these results is independent of
the approximation used for the exchange and correlation
potential (LDA, GGA, and CW-GGA). The valence band (VB)
has mainly O-2p character, showing hybridization with s-, p-,
and d-Sn orbitals, in agreement with previous DFT
results,*****® and the expected insulator behavior was obtained.
At lower energies (from —19 to —15 eV) the hybridization of
Sn-4d with O-2s states is observed, in excellent agreement with
X-ray photoelectron spectroscopy (XPS) measurements®’ and
the results reported by Dixit et al.*® Finally, the conduction
band (CB) is described by Sn-Ss and O-2p (with a little
contribution of O-2s).

Our theoretical band gap is 2.5 eV, in good agreement with
other DFT results,*** but smaller than the experimental value
of 3.6 eV.*”**%* The underestimation of the band gap is a well-
known deficiency in DFT calculations, but this does not
interfere with the calculations of ground-state properties like
the EFG. Nevertheless, our value is notably larger than the
almost negligibly band gap reported in ref 28 for pure SnO,.
This underestimation of the band gap can be resolved using the
Tran-Blaha modified Becke Johnson (TB-mBJ]) potential,
giving a value of 3.5 eV, in excellent agreement with the
experimental gap and with that predicted by Dixit et al.*® The
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Figure 2. (a) Total density of states (DOS) for pure SnO,. The gray
area shows the occupied states. Atom-resolved partial DOS of (b) s, p,
and d contributions projected at Sn site and (c) s and p contributions
projected at O sites for pure SnO,. All cases correspond to CW-GGA.
The energy is referred to the last occupied state (vertical dotted line).

EFG can be obtained, using this approximation, in pure
oxides,>’ but the forces acting on the atoms cannot be
calculated. Hence, due to this restriction, it is not possible to
optimize the structure nor to predict the equilibrium atomic
positions in doped systems, and therefore accurately predict the
EFG at impurity sites using the TB-mBJ potential.

B. Ta-Doped SnO,. 1. Structural Relaxations. The
substitution of an indigenous Sn atom by a Ta impurity
produces not negligible forces on its nearest neighbor atoms. As
a first step, we performed a complete structural optimization of
the lattice and internal positions in the 2 X 2 X 1,2 X 2 X 2,
and 2 X 2 X 3 Sn0O,:Ta’ SCs. We found the absence of volume
variation in the 2 X 2 X 3 SC. A little expansion appears when
Ta concentration increases, being 1% at the 2 X 2 X 1 SC. On
the other hand, we checked that the final equilibrium structures,
and therefore the electronic structure, are independent of the
initial positions (i.e, using the experimental or optimized
structure of pure SnO, as starting point). This is due to the
strong displacement of the impurity’s nearest neighbors relative
to the subtle position refinement produced in the structural
optimization process.

In Table 4 we compare the Ta—O1 and Ta—O2 bond-
lengths at the final equilibrium positions for Sn0O,:Ta’ and
SnO,:Ta* with the experimental Sn—O1 and Sn—O2 bond-

lengths for pure SnO,. We see that for both charge states of the
impurity the ONN relaxes inward, shortening the Ta—ONN
bond-lengths. The magnitude of these relaxations is nearly
independent of the charge state of the impurity (as occurs in
Ta-doped rutile TiO,).”® These contractions are quite
anisotropic, with the equilibrium Ta—O2 distance larger than
the Ta—O1 distance, opposite to the initial unrelaxed structure.
This anisotropy can be understood inspecting the relaxations of
02 and Ol in the (110) and (110) planes, respectively. In the
(110) plane, a shortening of the Ta—O2 bonds implies a
considerable stretching in the Sn—O2 bonds (see Figure 3a).

(a) (b)

Sno

O*Ta ‘ _(5 o \\"Of /o

2 = 5
' 02 Ta 01
% 01 o 02 i
y g o . I,

Figure 3. (a) (110) and (b) (110) planes showing the O2 and O1
coordination, respectively. The arrow indicates the O2 and O1
displacement. The dashed lines indicate the final equilibrium positions
for Sn0,:Ta" The contractions were magnified to better visualize the
effect.

However, in the (110) plane, a shortening of the Ta—O1 bonds
produces a weaker stretching of the Sn—O1 bonds (Figure 3b)
due to the geometry involved in the cationic coordination at
O1 and O2 atomic sites. In the same way, because the structure
is more “open” in the Ta—O1 direction than in the Ta—O2 axis
(i.e., the angle Sn—O1—Sn is larger than the angle Sn—02—Sn;
see Figure 3b), the forces on O1 produced by the two nearest
Sn neighbor atoms along the Ta—O1 direction are weaker than
those acting on O2 along the Ta—O2 direction, allowing a
stronger shortening of the Ta—O1l bond-length. These
contractions follow the general trend already observed in
other Ta-doped binary oxides;***" that is, the impurity tries to
reconstruct the ONN bond-length that it has in its most stable
oxide. In the present case, the Ta—ONN bond-lengths in TaO,
(rutile) and Ta,Os (the most stable tantalum oxide) are
approximately 2.02 and 2.00 A, respectively, very close to final
Ta—ONN distances at the final equilibrium positions (see
Table 4).

The contractions in the bond-lengths produced by Ta at the
Sn site are related to the fact that the ionic radius for 6-fold
coordinated Ta%* (0.65 A) is smaller than the ionic radius for 6-
fold coordinated Sn** (0.69 A).>* In rutile TiO,, both Ta and

Table 4. Experimental Sn—O1 and Sn—02 Bond-Lengths for Pure SnO, and Predicted Equilibrium Ta—O1 and Ta—02

Distances for SnO,:Ta’ and SnO,:Ta"

Sn0O,
d(Sn—01) (A) d(Sn—02) (A)
exp. 2.058 2.047
Sn0O,:Ta
Sn0,:Ta’ SnO,:Ta*
d(Ta-01) (4) d(Ta—02) (A) d(Ta—01) (A) d(Ta—02) (A)
LDA 1.982 1.995 1.982 1.996
WC-GGA 1.985 1.995 1.987 1.999
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Cd impurities have ionic radii larger than that of Ti producing
relaxations that move the ONN outward, enlarging the
impurity—ONN bond-length.'”*° To illustrate this point, we
plot in Figure 4 the ratio Ad/d, (Ad = d — d,, d is the

037 : :
v Imp-Ol
: Imp=Ta; Cd
024 : A Imp-02 mp=ia |
’ : @ average .
= : TiO,:Cd
5 .4
< 0.1 : Sn0,:Cd___.--"" o
A
SnOZ:Ta 3 o2
004 e T
¢ TiO, ‘Ta

09 10 11 12 13 14 15 16

ion ion

imp  cat

Figure 4. Relative bond-length relaxation of the nearest oxygen atoms
of the impurities, Ad/d,, as a function of the ratio Riﬁ;,‘c/Rgt"c in rutile
SnO, and TiO,. d, is the cation—ONN bond-length of the undoped
system and Ad = d — d, where d is the impurity—ONN bond-length
in the relaxed structure. ?;’,;‘ljc and R9™ are the ionic radii of the
impurity and the host cation, respectively. The equilibrium structures
of the doped systems correspond to the charge state of the SC that
reproduces the experimental EFG tensor in each case.

impurity—ONN bond-length in the doped system and d, is the
cation—ONN bond-length in the pure system) as a function of

Rin/ROV(Rione and RSP are the ionic radii of the impurity
and the host catlon, respectlvely) for Ta and Cd impurities in
rutile SnO, and TiO,. This plot shows a positive proportion-
ality between the magnitude of the structural relaxations
(relative to the unrelaxed system) and the ionic radii of the
impurity (relative to the native cation). This relationship was
already observed in oxides with the corundum structure (a-
AL O;, a-Fe,0;, and Cr,0;) for both Ta and Cd impurities.>®
In the last case, due to the wider range of RO studied, it is
possible to see an asymptotic behavior of the bond-length
relaxations for R}J‘;fgc/Ric‘;{‘ic > 1.55.

2. Electronic Structure. In addition to the structural
relaxations, the substitution of a Sn atom by a Ta impurity
(at pure SnO, positions) induces strong changes in the
electronic structure of the semiconducting host. The Ta atom
introduces a donor impurity level located at the bottom of the
CB, as can be seen comparing the DOS of Figures 2a and S,
turning metallic the system SnO,:Ta’. In Figure Sb, we can see
that the Ta-d states contribute to both the VB and the impurity
level in the CB. A minor Ta-p contribution appears only in the
VB. Integration of the total DOS of the occupied impurity
states in the CB gives a value of 0.98 e”, which agrees with the
nominal donor character of Ta® substituting a Sn** atom in
SnO,. Figure 6a shows the total DOS and the atom-resolved
PDOS projected at Ta, Sn, and O sites in the impurity level
energy region in SnO,:Ta’. This impurity level is composed of
Ta-Sd, Sn-Ss, and O-2p orbital symmetries, with 0.22 e~ (of the
0.98 e that have the impurity level until the last occupied
state) corresponding to the Ta states. When an electron is
removed from the SC, the impurity level becomes empty and
the resulting system (SnO,:Ta*) insulating.

After the structural relaxations, the electronic structure at the
bottom of the CB in Sn0O,:Ta’ changes: the Ta-d impurity level
is shifted to higher energies (see Figure 6) and only 0.02 e~

(a) .
_— Sn()::Ta

=
L
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2
S
e i
n .
Q Ta il
a - T
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Figure S. (a) Total density of states (DOS) and atom-resolved partial
DOS (PDOS) projected at Ta site and (b) PDOS of p and d
contributions projected at Ta site, in unrelaxed SnO,:Ta’. The energy
is referred to the last occupied state (vertical dotted line).

DOS (states/eV)

04 = " - i
-1.0 -0.5 0.0 0.5

Energy (eV)

Figure 6. Total density of states (DOS) and atom-resolved partial
DOS (PDOS) projected at Ta, Sn, and O sites in the impurity energy
region in (a) unrelaxed Sn0,:Ta’ and (b) relaxed SnO,:Ta’. The
energy is referred to the last occupied state (vertical dotted line).

remain at the Ta sphere. The same effect was observed in
Ti0,:Ta.*® In effect, in this system 0.03 e~ remain in the Ta-d
states located at the impurity level after structural relaxation. In
Figure 7 we show the d-PDOS projected at Ta site for
Sn0,:Ta’ and SnO,:Ta* systems, before and after the structural
relaxations in the impurity level energy region. Before
relaxations, only d and d,_> Ta symmetries are occupied in

121(b)
0.8
04

0.0
12/(d)

0.8
0.4
0.0 Fmrmm—r

PDOS (states/eV)
PDOS (states/eV)

Energy (eV)

Energy (eV)

Figure 7. Partial density of states (PDOS) of d contributions projected
at Ta site in the impurity level energy region for (a) unrelaxed
Sn0,:Ta’% (b) unrelaxed SnO,:Ta*, (c) relaxed SnO,:Ta’ and (d)
relaxed SnO,:Ta". The energy is referred to the last occupied state
(vertical dotted line).
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the case of SnO,:Ta’ (see Figure 7a), and became empty when
one electron is removed from the SC (see Figure 7b). After
relaxation in Sn0,:Ta’ the d, and d¢_,> symmetries shift to
higher energies (Figure 7c), and are practically empty even
before the removal of the e” from the SC (see Figure 7d).

In Figure 8a and b we show the electron density p™(r) at the

(110) and (110) planes, respectively, for pure SnO,, and in

(170) plane (110) plane

Sn site Ta site Sn site Ta site

Figure 8. Valence electron densities p"(r) for (ab) undoped SnO,,
and (c,d) unrelaxed SnO,:Ta’. Parts (a) and (c) correspond to the
(170) plane, whereas (b) and (d) refer to the (110) plane. We show
the EFG orientation in each plane. Comparison between magnified
p™(r) at Sn site for undoped SnO, and at Ta impurity site for
unrelaxed Sn0,:Ta’ in the (e) (110) and (f) (110) planes.

Figure 8c and d for unrelaxed SnO,:Ta’ at both planes,
respectively. To understand the effect produced by the Ta
impurity in the electronic charge distribution, we compare in
Figure 8¢ and f p™(r) at Sn and Ta sites. From these
comparisons, we can see a transition from a bonding- to an
antibonding-like charge distribution at the cationic site, when
Ta replaces Sn (SnO,:Ta’).

Figure 9a and b shows the electron density p™(r) for the
energy region of the impurity level (from —0.6 to 0 eV; see
Figure 5a) in unrelaxed SnO,:Ta’ for both (110) and (110)
planes, respectively. The 0.22 e~ with Ta d-character at the
partially filled impurity level have a pure antibonding-like
distribution and are localized at the impurity atom, giving the
main antibonding contribution to the total electron density
described before in Figure 8c and d. The bonding contribution
to p(r) at the Ta site comes from the hybridization of Ta and O
states of the VB (from —10.6 to —2.4 eV; see Figure Sb). In
Figure 9a and b, we can see that the rest of the electrons
belonging to the impurity level (0.76 e”) are localized at the Sn
and O atoms of the SC, as was already seen in Figure 6a
through the inspection at the atom-resolved PDOS at the
impurity level. To view the effect produced by the relaxation,
we compare p™(r) at Ta sites for unrelaxed and relaxed
Sn0,:Ta’ in the (110) (Figure 9c) and (110) (Figure 9d)
planes. From these comparisons, we can see that after the
structural relaxation, almost all of the electronic charge at Ta

relaxed unrelaxed relaxed

unrelaxed

Figure 9. Electron densities p™(r) in the energy range of the impurity
level for unrelaxed SnO,Ta" in the (a) (110) and (b) (110) planes.
We show the EFG orientation in each plane. Comparison between
magnified p"™(r) at Ta site for unrelaxed and relaxed SnO,Ta’ in the

(c) (170) and (d) (110) planes.

disappears. This charge must move to the oxygen atoms, while
that from the Sn atoms remains unaltered, as can be deduced
from the shift of the Ta states to higher energies, the increase of
the oxygen contribution, and the constancy of the Sn states at
the impurity level after the structural relaxation (see Figure 6).

3. EFG. Let us now discuss the FP-APW-+lo results for the
EFG tensor. As can be seen comparing Tables 2 and §, the
substitution of a Sn atom by a Ta impurity in the SnO,:Ta’
neutral cell (at the positions of the undoped system) produces
significant changes in the EFG tensor. V;; increases
approximately from 5 to 15 X 10*' V/m? the asymmetry
parameter # increases up to 0.9, whereas the direction of Vj;
does not change. These changes are correlated with the
different electronic structure of the impurity as compared to
that of the Sn atom. When we remove one electron from the
Sn0,:Ta’ SC (at fixed positions), the changes in the EFG are
purely due to electronic effects. In effect, V33 grows to 21 X 10*!
V/m? and n decreases to 0.2, as Table 5 shows.

Table 6 presents the EFG predictions at the equilibrium
structures of Sn0,:Ta’ and SnO,:Ta¥, that is, after the
structural relaxation. First, we can see here a small difference
in the EFG parameters obtained with CW-GGA and LDA for
each charge state of the impurity. The differences between LDA
and CW-GGA can be associated with the small differences in
the final equilibrium structures predicted by each approx-
imation. Indeed, if we performed WC-GGA calculations using
the equilibrium positions obtained with LDA in SnO,:Ta’ and
Sn0,:Ta*, we obtain Vy3 = +16.01 X 10*' V/m? and 7 = 0.95,
and Vy; = +17.55 X 10*' V/m? and 5 = 0.90, respectively. These
values are very similar to the results obtained with the LDA
approximation (see Table 6, first row). These results indicate
that for the same structural positions both exchange and
correlation potentials predict the same EFG tensor, pointing to
the same description of the electronic structure for Ta-doped
SnO, by both approximations.

Opposite to the case of the unrelaxed system (see Table S), it
is interesting to notice that the resulting EFG values at the
equilibrium positions are very similar for both charge states of
the impurity (see Table 6). Again, the small differences in the
EFG values predicted by LDA and CW-GGA are due to the
small differences in the final equilibrium structures predicted by
each approximation. On the other hand, the small differences in
the EFG values for a given approximation (LDA or CW-GGA)
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Table 5. FP-APW+lo Predictions for V3; and the Asymmetry Parameter 7 at Ta Sites in Unrelaxed Ta-Doped SnO, for the Two

Charge States Studied

Sn0,:Ta’ Sn0,:Ta*
Vi3 (10%' V/m?) n Vs dir. V33 (10%' V/m?) n Vs, dir.
LDA +15.64 0.89 [170] +21.09 0.23 [1T0]
WC-GGA +15.99 0.89 [170] +21.37 0.26 [170]

Table 6. FP-APW+lo Predictions of V;; and the Asymmetry Parameter 7 at Ta Sites in Relaxed Ta-Doped SnO, for the Two

Charge States Studied

Sn0,:Ta’ SnO,:Ta*
Vi3 (10*' V/m?) n Vs, dir. V33 (10%' V/m?) n Vs, dir.
LDA +16.65 0.95 [170] +17.67 0.89 [1T0]
WC-GGA +17.06 0.80 [1T0] +17.25 0.83 [1T0]
exp.” 16.96(2) 0.7 measured at room temp
16.91(2) 0.7 measured at 1173 K
expt 17.02(3) 0.72(1) measured at room temp

“Reference 27. "Reference 26.

between SnO,:Ta’ and SnO,:Ta" in the relaxed systems are
mainly due to electronic effects. To probe this, we took the
equilibrium structure of Sn0,:Ta’ obtained with the LDA
approximation, and performed calculations (also with LDA)
removing one electron from the SC at this fixed atomic
position. We thus obtained V;; = +17.82 X 10*! V/m* and 57 =
0.86, which is the value (within the convergence error)
obtained for the relaxed structure of SnO,:Ta* (see Table 6).

Comparing Tables 5 and 6, we can see that the relaxation
process, for the neutral charge state, produces small changes in
the EFG (see first columns of both tables), while in SnO,:Ta*
the change is drastic: V35 reduces from 21 to 17 X 10! V/m*
and 7 increases from 0.2 to 0.8 (see last columns of Tables S
and 6). To understand this intriguing behavior, we will analyze
in detail the p and d valence contribution to the EFG, the
electron charge density around the Ta impurity in each system,
and the PDOS projected at the impurity site, where the EFG
has its origin. Table 7 shows the p and d valence contributions

Table 7. p and d Valence Contributions to the EFG Tensor
Principal Components (in Units of 10 V/m?) at Ta Sites in
Ta-Doped SnO, for Unrelaxed and Relaxed Structures of the
Neutral and Charged Supercells

Unrelaxed
Sn0,:Ta’ SnO,:Ta*
Viy Vo \£3 Vi Vo €3
p —4.63 —-13.29 +17.92 -3.73 —14.28 +18.01
d +3.83 -1.75 —-2.09 —-3.84 +1.07 +2.77
Relaxed
Sn0,:Ta’ SnO,:Ta*
Vi Va £3 Vi Va €3
p +1.14 —15.82 +14.68 +1.87 —16.37 +14.51
d —2.61 +0.60 +2.02 -3.13 +0.85 +2.28

to the EFG at the Ta site in SnO,:Ta’ and SnO,:Ta"* for both
unrelaxed and relaxed structures. The s—d and f valence
contributions are negligible and are not shown here. As we can
see, the Ta-p contribution dominates. Nevertheless, the d-
contribution plays an important role.

When the SnO,:Ta’ system is relaxed, the decrease in the p-
contribution is compensated by an increase of the d-

19935

contribution, and therefore V33 practically does not change.
This change in the d-contribution is mainly due to the fact that
the Ta-d symmetries at the impurity level became unoccupied
(they shift to higher energies above the last occupied state; see
Figure 7a and c), and the relative weight of different d-
symmetries along the VB energy region does not change. On
the other hand, the change in the p-contribution is originated in
changes in the relative weight of different p-symmetries along
the VB energy region. It is interesting to notice that, in general,
changes in the EFG at the impurity site cannot be understood
by inspecting only the impurity level region (shown in Figure
7), because the EFG results from the integration of the atom-
projected PDOS, basically p- and d-states, at the impurity site
over the entire energy range (valence band and impurity
level).?

When we remove one electron from the unrelaxed SC (see
Figure 7a and b), there is no change in the relative weight of
different p and d symmetries along the valence energy region,
but the d- and d,2_>-Ta symmetries in the impurity level that
have 0.22 electrons become empty, changing greatly the d-
contribution to the EFG.

On the other hand, the great changes produced when
SnO,:Ta" relaxes are mainly due to changes in the relative
weights of different Ta p symmetries along the VB energy
region.

Finally, when one electron is removed from the SC in the
relaxed system, the small change in the EFG (see Table 6) is
due to small changes in the d-contributions to the EFG (see
Table 7). In this case, the change in the d contribution is due to
the removal of a small amount of charge (0.02 electrons) with
particular Ta d-symmetries in the impurity level (see Figure 7c
and d).

4. Comparison with Experimental Results (Resistivity and
TDPAC Experiments). In ref 27, Moreno et al. applied the
TDPAC technique, using '*'Hf(—'*'Ta) as implanted probes,
to study the crystallization process of initially amorphous Sn—O
thin films to obtain the transparent and crystalline rutile SnO,
phase. ' Ta was selected as PAC probe because the father
isotope '®'Hf has the same nominal valence state as Sn, 4+, not
favoring oxygen vacancy trapping and hence allowing the study
of a defect-free system. The success of the sample preparation
was supported by two facts: (a) the good agreement between
the hyperfine parameters obtained by CEMS at ''“Sn in
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undoped Sn—O films in their final state, which underwent the
same annealing process as the radioactive films, and the
reported reference values of crystalline SnO, phase in bulk;*
and (b) the EFG at *Ta in the Sn—O films in their final state
is almost coincident with the EFG at '®!Ta implanted in the
single crystalline phase of transparent SnO, thin films.*® This
fact also showed that the presence of the impurity does not
affect the overall crystallization process of the films.

On the other hand, the single and monochromatic hyperfine
interaction found in both TDPAC experiments®®* indicated
also that all of the probes have the same local environment, but
this fact does not confirm that the probes were located at the
cationic sites nor that they could not have trapped a point
defect. Now, from the excellent agreement between the
experimental EFGs and the FP-APW+lo predictions, we can
conclude that 100% of the '®'Ta impurities were located at
defect-free substitutional Sn sites of crystalline SnO,,
confirming the previous interpretations.

Nevertheless, in ref 27, the authors assumed that the
inclusion of the Ta impurity produces enlargements in the Ta—
ONN bonds, instead of the contractions predicted by our FP-
APW+lo calculations. That relaxation was proposed to
reproduce the experimental 7 parameter using simple PCM
predictions.”* In this case, using an enlargement of 2.2% in the
Ta—02 bond, the authors could reproduce an # value of 0.7,
instead of 0.20 that is obtained by PCM using the SnO, rutile
structure.

Finally, in ref 27, the experimental results showed that the
EFG does not change with temperature (in the range 300—
1373 K). To explain this, the authors suggested that the
constancy of the EFG was due to the s character (Sn states) of
the conduction band, because the spherical symmetry of an
ionized electron would not contribute to the EFG. At present,
we know that a change in the EFG at a certain nucleus is related
to a modification of the charge distribution in the close
neighborhood of the probe-nucleus (ie., in our calculations,
within the muffin-tin radius of this atom). As shown in section
IILB.2, only 2% of the charge of the impurity level at the edge
of the conduction band is localized at the Ta atom (Ta-d
states), while 98% belongs to O-2p and Sn-Ss states. The large
delocalization of this donor level can be also seen in the charge
density plots of Figure 9. The potential removal of this little
amount of charge from Ta at higher temperatures is compatible
with a very small modification in the EFG (see Table 6) that
cannot be resolved in a TDPAC experiment.

Let us now discuss the charge state of the Ta impurity in the
case of real samples such as the Ta-doped SnO, thin films used
in TDPAC experiments”” and in resistivity and Hall effect
measurements.” Sometimes this charge state can be unambig-
uously determined through the comparison of the e)?erimental
EFG tensor with its ab initio prediction.>*° For Ta
concentrations equal to or less (e.g, ppm) than 4%, the
predicted EFG values in the APW+lo calculations for SnO,:Ta’
and SnO,:Ta* are almost coincident, and in excellent
agreement with the experimental values of V;; and 1 coming
from '8'Ta TDPAC experiments in "*'Hf-implanted SnO, thin
films (see Table 6). Hence, for a diluted impurity—host system
with substitutional Ta ions at Sn sites, the charge state of the
impurities cannot be determined in this way.

The electrical properties of Ta-doped SnO, thin films were
determined through resistivity and Hall effect measurements for
different Ta concentrations (0—7% cation dilutions) by
different authors.*”® A clear semiconducting-metal transition

was observed in the films when the Ta doping increases from
0.04% to 4%, showing the lower resistivity (1.1 X 107* Q cm)
at 5%, which is comparable to the lowest resistivity value of
ITO thin films (1 X 107* © cm). The Ta dilution in our
calculations is 4.2%; therefore, in this case the system should
have a metallic behavior and an optimal conductivity. When we
study the electronic structure of a system doped with donor
impurities, the impurity states could be localized either in the
band gap as individual impurity levels near the conduction band
or inside this band. In the first case, the localized single states
can donate electrons by thermal promotion or optical
transitions to the conduction band and the system will be
semiconducting. In the second case, for high enough impurity
concentrations, the impurity levels merge into an impurity band
in the conduction band and it will have a metallic-like behavior
(i.e, a degenerate semiconductor). For a 4.2% Ta dilution, the
DOS presented in Figure S shows that, at least for the neutral
cell, the system is metallic, in agreement with the temperature
dependence of the resistivity and the charge carrier density
observed in Ta-doped SnO, thin films,*® giving us an idea
about the charge state of the impurity.

To obtain the correct charge state of the impurity, we
calculated the defect formation energy for SnO,:Ta’ and
SnO,:Ta*. The calculation was performed following the
formalism described in detail in refs 23 and 57. The chemical
potentials of Sn (ug,) and O (o) depend on the studied
compound, and their values are rigorously limited by the
experimental conditions. The chemical potentials show the loss
of stoichiometry of a system and depend on different
parameters, such as the partial pressures and growth conditions
of the material. The chemical potentials yg, and yg in SnO,
have a well-defined variation range, and their values depend on
the several phases formed by them. The maximum values for Sn
and O are limited by its value in the tetragonal metallic crystal
(ug)) and by its value in the O, molecule (u), respectively. To
determine the variation of the Ta chemical potential (ur,), we
need to consider the different compounds that the impurity can
form when it interacts with the oxide host. The upper limit of
pr, will be imposed by the chemical potential of the bcc
metallic crystal (u%,). The calculation of uy, was performed
taking into account the most stable phase of tantalum oxide
(i.e, Ta,Oy) as the reference element. In the present case, and
taking into account an oxygen-rich neighborhood around the
impurity, we calculated the formation energy E; for both charge
states using

E;(Sn0,:Ta)? = E(Sn0,:Ta)? — E(Sn0O,)

ES SnO. *k
+/JSn+AfHn P — o
1 ;
- zAfHT*‘ZOS + q(ep + €))

Here, A{H are the enthalpy formations, &g, is the Fermi energy
in the band gap relative to the top of the valence-band energy
e, with 0 < ep < ¢, (eg is the band gap energy), and €, = ¢, +
0, where €, is the top of the valence band energy of the pure
system and &, lines up the band structures of the bulk material
with and without impurity.

The obtained results showed that the SnO,:Ta’ system is the
most stable for all values of the Fermi energy (¢p) in the band
gap, as Figure 10 shows. Hence, in samples with Ta
concentrations of about 4% and without defects such as other
acceptor impurities, the Ta impurity will prefer the neutral state
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Figure 10. Defect formation energies E¢ as a function of the Fermi
energy level e (0 < e < g, where &, is the band gap energy). The
black solid line corresponds to SnO,:Ta’ and the black dashed line to
SnO,:Ta*.

and the system will be metallic, in agreement with the already
mentioned experimental results of Tayosaki et al.’

It is worth mentioning here that the combination between
TDPAC hyperfine characterizations and APW+lo predictions in
Ta-doped SnO, films with the impurity concentrations used in
technological applications®™® can be a valuable tool to give the
local environment of the impurity in these cases. A TDPAC
experiment in '*'Ta-doped SnO, with a 4% at. dilution could
tell undoubtedly if the Ta impurities are at substitutional Sn
sites or at interstitial ones, or forming Ta—O clusters embedded
in the host.

5. Comparison with Other Theoretical Calculations.
Recently, in ref 28, Qin et al. reported ab initio DFT electronic
structure calculations of Ta-doped SnO, employing ultrasoft
pseudopotentials within the CASTEP code. They predicted a
negligible energy gap and a volume expansion of 0.4%,
attributed to the different ionic radii of Sn and Ta. As shown
in section IILB.1, this expansion is originated in the very high
Ta concentration used in their calculations (12.5 at. % cationic
dilution in a 2 X 2 X 1 SC), which cannot describe accurately
neither the concentration of the doped samples in TDPAC
experiments (ppm)26’27 nor the samples used in resistivity and
Hall effect measurements (with less than 49%).°”® This
expansion is produced due to the repulsion of neighboring
Ta atoms, which are separated only 3.4 A from each other along
the ¢ axis before the expansion (see Figure 1). The Ta—ONN
chemistry tries to shorten the Ta—O bond-length, but, due to
the fact that the Ol atoms are shared by neighboring Ta atoms
along the ¢ axis, the Ta—O1 distance expands around 0.6% in
the a—b plane toward the Sn atoms at the corners of the unit
cell (Figure 1), which move expanding the cell volume. At the
same time, the Ta—O2 bond-length is shortened 1.5% along
the [110] axis (see Figure 3a). For this very high Ta impurity
concentration, the predicted EFGs for the unrelaxed and
equilibrium structure for the neutral charge state are V33 =
11.64 X 10* V/m?* and 5 = 0.27, and V35 = 4.56 X 10*' V/m?
and 77 = 0.26, respectively, very different from those reported in
Tables S and 6. The differences between the EFG values for the
unrelaxed structures at high and low Ta concentrations show
that in the higher concentration case the Ta ions are interacting
with each other.

IV. CONCLUSIONS

Using the state-of-the-art FP-APW+lo ab initio AE method and
considering different charge states of the impurity, we studied
the local environment, the electronic structure, and the EFG
tensor at Ta impurities placed at the cation sites of rutile SnO,.

As a starting point for the study of the doped system, we
present APW+lo calculations of structural, electronic, and
hyperfine properties in pure SnO,. These calculations show an
excellent agreement with the experimental quadrupole splitting
at '"Sn in SnO,, using a recent determination of the
quadrupole moment value for this isotope, and with XRD
and XPS experiments.

In the doped system, the inclusion of the Ta impurity
produces anisotropic contractions in the Ta—ONN bond-
lengths. The sense (inward or outward) and magnitude of the
relaxations in Ta- and Cd-doped rutile TiO, and SnO, with
respect to those of the pure oxides are proportional to the
relative ionic radii between the impurity and the native cation
of each oxide. The impurity tries to reconstruct the bond-length
that Ta has in its most stable oxide Ta,Os, a general trend
already observed in other '*'Ta- and '"'Cd-doped metal oxides.

We show that Ta introduces an impurity donor level inside
the bottom of the conduction band, which is partially filled in
the neutral charge state, giving a metallic (degenerate
semiconductor) behavior. The Ta contribution to this impurity
level has mainly d character, with a very small p contribution to
the valence band. Only 0.22 e™ from the charge of the impurity
level are localized at the Ta atoms.

After structural relaxations, only 0.02 electrons remained
localized at the Ta atom. For both SnO,:Ta’ and SnO,:Ta*
systems, the ab initio calculations predict the same equilibrium
structures and EFGs. The p contribution to V33 is in all cases
dominant. Nevertheless, the variation of V33 as a function of the
charge state of the impurity is dominated by the Ta-d
contribution.

The Ta cationic dilution in our calculations is 4.2 at. %, the
same Ta concentration that gives the highest conductivity in
the SnO, thin films used in technological applications.
Combining TDPAC experiments, ab initio EFG predictions,
and defect formation energy calculations, we demonstrate that
the implanted 1813 impurities with ppm concentration are
located at defect-free substitutional Sn sites in the SnO, thin
films, and should present the metallic (SnO,:Ta") behavior of
degenerate semiconductors. When the Ta impurity acts as an
isolated impurity, the cell volume is not modified. A small
volume expansion appears when the Ta concentration
increases.

Finally, the accuracy obtained in the EFG predictions gives a
benchmark for a future hyperfine experimental characterization
of the local structure at the atomic level at impurity sites in Ta-
doped thin films having the optimal concentration for TCO
applications. Also, the present study gives a complete
knowledge of structural and electronic properties in the bulk
system necessary for future theoretical investigations in
SnO,:Ta surfaces and interphases, relevant in potential
technological applications.
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