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1 Introduction

Resonant defect states of the SnO,:Ta transparent
conductive oxide revealed by excitation
wavelength-dependent Raman spectroscopy and
hybrid functional DFT calculationsy

Matthias Krause, ©*2 Carlos Romero-Mufiiz, & ® Oleksandr Selyshchev,®
Dietrich R. T. Zahn® < and Ramon Escobar-Galindo ¢

Excitation wavelength-dependent Raman spectroscopy, optical spectroscopy, and density functional
theory (DFT) calculations with hybrid functionals were used to analyse the electronic structure of defects
in SNO,:Ta (1.25 at% Ta) transparent conductive oxide thin films. Based on the Raman excitation profiles
of the characteristic D; and D, defect modes of two tin vacancy Vs,-type defects and one oxygen
interstitial O;-type defect, we derived the corresponding defect-induced electronic transitions of the
involved defect states. DFT calculations revealed additional density-of-states for the three point defects
at the top of the valence band (VB) in comparison to defect-free SnO, and SnO,:Ta. The largest
distortion of the VB electronic structure was caused by the Vs,-type defect with the farthest possible
distance from the Ta dopant in the studied 96-atom supercell, and the smallest distortion was caused by
the O;-type defect. Accordingly, the amount of VB splitting showed a reverse order to the electronic
transition energies. From the projected defect-density-of-states, we found a delocalized nature of the
Vsn-type defects and a localized nature of the O;-type defect, accounting for the different degrees of
distortion of the SnO,:Ta electronic structure. Based on these complementary experimental and
theoretical results, the electronic structure of point defects in the SnO,:Ta transparent conductive oxide
was elucidated in detail. Thus, the proposed approach has great potential to resolve the ongoing
controversy about point defects in SnO,.

are only slightly worse than those of the best In,03-based TCO
films, with the resistivity values ranging from 6.7 to 8.6 x 10>

Tin dioxide (SnO,), indium oxide (In,03) and zinc oxide (ZnO)
belong to the family of classical transparent conductive oxides
(TCOs).** In recent years, the research on SnO, as a TCO has
focused on Ta-doped SnO, (TTO) because of its highly
competitive resistivity and charge carrier mobility”* and high
chemical and thermal stabilities in high vacuum and in air.***
The lowest resistivity of 1.1 x 10" Q cm and the highest
mobility of 130 cm® V™' s for Sn0O,:Ta were obtained for TTO
films prepared via pulsed laser deposition (PLD).”® These values
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Q cm and a mobility value of 250 cm”> V™' s~ for optimized Mo-
and Sn-dopant concentrations.'>** The best electrical properties
for magnetron sputtered SnO,:Ta thin films were obtained by
Weidner et al. with a resistivity of 54 x 10°* Q cm and
a mobility of 25.7 ecm® V™' s~'.* Using spray pyrolysis deposi-
tion, Ramarajan et al reported a resistivity of 4.36 x 107*
Q cm.™ A high mobility for TTO films of 23 cm® V™" s~ " was also
achieved via sol-gel spin coating.'® The electrical properties of
TTO thin films surpass those of SnO,:F (FTO) and SnO,:Sb
(ATO), the lowest resistivities of which were 5 x 10™* Q ¢m and
of the order of 10~* Q cm, respectively.#17-*

Point defects, including substitutional dopants, are crucial
for the electrical, optical and chemical properties of TCOs. For
a long time, oxygen vacancies (Vo) were considered to be
responsible for the low intrinsic resistivity of undoped and
mostly slightly oxygen-deficit SnO,.>**** More recently, tin
interstitials, Sn;,>* [Vo + Sn;] complexes, or substitutional
hydrogen* were proposed as the main n-type donors in non-
intentionally doped SnO, based on local-density approxima-
tion (LDA) and generalized gradient approximation (GGA) DFT
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calculations. Additionally, using the GGA-DFT level of theory,
Godinho et al. proposed a defect cluster comprised of Vg and
Sn;/ as the most stable defect in SnO,_,, ie, a complex
comprised of a neutral oxygen vacancy and an interstitial Sn**
ion next to it.>® In the case of SnO, with excess oxygen, their
calculations predicted the formation of an interstitial peroxide
molecule ion (0,%7) as the most stable point defect. Most recent
hybrid functional DFT calculations again indicated that Vo-type
defects are the most stable defects in undoped Sn-rich SnO,_,.*”
Under O-rich conditions, the O;-type defect was found to be the
most stable point defect for a broad range of defect charge
states, without specifying it as being either single-atomic or
molecular nature.*”

In the case of Ta-doped SnO,, DFT calculations at different
levels of theory (Table 1) agree that substitutional Ta, Tagy, is
a point defect with a very low formation energy. When different
point defects were considered, Tas, was always predicted to be
the easiest formed defect, independently of whether the
samples are O-rich or O-poor.'*° The superior electrical
properties achieved for TTO in comparison to ATO or FTO were
attributed to the so-called resonant doping, which is charac-
terized by non-hybridizing Ta 5d donor states situated 1-2 eV
above the conduction band minimum, first proposed by Wil-
liamson et al. in 2020.*%**%° Regarding the other point defects of
TTO, the theoretical data are less consistent, and also not
complete. Williamson et al?* and our group’ found an
increased formation energy for the Vg-type defect compared to
undoped SnO,, which was not confirmed by Wang et al.”” The
O;-type defect was predicted as the second-stable defect for O-
rich compositions by two groups.'®* Although this point
defect was further specified to be comprised of a peroxide ion in
ref. 10, this information is missing in ref. 27. The Vg,-type defect
was predicted to have a very high formation energy under O-
poor conditions,” but to be stabilized by an excess of oxygen®
and the presence of substitutional Ta.'® Filippatos et al. focused
on the bandgap and density of states of only two point defects in
SnO,:Ta, namely substitutional Tag,- and interstitial Ta;-type
defects.*

The partially controversial and incomplete results described
above underline the necessity for the verification of the most
relevant point defects in SnO,-based TCOs, ideally combining
experimental and theoretical data. In a previous paper, we
systematically studied the principal point defects in slightly O-
rich SnO, and SnO,:Ta (exp.: 1.25 at% Ta, calc.: 1.04 at% Ta)
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samples via a combined Raman spectroscopy and DFT study.*®
The characteristic and dominant Raman lines of Vg,-type and
O;-type defects out of the SnO, phonon range, labelled by D,
and D,, respectively, were identified. This study supported the
formation of peroxide ions as O;-type defects for O-rich SnO,
predicted before.>

Due to the dominance of the two defect lines D, and D,, the
Raman spectra of Ta-doped SnO, differed essentially from that
of undoped, rutile-type SnO, crystals, thin films, nanowires and
nanoparticles.*** The reason for the dominance of the defect
modes in the Raman spectra of TTO in comparison to the SnO,
lattice modes is still not clear. Moreover, the effect of the cor-
responding defects on the electronic structure of SnO,:Ta is not
understood. This means that it is unclear whether the two
defect types, Vs, and O;, are favourable or unfavourable for the
electrical and optical properties of SnO,:Ta. In a more general
context, the unambiguous identification of point defects in
TCOs remains a challenging task but can substantially support
the optimization of the electric and optical properties of these
materials. Therefore, the aim of this work was to show that the
combination of excitation wavelength-dependent Raman spec-
troscopy, optical spectroscopy, and DFT calculations using
hybrid functionals can reveal the electronic structure of the
transparent conductive oxide SnO,:Ta, including that of the
various point defects.

Excitation wavelength-dependent Raman spectra of TTO
thin films were measured using eight laser lines in the range of
785 nm (NIR) to 325 nm (UV), or in energy units, 1.58 eV to
3.81 eV. The Raman excitation profiles were obtained by plot-
ting the intensity of the most relevant lattice and defect modes
against the laser wavelength. The maxima of these profiles
correspond to electronic transition energies. The principal
optical band gap of the studied material was determined by
optical spectroscopy. Hybrid functional DFT calculations of the
electronic structure of 96-atom supercells of SnO, and SnO,:Ta
(1.04 at% Ta) were applied to identify the effects of Ta substi-
tution and Vg,- and Oj-type defects on the electronic band
structure, with a focus on the density of states close to the
valence band maximum (VBM) and the conduction band
minimum (CBM). Based on complementary experimental and
theoretical results, detailed insight in the electronic structure of
the SnO,:Ta transparent conductive oxide could be achieved,
including the energetic order and localized/delocalized nature
of the different point defects.

Table 1 Comparison of the levels of theory, supercell sizes, Ta concentrations, and applied stopping criteria in previous DFT calculations on
SnO,:Ta. HSE: Heyd-Scuseria—Ernzerhof hybrid functional; PBE: Perdew-Burke—Ernzerhof functional; and GGA: generalized gradient

approximation

Convergence criteria

Reference DFT level Supercell size Ta conc./at% eVA™? eV
Behtash et al.”® HSE 2x2x3 1/72 = 1.4 0.01 107"
williamson et al.* PBEO (hybrid) 2x2x%3 1/72 =1.4 0.01 n.a.
Krause et al.'° PBE 2x2x4 1/96 = 1.04 0.005 10°°
Filippatos et al.*° PBEO (hybrid) 2Xx2x2 1/48 = 2.1 0.05 2 x107°
Wang et al.”” GGA, HSE06 3x3x5 1/270 = 0.4 0.01 107°

This journal is © The Royal Society of Chemistry 2025
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2 Experimental and theoretical
methodology

2.1 Excitation wavelength-dependent Raman analysis of
Sn0,:Ta (1.25 at% Ta)

Eight laser lines in the near-infrared (785 nm) to the UV (325
nm) spectral range were used to measure the Raman spectra of
a Ta-doped SnO, (1.25 at% Ta). The studied sample had
a thickness of approx. 1.6 pm and was grown by reactive direct
current magnetron sputtering on fused silica. The experimental
details for the sample fabrication were described and published
previously.*'*?”%® The Ta-concentration of 1.25 at% was chosen
given that it yielded the best electrical properties based on the
dependence of the specific resistivity, carrier mobility, and the
carrier concentration on the Ta concentration studied in detail
in ref. 9. The full element composition as determined by
Rutherford backscattering spectrometry and elastic recoil
detection analysis was 1.25 at% Ta, 31.9 at% Sn, and 66.9 at%
0." This composition was homogeneous for the entire film
thickness. For the micro-Raman measurements at room
temperature, four spectrometers (Horiba) located at HZDR and
at TU Chemnitz were employed. All were equipped with either
thermoelectric (TE) or liquid N, (LN,) cooled CCD detectors.
The other spectrometer parameters are presented in Table 2.

The laser radiation was focused to a spot of approx. 1 pm
diameter at the sample surface by 100-fold magnifying long-
working-distance objectives. In the UV experiment, a CaF,
near-UV objective with 40-fold magnification was used. Typi-
cally, Raman spectra were measured from three different
sample positions and averaged for the spectrum fit analysis. To
obtain the Raman excitation profiles, for each laser wavelength
the individual line intensities (arb. un.) were divided by the
overall scattering intensity (arb. un.) in the wavenumber range
of 350 to 950 cm ™, resulting in the relative intensity in (%)
units.

2.2 Optical characterization of SnO,:Ta (1.25 at% Ta)

For the optical characterization, a TTO sample on fused silica of
approx. 0.3 pm thickness was used to reduce the effect of the
transmission drop at short wavelengths. The transmittance (7)
and specular reflectance (R) of the sample were measured using
a SolidSpec 3700 DUV spectrometer (Shimadzu). The
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experimental parameters were a spectral resolution of 5 nm,
a step width of 2 nm, and a scanning speed of approx. 280
nm min~". The reflectance was measured under an incidence
angle of 5° relative to the surface normal. The absorbance (4) of
the sample was calculated using the relation for energy
conservation, A = 1 — R — T. A Tauc-plot type analysis for
crystalline samples was used for the estimation of the optical
gap of Sn0,:Ta (1.25 at% Ta), following the relation ahw = (hv —
Egap) 2% Therefore, the expression (ahv)"” (a: absorption
coefficient, r = 0.5 for dipole-allowed optical transitions) was
plotted as a function of the photon energy. The linear range of
the plot was fitted by a linear function and the optical band gap
was estimated from its intercept with the energy axis.

2.3 Hybrid functional DFT calculations

In our previous work,' we used standard DFT calculations to
study the structural and vibrational properties of SnO, and the
influence of several point defects (Table 1 in ref. 10). Our
current approach is essentially the same but using a hybrid
functional, namely, the HSE06 functional** (HSE: Heyd-Scu-
seria-Ernzerhof hybrid functional) as implemented in the VASP
package.”” For each defective system, we performed a single-
point calculation to obtain the density of states (DOS) of the
system with the hybrid functional, using a Monkhorst-Pack
grid of 2 x 2 x 2 in the 96-atom cells that we described in our
previous work.*

It is well-known that standard DFT (i.e., DFT based on LDA or
GGA) can properly predict the experimental values of the lattice
constants and atomic positions of most chemical compounds
including oxides such as SnO,. However, they fail when
describing the electronic properties of insulators, especially
their band gaps.*>** For this purpose, the use of hybrid func-
tionals such as HSEO6 is entirely necessary.*" It is worth noting
that in 2010, J. B. Varley and coworkers showed that the use of
a higher fraction of exact Hartree-Fock exchange contribution
(33%) to the HSE hybrid functionals leads to an almost perfect
match of the experimental band gap of SnO,.** This fact was
confirmed by subsequent studies.”””®* However, the optimiza-
tion of the mixing parameter is a purely empirical result based
exclusively on the band gap tuning of bulk SnO,. Thus, it might
not work well for defective systems, and moreover there is no
guarantee that they accurately reproduce other aspects of the

Table 2 Laser lines, spectrometer type, grating, spectral resolution, and detector used for excitation wavelength-dependent Raman
measurements of SnO,:Ta (1.25 at% Ta). BIDD: back-illuminated deep-depleted, EM: electron-multiplying

Laser line/nm Spectrometer type Grating 1/mm Resolution/em ™" CCD type
325 LabRam HR 2400 3.2 BIDD-TE
405 LabRam Evolution 1800 3.0 BIDD-LN,
473 iHR 550 1800 3.0 BIDD-LN,
488 LabRam HR 2400 1.5 BIDD-TE
514.7 LabRam HR 2400 1.3 BIDD-TE
532 LabRam Evolution 1800 1.5 BIDD-LN,
iHR 550 1800 2.0 BIDD-LN,
633 LabRam Evolution 1800 1.0 BIDD-LN,
785 XPlora 1200 2.0 EM-TE
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electronic structure not related to the band gap. Consequently,
we used the HSE06 hybrid functional in its standard form with
25% of exact Hartree-Fock exchange contribution.

3 Results

3.1 Laser-wavelength dependence of the Raman spectra of
Sn0,:Ta (1.25 at% Ta)

When Raman scattering of SnO,:Ta (1.25 at% Ta) is excited with
eight different laser wavelengths from 785 to 325 nm, distinct
differences of the relative line intensities are observed (Fig. 1).
The most obvious one was the transition from the D, defect-
line-dominated spectral structure in the visible spectral range
(633 nm to 405 nm) to an L, and L; lattice-mode-dominated
structure when UV laser radiation was applied. The L, and Ls
lattice modes were derived from the A;; mode of crystalline
undoped SnO,.*** The relative intensities of these two Raman
lines in the spectra measured with 785 nm laser excitation are
also higher than in those excited with visible lasers. Different to
the response in the UV, for NIR excitation, the L, line was
stronger than the L line. The second defect-induced Raman
line D, has an apparent intensity maximum for excitation with

785 nm

633 nm

] 532nm |

T

1 514.7 nm

488 nm

473 nm

Normalized Raman Intensity
1
T

] 405nm T

i 325 nm

] ATt

L,Ls D,

AN B LR B LR B BLELELELE B B B
100 200 300 400 500 600 700 800 900 1000
Raman shift/ cm™
Fig. 1 Raman spectra of SnO,:Ta (1.25 at% Ta) as a function of the
excitation wavelength. The colour code of the line labels indicates the
laser wavelength at which the most prominent lines have their

apparent intensity maximum. The asterisk indicates a line caused by
the CaF, microscope objective used for UV excitation.
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the deep blue laser line of 405 nm. In the following analysis, we
focus on these four selected lines. The colour code of the Raman
line labels below the spectra in Fig. 1 provides a rough guideline
for the laser wavelength that the most prominent Raman lines
have their apparent intensity maximum.

Prior to the detailed analysis of the intensity evolution as
a function of the excitation wavelength for the D; and D, defect
lines and the L, and Ls A -derived lattice modes, a possible
laser-wavelength-dependence of the line frequencies had to be
checked. Such a dependence could have indicated the presence
of different Raman lines, which are close in frequency but
belong to different structures and are selectively enhanced for
specific laser lines. The frequencies of three of the four relevant
lines (D,, Ly, and Ls) were immediately found to be independent
of the laser wavelength within the experimental accuracy
(Fig. 2). Because the fit errors are larger for the overlapping L,
and Ls lines, their total frequency error is larger than that of the
D, and D, lines. In contrast to the three other selected lines, the
D, line shows a significant shift, despite its very small frequency
error (Fig. 2). A single Lorentzian fit model for the D, line
resulted in a large residual intensity compared with the exper-
imental data (SI 17). A significantly better fit was achieved by
a two Lorentzian model, indicating a splitting of the D, line into
a low-energy (D;-low) and a high-energy (D;-high) component
(SI 17). Their mean frequencies are 402 = 1 cm™ ' and 412 +
1 em™’, respectively. Thus, both D;-line components have
frequencies that are independent of the laser wavelength. The
D;-high component has a higher intensity only for 325 nm and
405 nm laser excitation, accounting for the observed upshift in
frequency under these conditions (Fig. 2).

Different D; line frequencies indicate different structural
environments of the Vg, point defect. According to DFT calcu-
lations, a D; line position of 431 cm™ ' was found for the Vg,-
type defect located at the largest possible distance from the Tag,,
atom in the supercell (SnO,:Ta-Vg,-2 (far from Ta)), and
a frequency of 434 cm™ " was calculated for the model structure
with directly neighbouring Vs, and Tag, (SnO,:Ta-Vg,-1 (near
Ta)).'* Although the experimentally determined difference

850 . L
. T = T2 e O () BT
: ——il) 7
630 }\ { }——‘}/I 3
G S i
_ 6259 { { :
B o107 7
2 05 ! ]
605 :
; ~_ /{
S 600 —— }\{ -
©
14 - =
4154 & 3
4104 \i\ ]
3 [ N —=—v (D) E
405 -8 IERERACI
T
400 . ; : ;
300 400 500 600 700 800

Laser wavelength/ nm

Fig. 2 Raman shifts of the most prominent Raman lines of SnO,:Ta
(1.25 at% Ta) as a function of the laser wavelength.
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between the two D; line components is larger than that of the
calculated frequencies of the two model structures, the quali-
tative agreement of both data sets supports the existence of
different Vg, defect structures in the studied SnO,:Ta (1.25 at%
Ta) samples.

Given that the designation of the defect structures proposed
in ref. 10 (see previous paragraph) seems too technical for the
current paper, herein we simplify the termini to SnO,:Ta-Vg,-
near and SnO,:Ta-Vg,-far, and in the same way for the O;-type
defect structures.

3.2 Excitation profiles of selected Raman lines of SnO,:Ta
(1.25 at% Ta)

The excitation wavelength-independent frequencies of the
selected SnO,:Ta Raman lines including D;-low and D;-high
show that these lines always originate from the same vibrational
modes. This allows the investigation of the dependence of their
Raman intensity from the exciting laser wavelength and laser
energy. Given that the Raman scattering intensity has reso-
nance character, according to*®

A

I (Ejaser) -
( fse ) Z'Y) (Elaser -

()

(Elaser - Egap - (Egap + E‘l) - l’Y)
the Raman intensity of selected lines can be resonantly
enhanced when the laser energy (Ej.ser) matches the energy of
an electronic transition (Eg,p) or the energy of the scattered light
(Egap = Eg; Eq is the energy of the involved phonon) in the
studied system. The damping term iy prevents an infinite
increase of the Raman line intensities and the numerator A
includes the integral of the matrix elements of the Raman
transition. Plotting the Raman line intensities against the laser
wavelength gives the Raman excitation profiles, which allow
conclusions about the electronic transitions of the studied
samples.

The Raman excitation profiles of the D;-low and D;-high
lines can be well-described by single Gaussian profiles (Fig. 3).
For example, a corrected > of 0.985 was obtained for the fit of
D,-low with a Gaussian fit compared to 0.933 for the Lorentzian
profile. The comparison of the integral intensities in the
maximum and edge regions of the profiles yielded an
enhancement by approx. a factor of 5 for both D, lines. More-
over, the excitation profile maxima of D;-low and D;-high are
found at slightly different wavelengths, as seen in Fig. 3a, b, and
Table 3. The data in Table 3 indicate that both excitation profile
maxima do not overlap even if the error bars are considered.
This finding supports the existence of two Vg,-type defect
structures in SnO,:Ta (1.25 at% Ta). In addition to slightly
different Raman frequencies, they have different electronic
transition energies (AE). The transition energy difference of
0.08 eV corresponds to approx. 3 times kT for room
temperature.

In the case of the D, defect line, the two Gaussian line fit
provided a much better fit than the single Gaussian one (Fig. 3¢
and d), respectively. It resulted in a much smaller residual
intensity and gave better corrected 7 values. As expected from
the evolution of the spectra as a function of the laser wavelength

47-54
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Fig. 3 Raman excitation profiles of the Vs,-type and O;-type lines of
SnO,:Ta (1.25 at% Ta). (a) Vsh-type line Dy-low (corrected r? = 0.985),
(b) Vsn-type line D;i-high (corrected r? =0.923), (¢ O;-type line Dy, 1
Gaussian peak (corrected r> = 0.813), and (d) O;-type line D, 2
Gaussian peaks (corrected r> = 0.916). The blue coloured traces
(connected squares) represent the regular residuals of the fits and the
dash-dotted black lines represent the fitted baseline.

(Fig. 1), one resonance maximum of the D, Raman line is
located in the deep blue spectral range at 427 nm or 2.90 eV
(Table 3). However, according to the 2 Gaussian line fit,
a second resonance maximum exists for green laser wave-
lengths. This D, line resonance maximum fits the resonance
maximum of the D;-high defect line (Table 3). It should be
noted that the error of the second D, line excitation profile
maximum is large. Thus, although its presence is justified by
the asymmetric line shape of the excitation profile and the
significantly better fit quality, this error leaves some uncertainty
about the energy of this electronic transition. Independently,
the analysis of the resonance Raman excitation profile maxima
of Sn0,:Ta (1.25 at% Ta) demonstrated the occurrence of three
defect-related electronic transitions (AE) with the following
energetic order:

AE; (D, line) > AE, (D;-high + D, line) > AE; (D;-low line) (see
Table 3).

The Raman excitation profiles of the L, and L5 lattice modes
cannot be described by spectral line functions (Fig. 4). Both the

Table 3 Wavelengths and corresponding electronic transition ener-
gies of the Raman excitation profile intensity maxima of the D;-low,
D4-high, and D, Raman modes

Excitation profile maximum

1

Raman mode  Raman shift/cm™ Wavelength/nm  Energy/eV
D;-low 402 + 1 532 +5 2.33 £ 0.02
D;-high 412 £1 515 + 11 2.41 £ 0.05
D, 848 +1 513 + 44 2.42 + 0.22
427 £ 21 2.90 + 0.15

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Raman excitation profiles of the A;4-derived Raman lines of
SnO,:Ta (1.25 at% Ta): (a) Ly line and (b) Ls-line. The exponentially
increasing fit function towards the NIR for (a) and the solid line for (b)
are guides for the eye.

L, and Ls Aq,-derived lines have low intensity when the D, and
D, lines have their resonance maxima. The L, line intensity is
almost independent of the laser wavelength, except for a slight
increase by a factor of 1.5 for 785 nm excitation (Fig. 4a). The
intensity evolution for the Ls line is more complex. The data
indicated an increase by a factor of 5 for UV excitation, which
might be caused by the pre-resonance enhancement related to
the principal band gap transition of SnO,:Ta. Moreover, Ls
displays a moderately higher intensity (by approx. a factor of
2.5) for the red and NIR laser lines compared to excitation by
blue and green light (Fig. 4b).

3.3 Analysis of the optical spectra of SnO,:Ta (1.25 at% Ta)

It is now interesting to relate the transition energies of the
defect states to the optical bandgap of the studied TTO. The
generally accepted bandgap of intrinsic SnO, is 3.6 eV or slightly
higher.>%* Substitutional n-type doping usually results in
partial filling of the conduction band, which increases the
effective band gap in comparison to pristine SnO,. The optical
spectra of SnO,:Ta (1.25 at% Ta) exhibit a sharp increase of the
absorbance in the UV range, starting at approx. 300 nm (Fig. 5a).
Two minor maxima at approx. 410 nm (3.0 eV) and 590 nm
(2.1 eV; Fig. 5a) and a shoulder at approx. 325 nm (3.8 eV) in the
absorption spectra are related to the interference pattern of the
optically transparent thin film with a thickness of approx.
300 nm. The reflectivity edge in the NIR range is due to the
plasma absorption of the free charge carriers. The Tauc-plot
type analysis showed a linear relation between photon energy
and (ahv)” in the energy range of 4.25 eV to 4.475 eV. Such
a correlation is characteristic for dipole-allowed, direct optical
transitions of crystalline semiconductors.”® Its intercept with
the energy axis, 4.13 &+ 0.10 eV, corresponds to the optical band
gap of the studied SnO,:Ta (1.25 at% Ta) (Fig. 5b). This value is
in very good agreement with the findings of Williamson et al.
and Uwihoreye et al., who reported values of 3.98 eV to 4.13 eV
and 4.20 eV to 4.24 eV, respectively.'®* The corresponding
charge carrier concentrations were 1.8 x 10%° to 6.3 x 10*°
em ™ and 1.13 x 10%° to 2.33 x 10*° cm3,'%*° respectively,
similar to that of the samples studied here (2.0 x 10*° cm > to
4.6 x 10%0).93738
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plot type analysis of the band gap of SnO,:Ta. The corrected r? for the
linear fit is 0.999 and fulfils the goodness of fit criterion of r* > 0.99
defined by Zanatta et al.>®

The analysis of the optical spectra implies that the defect
states revealed by the Raman excitation profiles are located
within the band gap. Their nature and effects on the electronic
structure of SnO,:Ta are addressed in the following section.

3.4 Hybrid functional DFT calculations of the electronic
structure of Sn0,:Ta (1.25 at% Ta)

To gain further insight into the electronic properties of our
defective SnO, system, we performed DFT calculations using
hybrid functionals, as described in Section 2.3. As a benchmark
starting point, the DOS of pure SnO, was calculated in agree-
ment with previous work using similar methodologies.””**%°
The valence band (VB) is dominated by O 2p states, which give
rise to a strong doublet-shaped DOS maximum at its high-
energy edge (Fig. 6a, SI 2 and SI 4t). Minor contributions are
derived from the Sn 4d states (close to the VBM) and Sn 5s states
(approx. 7 eV below the VBM, SI 27). The conduction band (CB)
is predominantly derived from the Sn 5s states (SI 2f). Its
bottom edge is not well defined due to the presence of weak
peaks, representing states with a very low density. Substituting
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the O;-far defect states in the DOS of the model structure SnO,:Ta-O;-far (brown line). (f) Projection of the Vs,-far defect states in the DOS of the

model structure SnO,:Ta-Vs,-far (brown line).

one Sn by one Ta atom (Tag,) leaves the high-energy VB states
almost unchanged. The characteristic O 2p doublet structure as
well as the signatures of the minor Sn contributions are
conserved (SI 2t). The Ta contribution in this energy range is
very small (Fig. 6a and SI 2t). The most significant changes
occur in the CB. A Ta 5d state is found approx. 1 eV above the
empty Sn 5s states at the CBM (Fig. 6a, SI 2 and SI 4}). This state
could be responsible for a spontaneous (resonant) net charge
transfer to the Sn 5s CB, as proposed by Williamson et al.*
Moreover, the substitutional Ta atom causes a slight downshift
in the bottom CB Sn 5s states and is responsible for the addi-
tional Ta 5d states at approx. 2 eV above the CBM (Fig. SI 2 and
SI 4+).

Now, we focus on the point defects responsible for the
defect-induced Raman signatures observed in our experiments.
That is, interstitial oxygen atoms (O;) and tin vacancies (Vgy).
Fig. 6b and SI 4bf show the impact of these defects on the DOS
of undoped SnO,. For both types of defects, the VB broadens
and satellite DOS peaks emerge at the top of the VB, giving rise
to a VB splitting. Broadening and splitting are more
pronounced for the Sn vacancy defects (>1.0 eV above zero
energy reference, see also Table 4). The energy of the VB
maximum DOS is used as the zero energy reference. The
detailed analysis of these contributions revealed that they
indeed arise from the point defects. The corresponding O; states
are localized in the interstitial peroxide ions, and for Vg, these
states appear on the four closest O atoms near the tin vacancy

15134 | J. Mater. Chem. A, 2025, 13, 15128-15139

(see Fig. SI 3b and d,} respectively). Table 4 provides a detailed
comparison of the VB splitting in all the defective systems
considered in this work. The DOS at the bottom of the CB also
changed compared to the defect-free SnO, and SnO,:Ta. In
these cases, the bottom edge of the CB-DOS is clearly defined at
variance with the free-defect systems (see inset in Fig. 6b and
SI 47).

Fig. 6¢c, SI 3a and SI 4ct show the impact of O; defects on the
Ta-doped SnO, system. The VB splitting of SnO,:Ta-O;-far is
larger, and that of SnO,:Ta-O;-near is as large as that for SnO,-O;
(Table 4). The DOS structure of the CB is in good approximation
not affected by the position of the O; defect relative to the Ta
dopant atom (Fig. SI 4ct). Fig. 6d and SI 41 show the effect of Vg,
defects in the SnO,:Ta system. Among the model structures
considered in this study, SnO,:Ta-Vg,-far showed the largest VB
splitting. A fine structure comprising several shoulders or local

Table 4 Valence band splitting found in defective systems of SnO,
and SnO,:Ta relative to the zero reference level

System Valence band splitting (AE)/eV
Sn0,-0; 0.91
Sn0,:Ta-0; (near) 0.90
Sn0,:Ta-0; (far) 1.03
Sn0,-V, 1.11
Sn0,:Ta-Vs, (near) 1.16
Sn0,:Ta-Vs, (far) 1.44

This journal is © The Royal Society of Chemistry 2025
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maxima can be verified in the DOS of the high-energy VB edge.
The highest VB-DOS is located 1.44 eV above the zero reference
level, which is 0.28 eV higher than the highest VB-DOS of
Sn0,:Ta-Vg,-near (Table 4). The CBM level of this model struc-
ture is also slightly higher in energy than that of SnO,:Ta-Vg,-
near. The different extents of splitting of the VB states imply
that the largest distortion of the VB electronic structure of
SnO,:Ta is caused by the Vg,-type defect with the farthest
possible distance from the Ta dopant in the studied 96-atom
supercell, followed by the Vg, -near defect, and the smallest one
by the O;-type defect. The order of the VB splitting is inverse to
the order of the electronic transition energies revealed by the
resonance Raman excitation profiles. Consistently, a high
electronic transition energy corresponds to a small VB splitting
and vice versa.

A possible reason for the observed behaviour is found in the
projected partial DOS of the defects (Fig. 6e and f). The O;-far-
type defect is characterized by narrow peaks in the density of
states, which indicate the discrete and localized nature of this
defect. This is in agreement with its origin of a peroxide mole-
cule ion (0,>7),’® which is electronically de-coupled from the
rest of the band structure. Fig. 6f shows the projected density of
states of the four oxygen atoms near the Vg,-far type defect. In
contrast to the former case, this defect has a broad energy
distribution at the high-energy VB edge (Fig. 6f), which indi-
cates its delocalized nature and strong coupling with the elec-
tronic system of the SnO,:Ta host.

We did not detect a noticeable difference in the band gap
between the pure SnO, and SnO,:Ta systems and the defective
systems. Apparently, this result seems to contradict the so-
called Burstein-Moss effect. In principle, partial filling of the
CB by free carriers of the dopants should lead to an increment
in the optical band gap, observed in our experiments. However,
a naive evaluation of the Burstein-Moss shift by comparing the
DOS of the undoped and doped SnO, systems might not be
appropriate. This is because the experimental optical absorp-
tion shift also depends on other factors not visible from the
electronic structure. Some authors pointed out that the differ-
ence between the edge of the CB and the VBM may account for
the optical band gap instead of the purely electronic band
gap.”®*® However, this is only a rough estimation in the best
scenario.

4 Discussion

4.1 New insights for the interpretation of the Raman spectra
of Sn0,:Ta (1.25 at% Ta)

One of the main conclusions of our previous work'® was that the
Raman spectra of the studied SnO,:Ta transparent conductive
oxide (exp.: 1.25 at% Ta, calc.: 1.04 at%) are to be understood as
the superposition of Raman lines arising from three structural
contributions, i.e., Sn0,:Ta, SN0,:Ta-O;-far and SnO,:Ta-Vg,-far.
The present investigation confirmed the co-existence of Vg,- and
O;-type defects. A new result is the evident presence of a second
Vsn-type defect structure in the thin-film samples. Both the
calculated Raman spectra of the SnO,:Ta-O;-far and SnO,:Ta-
Vsn-near structures exhibit a line at a frequency close to the
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experimental frequency of the D, mode.' The main resonance
Raman maximum of the D, line at 427 nm is related to the O;-
type defect. Its second excitation profile maximum at 513 nm is
found at the same wavelength as the excitation profile
maximum of the D;-high line (515 nm) within the experimental
accuracy and is assigned to the electronic resonance of the Vg,-
near defect structure. Thus, in contrast to the two other
observed point defects, the Vs,-near defect in SnO,:Ta has two
characteristic Raman lines that are enhanced under fulfilled
resonance conditions. Notably, the co-existence of two Vg,-type
structures is in better agreement with our previous DFT stability
calculations than the preference of the Vg,-far defect, given that
for the Vg,-near defect the formation energy was found to be
1.4 eV smaller than for Vg,-far (ref. 10, ESI).

The contribution of SnO,:Ta domains without additional
point defects was mainly concluded from the very good agree-
ment between the measured (605 cm™ ') and calculated (593/
601 cm™ ") frequencies of the Ag-derived L, line. The L; line
was attributed to SnO,:Ta with O;-type defects (exp.: 625 cm™ %
calc.: 614 cm™ ). This defect has a line pair at 586/597 cm ™" in
the calculated Raman spectra. Its mean frequency deviation
from the experimental L, frequency is 13.5 cm ' (—2.2%),
compared to 8 ecm ™' (—1.3%) for SnO,:Ta. This is also a very
good agreement and allows the L, line to be assigned to SnO,:Ta
with Oj-type defects as well. The detailed comparison of the
calculated SnO,:Ta and SnO,:Ta-O;-far Raman spectra with the
experimental spectrum shows a very similar structure, without
characteristic lines safely pointing to the existence of defect-free
SnO,:Ta in the TTO samples under study (Fig. 7). For this
comparison, the Raman spectrum recorded with 785 nm laser
radiation was used, because the resonance enhancement effects
are weak under this condition, and many lattice modes are
better visible. The comparison displayed in Fig. 7 reveals

7T SnO,Ta, calc. J\,\_,./\,L—
= L
§7
& | Sn0O,Ta-Ofar, calc. L
£
é Sn0,:Ta-Vg,-near, calc.
E - L
12
T ] L
N 4 Sn0,Ta-Vg,far, calc. -
g ] L
S Sn0O,:Ta, 785 nm
Z 4 L

D1 (low + high) L2 L3 LG L7 D2
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Raman shift/ cm™

Fig. 7 Comparison of the experimental Raman spectrum of SnO,:Ta
measured at 785 nm laser radiation with the calculated Raman spectra
of SnO,:Ta-Vs,-far, SNnO,:Ta-Vs,-near, SNO,:Ta-O;-far, and SnO,:Ta.
The spectra were normalized and shifted along the y-axis for clarity.
The label D denotes defect modes, and the label L denotes lattice
modes. The colour code connects the lines in the experimental
spectrum with the corresponding modes in the calculated Raman
spectra. The calculated spectra were obtained in our previous work.*°
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a predominantly group-like correlation of the experimental and
calculated Raman lines. The first group includes the experi-
mental D; (D;-low and D,-high), L,, L3, L, and L, lines, which
have close correspondence to the calculated spectra of SnO,:Ta
with Vg,-far and Vg,-near defects. This is indicated by the red/
pink colour code in Fig. 7. The existence of both types of
defects was concluded from the splitting of the D, line and the
slightly different Raman excitation profile maxima. The second
group includes the L4, Ly, Ls, and Lg lines, which have corre-
sponding lines in the calculated spectra of SnO,:Ta and
Sn0,:Ta-O-far (Fig. 7, green/blue colour code). While the pres-
ence of the latter is evident due to the presence of the D, line, its
excitation profile maximum at 427 nm, and the corresponding
VB splitting found in the DFT calculations, there is no
compelling reason to assume the existence of defect-free
Sn0,:Ta domains in the studied TTO samples.

Based on the identification of three defect structures in the
studied SnO,:Ta thin films, it seems worth giving a more detailed
description of the normal modes, which are responsible for the
characteristic D, D,, L4, and L; Raman lines. The D, defect line of
both SnO,:Ta-Vg,-far and SnO,:Ta-Vg,-near is caused by the O
atom vibrations of dangling Sn-O bonds in the direct vicinity of
the tin vacancy. The D, mode of SnO,:Ta-O;-far arises from the
stretching vibration of an O, dimer with an O-O bond distance of
151 pm embedded in the crystal structure of SnO,:Ta. In the case
of the SnO,:Ta-Vg,-near defect structure, a stretching vibration of
the oxygen atoms in the distorted TaOs octahedron next to the Vg,
defect has almost the same frequency. The calculated frequencies
of both D, modes are almost the same, ie., 875 cm ' and
880 cm ™. Their simultaneous presence in the spectra could only
by revealed by measuring their excitation profiles. In contrast to
the localized D; and D, modes, the lattice modes responsible for
the Ajo-derived lines L, + Ls are delocalized over the whole
supercell, and consequently the whole crystal lattice. Unlike in
the SnO,:Ta thin films investigated here, the Raman spectra of
SnO, nanocrystal samples with diameters from 3 nm to 10 nm are
dominated by a line at approx. 570 cm ™", which is attributed to
near-surface oxygen vacancy defects.”” In SI 5,7 we included the
coordinates of several frames (as *.xyz files) of the six most rele-
vant vibrational modes responsible for the characteristic Raman
lines (i.e., Dy, Dy, L, and Ls) in the different model structures of
this study. These files allow the direct visualization of each
normal mode using standard software such as Jmol or Avogadro.

4.2 Electronic structure of SnO,:Ta (1.25 at% Ta)

The combination of Raman spectroscopic, optical, and hybrid
functional DFT data in this study allowed detailed conclusions
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about the electronic structure of Ta-doped SnO, (1.25 at% Ta).
The studied thin film samples, which are slightly O-rich, exhibit
two Vg,- and one Oj-type defects, in addition to the substitu-
tional Ta atom, Tag,. These additional point defects have
a significant effect on the electronic structure of the material.
This is predominantly expressed in the broadening and split-
ting of the electronic states at the top of the valence band, and
specifically in an upshift of the upper VB states relative to the
DOS maximum of the valence band. The upshift is highest for
the Vg, -type defect located far from the Tag, atom, and smallest
for the O;-far-type defect, the chemical nature of which is
a diatomic peroxide molecule ion. The ordering of the VBM
upshift correlates with the calculated degree of structural
deformation of the lattice and the ordering of the defect
formation energies published previously (ESI in ref. 10). The
defect-induced VBM states are the initial states for the elec-
tronic transitions, which were identified by the Raman excita-
tion profiles of the characteristic defect lines. Depending on the
specific point defect, different transition energies were found.
In detail, we obtained the following correlations between the
experimental Raman and the hybrid functional DFT data for the
individual point defects (Table 5).

Moreover, the following characteristics of the defects were
found:

(1) The Vg,-far type defect has a delocalized nature and
causes the strongest perturbation of the VB electronic structure
with at least three additional features at its high-energy edge.

(2) The second Vg,-type defect, Vg,-near, where the tin
vacancy directly neighbours the Tag, atom, also produces
significant perturbations of the electronic structure with at least
two additional VB-DOS features compared to SnO,:Ta.

(3) The O;far defect has a strongly localized nature. It is
responsible for three narrow DOS states, one of them resulting
in an additional, up-shifted VBM peak. The overall perturbation
of the DOS is smaller than for the two Vg,-type defects.

The major optical absorption of SnO,:Ta (1.25 at% Ta) at
4.13 + 0.10 eV is due to a dipole-allowed direct inter-band
transition, which is assigned to the fundamental band-gap
transition of the studied TCO. Fig. 8 shows a schematic illus-
tration of the electronic band structure of Ta-doped SnO, (1.25
at% Ta) and the measured electronic transitions. This figure
considers the localized or delocalized origin of the three defect
states, and also the relative position and localized nature of the
Ta 5d states in the conduction band (see Section 3.4). The
relative transition energies, reflected by the length of the
arrows, correspond to the values obtained by the Raman exci-
tation profiles and optical spectra. The relative energies of the
defect states were chosen to fit with the experimental transition

Table 5 Characteristic Raman signatures and electronic properties of the three identified point defects in SnO,:Ta (1.25 at% Ta)

Defect type Characteristic Raman lines and Raman shifts Electronic transition energy Valence band splitting (AE)
Vgn-far D,-low: 402 + 1 em™* 2.33 eV 1.44 eV
Vg,-near Dy-high: 412 £ 1 em ™ + Dy: 848 + 1 em ™! 2.41 ...2.42 eV 1.16 eV
Ojfar D,: 848 £ 1 cm ™! 2.90 eV 1.03 eV
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Fig. 8 Schematic of the obtained electronic band structure of Ta-
doped SnO, (1.25 at% Ta) and the electronic transitions identified in
this study.

energies, ie. they are slightly shifted towards the bandgap
centre compared to the splitting energies obtained in the DFT
calculations.

5 Conclusions

Detailed insight in the electronic structure of the SnO,:Ta
transparent conductive oxide (1.25 at% Ta) was achieved by the
combination of resonance Raman spectroscopy, optical spec-
troscopy, and hybrid functional DFT calculations. Ta was
confirmed to be an effective donor for SnO, due to the favour-
able location of the Ta 5d states at approx. 1 €V above the CBM.
The electronic transition energies of additional point defect
states were obtained from the Raman excitation profile maxima.
Two Sn-vacancy type point defects and one O-interstitial type
defect could be distinguished. The DFT calculations revealed
significant changes in the valence band electronic structure due
to Oy and Vg,-type point defects, visible by VB splitting with
additional states at the top of the valence band compared to
defect-free SnO, and SnO,:Ta. The observed VB splitting shows
the reverse order to the electronic transition energies of the
defect states. This finding has fundamental importance for the
conclusions of this work. The results reveal the significantly
larger distortion of the electronic structure due to Vg,-type
defects than due to Oj-type defects. In addition, the distortion is
larger when substitutional Ta and Sn vacancy have a large
distance, and smaller if they are direct neighbours. These
findings were explained by the localized nature of the O;-type
states and the delocalization of the Vg,-type states over four O
atoms located in close proximity to the tin vacancy. Regarding
the question whether the Vg,- and O;-type defects are favourable
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or unfavourable for the electrical and optical properties of
Sn0,:Ta, this work concluded that the latter is true. Their
optical excitations in the visible range reduce the transmittance.
However, these point defects are not the major limiting factor
for the performance of the studied thin films. This was
concluded from the significantly higher optical carrier mobility
of (35 = 3) em® V"' s™* compared to the electric mobility of (14
+ 3) em® V' s71.° As the main factor for this difference, inter-
grain scattering of the charge carriers at grain boundaries was
proposed, which predominantly reduces the macroscopic elec-
trical properties.”®* The defects studied in our recent manu-
script are of intragrain nature or local origin and affect both the
macroscopic and microscopic electrical properties.

In summary, the methodological combination applied in
this study was demonstrated to be a powerful approach to get
detailed insight into the electronic structure of the Ta-doped
SnO, transparent conductive oxide. Thus, it is tempting to
apply it to other TCOs to determine whether this knowledge
about the point defects can help to optimize their electric and
optical properties.
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