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ABSTRACT
The interband absorption of the transparent conducting semiconductor rutile stannic oxide (SnO2 ) is investigated as a function
of increasing free electron concentration. The anisotropic dielectric functions of SnO2 :Sb are determined by spectroscopic ellipsometry. The onsets of strong interband absorption found at different positions shift to higher photon energies with increasing
free carrier concentration. For the electric field vector parallel to the optic axis, a low energy shoulder increases in prominence
with increasing free electron concentration. We analyze the influence of different many-body effects and can model the behavior by taking into account bandgap renormalization and the Burstein-Moss effect. The latter consists of contributions from the
conduction and the valence bands which can be distinguished because the nonparabolic conduction band dispersion of SnO2 is
known already with high accuracy. The possible originsof the shoulder are discussed. The most likely mechanism is identified to
be interband transitions at |k | > 0 from a dipole forbidden valence band.

© 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054351

Tin-oxide is one of the two binary end points of ITO
(indium tin oxide), currently one of the most frequently used
materials for transparent contacts and electronics.1,2 Usually,
ITO is considered to be heavily Sn doped or alloyed In2 O3
in its amorphous or polycrystalline form. To understand the
optoelectronic properties of ITO and related materials better, many studies have been performed not only on ITO itself3
but also on In2 O3 in crystalline form.4 However, tin-oxides
are transparent conductive oxides in their own right and they
are already successfully commercialized, e.g., in CdTe thin
film solar cells5 or as low emissivity layers on architectural
glasses.6 Furthermore, their usage is discussed, for example, in emerging perovskite solar cell materials.7 Here, we
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concentrate on rutile SnO2 . It can be readily doped, e.g., by
antimony (Sb) for n-type conductance and has a direct dipole
forbidden bandgap in the ultraviolet. Furthermore, there is
recent interest for possible applications of SnO2 in sensor
devices and catalysis,8,9 spintronics,10 and for usage in ransparent electronics.11,12
However, there is a lack of systematic experimental studies about the optical properties of crystalline rutile SnO2
as a function of free carrier concentration in the literature.
Most available studies deal with samples obtained by growth
methods like the sol-gel method,13 sputtering,14 and spray
pyrolysis.15–17
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By contrast, this study provides high-quality optical data
of single-crystalline SnO2 samples with different free electron
concentrations. We interpret the data from a semiconductor
point of view and therefore link optical properties to the band
structure of SnO2 . We employ state-of-the-art spectroscopic
ellipsometry on a bulk SnO2 crystal and high-quality molecular beam epitaxy grown thin films doped with antimony.
The dielectric functions from the visible to the ultraviolet are
obtained and analyzed. The electron concentration manifests
itself in the optical spectra via many-body effects which are
discussed in detail.
As a reference sample, a bulk SnO2 sample grown at
Leibniz-Institut für Kristallzüchtung (Berlin, Germany) by
physical vapor transport with the (110) surface was used.
Hall effect measurements yield an electron concentration of
7.4 × 1017 cm−3 and a mobility of µ = 207 cm2 V−1 s−1 . Further details about growth and characteristics of this sample
can be found elsewhere.18 Six rutile SnO2 thin film samples with (101) orientation with varying electron concentration were grown on (011̄2) Al2 O3 by plasma-assisted molecular beam epitaxy.19,20 One sample was unintentionally doped
(n = 5.6 × 1017 cm−3 ), the other five layers were grown on
top of such unintentionally doped templates and doped by
different amounts of antimony. The resulting electron concentrations between 3.4 × 1018 and 2.6 × 1020 cm−3 were
determined by Hall effect measurements in van-der-Pauw
geometry. The thin-film samples have been investigated in
the infrared spectral range earlier.21 Key results to be used
in this study include an increase of both effective electron
masses m∗⊥ and m∗k with increasing free carrier concentration, however to a different extent. Thus, the conduction
band dispersion of the anisotropic and non-parabolic conduction band of rutile SnO2 is already known. Very recently, the
anisotropy was verified independently by Hall effect measurements for bulk crystals with n ≈ 1018 cm−3 .22 This anisotropy
is increasing with increasing carrier concentration.21 Dielectric limits are determined to be ε ∞,⊥ = 3.70 and ε ∞, k = 3.90.21
Some important properties of the samples are tabulated in
Table I.
Generalized spectroscopic ellipsometry23 was performed
on all samples in the photon energy range from 0.5 to 6.5 eV
for at least three angles of incidence (θ = 60◦ , 67◦ , 74◦ ). To
access both the ordinary (electric field vector perpendicular
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to [001], E⊥c) and the extraordinary (electric field vector
parallel to [001], E kc) dielectric functions, each sample was
measured twice, once with the optic axis of SnO2 parallel
to the plane of incidence and once rotated by 90◦ where
[010] is parallel to the plane of incidence. The ratios of
the complex reflection coefficients measured by generalized
spectroscopic ellipsometry rpp /rss , rps /rpp , and rsp /rss for
both sample orientations are analyzed in a coupled multilayer model considering the Al2 O3 substrate and the unintentionally doped SnO2 template for samples A-F, the doped
SnO2 film or bulk crystal, and a surface layer accounting for
roughness and possible electron accumulation layers for all
samples. Such electron accumulation layers are expected to
be <5 nm in thickness24 which cannot be resolved sensitively individually in ellipsometry. The experimental technique
of generalized spectroscopic ellipsometry is used to derive
the optical properties of all samples in crystal coordinates.
Therefore our results do not depend on the sample surface
orientation.
The experimental data from the bulk SnO2 sample are
analyzed first. Ellipsometric parameters Ψ and ∆ are shown
for both sample orientations in Fig. 1 together with the respective point-by-point fits. The agreement of fits and experiment
is close to perfect for high photon energies, while for lower
energies small deviations can be observed. These deviations
are attributed to backside reflections from the double-side
polished SnO2 bulk crystal which are not part of our optical model. Therefore, the photon energy of 3.5 eV where
the deviations vanish is identified with the dipole forbidden bandgap energy of rutile SnO2 27–30 because for higher
photon energies a small but finite absorption is present in
the material which attenuates the influence of the backside
strongly.
Figure 2 shows the point-by-point fitted dielectric functions for electric field polarization perpendicular (ordinary DF)
and parallel (extraordinary DF) to the optic axis obtained from
the fits shown in Fig. 1. Additionally, the imaginary parts of
the dielectric functions were fitted by Elliott’s model26 which
are also shown in Fig. 2. Elliott’s model for rutile SnO2 consists for the ordinary dielectric function of a sum of three
contributions
X
G
D
ε2,⊥ = ε2,⊥
+ ε2,⊥
+ ε2,⊥
,

(1)

TABLE I. Summary of the samples investigated: Hall carrier concentration nHall , Hall mobility µ Hall , effective electron
masses for the orientations perpendicular (m∗⊥ ) and parallel (m∗k ) to the optic axis.21

Orientation
bulk
A
B
C
D
E
F

(110)
(101)
(101)
(101)
(101)
(101)
(101)
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Dopant

nHall (cm−3 )

µHall (cm2 V−1 s−1 )

m∗⊥ (m0 )

m∗k (m0 )

Sb
Sb
Sb
Sb
Sb

7.4 × 1017
5.6 × 1017
3.4 × 1018
1.6 × 1019
2.6 × 1019
1.3 × 1020
2.6 × 1020

207
95
85
62
61
47
35

0.22 ± 0.03
0.26 ± 0.02
0.31 ± 0.03
0.39 ± 0.04

0.20 ± 0.02
0.20 ± 0.02
0.22 ± 0.03
0.26 ± 0.04
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FIG. 1. Ellipsometric angles Ψ (left) and ∆
(right) from the bulk sample. The plane of
incidence (poi) is perpendicular to [001] (c)
in the top row and parallel to c in the bottom
row. Shown are experimental data points
(symbols) and point-by-point fits (continuous curves) for three angles of incidence θ.
Agreement of the fit and the experimental
data is perfect for photon energies above
3.5 eV.

where the different contributions are discrete excitons (ε2X )
with the exciton binding energy EXB and the broadening parameter γ, an exciton continuum (ε2G ) above the direct allowed
bandgap EG with broadening parameter γ G , and a contribution
from higher k states (ε2D ) from the direct dipole forbidden
fundamental gap ED ,
X 2

(~ω − EG + EB )
CX
+,
exp *−
(~ω)2γ
γ2
,


~ω−EG
1 + erf γ G
CG
ε2G =
,
r
(~ω)2
EXB
+
1 − exp *−2π |~ω−E
G|
,




D
D
D
D 3/2
Θ ~ω − E .
ε2 = C ~ω − E

ε2X =

(2)

(3)

(4)

Here CX , CG , and CD are amplitude parameters and Θ is the
Heaviside step function. The dipole allowed bandgap is at
4.29 eV, and the exciton binding energy is found to be 43 meV.
For the extraordinary dielectric function, four contributions are needed
X
G1
G2
D
ε2,k = ε2,k
+ ε2,k
+ ε2,k
+ ε2,k
,

(5)

with the same mathematical expression as above [Eqs. (2)–(4)].
However, two independent exciton continua are required
here (ε2G1 and ε2G2 ). We find allowed bandgaps of 4.80 and 5.34
eV and an exciton binding energy of 59 meV.
In the next step, the unintentionally doped sample A is
analyzed. The results from this step enter the analysis of the
doped films as the template material.
The ordinary and the extraordinary dielectric functions
are shown in Fig. 3. The direct allowed bandgaps EG are found
at 4.36 eV for the ordinary and 4.69 and 5.36 eV for the
extraordinary dielectric function. These results are close to
that from the bulk sample. We repeat this analysis for the
doped samples. In Fig. 4, the point-by-point fitted dielectric
functions of all thin film samples (A-F) are collected. It can
be clearly seen that for both the ordinary and the extraordinary dielectric functions systematic changes in the dielectric
functions are found. At low photon energies, an increase in ε 2
and a decrease in ε 1 are obvious for increasing free electron
concentrations in both dielectric functions. This stems from
the free carrier contribution to the dielectric function and can
be described by the Drude model, more details are published
in Ref. 25. In the transparency spectral range between ≈1.5
and 4 eV, the real parts of the dielectric functions decrease

FIG. 2. Ordinary (left) and extraordinary
(right) complex dielectric functions of the
bulk sample. The point-by-point fitted ordinary dielectric functions are shown as continuous curves. Black dashed curves represent the fit by Elliott’s model to the imaginary parts. The single components of the
fits are shown as dotted curves.
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FIG. 3. Dielectric functions for the unintentionally doped sample A. The point-by-point
fitted ordinary dielectric function is shown
in red, the extraordinary one in blue. Black
dashed curves represent the dielectric function from the parametric model.

for increasing n which is due to the combination of Drude
contribution and the blue-shift of the bandgap energy with
increasing n as described for the example of bixbyite In2 O3
in detail elsewhere.4 Due to the better signal-to-noise ratio,
this effect is better seen in E⊥c than in E kc. The effective
blue-shift of the absorption onset finally is visible in both
dielectric functions. However, in the imaginary part ε 2 of
the extraordinary dielectric function a low energy shoulder
develops to be more prominent with increasing free electron
concentration (between 4 and 5 eV). In the real part ε 1 , a
broad peak-like feature is found at the same energy position
in agreement with Kramers-Kronig consistency. In the model
[Eqs. (1)–(5)], the additional feature is accounted for by the
additional exciton continuum and will be discussed in more
detail below.
From work decades ago,27–30 it is known that the fundamental bandgap of rutile SnO2 at 3.56 eV is dipole forbidden.
In the dielectric function, we therefore observe transitions
from lower valence bands into the conduction band which are
found at higher photon energies than 3.56 eV. The polarization
resolved two onsets of strong absorption were assigned to be
transitions from valence bands having Γ5− (E⊥c) and Γ2− (E kc)
symmetries.31 The observed blue-shifts of both fundamental absorption onsets are governed by the many-body effects

bandgap renormalization and Burstein-Moss shifts. Because
the conduction band dispersion is already fully known from
infrared studies,21 we can learn about the valence band contributions to the Burstein-Moss shifts from the energy shifts
of the interband absorption onsets.
Similar to the case of In2 O3 , we are dealing here with
a non-parabolic conduction band; i.e., the effective electron
mass is not constant.4 However, rutile SnO2 is anisotropic,21,22
like e.g., wurtzite GaN.32 Thus, we have to use an anisotropic
and non-parabolic model to describe the interband absorption
shifts in SnO2 . We use the empiric non-parabolic conduction
band dispersion proposed by Pisarkiewicz originally for rutile
SnO2 ,33
~2 k2
= E + CE2 .
(6)
2m∗
This dispersion relation can be used to describe the carrier
dependent effective electron masses as
s
~2
2/3
∗
∗
(7)
mj (n) = m0,j 1 + 2Cj ∗ (3π 2 n) ,
m0,j
with j = ⊥, k. From fitting Eq. (7) to the experimentally obtained
effective masses,21 we obtain the parameters m∗0,⊥ = 0.205m0 ,

m∗0,k = 0.183m0 , C⊥ = 0.73 eV−1 , and C k = 0.33 eV−1 . Values for

FIG. 4. Point-by-point fitted dielectric functions for all six thin film samples. The ordinary dielectric functions are shown in the
top panels, the extraordinary ones in the
bottom panels. Real parts are drawn on
the left side, imaginary parts on the right
side. The additional feature in the extraordinary dielectric function is marked by arrows
for the sample with the highest electron
concentration (F).
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the same parameters were also calculated theoretically,34 and
the results are in perfect agreement with our experiment with
the notable exception of C⊥,theo. = 0.45 eV−1 .
However, in Eq. (6) the anisotropy is not accounted for.
Therefore, we replace the momentum k, the effective electron
mass m∗0 , and the anisotropy parameter C in Eq. (6) by their
q
counterparts averaged over the density of states (kD = 3 k2⊥ k k ,
q
q
m∗0,D = 3 m∗0,⊥ 2 m∗0,k = 0.197m0 , and CD = 3 C2⊥ C k = 0.56 eV−1 ).
The Fermi energy only depends on these averaged parameters
and the free electron concentration n. It can be approximated
as
s
1 *
~2
2/3
EF (n) =
1 + 2CD ∗ (3π 2 n) − 1+.
(8)
2CD ,
m0,D
From here, we calculate the anisotropic Fermi wavevectors
kF,⊥ and kF, k by
1q ∗
2mj (n)EF (n).
(9)
kF,j =
~
To describe bandgap renormalization, we use the same
approach as described in Ref. 4 by inserting the density of
states averaged parameters. The Burstein-Moss shift consists
of contributions from the conduction and the valence bands.
The Fermi energy as given in Eq. (8) is measured from the conduction band minimum and thus exactly equals the contribution from the conduction band to the Burstein-Moss shift. It is
independent of the optical polarization direction. The valence
bands are for simplicity approximated by parabolic dispersion
relations as
~2 k2j
Ej,l (k) =
.
(10)
2m∗j,l
Here, l = 1, 2 for j = k and l = 1 for j = ⊥. The effective hole masses
for the valence bands at the Γ-point of the Brillouin zone were
calculated in Ref. 31 to be m∗⊥ = 1.21m0 and m∗k = 1.47m0 , respectively. We use these effective hole masses for simplicity for
l = 1 and l = 2. The experimentally obtained transition energies and the modeled dependence using these parameters are
compared in Fig. 5. The relatively large spacing of the valence
bands makes the decomposition of the different contributions
easier than, for example, in wurtzite GaN.35
The agreement between the model curves describing the
combined effects of bandgap renormalization and BursteinMoss shifts and the experimentally determined bandgap energies is very good despite the fact that the effective hole masses
reported in Ref. 31 are explicitly given for the topmost valence
band expressing Γ3+ symmetry which does not contribute to
observable interband absorption. However, close inspection of
Fig. 5 reveals that a slightly smaller effective hole mass for the
valence bands contributing to absorption in E kc might also be
in order.
The transition occurring for E⊥c is unambiguously identified as an interband transition involving the Γ5− valence band
and the Γ1+ conduction band. By contrast, for E kc we find two
different characteristic energies at 4.69 and 5.36 eV for n → 0.
The higher energy transition is clearly assigned to interband
transitions involving the Γ2− valence band and the conduction

APL Mater. 7, 022508 (2019); doi: 10.1063/1.5054351
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FIG. 5. Energies of the bandgaps for all observed transitions (symbols). The electron concentration dependent transition energies according to the model are given
as curves. The dotted curves symbolize the Burstein-Moss shifts only, the dashed
curve is the bandgap renormalization (only shown for the lowest energy transition
for clarity), and continuous curves are the sums of both contributions.

band, the lower energy one however has not been identified
unambiguously before. Because the corresponding signal
increases in prominence for increasing free electron concentration, it can be assigned to different origins all related to free
carriers directly or indirectly. Different possibilities are
• According to the classical Elliott theory of absorption in semiconductors taking Coulomb interaction
into account,26 a direct but dipole forbidden transition
contributes for k > 0 to the interband absorption.
• Peelaers and colleagues proposed phonon assisted free
carrier absorption to happen in doped SnO2 .36,37 This
process is basically an intra-conduction band absorption process.
• Ha et al. investigated the so-called second gap in SnO2
theoretically.38 This second gap is an interband transition from the lowest conduction band to the next
higher energy conduction band.
All these models are schematically explained in Fig. 6. We will
now discuss these models with respect to our experimental data (Fig. 4). This discussion is strongly dependent on the
assumed band structure of rutile SnO2 , i.e., energy differences
between certain bands and effective masses. We are using the
band structure theoretically computed in Ref. 31 which has
already been shown to provide a good agreement with experimental results in terms of dielectric functions over a large
spectral range.25
Elliott’s model for the top of the valence bands in SnO2 is
sketched in Figs. 6(a) and 6(b) for an increased free electron
concentration. The lower energy valence band in Figs. 6(a)
and 6(b) symbolizes the Γ2− valence band contributing to the
onset of strong absorption for E kc. By contrast, the higher
one represents one of the dipole forbidden valence bands
(for E kc) with increasing optical dipole strength for increasing
momentum [Eq. (4)]. This model has been successfully used
to interpret absorption edges of SnO2 earlier.25 Testing of
this model against our experimental results yields a possible
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FIG. 6. Schematic band structure representations of different models to explain the observed second contribution
for E kc. (a) and (b) Elliott’s model taking into account a
dipole forbidden transition at k = 0 which gains in transition
strength for |k| > 0, the shown valence bands have Γ5+ and
Γ2− symmetry from top to bottom, (c) phonon-assisted intraconduction band absorption, (d) and (e) inter-conduction
band transitions which are also called second gap transitions. Dotted horizontal lines represent Fermi energy levels, the higher the Fermi level, the higher the free electron
concentration.

agreement: For increasing Fermi energy both transition
energies are expected to shift to higher photon energies as
observed because the electron effective mass is lower than the
hole effective masses of the contributing bands. Inspection of
the valence band structure at the Γ point of the Brillouin zone
yields the Γ5+ valence band as a likely candidate for the dipole
forbidden transition. Please note that this valence band is not
identical to the topmost valence band which has Γ3+ symmetry
and is included in our model by Eq. (4). Theory finds a distance of 0.78 eV between Γ2− and Γ5+ valence bands at n = 0.31
Extrapolation of our experimental results to n → 0 yields an
experimental value of 0.67 eV. The energy difference between
Γ5− and Γ5+ valence bands is theoretically predicted to be 0.39
eV while our experiment yields 0.33 eV. This model therefore
is a viable explanation for the experimental results.
Figure 6(c) accounts for phonon-assisted intra-conduction
band absorption which was investigated in detail by Peelaers
et al.36,37 by first-principles calculations. In these studies, the
absorption cross section is reported which we converted to
imaginary parts of the dielectric functions for this discussion.
One of the results is that the amplitudes of the predicted ε 2
due to phonon-assisted intraband absorption are below 0.05
for the spectral range between ≈2 and 4.3 eV. Moreover, the
ordinary contribution is predicted to be stronger than the
extraordinary one which clearly contradicts our experimental
findings where the observed effect is stronger for E kc. Therefore, we are confident that the here observed effect is not
dominated by phonon-assisted intraband absorption.
The third possibility is put forward by Ha and colleagues
and describes the so-called second gap.38 The involved processes are schematically shown in Figs. 6(d) and 6(e) for
increasing free-electron concentration, respectively. According to the band structure, the second conduction band has a
larger effective mass than the fundamental conduction band
or even a negative effective mass.31 Therefore, increasing
Fermi energies lead to decreasing photon energies for the
absorption onset of the second gap. This holds true even
when accounting for bandgap renormalization assuming that
only the fundamental conduction band is down-shifted. The
Burstein-Moss shift of the lowest conduction band alone is
already larger than the bandgap renormalization. Thus, this

APL Mater. 7, 022508 (2019); doi: 10.1063/1.5054351
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model cannot explain our experimental results either and we
are left with Elliott’s theory considering a dipole forbidden
transition.
The best model to explain our experimental findings is
therefore the Elliott model as shown in Figs. 6(a) and 6(b).
To describe the optical properties of rutile SnO2 , we have to
take four valence bands into account: The topmost valence
band with Γ3+ symmetry is dipole forbidden at k = 0. Its contribution for |k| > 0 is modeled by Eq. (4). For E⊥c we find
allowed absorption from the valence band with Γ5− symmetry. For E kc, we have two contributions, one at lower photon
energy from the Γ5+ valence band and a stronger one at higher
photon energy from the Γ2− valence band. To differentiate the
latter two is facilitated by the observation of their blue-shift
with increasing free-electron concentration.
In summary, we experimentally investigated rutile SnO2
thin films with different free-electron concentrations. Spectroscopic ellipsometry yields anisotropic dielectric functions
ε. For E⊥c, we found a blue-shift of the absorption onset which
is quantitatively explained by a combination of bandgap renormalization and Burstein-Moss shift. The Burstein-Moss shift
for E⊥c is stronger than that for E kc. For the latter case, two
characteristic contributions are found which both undergo
a blue-shift. The higher energy absorption onset is identified with a dipole allowed interband transition; for the lower
energy one, a transition from a different valence band with Γ5−
symmetry is the best explanation.
We acknowledge funding by the Deutsche Forschungsgemeinschaft DFG in the framework of Major Research Instrumentation Program No. INST272/205-1. Part of this work was
performed within the framework of GraFOx, a Leibniz-Science
campus.
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