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Valence-band density of states and surface electron accumulation in epitaxial SnO2 films
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The surface band bending and electronic properties of SnO2(101) films grown on r-sapphire by
plasma-assisted molecular beam epitaxy have been studied by Fourier-transform infrared spectroscopy (FTIR),
x-ray photoemission spectroscopy (XPS), Hall effect, and electrochemical capacitance-voltage measurements.
The XPS results were correlated with density functional theory calculation of the partial density of states in
the valence-band and semicore levels. Good agreement was found between theory and experiment with a small
offset of the Sn 4d levels. Homogeneous Sb-doped SnO2 films allowed for the calculation of the bulk Fermi
level with respect to the conduction-band minimum within the k · p carrier statistics model. The band bending
and carrier concentration as a function of depth were obtained from the capacitance-voltage characteristics
and model space charge calculations of the Mott-Schottky plots at the surface of Sb-doped SnO2 films. It was
quantitatively demonstrated that SnO2 films have downward band bending and surface electron accumulation.
The surface band bending, unoccupied donor surface-state density, and width of the accumulation region all
decrease with increasing Sb concentration.
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I. INTRODUCTION

In materials with crystal structures, the perfect periodicity
is broken at the surface, which introduces surface states with
complex Bloch wave vectors. This means that surface states
are evanescent and localized within the surface layer of the
material (they decay exponentially into the vacuum and into
the bulk). The generation of surface states is similar at a
metal/semiconductor interface at which the wave functions
of the metal can tunnel into the semiconductor and form
states in the band gap [1]. At the free surface of an n-type
semiconductor, donor (acceptor) defects and impurities are
ionized when the respective surface states are unoccupied
(occupied), which results in a downward (upward) band
bending in the case of electron accumulation (depletion).

SnO2 is a transparent conducting oxide (TCO) well known
in gas sensing [2,3] for its surface sensitivity and conductivity
variations upon gas exposure. However, very little is known
about the surface electronic properties of SnO2 films, because
until recently high-quality thin films were not available. High-
quality single-crystal SnO2 holds promising properties for
electrical contact applications such as in transparent transistors
[4,5]. Among the III-V semiconductors, InAs [6] and InN [7]
are known to have surface electron accumulation layers. Most
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binary TCOs that have attracted intensive research into their
optical and electronic properties, namely, In2O3 [8,9], CdO
[10–14], ZnO [11,15,16], and SnO2 [17–19], have all been
shown to exhibit surface electron accumulation. This follows
from the fact that the charge neutrality level (CNL), defined
as the boundary energy at which defect states change from
donor type to acceptor type with reference to the Fermi level,
lies above the conduction-band minimum (CBM) in these
materials. As a result, even high-work-function metals on
n-type SnO2 form Schottky contacts only after an oxygen-
plasma treatment leading to the depletion of the surface
electron accumulation [20,21]. For sensing and optoelectronic
applications, the surface band bending and space charge
properties are important and warrant investigation.

Over the past two decades density functional theory (DFT)
calculations using hybrid functionals have been shown to
produce improved descriptions of structure, band gap, and
defect properties of a range of binary, ternary, and quaternary
oxide semiconductors [22–30]. In spite of some density
functional theory calculations of the density of states (DOS) in
SnO2 [24,31] with comparisons to photoemission spectra [21],
no detailed work has been accomplished to correlate the two
through the application of photoionization cross sections on
the calculated partial density of states (PDOS). Concerning the
surface Fermi level pinning in SnO2 thin films, Nagata et al.
[17] have investigated the binding energy of the core Sn 3d

electrons by Al Kα and hard x-ray photoemission spectroscopy
(XPS) and schematically illustrate a downward band bending
at the surface of the films. A lack of a quantitative study on the
surface band bending and electron accumulation as a function
of depth is also perceived in epitaxial SnO2 films.
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In this paper, experimental characterization techniques
together with DFT calculations and theoretical modeling of
the band extrema and electron distribution in the bulk and
at the surface of SnO2(101)/r-sapphire have been employed
to deduce the surface electronic properties of epitaxial
SnO2(101) films. We show that the bulk physical quantities
necessary for surface electronic calculations are not attainable
for unintentionally doped (UID) epitaxial SnO2 due to the
background donor density and carrier concentration gradients
throughout the films. By modeling the Mott-Schottky plots, we
quantitatively present the surface band bending as a function
of depth and the corresponding electron accumulation profiles
in Sb-doped SnO2(101) films. Variation of the unoccupied
donor surface-state density is obtained as a function of
Sb-doping level.

II. EXPERIMENTAL AND THEORETICAL METHODS

The samples used in this study were UID and antimony-
(Sb-) doped SnO2(101) films grown on r-sapphire as the sub-
strate by plasma-assisted molecular beam epitaxy (PAMBE).
Standard Knudsen effusion cells were used to evaporate
Sn (99.9999% pure) and Sb (99.999% pure), and a Veeco UNI-
Bulb radio-frequency plasma source to supply monatomic
oxygen. The Sn and maximum Sb source cell temperatures
were 1270 and 600 ◦C, respectively. The substrate temperature
for both sets of samples was maintained at 700 ◦C. Further
description of the growth process can be found elsewhere
[32,33]. The UID samples were grown in a range of thicknesses
between 26 and 1505 nm. The Sb-doped samples were grown
at a fixed thickness of around 550 nm on a UID SnO2 film
of thickness ≈480 nm as an intermediate layer. Secondary
ion mass spectrometry (SIMS) was used to determine the Sb
concentration in the samples which ranged between 9.8 × 1017

and 3.5 × 1019 cm−3 [33].
Mid-infrared (MIR) reflectance and Hall effect measure-

ments were carried out to determine the thickness, carrier
concentration, plasmon energy, and mobility of the films.
XPS spectra were collected under ultrahigh vacuum (3 ×
10−11 mbar) using a monochromated Al Kα x-ray beam (hν =
1486.6 eV) to investigate the valence-band and semicore level
energies at the surface of the SnO2 films. The emitted photo-
electrons were detected in normal emission using an Omicron
SPHERA electrostatic hemispherical deflection analyzer with
a mean radius of 125 mm. The overall instrumental energy
resolution was 0.4 eV. The spectrometer binding energy scale
was calibrated with reference to sputtered polycrystalline
silver. Electrochemical capacitance-voltage (ECV) measure-
ments were performed using a WEP/Dage Wafer Profiler
CVP21 system. GaIn eutectic was used to ensure Ohmic
contacts between the sample and the terminals followed by I -V
measurements across the films. The electrolyte used for the
SnO2 samples was 1 molar SnCl4 diluted in deionized water.
The voltage is measured with respect to the saturated calomel
electrode (SCE) placed into the electrolyte. All measurements
were performed at room temperature.

DFT calculations were perfomed using the VASP code
[34,35] in which a plane-wave basis set is used to describe
the valence electronic states. The Perdew-Burke-Emzerhof
[36] (PBE) gradient-corrected functional was used to treat

the exchange and correlation. Interaction between the cores
(Sn:[Kr] and O:[He]) and the valence electrons was described
using the projector-augmented wave [37,38] method, with
Sn 4d states explicitly included in the valence. We have
employed the hybrid density functional developed by Adame
and Barone (PBE0) (Ref. [39]) as implemented in the VASP

code [40] to obtain the band structure and PDOS of the
core and valence-band electrons. In the PBE0 formalism, a
value (α) of exact nonlocal exchange of 25% is added to
the PBE formalism. Structural optimizations of bulk SnO2

were performed using PBE0 at a series of volumes in order to
calculate the equilibrium lattice parameters. In each case the
atomic positions, lattice vector, and cell angle were allowed to
relax, while the total volume was held constant. The resulting
energy volume curves were fitted to the Murnaghan equation
of state to obtain the equilibrium bulk cell volume [41].
Convergence with respect to k-point sampling and plane-
wave energy cutoff were checked, with a cutoff of 400 eV
and a k-point sampling of 4 × 4 × 6 found to be sufficient.
Calculations were deemed to be converged when the forces on
all the atoms were less than 0.01 eV/Å.

A two-band k. p model was used for carrier statistics calcu-
lations to evaluate the bulk Fermi level of the films. The surface
band bending and carrier concentration profiles as functions
of depth were computed by solving the Poisson equation.
The modified Thomas-Fermi approximation (Refs. [42–44])
was employed to account for the boundary conditions at the
surface of the films. The initial input parameters for this
calculation were the energy separation of the Fermi level from
the valence-band maximum (VBM) at the surface (determined
by XPS) and to the CBM in the bulk (using the Hall effect data).

III. RESULTS AND DISCUSSION

A. Infrared reflectance and Hall effect

The thicknesses d of the UID and Sb-doped films have been
determined by simulating the measured s-polarized reflectance
spectra. The electric field of radiation was oriented in order
to satisfy the condition E ⊥ c, where c is the principal axis.
The reflectance was measured at an incident light angle of
56◦ with respect to the surface normal and simulated assum-
ing a three-layer (vacuum/UID SnO2/sapphire) and a four-
layer (vacuum/Sb-doped SnO2/UID SnO2/sapphire) stratified
medium for the UID and Sb-doped SnO2 films, respectively.
The plots are shown in Fig. 1 for four samples. The carrier
concentration of the films nb was calculated using the sheet
carrier concentration ns from the Hall effect measurements
according to nb = ns/d. Since the Sb-doped SnO2 films were
grown on a semiconducting intermediate layer, the parallel
conduction method has been used to calculate the carrier
concentration and mobility of the doped samples [46]. The
values for the UID (Sb-doped SnO2) films range between
nb = 3.1 × 1017 and nb = 2.4 × 1018 cm−3 (nb = 1.1 × 1018

and nb = 2.6 × 1019 cm−3). The corresponding Sb-doping
levels for each carrier concentration are given in Table I. The
average plasmon excitation energies of the films were obtained
in the modeling as well as by carrier statistics calculations
using the pertinent formula:

Ep = �

(
ne2

m∗ε0ε(∞)

)1/2

, (1)
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FIG. 1. (Color online) MIR reflectance data and simulation for
two UID and Sb-doped SnO2 samples between 50 and 600 meV.
The UID samples have different thicknesses with varying carrier
concentrations, indicative of the presence of charged dislocations in
the films [45]. The Sb-doped SnO2 films have close thicknesses with
different Sb concentrations. nb = 1.1 × 1018 and 1.6 × 1019 cm−3

correspond to Sb concentrations of nSb = 9.8 × 1017 and 2.1 ×
1019 cm−3, respectively.

where n is the electron concentration, m∗ is the effective mass,
and ε0 [ε(∞)] is the static (high-frequency) dielectric constant.

B. Electronic density of states of the valence-band
and semicore levels

DFT calculations were performed for undoped SnO2

to obtain the PDOS in the valence-band and core levels.
Figures 2(a)–2(c) shows the DFT density of states of the Sn
and O orbitals in SnO2 for the valence-band and the shallow
and deeper semicore levels. The valence band is dominated by
the O 2p orbitals while the shallow and deeper semicore levels
are predominantly O 2s and Sn 4d, respectively. The binding
energy spectra of electrons below the VBM were acquired

TABLE I. The bulk electron and corresponding Sb concentrations
for each sample, all having the same thickness.

Carrier concentration (cm−3) Sb concentration (cm−3)

1.1 × 1018 9.8 × 1017

3.4 × 1018 4.5 × 1018

1.6 × 1019 2.1 × 1019

2.6 × 1019 3.5 × 1019

by XPS measurements. The zero of the binding energy
scale was set at the Fermi level. Corresponding to the x-ray
energy hν =1486.6 eV, the one-electron angular-corrected
photoionization cross sections, taking into account the orbital
dipole asymmetry parameters, have been applied [47,48] to
the calculated PDOS plots in Figs. 2(a)–2(c). The results
are presented in Figs. 2(d)–2(f). Due to the high relative
photoionization cross section of Sn 4d, it is observed that
photoemitted electrons from the VBM and deeper semicore
levels would originate primarily from Sn 4d orbitals.

The photoionization cross section corrected DFT DOS
are correlated with the XPS binding energy spectra of the
films in Fig. 3. The weighted DFT PDOS were summed
and convoluted with 0.1 eV Lorentzian broadening and
0.4 eV Gaussian broadening to account for the lifetime and
instrumental broadening, respectively. As the experimental
results shown are for a sample with nb =1.6 × 1019 cm−3 with
the Fermi level lying 0.075 eV above the conduction-band
minimum, the calculated DFT curves were shifted to fit the
Shirley-background-subtracted [49] photoemission spectra at
the VBM, because in the DFT calculations, the VBM is chosen
to be the zero of the energy scale by convention.

The theory and experiment are in excellent agreement in
shape and width across the VB as can be seen in Fig. 3(a).
At the semicore levels in Fig. 3(b), a broader asymmetric line
shape on the high-binding-energy side of the peaks is observed
in photoemission compared to theory. This broadening is
attributed to final-state effects manifested as satellite peaks
within the main semicore level peak due to inelastic plasmon
losses in the accumulation region [50,51]. More broadening is
observed in the Sb-doped film with a higher plasmon energy
and Hall carrier concentration relative to the UID film. The en-
ergy separation on the high-binding-energy side of the peaks,
δE ≈ 135 meV, is found to be almost identical to the difference
in the average plasmon energy in the films, δEp ≈ 130 meV,
determined from MIR reflectance simulations as well as carrier
statistics calculations. This supports the assignment of this
broadened feature to plasmon excitations of free electrons in
the surface electron accumulation layer, and changes to the
surface space charge with Sb doping.

An energy separation of �E ≈ 1.5 eV is observed between
theory and experiment for the deeper semicore levels (E >

24 eV) where the photoemission is dominated by the Sn 4d

orbitals due to their high photoionization cross section [see
Fig. 2(d)]. This slight discrepancy can be attributed to an
incorrect cancellation of the self-interaction error in the hybrid
DFT approach used. Unusually, this problem cannot be solved
by going to higher levels of theoretical modelling such as the
GW approximation [52]. To date the only possible correction
has been the application of an empirical nonlocal external po-
tential for the d states, which is fitted to reproduce experimental
d-band positions [53,54]. In this study, we choose not to arti-
ficially augment our calculations with any external potentials,
as it will have no bearing on the generality of our results.

C. Surface band bending and the bulk Fermi level

To obtain the magnitude of surface band bending for
each sample, the binding energy (ξ ), defined as the energy
separation between the VBM at the surface and the Fermi level,
was determined from the XPS spectra by the extrapolation of
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FIG. 2. (Color online) Density functional theory calculations of the PDOS of the VB and semicore levels in SnO2. The VBM is placed
at 0 eV. (a)–(c) The valence band, lying within 0 and 10 eV, is dominated by O 2p orbitals for energies below 7 eV, and constructed equally of
O 2p and Sn 5s orbitals at the underlying energy levels. At the core levels, the density of O 2s states is highest in the shallower region while
Sn 4d dominates at deeper levels. (d)–(f) Spectral modulation of the calculated PDOS in (a)–(c) by applying the one-electron and angular
cross sections to the corresponding orbitals. It is observed that in spite of the dominance of O 2p orbitals at the VBM, electrons would be
photoemitted mainly from Sn 4d orbitals because of their higher photoionization cross section. The same effect is observed for the entire range
of deeper semicore levels as the region is dominated by Sn 4d .

the sharp linear onset of the intensity onto the energy axis.
This is shown in Fig. 3(a). The surface band bending Vbb was
evaluated using the equation

Vbb = ξ − Eg ± EF, (2)

where Eg = 3.5 eV is the band gap of SnO2 [55,56]. EF is
the bulk Fermi level calculated with respect to the CBM
within the k · p model using carrier concentrations obtained
from Hall effect measurements; the plus (minus) sign for EF

corresponds to EF located below (above) the CBM. The sur
face band bending and carrier concentration for both the
UID and Sb-doped samples are shown in Table II. Since the
band bending is determined relative to the band extrema in
the bulk, the negative sign signifies the accumulation of the
electrons at the surface where there exists a downward band
bending.

TABLE II. Surface band bending Vbb (eV) and corresponding
bulk carrier concentration from Hall effect measurements, nb (cm−3),
of the UID and Sb-doped SnO2 films.

UID SnO2 Sb-doped SnO2

Vbb nb Vbb nb

−0.263 3.1 × 1017 −0.327 1.1 × 1018

−0.258 3.8 × 1017 −0.293 3.4 × 1018

−0.231 1.0 × 1018 −0.226 1.6 × 1019

−0.220 1.5 × 1018 −0.192 2.6 × 1019

−0.206 2.4 × 1018

Concerning the UID samples, there is a nonuniform
distribution of carrier concentration for regions below the
surface layer towards the interface due to the depth-dependent
charged-dislocation density [45]. This implies that the separa-
tion of the CBM from the Fermi level is not constant in the
bulk due to variations in background donor density. Hence,
the surface band bending could not be calculated for the UID
SnO2 films grown on r-sapphire. For the Sb-doped films,
the electron concentration increases with Sb concentration,
indicating that Sb acts as a donor in SnO2. These films were
grown to a thickness of 550 nm on an intermediate layer
of UID SnO2 with a relatively high thickness of ≈480 nm.
Therefore, the lattice mismatch has significantly decreased,
leading to a considerable reduction in the overall dislocation
density. This is confirmed by a significant decrease in the
dislocation scattering as compared with the UID films in
Fig. 4. Since charged-dislocation scattering is the dominant
scattering mechanism at higher carrier concentrations [45], the
electron mobility difference between the UID and Sb-doped
SnO2 is expected to increase with carrier concentration as is
seen in Fig. 4. This implies that the energy of the CBM in
the bulk is constant with respect to the Fermi level, resulting
from a homogeneous distribution of Sb donors and charge
carriers in Sb-doped SnO2 films. The issue with the UID
samples is further highlighted in Table II by comparing
the degree of calculated band bending [Eq. (2)] and the
corresponding carrier concentration between the UID and
Sb-doped SnO2 films; the band bending is calculated using
the Hall effect which “averages” over the entire film. This
is considered in conjunction with Fig. 5 which illustrates the
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FIG. 3. (Color online) Comparison of the cross section weighted
DFT PDOS with the Shirley-background-subtracted XPS spectra
for (a) valence band and (b) semicore levels in SnO2. The graphs
are normalized to the maximum of the valence-band peak. The
gray-shaded area plots are the summed-up photoionization cross
section weighted DFT PDOS. The weighted DOS has been broadened
with a Lorentzian function followed by a Gaussian to correlate with
experiment. The XPS spectra (red circles) pertain to an Sb-doped
film with a bulk carrier concentration nb = 1.6 × 1019 cm−3. Hence,
the DFT DOS spectrum is shifted to fit the experimental VBM.
At the semicore levels in (b), the line shape of a UID film with a
lower Hall-averaged carrier concentration is less broadened on the
high-binding-energy side.

band bending variations with respect to the separation of the
bulk Fermi level from the CNL. The surface band bending
is expected to decrease as the bulk carrier concentration
increases which moves the bulk Fermi level closer to the
CNL, but higher band bending is observed for the Sb-doped
films that have the same carrier concentration as the UID
samples.

D. ECV measurements and space charge calculations

Electron accumulation layers at the surface of semiconduc-
tors lead to Ohmic metal contacts, preventing the formation of
the rectifying Schottky contacts required for conventional C-V
measurements. Here, ECV measurements were used instead as
the Helmholtz double layer at the electrolyte/semiconductor
interface behaves as a “Schottky-like” contact. The surface
band bending and electron concentration as a function of depth
were calculated for Sb-doped SnO2 films by measuring the
C-V characteristics and simulation of the Mott-Schottky plots

FIG. 4. (Color online) Comparison between the UID and Sb-
doped SnO2 films in respect of carrier mobility as a function of
carrier concentration. Lines are guides to the eye. The UID SnO2

films were grown directly on r-sapphire which showed a high density
of charged dislocations, while the Sb-doped films were grown on
an intermediate UID SnO2 layer. It is apparent that the mobilities in
the Sb-doped films are much higher than those in the UID films in
terms of carrier concentration. This clearly illustrates the significant
reduction in dislocation scattering in the Sb-doped films.

(1/C2 as a function of the applied bias). The Poisson equation
was solved assuming a negligible amount of acceptor defects
or impurities:

d2V

dz2
= − e

εsε0
[N+

D − n(z)], (3)

where the boundary conditions were applied according to the
expressions

z → ∞ =⇒ V (z) → 0,
dV

dz

∣∣∣∣
z=0

= e

εsε0
nss, (4)

where nss is the surface sheet density of the semiconductor.
Due to the optical and electronic anisotropy of SnO2, the

FIG. 5. (Color online) Schematic representation of the decrease
in downward band bending, Vbb, as the bulk Fermi level moves up
towards the CNL (a)–(c). As the carrier concentration increases due
to n-type doping of the bulk, a reduction in the density of unoccupied
surface states is observed until the bulk and surface Fermi levels
stabilize at the CNL (c).

155413-5



S. K. VASHEGHANI FARAHANI et al. PHYSICAL REVIEW B 90, 155413 (2014)

FIG. 6. (Color online) ECV data and simulation of the Mott-
Schottky curves in Sb-doped SnO2 films. (a) Experimental data of
the four investigated samples. The magnitude of 1/C2 decreases with
bulk carrier concentration of the films, implying that the electron
concentration at the surface increases with Sb concentration. The
shallow gradient region at lower bias for each sample indicates the
depletion of the surface electron accumulation and the steeper region
at higher bias is indicative of lower net space charge in the bulk.
(b) shows the Mott-Schottky plots with corresponding model curves
of the samples with the lowest and highest bulk carrier concentrations,
respectively. The model curve of a UID sample with a thickness of
200 nm is compared to the experiment in the inset of (b). It is apparent
that the data could not be reproduced since the donor density in the
bulk is nonuniform.

band edge effective mass and the dielectric constants were
calculated via

m∗
0 = (

m∗ 2
0,⊥m∗

0,‖
)1/3

, ε = 2 × ε⊥ + ε‖
3

. (5)

m∗
0,⊥ (0.3m0), m∗

0,‖ (0.23m0) [57,58], ε⊥(0) (13.5), and ε‖(0)
(9.58) (Ref. [59]) give an average band edge effective mass
and static dielectric constant values of 0.27m0 and 12.2,
respectively.

The capacitance-voltage data in the form of Mott-Schottky
plots for four Sb-doped SnO2 films are shown in Fig. 6(a).
The positive slope of the plots indicates the n-type character
of the films. The magnitude of 1/C2 decreases with bulk
carrier concentration of the films, implying that the electron

concentration at the surface increases with Sb concentration.
The shallow gradient region at lower bias for each sample
indicates the depletion of the surface electron accumulation
and the steeper region at higher bias is indicative of lower
net space charge in the bulk. The constant slopes in the
Mott-Schottky plots which correspond to the bulk carrier
density in each sample agree well with the bulk values derived
from reflectance simulations and the Hall data for the Sb-doped
films.

The Mott-Schottky plots and respective model curves of
two Sb-doped samples with the lowest and highest bulk carrier
concentrations are shown in Fig. 6(b). The model curves
obtained by solving the Poisson equation assuming a uniform
background of ionized donors bear out the homogeneity of
the donor distribution near the surface. The simulation was
performed after the evaluation of the bulk Fermi level by
carrier statistics calculations within the two-band k · p model
and obtaining the degree of surface band bending via Eq. (2)
using the XPS results. As can be seen in the inset of Fig. 6(b),
the modeling of the Mott-Schottky plots for UID films showing
a lower linear slope was not possible. This is because of
the nonuniform charged-dislocation density as a function of
depth, which results in a higher “bulk” carrier concentration
and Fermi level (from the Hall effect data) than those in the
immediate vicinity below the surface layer (obtained from the
linear slope of the Mott-Schottky plots)—the correct value to
be used in space charge calculations. This clearly substantiates
the nonuniform density of background donors in the UID films
discussed in the previous section.

Modeling of the Mott-Schottky curves enabled the cal-
culation of the carrier concentration and band bending as
a function of depth at the surface of the Sb-doped SnO2

films. This is shown in Fig. 7 for the lowest- and highest-
Sb-doped SnO2 films together with the position of the
Fermi level. All the films show downward band bending and
surface electron accumulation. As can be seen in Fig. 7(a),
the surface band bending in the film with a lower bulk
electron concentration and Sb doping level was larger and
the corresponding surface layer wider compared to those
in the film with a higher electron and Sb concentration.
Accordingly, the deduced surface-state densities from the
modeling show that the density of unoccupied donor surface
states, nss, decreases with Sb doping. The bulk Fermi level
for the sample with the lowest Sb concentrations, namely,
9.8 × 1017 cm−3, lies 0.027 eV below the CBM in the band
gap, being distant from the CNL of SnO2 which is at 0.5
eV above the CBM. A higher Sb concentration of 3.5 × 1019

cm−3 moves the bulk Fermi level up into the conduction band,
reaching 0.109 eV, reducing the band bending and surface-state
density [60]. Figure 7(b) profiles the electron accumulation at
the surface of the Sb-doped SnO2 films. The width of the
surface accumulation layer decreases with the Fermi level.
Hence, the variation in the density of surface-state charge
is depicted as a function of Sb concentration in Fig. 8. The
results in Fig. 8 quantitatively demonstrate the phenomenon
schematically shown in Fig. 5. Since these unoccupied donor
surface states lie above the pinned Fermi level, they become
increasingly occupied, and therefore neutral, as the bulk Fermi
level approaches the CNL due to increasing levels of Sb
doping.
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FIG. 7. (Color online) The calculated surface band bending Vbb

and electron concentration n as functions of depth, together with
the corresponding surface-state density nss for two Sb-doped SnO2

samples. (a) shows Vbb as a function of depth for the films with
the lowest and highest Sb concentrations corresponding to carrier
concentrations nb = 1.1 × 1018 cm−3 and nb = 2.6 × 1019 cm−3,
respectively. The corresponding charge profiles at the surface are
plotted in (b). The horizontal dashed line is the location of the pinned
Fermi level taken as the zero energy scale. The reduction in the surface
band bending and accumulation layer width along with the increase
in the surface electron concentration is apparent as the bulk Fermi
level moves to higher energies in the conduction band. The density
of unoccupied donor surface states decreases with Sb doping.

FIG. 8. (Color online) Unoccupied donor surface-state density,
obtained from space charge calculations, decreases with Sb doping
level. This points to the reduction of surface space charge and band
bending to maintain charge neutrality at the surface, with the Fermi
level rising further towards the CNL with Sb doping.

IV. SUMMARY AND CONCLUSIONS

We present a detailed experimental and theoretical study of
the surface electronic properties of high-quality SnO2(101)
films grown on r-sapphire by PAMBE. A combination of
FTIR spectroscopy, Hall effect, XPS, and ECV measurements
have all been used in conjunction with first-principles DFT,
carrier statistics, and space charge calculations for quantitative
analysis of the surface charge characteristics and band bending
of epitaxial UID and Sb-doped SnO2 thin films.

The calculated DFT PDOS were correlated with XPS
results by applying the one-electron angular photoionization
cross section corrected orbitals in the valence-band and
semicore levels and the results were shown to be in good
agreement with experiment. By the alignment of the valence-
band edge, the surface binding energy of the electrons was
determined to be 3.8 eV at the VBM. A discernible energy
separation of �E ≈ 1.5 eV was observed between DFT
and XPS results for the deeper semicore levels due to the
underestimation of core d levels in DFT calculations and
their high photoionization cross section in XPS. The energy
separation on the high-binding-energy side of the XPS peak of
the semicore levels between the UID and Sb-doped samples is
shown to be almost identical to their average plasmon energy
difference obtained from both MIR reflectance simulations and
carrier statistics calculations. This corroborates the model of
inelastic energy losses of photoemitted electrons to conduction
band plasmons in surface accumulation layers.

The UID SnO2 films contained a high density of charged
dislocations originating at the interface and reducing towards
the surface. Hence, due to the nonuniform background ionized
donor density, a constant separation of the CBM from the bulk
Fermi level could not be defined for the contiguous layers
below the surface of these films to allow simulation of the
surface characteristics in question. However, as the Sb-doped
SnO2 films were grown on an intermediate UID SnO2 layer,
the lattice mismatch was considerably decreased and the main
sources of donors were the Sb dopants.

Homogeneous distribution of Sb atoms in the films, as
confirmed by SIMS measurements, allowed for the calculation
of the bulk Fermi level with respect to the CBM. The surface
band bending and charge profile as a function of depth for
Sb-doped SnO2 were obtained by simulation of the Mott-
Schottky plots and space charge calculations. Downward band
bending and surface electron accumulation were quantitatively
demonstrated in SnO2 films. Both the surface band bending and
the width of the accumulation region decrease with increasing
Sb concentration. The unoccupied surface states become
increasingly occupied, resulting in respective reduction of the
space charge sheet density as the bulk Fermi level rises towards
the CNL. Among the investigated samples, the largest band
bending (unoccupied-surface-state density) was determined
to be −0.327 eV (8 × 1012 cm−2) for a film with Sb and
bulk electron concentration of nSb = 9.8 × 1017 and nb =
1.1 × 1018 cm−3, respectively.
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