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At covalent semiconductor interfaces, the band alignment is determined by the location of the
band edges with respect to the charge neutrality level, but extension of this method to more ionic
semiconductor systems requires further consideration. Using the charge neutrality level concept, a
type III (or broken band gap) band offset is predicted at the interface between n-type CdO and p-
type SnTe. Employing hard x-ray photoelectron spectroscopy, we report on the chemical composition
at the buried interface and the valence band offset. Chemical intermixing at the interface between
SnTe and CdO is found to be limited to ∼2.5 nm in our heterojunction samples. We measure a
valence band offset of 1.95 (± 0.15 eV) irrespective of the layer configuration. Once the degenerate
hole doping of the SnTe is considered, the measured band edge offset agrees with the type III
offset predicted from alignment of the band edges with respect to the charge neutrality level of the
semiconductors.

PACS numbers: 73.61.Ga, 79.60.Jv, 79.60.Dp, 68.35.Dv

I. INTRODUCTION

An accurate description of the energy band alignment
at a semiconductor interface is vital because the inter-
face defines the device properties1,2. Energetic align-
ment for covalent semiconductors, e.g. Si and GaAs,
can be determined via work function alignment as a re-
sult of Fermi level pinning at the interface. The Fermi
level pinning mechanism observed at traditional covalent
semiconductor (group IV and III-V) interfaces is under-
stood in terms of the energetic location of the charge
neutrality level (CNL) or Fermi stabilization energy of
the semiconductors3–5.

At the semiconductor interface, evanescent in-gap
states from the semiconductors are allowed to exist
and enable charge-transfer that determines the ener-
getic alignment. The character of these interfacial gap
states, whether donor-like or acceptor-like, depends upon
their energetic location with respect to the valence and
conduction bands of the bulk material. The CNL
(or branch-point energy) reflects the crossover between
mostly acceptor-like to mostly donor-like states6, thereby
dictating the Fermi level pinning positions of covalent
semiconductors3–5. As a result, plotting the energetic lo-
cations of the band edges with respect to the CNL can
serve as a natural band alignment.

Energy alignment within more ionic systems can be
more complex. Nevertheless, the CNL concept has been
extended theoretically to describe the energy alignment
at III-V and III/II oxide7, and metal/organic semicon-

ductor interfaces8,9. In addition, the location of the CNL
has been employed to explain the electron accumula-
tion observed at most n-type transparent conducting ox-
ide surfaces, e.g. CdO10, In2O3

11, ZnO12, and SnO2
13.

These findings suggest that the CNL concept could be
used to direct the rational design of tailored interfaces
for specific applications, e.g. modulation-doped hetero-
junctions for efficient charge separation14.

To determine whether the CNL model could be em-
ployed to develop modulation-doped heterojunctions, we
have examined the rocksalt/rocksalt heterojunction of p-
type SnTe and n-type CdO. These two semiconductors
represent extreme ends of the spectrum, exhibiting ei-
ther extremely large electron or extremely large hole ac-
cumulation at their respective surfaces10,15. The result-
ing CdO/SnTe heterojunction thus displays interesting
transport properties. These include a switchover from n-
type to p-type with variation in SnTe film thickness, and
a significant improvement of CdO electron mobility at
the interface with SnTe16. These properties are believed
to result from a large type III (or broken band gap) off-
set at the interface associated with the alignment of the
band edges with respect to the CNL16. Direct evidence
of the band alignment is required to confirm whether or
not a type III interface originates from the Fermi level
pinning at the respective CNL locations of the two semi-
conductors.

We have employed hard x-ray photoemission spec-
troscopy to determine the valence band offset at buried
CdO/SnTe interfaces, i.e. 5 nm - 10 nm deep. X-ray
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photoelectron spectroscopy provides a sensitive probe for
measuring the energetic alignment at interfaces by di-
rectly measuring the valence band offset, but it is of-
ten restricted by its extremely surface sensitive nature.
Progress in the development and application of HAXPES
in the last decade has enabled studies of the valence band
offset of buried interfaces17–19. Using an effective probing
depth of 15 nm, we are able to distinguish between bulk,
surface, and interfacial chemical contributions, and accu-
rately determine the valence band offset. An extremely
large type III band offset of 1.95 ± 0.15 eV was measured,
in agreement with ∼ 2.2 eV expected from aligning the
known CNL locations of CdO and SnTe once the degen-
erate hole doping of the SnTe is considered.

II. EXPERIMENTAL DETAILS

Thin films of CdO and SnTe single layers and
CdO/SnTe heterojunctions were deposited on glass sub-
strates at 300◦C using RF magnetron sputtering with an
argon background pressure of 5 mTorr. The heterojunc-
tions were fabricated by sequentially switching the RF
power of the CdO and SnTe targets. The resulting het-
erojunctions were composed of either a single CdO layer
on top of a single SnTe layer, or vice versa.
Film thicknesses ranged from 5 to 30 nm for single

layer thin films, and 1 to 70 nm for layers within the
CdO/SnTe heterojunctions. Film thicknesses were deter-
mined via Rutherford backscattering (RBS). The trans-
port properties of the thin films were determined from
Hall measurements in the van der Pauw geometry with a
0.6 T magnet. The optical absorption coefficients of CdO
single layers were calculated using transmission and re-
flection measurements from a photospectrometer in the
wavelength range of 250 to 2500 nm.
In addition, hard x-ray photoemission spectroscopy

(HAXPES) and x-ray absorption spectroscopy (XAS)
were performed at national synchrotron facilities to in-
vestigate both the films’ occupied and unoccupied den-
sity of states. HAXPES can be used to probe both the
core and valence occupied total density of states of a
sample. Oxygen K-edge XAS, which utilizes transitions
between the occupied O 1s core-level and the unoccupied
hybridized O 2p states, only probes the unoccupied O 2p
states within the conduction band.
HAXPES measurements were performed at the Na-

tional Institute of Standards and Technology (NIST)
bending magnet beamline X24 at the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory. Measurements were performed using a pho-
ton energy, hν, of 4 keV and a pass energy of 500 eV,
with a corresponding Gaussian instrumental broadening
of 0.45 eV. The binding energy axes were referenced to
the Au 4f7/2 peak and Fermi edge of an Au foil in elec-
trical contact with the film. To account for variations
in photon flux, sample conductivity, and other factors,
the spectral intensities were normalized with respect to

the secondary electron intensity in regions away from the
core-level or valence band region of interest. The take-off
angle was 85◦ to increase its bulk sensitivity. The effec-
tive attenuation length, λ, was determined to be 5 nm
from previous thickness-dependent studies, with ∼ 95%
of our signal coming within 3λ (15 nm) consistent with
Dallera et al., for the photon-energy used17.
O K-edge XAS measurements were performed at the

Advanced Light Source (ALS) using the ISAAC endsta-
tion at beamline 6.3.1. The XAS spectra were recorded
in the surface-sensitive total electron yield (TEY) mode
with an effective beamline resolution of 0.2 eV. To ac-
count for beam irregularities, the absorption signal was
divided by the signal from a reference Au-coated mesh
(I0) in the incident photon beam. The spectral intensi-
ties were then normalized for easier comparison of spec-
tral features.
Our previous studies have indicated that TEY mode

XAS is sensitive to only the topmost 4 nm20. As a re-
sult, the TEY XAS only probes the same topmost lay-
ers as the effective attenuation length of our HAXPES,
i.e. the portion of the samples from which ∼ 63% of the
HAXPES signal originates. As such, XAS was performed
promptly after receiving the samples from the growers in
order to reduce spectral contamination from exposure re-
lated surface compounds. Following those measurements,
the samples were then stored in vacuum sealed bags until
HAXPES was performed.

A. Optoelectronic properties of CdO

Three CdO thin film samples of varying thicknesses
were experimentally examined. Optical band gaps were
determined using Tauc plots of (αhν)2 versus energy,
shown in Figure 1 (a). By fitting a line to the absorption
edges observed in the Tauc plots, the optical band gap
is given by the x-intercept corresponding to the onset of
optical absorption.
In addition, valence band leading edges were extrap-

olated from HAXPES measurements, shown in Figure 1
(b). The valence band leading edges were determined
for each film by fitting both the flat, unoccupied region
above the Fermi level and the main valence band edge
with lines. The intercept of the two lines gives the onset
energy of the valence band leading edge with respect to
the Fermi level.
With increasing film thickness, there is a clear decrease

in the optical band gap from 2.88 eV to 2.69 eV and in
the valence band leading edge from 1.79 eV to 1.29 eV.
However, our O K-edge XAS spectra of the CdO films≥ 5
nm, shown in Figure 1 (c), display little to no differences
between films and are consistent with previously reported
spectra from bulk CdO21.
The carrier statistics for these films were modeled us-

ing a non-parabolic conduction band dispersion, which
has been widely used for CdO films with high carrier
concentrations22,23. The non-parabolic conduction band
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RBS Hall HAXPES Optical

Thickness (nm) Type n (cm-3) Mobility (cm2/V·s) VBLE (eV) Eopt
g / Emodel

g (eV)

CdO 5 N 2.44× 1020 30.35 1.79 2.88 / 2.52

10 N 3.069 × 1020 56.04 1.52 2.76 / 2.58

20 N 3.24× 1020 73.9 1.27 2.69 / 2.59

SnTe 5 → 30 P 4.32 → 1.744 × 1021 5.276 → 15.92 (-0.26 – -0.46) (–/–)

TABLE I. Table includes approximate thicknesses from RBS; carrier type, concentration, and mobility from Hall measurements;
valence band leading edge binding energies from HAXPES; and optical band gaps from experimental measurements and
theoretical modeling. Optical gaps of SnTe were not examined due to equipment limitations.
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FIG. 1. (a) Tauc plot analysis of the direct band gap absorp-
tion onset for CdO films of varying thickness (transmission
spectra inset). (b) HAXPES valence band spectra of CdO
films showing Fermi level shifting correlated to film thickness
(magnified Fermi edge inset). (c) O K-edge XAS of CdO films.

dispersion, due to the interaction between the conduction
and valence bands, is given by

EC(k)

(

1 +
EC(k)

Eg

)

=
~
2k2

2m∗

0

, (1)

which is dependent on experimentally determined pa-
rameters: the direct band gap Eg, and the conduction
band edge effective mass m∗

0. An Eg of 2.16 eV and an
m∗

0 value of 0.21m0 at the Γ point were used for these
calculations23.
We have accounted for conduction band renormaliza-

tion effects with a model that has demonstrated sig-
nificant success for InN24. We have included both
electron-electron (∆Ee·e) and electron-ion interactions
(∆Ee·i)

24,25 as follows:

E′

g = Eg +∆Ee·e +∆Ee·i, (2)

The renormalization due to electron-electron interac-
tions is given by

∆Ee·e = −
2e2kF
πεs

−
e2kTF

2εs

[

1−
4

π
arctan

(

kF
kTF

)]

, (3)

where kF = (3π2n)1/3 is the Fermi wave vector, kTF =
(2/

√
π)(kF /a0)

1/2 is the Thomas-Fermi screening wave
vector, a0 = εs~

2/m∗

F e
2 is the effective Bohr radius, εs

is the static dielectric constant, and m∗

F is the effective
mass at the Fermi level in the conduction band.
The renormalization due to electron-ion interactions is

then given by

∆Ee·i = −
4πne2

εsa0k3TF

. (4)

An εs value of 21.9ε0 was used to calculate the renormal-
ization components22.
The results of the experimental measurements and the-

oretical modeling are compiled in Table I. For a carrier
concentration of 3×1020 cm−3, similar to that of our CdO
films, the Fermi level is expected to lie about 2.57 eV
above the valence band at the Γ point due to the combi-
nation of non-parabolic conduction band filling and band
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FIG. 2. Schematic diagrams and HAXPES Cd 3d5/2, O 1s, Sn 3d5/2, and Te 3d5/2 core-level peaks for series of varying thickness
(a) CdO thin films, (b) SnTe thin films, and (c) CdO films on top of SnTe films, all grown on slide glass substrate. Vertical
dotted lines identify peaks corresponding to bulk charge states, while the thicker lines identify surface and interface species.
Contamination/intermixing lines are color-coded to match the surface/interface they are attributed to in the sample schematics
on the left. (d) A diagram showing the exponential drop-off of HAXPES spectral contributions from within a sample.

gap shrinkage. However, the measured optical band gaps
for all three CdO samples are larger than what is ex-
pected from band filling alone.

For uniform degenerate doping, a direct relationship
between the carrier concentration and Fermi level posi-
tion is expected due to a Moss-Burstein shift. However,
as shown by the shifting valence band spectra of Figure
1 (b), the CdO thin films display a thickness dependent
Fermi level shift which is characteristic of an inhomo-
geneous carrier concentration within the films. A sim-
ilar relationship between carrier concentration and film
thickness was observed for InN due to a combination of
surface and interface charge accumulation26. As such, we
attribute the degenerate filling observed above the main
valence band edge of our CdO primarily to electron ac-
cumulation at the surface and interface.

A summary of the experimental results for SnTe thin
films is also included in Table I. We note that each of
the examined SnTe films had a p-type carrier concentra-
tion greater than 1021 cm−3. This high p-type carrier
concentration suggests that the Fermi level will lie ap-
proximately 0.5 eV below the valence band maximum in
our SnTe films15. This is supported by our valence band
leading edge measurements, which confirm the occupied
valence states extend up to the Fermi level. Additionally,
the SnTe optical absorption onset was below the range of
our optical apparatus, precluding optical band gap mea-
surements on SnTe films.

B. Chemical intermixing at CdO/SnTe interfaces

Before investigating the valence band offsets of the
heterojunctions, the quality of the interfaces was estab-
lished. The heterojunctions were examined to determine
if mixed phases or contamination existed, resulting in
a non-abrupt interface. Interface properties for the III-
V system have been widely investigated with XPS and
various other techniques revealing evidence of ion ex-
change reactions and clustering27,28. XPS studies ex-
amining CdO and SnTe single layers have identified the
formation of surface oxides upon exposure to atmospheric
gases. Examination of SnTe after exposure to molecular
oxygen indicated a large increase in Sn4+ with the rapid
formation of surface SnO2, as well as a small increase in
additional Te charge states29,30. Additionally, various ox-
ide (and or carbonate) species have been shown to form
on the CdO surface, but can be mostly removed upon
annealing31,32.
The results of the surface and interface investigation

performed on the CdO and SnTe thin films are detailed
in Figure 2. Taking advantage of the exponential decay of
the HAXPES signal with depth, depicted in Figure 2 (d),
atomic core-level peaks were assigned to either the film
surface, bulk, or buried interface by examining films of
varying thicknesses. Core-level peaks were attributed to
the film surface if their contribution stayed relatively con-
stant between all film thicknesses. Peaks were attributed
to the buried interface if they only appeared once the top
film thickness became comparable to the probing depth
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of the HAXPES, and their contribution then increased
with decreasing film thickness. And finally, peaks were
attributed to the bulk if they were present in varying de-
grees for all or most of the film thicknesses. Comparing
the binding energies of these core-level peaks to literature
values29,31 then allowed for the identification of surface,
bulk, and interfacial compounds.
Figure 2 (a) and (b) show core-level HAXPES spec-

tra for 5, 10, and 20 nm thick films of CdO and SnTe,
respectively. These films were used to characterize the
quality of the film growth and identify the compounds
that form on the film surfaces and at the substrate inter-
face. It was determined that oxides such as CdCO3 exist
on the exposed CdO film surfaces, but no discernible in-
termixing occurs between the CdO and glass substrate.
The SnTe films, however, show compounds at both in-
terfaces, with SnO2 at the film surface and what is likely
metallic Te at the glass interface. Both of these findings
are consistent with previous studies of surface oxidation
and contamination of CdO31,32 and SnTe29,30.
Figure 2 (c) shows the core-levels for 1, 2.5, 5, and 10

nm films of CdO grown on top of 10 nm of SnTe. Sim-
ilar to the CdO reference films, CdCO3 contamination
is found to exist on the exposed CdO surface; however,
an additional peak, likely due to CdxSnOy or metallic
Cd33,34, is observed in the Cd 3d region and is attributed
to the heterojunction interface. Additionally, a second Sn
3d peak, likely CdxSnOy or SnO2

29,33, is also attributed
to the heterojunction interface. These peaks indicate film
intermixing at the interface resulting in mixed Cd/Sn ox-
ides.
While comparable intermixing was found in both het-

erojunction configurations, the exact chemical species
and texture of the interface intermixing may differ be-
tween CdO grown on SnTe and SnTe grown on CdO. This
could account for the differences in the electronic trans-
port properties between heterojunction configurations16.
For example, switching the film order for a 10nm/10nm
heterojunction resulted in a four-fold increase in carrier
concentration, but a decrease in mobility (see Table II).
However, determining the effects of intermixing on elec-
tronic transport properties is beyond the scope of this
study.
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35.

Our HAXPES results are supported by our O K-
edge XAS measurements for CdO on SnTe heterojunc-
tion samples, shown in Figure 3. By comparison to XAS
spectra previously reported in the literature, we find that
samples with ≥ 5 nm films of CdO compare well with
bulk CdO21, while CdO films ≤ 2.5 nm display notice-
able contributions from what is most likely SnO2 at the
heterojunction interface35. These results are consistent
with our HAXPES analysis, where we conclude some tin
oxide compounds must exist at the heterojunction inter-
face.
This analysis puts limits on the heterojunction film

thicknesses that we can reasonably investigate further.
The probing depth of our HAXPES measurements limit
the topmost film thickness to . 10 nm in order to observe
the buried heterojunction interface. In addition, the sur-
face and interfacial compounds place a lower limit of ≥
2.5 nm on film thickness, as the surface and interfacial
compounds dominate in thinner films.

C. Valence band offset of CdO/SnTe interfaces

Nine different heterojunction samples were examined
further, including both CdO on SnTe and SnTe on CdO.
All nine samples had CdO layers ≥ 5 nm and SnTe layers
≥ 10 nm, i.e. limited surface and interfacial contribu-
tions. Due to spectral overlap in the valence band region
of our HAXPES measurements, the valence band offset
between CdO and SnTe (∆VBO)36 was determined via
core-level offsets as follows:

∆V BO = EHJ
∆CL + (∆CdOBulk

CL−LE)

− (∆SnTeBulk
CL−LE),

(5)

where EHJ
∆CL is the energy difference between a

SnTe and CdO core-level within a heterojunction,
(∆CdOBulk

CL−LE) is the energy difference between a refer-
ence bulk CdO core-level and valence band leading edge,
and (∆SnTeBulk

CL−LE) is the difference between a reference
bulk SnTe core-level and leading edge of the bulk SnTe
occupied valence states. Figure 4 (a) depicts the method
for determining the core-level to leading edge separations
for reference bulk CdO and SnTe films.
Three SnTe core-levels (Sn 3d5/2, Te 3d5/2, and Sn

4d5/2) were used in conjunction with the CdO Cd 3d5/2
core-level to determine EHJ

∆CL for each heterojunction
sample. An example of this method for a heterojunc-
tion of each layer configuration, i.e. CdO on SnTe and
SnTe on CdO, is shown in Figure 4 (b). The valence
band offsets determined using each of the three SnTe
core-levels were comparable, with no changes due to the
overall shifts in binding energy of the CdO and SnTe sin-
gle layer thin films. We obtain an offset of 1.95 ± 0.15 eV
irrespective of layer configuration. Experimental offsets
for individual heterojunction samples are given in Table
II. The experimental results are summarized in Figure 5.
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Configuration Thickness (nm) Type n (cm−3) Mobility (cm2/V·s) Offset (eV)

SnTe/CdO 10 / 10 N 9.17 × 1020 18.1 1.98

10 / 20 N 4.92 × 1020 36.58 1.72

10 / 5 N 2.55 × 1021 6.352 2.03

CdO/SnTe 10 / 10 N 2.46 × 1020 30.56 1.74

5 / 10 N 1.94 × 1020 24.25 1.91

5 / 20 N 1.80 × 1020 20.75 2.04

5 / 30 N 2.53 × 1020 13.12 2.07

5 / 60 P 2.03 × 1021 2.051 1.98

5 / 70 P 7.10 × 1020 4.956 2.09

TABLE II. Characterization of CdO/SnTe heterojunctions, including electronic transport properties from Hall measurements
and experimentally determined valence band offsets.
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The large valence band offset results in an extreme type
III discontinuity, with the CdO conduction band minima
(CBM) lying ∼ 1.5 eV below the valence band maxima
(VBM) of SnTe.

Our measured values are consistent with those pre-
dicted from the alignment of the band edges to a uni-
versal CNL. Based on ion irradiation studies, the CNL of
CdO is expected to lie around 1 eV above the CBM cor-
responding to a carrier concentration of 5×1020 cm−338,
in good agreement with ARPES studies of the electron
accumulation10. Recent hybrid density functional the-
ory calculations similarly locate the CNL 1.26 - 1.43 eV
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the interface. (b) Simplistic diagram of the valence and con-
duction bands at the heterojunction interface, based on our
experimental band offsets. Band gap values for CdO and
the CNL location for SnTe were obtained from theoretical
calculations37 and ion irradiation studies15, respectively.

above the CBM of CdO (or 2.15 - 2.32 eV above the
VBM)37, in relative agreement with 2.45 eV above the
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VBM from quasiparticle calculations7. Fewer studies ex-
ist for SnTe, however, the CNL has been located at 0.5 eV
below the SnTe VBM with a high carrier concentration
around 3×1021 cm−315.
Alignment of the aforementioned CNL energies for

CdO and SnTe results in VBM offsets ranging from 2.39
to 2.82 eV. Accounting for the degenerate hole doping in
SnTe, i.e. pinning the Fermi level at the CNL ∼0.5 eV
below the VBM of SnTe, yields a predicted valence band
offset of 1.89 - 2.32 eV. This predicted offset is consistent
with our measured value of 1.95 ± 0.15 eV, and is an
indication of the extreme type III interface between our
CdO and SnTe thin films.

III. CONCLUSION

Using hard x-ray photoelectron spectroscopy and films
with limited chemical intermixing at the interface, we de-
termined an effective valence band offset of 1.95 (± 0.15
eV) irrespective of layer configuration of the CdO/SnTe
heterojunctions. Our measurements are in good agree-
ment with the expected offset from CdO and SnTe CNL
alignment, once the degenerate hole doping of the SnTe is
considered. A pronounced type III band offset is there-
fore confirmed to exist at this interface, with the CdO
CBM lying ∼ 1.5 eV below the VBM of SnTe. This
type III interface is likely responsible for the remarkable

transport properties, which include a transition from p-
type to n-type at these dimensions and enhanced electron
mobility at the interface. Our work suggests that other
extreme modulation-doped heterojunctions could be de-
signed through consideration of the natural band align-
ment of oxide semiconductors from knowledge of their
CNL energetic locations.
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