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Synchrotron-radiation angle-resolved and core-level photoemission spectroscopy are used together
to investigate the origin of the two-dimensional electron gas on the surface of single crystal CdO
(100) films. A reduction in the two-dimensional electron density of the surface state is observed
under the synchrotron beam during ARPES, which is shown to be accompanied by a concomitant
reduction in the surface-adsorbed species (monitored through the O 1s core level signal). This shows
that surface adsorbates donate electrons into the surface accumulation layer. When the surface is
cleaned, the surface conduction band state empties. A surface doped with atomic H is also studied.
Here, interstitial H increases the two-dimensional electron density at the surface. This demonstrates
that reversible donor doping is possible. The surface band bending profiles, 2D electron densities,
and effective masses are calculated from subband dispersion simulations.

I. INTRODUCTION

Transparent conducting oxides are of great interest for
photovoltaic and optoelectronic applications as they con-
duct electricity whilst being optically transparent. Re-
cently, the observation of a two-dimensional electron gas
(2DEG) on the surface of metal oxides has been re-
ported for SrTiO3

1–3, KTaO3
4,5, anatase TiO2

6, ZnO7,8,
In2O3

9, CaTiO3
10, and CdO11–13. This is due to the

presence of an electron accumulation layer at the sur-
face, where the conduction band minimum dips below the
charge neutrality level (CNL) at the Γ-point11. 2DEGs
allow for the study of many-body interactions in solids,
and could open up new possibilities for oxide electronics.
Band gap narrowing, another effect observed in oxides
with quantized electron accumulation layers, offers the
potential for density-controlled band-engineering of elec-
tronic devices12. The high electron mobility combined
with infrared transparency of CdO particularly suits the
requirements needed for transparent contacts in photo-
voltaic devices14. An effectively metallic state at the
CdO surface could further enhance the possibilities in
such structures.

However, the exact nature of the majority donors
to the electron gas on the CdO (100) surface is not
well understood. Previous angle-resolved photoemission
(ARPES) studies of 2DEGs on the CdO surface have
been hindered in the identification of surface species by
the low photon energy range of synchrotron beamlines
for ARPES, where core levels could not be measured.
Here we investigate the nature of donors by studying
both ARPES with low photon energies, and the corre-
sponding core levels with higher photon energies. We
study both the as-loaded 2DEG found on the CdO sur-
face, and one induced by exposure to atomic hydrogen.
We find the intensity of the as-loaded 2DEG decreases

with time when exposed to synchrotron radiation, during
which surface species are removed from the surface. We
show that the concentration of surface-adsorbed species
is correlated with the intensity of the 2DEG, indicat-
ing that surface doping into the electron accumulation
layer can be controlled by adventitious surface adsorp-
tion. We compare this ’adventitious’ 2DEG with that
induced by interstitial hydrogen donors15, implanted by
hydrogen cracking the surface. Overall our work suggests
that interface electronic properties of oxide heterostruc-
tures may be fine tuned by adsorption and diffusion.

II. EXPERIMENTAL DETAILS

Epitaxial single crystal thin films of CdO (100) were
grown on r-plane sapphire substrates by metal-organic
vapour phase epitaxy as described previously. Structural
analysis by high resolution X-ray diffraction revealed
high quality (001) layers having the rock salt structure16.
The oxygen and cadmium precursors used were tertiary
butanol and dimethylcadmium respectively. Films 400
nm thick and 5 mm2 in area were studied11. Typical
bulk carrier densities for CdO films prepared in this way
range from 2.4×1020 cm−3 (as-grown) to 1−8×1019 cm−3

(ultra high vacuum (UHV) annealed)11,17–19. Core-level
photoemission and ARPES were performed at room tem-
perature in normal emission geometry, using light linearly
polarized in the horizontal plane on the TEMPO beam-
line (50 < hν < 1500 eV, equipped with a SCIENTA
SES200 hemispherical analyser) at Synchrotron SOLEIL,
France. The total instrumental resolving power E

∆E is

104 or better20. ARPES and valence band measurements
were taken with a photon energy of 85 eV chosen to mea-
sure around the second Γ point11. While this (beamline-
limited) choice restricts the energy resolution attainable
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in ARPES, cruicially, core-level photoemission is avail-
able in the same experiment. The energy and angular
resolution were 50 meV and 0.3◦ respectively. All core-
level photoemission measurements used a photon energy
selected such that the kinetic energy of the photoelec-
trons was approximately 75 eV, matching that of the Cd
4d quasi-core level in the VB spectra. This was neces-
sary to ensure that the sampling depth was similar in
the core-level and valence band spectra, and both ex-
periments were highly surface sensitive. Core-level spec-
tra were fitted using CasaXPS21. Areas extracted from
the core level peaks were corrected for photon flux and
photoionisation cross sections22 before calculating ratios.
Spectra were referenced to the Fermi level, measured on
the sample or the Ta sample holder.

Samples were annealed in UHV by electron bombard-
ment at 900 K following a recipe from the published
literature12,19,23,24. Atomic hydrogen cracking was per-
formed at room temperature in UHV with a background
pressure of 5× 10−8 mbar of molecular hydrogen passing
a tungsten filament emitting electrons held at 5 A (giving
a cracking efficiency estimated at 50%).

III. COMPUTATIONAL DETAILS

The 2DEG subband dispersion was extracted by fit-
ting Lorentzian peaks with a linear background to the en-
ergy dispersion curves (EDCs) and momentum dispersion
curves (MDCs) at intervals along the dispersion curves.
Peaks were fitted to both since the EDC peak is better
defined (and therefore more reliable to fit) near the bot-
tom of the band, and for MDCs definition is better at the
sides19. A spline fit was then made to the average the
band shape. Coupled Poisson-Schrödinger simulations25

were then fitted to this spline, with the effective mass
of conduction band electrons (m∗

e) and conduction band
bending (VCBB) as free parameters and temperature (300
K), the direct band gap (2.2 eV), the static dielectric con-
stant (18)26, and bulk carrier density as fixed parameters.
The best fits were obtained with a bulk carrier density of
7 × 1019 cm−3, consistent with carrier densities of simi-
larly UHV-annealed CdO films measured with Hall effect
measurements11,17–19. As well as m∗

e and VCBB , the sim-
ulation was also used to calculate the 2D electron density
(N2D) in the band.

IV. RESULTS

A. Origin of the 2DEG on as-loaded surfaces

A valence band spectrum of the CdO surface after an-
nealing at 900 K for 1 hour, taken at 85 eV photon energy
is shown in Figure 1 (a) with the main features labelled.
The feature at 10-12 eV binding energy (BE) is assigned
to the Cd 4d quasi-core level23, the feature at 2-7 eV
BE is assigned to the valence band, consisting of states

from Cd 5s and O 2p with a small contribution from
Cd 5p, and O 2s at this photon energy24. Close to the
Fermi level (at approximately 0-0.5 eV BE) there are oc-
cupied conduction band states, with a predominately Cd
5s character and a small contribution from O 2p due to O
2p-Cd 5s hybridization13. These conduction band states
are occupied due to the presence of an electron accumu-
lation layer at the surface of CdO11. The structure of
these states was studied with ARPES.

Normal emission ARPES spectra for the CdO surface
after annealing at 900 K for 1 hour is presented in Fig-
ure 1 (b). The observed 2DEG has one clear subband
between ± 0.18 Å−1 kll and 0-0.6 eV BE. A less intense
second subband is inside the first, between ± 0.07 Å−1

and 0-0.2 eV BE, but this second subband cannot be
clearly distinguished. Similar subbands have been ob-
served on the CdO surface previously11,12,19. Decreases
in the intensity and (E,k) width of this 2DEG were ob-
served under the SR beam over 36 minutes, as shown by
Figure 1 (b)-(e). The difference between the first and
last scans is shown in Figure 1 (f), with the MDCs taken
at the Fermi level of the first and last scans. The de-
crease in intensity of the 2DEG with time is plotted in
Figure 1 (g). The intensity was calculated by integrating
the photoelectron signal from the entire 2DEG between
± 0.2 Å−1 and 0 to 0.8 eV BE.

The small features appearing at approximately 1.3 eV
BE and ± 0.5 Å−1, most clearly seen in Figures 1 (e) and
(f), correspond to the top of the valence band11, imply-
ing that the valence band maximum (VBM) shifts dur-
ing the experiment. This movement of the valence band
to lower binding energy as the 2DEG is destroyed can
be seen clearly in the angle-integrated spectra shown in
Figure 2, taken before and after the ARPES data of Fig-
ure 1. The binding energy shift in the VBM was found
to be -0.24 ± 0.02 eV over the 40 minute period. As
well as the decrease in intensity of the 2DEG, a shift in
the BE minimum of the 2DEG can also be seen in Fig-
ure 2. To estimate this shift, a 1

4 power function (the
dotted lines in Figure 2) was fitted to the main body of
the 2DEG, excluding the low intensity “tail” to higher
binding energy (from 0.64 and 0.44 eV for the before and
after spectra respectively), with ECBM as a free param-
eter. This function represents the dominant energy term
in the nonparabolic conduction band density of states
function, which has been found to best fit the conduc-
tion band dispersions of CdO11,19,25,27. The shift in the
BE minimum of the 2DEG was found to be -0.18 ± 0.06
eV. Thus the shift in the VBM is the same as the shift in
the BE minimum of the 2DEG, within error. This indi-
cates a rigid Moss-Burstein shift in the BE minimum of
the 2DEG (the conduction band minimum (CBM)) and
the VBM with band filling.

As the BE position of the VBM is not measured at the
gamma point, the difference between VBM and 2DEG
minimum found by this method represents the indirect
bandgap. Therefore we find that the indirect band gap
is constant during these measurements, and is measured
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FIG. 1. (a) valence band photoemission spectrum of the
CdO surface with the main features labelled, (b)-(e) ARPES
from the CdO (100) surface recorded using a photon energy of
85 eV aligned to the Fermi edge at 0 eV, showing the changes
over 40 minutes’ exposure to the synchrotron beam with (b)
measured first and (e) last. (f) shows a difference map be-
tween the 2DEGs displayed in (b) and (e), where blue repre-
sents positive values, red negative, and green no change. The
momentum dispersion curves (MDCs) for the first (black) and
last (red) scan, integrated between 0 and 0.1 eV binding en-
ergy are also displayed (where the y-axis is arbitrary inten-
sity); and (g) shows the decrease in the integrated intensity
of the 2DEG relative to the first scan over 36 minutes. This
was integrated between ± 0.04 and from -0.1 eV to 0.9 eV
binding energy to capture the whole 2DEG in each scan.

FIG. 2. Angle-integrated valence band spectra measured at
85 eV in normal emission, with valence band maxima shown,
for CdO (100) before and after exposure to the SR beam for
40 minutes. Inset are the spectra magnified (x20) showing the
occupied states in the 2DEG. A 1

4
power function (dotted line)

has been fitted to each 2DEG to estimate the BE minimum
of the subband of the electron gas, where A is a constant.

to be EG(indirect) = 0.90 ± 0.06 eV, which agrees with
the indirect band gap value of 0.89 eV calculated by Bur-
bano et al. via hybrid density functional theory (DFT)15

and determined experimentally with X-ray absorption by
Demchenko et al.28.

To investigate why these changes in the 2DEG occur,
the species present at the surface were investigated us-
ing core-level photoemission recorded over similar time
periods and using similar flux to the ARPES measure-
ments. The O 1s spectrum was measured repeatedly over
40 minutes on a new, previously unexposed part of the
surface. The photon fluxes were 2.4×1012 and 2.0×1012

photons/second at 600 eV (O 1s measurement) and 85
eV (ARPES measurement) respectively, i.e. the flux is
reasonably similar between the two measurements. The
spectra at the start and end of the experiment are shown
in Figures 3 (a) and (b). Peaks were fitted with a bind-
ing energy position restriction of ± 0.2 eV; assignments
are displayed in table 1. The main peak, at lowest bind-
ing energy (528.9 eV), is assigned to CdO29,30. Next
to this, at 529.6 eV BE, is a peak previously attributed
to CdO2

29,30, but has more recently has been assigned
to conduction electron plasmon satellites17. The com-
ponents at 530.2 and 530.9 eV BE are associated with
strongly and loosely bound hydroxides respectively30–32.
CdCO3 is located at 531.6 eV BE and finally the peak at
532.5 eV BE is associated with residual alcohols present
from the growth precursors16,29,30. Thus, significant
amounts of surface adsorbates remain at the surface af-
ter the usually adopted cleaning procedure (annealing in
UHV for 1 hour at 900 K).

Figure 3 (c) shows that the intensity of the peaks from
the oxides, CdO and CdO2

29,30, increase relative to the
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TABLE I. XPS assignments for the O 1s region.

Component BE (eV) ∆ BE from CdO (eV)
CdO 528.929,30 -
CdO2/plasmon 529.617,29,30 +0.7
OH 530.231 +1.3
Cd(OH)2 530.930,32 +2
CdCO3 531.629,30 +2.5
C-OH 532.529 +3.6

other peaks with time during the experiment. The peak
originating from C-OH is almost completely removed af-
ter 40 minutes29. CdCO3 is also removed under the
beam, and C-OH and CdCO3 are removed from the sur-
face at a faster rate than OH and Cd(OH)2. To check
that the different photon energies used to measure the
ARPES and O 1s were not affecting the desorption, we
also examined the O 1s spectra measured before and after
ARPES measurements (supplementary information)33.
The change in surface species is consistent with those
in Figure 3. The removal of these components from the
surface of CdO occurs in parallel with the reduction in
intensity of the 2DEG. This suggests that the adsorbates
donate electrons to the 2DEG on the CdO surface.

Figure 3 (d) shows the change in the binding energy
positions of the different components with time. The
most obvious change is in the CdO peak position, which
moves to lower binding energy by 0.23 ± 0.02 eV, con-
sistent with the shifts observed in the VBM and CBM,
and reflecting the Moss-Burstein shift34.

The 2DEG intensity and shape was also found to vary
with position over the CdO surface, and in each position a
similar decrease in intensity under the synchrotron beam
to that shown in Figure 1 was observed. Similar changes
to the O 1s spectra shown in Figure 3 were also observed
at different positions on the surface. The variation in
initial 2DEG intensity we believe is due to variation in
the concentration of surface adsorbates with position due
to inhomogeneous annealing temperatures across the sur-
face. To check this observation is not due to varying to-
pography of the surface SEM and EDX were performed
(see supplementary information)33. EDX revealed a ho-
mogeneous composition consistent with CdO (within the
limits of the technique), while SEM showed the topogra-
phy to be reasonably uniform across the surface.

To confirm the hypothesis that these surface species
are responsible for the 2DEG observed at the CdO sur-
face we annealed the surface in UHV for a further 2.5 h
at 900 K (in addition to 1 h at 900 K initially, i.e. 3.5
h total) until complete removal of the C species was ob-
served in the C 1s region (supplementary information)33.
ARPES after this treatment is shown in Figure 4 (a),
which indicates that the states at the Fermi level due to
the 2DEG are almost completely removed. A weak inten-
sity state is still observed, which we attribute to electron
donation from hydroxides still present on the surface (as
some residual Cd(OH)2 and OH species are still observed

FIG. 3. (a) and (b) Spectra of the O 1s core level showing
the effect of SR exposure on the CdO (100) surface measured
with a photon energy of 600 eV: (a) before exposure, (b) af-
ter 40 minutes’ SR exposure, with 6 components fitted corre-
sponding to the substrate and surface species29–32. Fits were
performed with Gaussian-Lorentzian peaks on a Shirley back-
ground, (c) the change in composition of O 1s species with
time under the SR beam normalised to the CdO peak inten-
sity, (d) the binding energy positions of the different compo-
nents as a function of time.

in the O 1s spectrum, Figure 4(e)). The idea that dop-
ing to/from the accumulation layer can be achieved via
surface adsorbates is consistent with studies on In2O3

35.
Binding energy shifts in core levels of oxides such as TiO2

due to surface adsorbates changing the band bending are
also commonly observed36. Our work suggests that band
filling in the 2DEG observed in the as-loaded CdO (100)
surface is strongly influenced by donation from surface-
adsorbed species.

B. Hydrogen Cracking - Creating a 2DEG by
donor diffusion

Starting with the cleanest possible surface, we then in-
vestigated the creation of a 2DEG through atomic hydro-
gen cracking above the surface. ARPES was measured
after hydrogen cracking treatment for 30 minutes, 120
minutes, and > 10 hours as described above. The pro-
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FIG. 4. (a) (d) ARPES measurements from the CdO (100)
surface, recorded using a photon energy of 85 eV aligned to
the Fermi edge at 0.0 eV: (a) clean and (b)-(d) after increasing
exposure to atomic H, (e) MDCs for the ARPES data in (a)-
(d) integrated between 0 and 0.1 eV, and (f): XPS spectra of
the O 1s core level for the clean surface and after 30 and 120
minutes of atomic H exposure. The fit to the clean surface is
shown in the supplementary information33.

gressive formation of a 2DEG with prolonged exposure
to atomic hydrogen can be seen in Figure 4 (b)-(d). The
corresponding MDCs close to the Fermi level from the
clean to > 10 hour H cracked surface are shown in Fig-
ure 4 (e). After 30 minutes, the width of the state in
k-space at the Fermi energy is approximately 0.2 Å−1

and the energy bandwidth is 0.27 eV. After a further 90
minutes, these parameters are 0.28 Å−1 and 0.31 eV. A
Moss-Burstein shift34 can also be seen in the ARPES,
particularly before and after the first 30 minutes of H
exposure as the energy minimum of the 2DEG is shifted
to higher binding energy relative to the Fermi level. The
VBM and CBM shift by the same amount (0.35 ± 0.05
eV, see supplementary information for EDCs)33.

The comparison between the O 1s signal before and
after H exposure (Figure 4 (f) and supplementary

information)33 shows that some surface species desorb
during the exposure to atomic hydrogen. However, this
appears to occur at the start of the cracking process;
by comparing the O 1s spectra obtained at 30 and 120
minute cracking times, shown in Figure 4 (f), we find
only a small change in the oxygen species over the in-
tervening period. This change is a small increase in the
OH component intensity (4.7% to 7.8% of the total sig-
nal for 30 minutes and 120 minutes cracking times re-
spectively, see supplementary information)33. Hydrogen
cracking surfaces at room temperature37,38 and higher
temperatures34,39 is known to cause interstitial hydrogen
doping40–42. As the interstitial H is positioned close to O
in the CdO lattice15, this OH component increase may be
attributed to increased amounts of interstitial H in the
lattice. A similar assignment has been made from the O
2s spectra of hydrogen-cracked ZnO37, and is discussed
in more detail later.

These observations suggest that during cracking, the
occupancy of the 2DEG is controlled primarily by the
interstitial H doping15,34, and not by a change in the
surface species. Some damage to this 2DEG was also ob-
served under the SR beam through a reduction in inten-
sity over time for the > 10 h H-cracked surface. Again the
O 1s spectrum was used as an indication of any change
in surface species, and a reduction in the OH peak inten-
sity was found after 1 hour under the SR beam (supple-
mentary information)33, suggesting, as for the as-loaded
surface, the removal of donors.

C. Subband Dispersion Simulations

The dispersion was simulated for the annealed surface
at three intervals during the 40 minutes of synchrotron
beam exposure. The best agreement between the ob-
served subbands in the ARPES and the simulated dis-
persions was achieved using a bulk carrier density of
7 × 1019 cm−3, which is consistent with values obtained
from Hall effect measurements of other UHV annealed
CdO films11,17–19. A value of m∗

e = 0.18me for the first
scan (starting at 0 minutes exposure) was found, and this
value was used as the conduction band electron effective
mass for subsequent simulations. The calculated values
of VCBB (the conduction band band bending) and N2D

for each exposure time are shown in Table II. The values
for VCBB at 0 and 40 minutes agree well with experi-
mental values extracted from Figure 2 using a 1

4 power
function fit to the 2DEG (0.62 ± 0.02 and 0.44 ± 0.04
for 0 and 40 minutes respectively). The valence band
bending (VV BB) values are also given for times 0 and 40
minutes in Table II, calculated with

VV BB = ε− EG(indirect) − ECB−F (1)

where ε is the VB edge extracted from Figure 2,
EG(indirect) is the indirect band gap calculated earlier
(0.9 eV), and the offset between the bulk CBM and EF ,
ECB−F = 0.1 eV19.
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TABLE II. Numerical results obtained from fitting subband dispersions at 3 times during the synchrotron radiation exposure
using the coupled Poisson-Schrödinger approach. VV BB is calculated from experimental values, and VCBB and N2D are
calculated from the subband dispersion simulations. aThe valence band edge was not measured at this time so VV BB could not
be calculated.

Time under SR beam (minutes) 0 20 40
VV BB (eV) 0.50 ± 0.05 -a 0.26 ± 0.05
VCBB (eV) 0.66 ± 0.05 0.53 ± 0.05 0.42 ± 0.05
N2D (×1013 cm−2) 4.2 ± 0.1 3.3 ± 0.1 2.5 ± 0.1

FIG. 5. Band bending profiles for the CB and VB near the
CdO surface (0 nm) at two times during 85 eV synchrotron
radiation exposure. The 2D electron densities from simulation
of the measured subband dispersions are shown in brackets.
The valence band bendings are calculated from experimental
values, and the conduction band bendings are calculated from
the subband dispersion simulations.

From Table II we can see that VCBB and N2D decrease
under the synchrotron beam, as expected by the change
in shape and decrease in intensity of the 2DEG seen in
Figure 1. Band bending profiles for the CB and VB for 0
minutes and 40 minutes synchrotron radiation exposure
are plotted in Figure 5. The electron densities (Table II)
and calculated band bending profiles are similar to those
previously found for CdO, and a small amount of surface
band gap narrowing (-0.16 ± 0.05 eV for the 0 minutes
exposure data) is observed compared to the bulk band
gap11,12,19.

For the H-cracked surface, the ARPES data subband
dispersions could not be fitted since the subband struc-
ture is not distinctly resolved for those dopant concen-
trations (Figure 4). Instead the 2D electron density was
estimated using

N2D =
k2
F

2π
(2)

where kF is the width of the observed 2DEG. The width
(0.13 Å−1) was taken from the centre of the peak in the

MDC of the ARPES data near the Fermi level (Figure 4
(e)). The width and calculated 2D electron densities from
equation 2 for each hydrogen cracking time are shown in
Table III.

V. DISCUSSION

The combination of angle-resolved and core-level pho-
toemission data allows for a fuller understanding of the
changes observed with time both under synchrotron ra-
diation exposure and with hydrogen cracking. This has
not previously been studied for CdO, and has allowed us
to determine that the band filling of the accumulation
layer on the as-prepared surface is strongly influenced by
electron donation from surface adsorbates. Removal of
surface adsorbates correlates well with the reduction of
the 2D electron densities in the surface states. When
the surface is annealed to remove as many adsorbates as
possible, the surface state is almost completely removed.

We also used this combination of photoemission tech-
niques to study the creation of a 2DEG at the CdO sur-
face by hydrogen cracking. The interstitial H implanted
into the CdO surface during hydrogen cracking is po-
sitioned close to O ions in the lattice, and can there-
fore be likened to OH15. Similar experiments on ZnO
show that H bonds to O atoms during hydrogen crack-
ing at room temperature37,43. Therefore doping the CdO
surface with H is not dissimilar to doping with surface-
adsorbed hydroxide species. Indeed Ozawa et al. pro-
duced similar subbands in the accumulation layer on the
ZnO (101̄0) surface by hydrogen cracking and by the ad-
sorption of methanol and water44.

King et al. previously studied the incorporation of
hydrogen defects in CdO and observed an increased
Burstein-Moss shift in the optical absorption edge and in-
creased bulk carrier concentrations after hydrogen diffu-
sion. They attributed these changes to the donor nature
of hydrogen in n-type CdO34. Our results here corrobo-
rate this, as clearly interstitial H increases the intensity
of the 2DEG we observe with ARPES, and lowers the BE
minimum of the 2DEG (Figure 4 (a-d)).

The position of the CNL relative to the CBM is respon-
sible for the donor behaviour of the interstitial H and sur-
face species45. When the CBM is below the CNL energy,
virtual in-gap states become predominantly donor-like,
and when above it, they become acceptor-like. Through
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TABLE III. Two dimensional electron densities calculated for the H doped CdO surface at various times during hydrogen
cracking.

Cracking time (hours) 0.5 2 >10
kF (Å−1) 0.05 ± 0.01 0.08 ± 0.01 0.13 ± 0.01
N2D (×1013 cm−2) 0.4 ± 0.1 1.0 ± 0.1 2.7 ± 0.1

FIG. 6. Two dimensional electron densities for the as-loaded
surface damaged by synchrotron radiation (black) and the
hydrogen cracked surface (red) with time under synchrotron
radiation exposure and hydrogen cracking respectively. The
hydrogen cracked data starts with the clean, undoped surface.
A schematic diagram of the bands is inset to demonstrate
the reversibility of adding and removing donors and how this
effects the band positions.

DFT calculations, the CNL has previously been found to
lie above the CBM at the Γ-point in CdO, since the CBM
is much lower here compared to the rest of the Brillouin
zone11. Due to this, all defects are likely to act as donors
in CdO15, and hence to donate electrons to the pocket of
states below the Fermi energy at the Γ-point.

Subband dispersion simulations were used to find the
2D electron density, CB electron effective mass and band
bending magnitudes for the as-prepared surfaces. The
electron effective mass for the CB found by the sim-
ulations (0.18me) is similar to, although slightly lower
than those calculated by Burbano et al. with DFT (0.21
me)

15. Lower effective masses have been calculated for
the subband states on CdO previously19, and significant
many-body effects at the surface were suggested as the
cause of the reduced effective masses, although the mech-
anism is not understood.

Tables II and III show how the 2D electron density
at the surface of CdO changes by adding or removing
dopants. With synchrotron radiation exposure, the elec-
tron density decreases as dopants are effectively lost from
the surface via adsorbate removal. With hydrogen crack-
ing, interstitial hydrogen increases the electron density.
These effects are plotted against time in Figure 6. In
both cases the donors are hydroxide-like, and thus the
doping is reversible. The inset diagram in Figure 6 high-
lights the reversibility of doping in and out of the 2DEG

and the shift of the conduction and valence bands at the
surface relative to the Fermi level.

In an interesting contrast to our results, which show a
reduction in the doping of the surface state under syn-
chrotron radiation exposure, titanate systems typically
show an increase in the occupancy of the surface 2DEG
with UV light exposure2,6,46. For TiO2, an increase in
surface hydroxyl species (due to dissociation of adsorbed
water molecules) has been observed with core level pho-
toemission and scanning tunneling microscopy with UV-
radiation exposure under UHV conditions47,48 and humid
ambient pressure conditions49. This perhaps correlates
with the fact that titanate systems are capable of photo-
catalytically splitting water, creating surface OH and H
when the surface is exposed to UV light50. From the
work presented here, we would expect this to give rise to
increased occupancy of the 2DEG, as is observed, while
the removal of those species (in our case, under the SR
beam) depopulates these states.

VI. CONCLUSION

The origins of the 2DEG occurring on both as-loaded,
and hydrogen doped CdO (100) surfaces have been inves-
tigated. For the as-loaded surface, we find that species
present on the surface such as alcohols and hydroxides
have a strong influence on the population of the 2DEG,
donating electrons into the CdO surface. The use of core-
level photoemission to investigate the O 1s composition
changing with time was crucial to this understanding.
For the 2DEG produced through exposure to atomic hy-
drogen, we suggest interstitial hydrogen is the donor. In
both cases the 2DEG is damaged under the SR beam,
seen as a reduction in intensity and change in shape.
This damage is due to the removal of the donor species.

Simulations of the surface subband dispersions were
performed to calculate the band bending profiles, CB
electron effective mass and 2D electron carrier densities.
These results are similar to previously determined val-
ues. We have demonstrated that the 2D electron den-
sity at the surface of CdO can be controlled by the ad-
dition/removal of donors, with both surface adsorbates
and interstitial hydrogen. Understanding how to con-
trol the 2D electron density and other properties of sur-
face/interface states is crucial to the development of ox-
ide electronics. Our work provides alternative routes for
tailoring the doping level and electronic properties in in-
terface 2DEGs in oxide heterostructures.
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Applied Physics Letters 92, 022101 (2008).

28 I. N. Demchenko, J. D. Denlinger, M. Chernyshova,
K. M. Yu, D. T. Speaks, P. Olalde-Velasco, O. Hem-
mers, W. Walukiewicz, A. Derkachova, and K. Lawniczak-
Jablonska, Physical Review B - Condensed Matter and Ma-
terials Physics 82, 075107 (2010).

29 L. F. J. Piper, P. H. Jefferson, T. D. Veal, C. F. Mc-
Conville, J. Zuñiga-Pérez, and V. Muñoz-Sanjosé, Super-
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