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Band bending at the heterointerface of GaAs/InAs core/shell nanowires
monitored by synchrotron X-ray photoelectron spectroscopy
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Unique electronic properties of semiconductor heterostructured nanowires make them useful for
future nano-electronic devices. Here, we present a study of the band bending effect at the heteroin-
terface of GaAs/InAs core/shell nanowires by means of synchrotron based X-ray photoelectron
spectroscopy. Different Ga, In, and As core-levels of the nanowire constituents have been moni-
tored prior to and after cleaning from native oxides. The cleaning process mainly affected the As-
oxides and was accompanied by an energy shift of the core-level spectra towards lower binding
energy, suggesting that the As-oxides turn the nanowire surfaces to n-type. After cleaning, both As
and Ga core-levels revealed an energy shift of about —0.3 eV for core/shell compared to core refer-
ence nanowires. With respect to depth dependence and in agreement with calculated strain distribu-
tion and electron quantum confinement, the observed energy shift is interpreted by band bending of
core-levels at the heterointerface between the GaAs nanowire core and the InAs shell. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4964600]

. INTRODUCTION this method has been successfully applied for the investiga-
tion of the structure and chemical composition of surfaces
and interfaces of semiconductors NWs, e.g., to study the
composition and removal of surface oxides on InAs NWs'®
or to probe the size and oxidation dependence of the conduc-
tivity in GaAs NWs.'’

However, there is a lack of XPS studies on core/shell
heterostructure NWs, so far. In this work, we report on high
resolution XPS investigation of GaAs/InAs core/shell NWs
by means of synchrotron radiation, to monitor the band bend-
ing effect at the heterointerface and changes in surface elec-
tronic states due to the removal of the native surface oxides
after a cleaning process.

Semiconductor heterostructured nanowires (NWs) are
promising candidates for the design of semiconductor junction
devices.! In particular, GaAs/InAs core/shell NWs are of
interest for a wide range of applications,” since the lower
band gap semiconductor InAs with a band gap of Egnas
=0.35eV? is grown onto a higher band gap semiconductor
GaAs with Eg gaas=1.42 eV? forming a type I heterostruc-
ture.! Due to the band offset at the interface, a certain number
of electrons and holes will diffuse from the wide-gap to the
narrow-gap side of the heterostructure, providing an accumu-
lation of electrons in the InAs shell close to the interface.*
Moreover, the large lattice mismatch between the core and
shell material originates misfit strain which will also modify
the band structure at both sides of the interface. Such a band Il. EXPERIMENTS
alignment between GaAs and InAs can be used to fabricate,
for example, nanoscale tubular conductors, as reported in Ref.
5. The electronic properties of such high-mobility devices can
be correlated with structural properties®™® and with the quality
of the heterointerface. A better understanding of such correla-
tions requires a detailed analysis of the effective band confine-
ment of these structures, using highly surface- and interface-
sensitive techniques.

X-ray photoelectron spectroscopy (XPS) using synchro-
tron radiation has been known for decades as a powerful tool
to investigate the band discontinuities of semiconductor het-
erojunctions’ ' or the quality of surfaces and interfaces bur-
ied under thin films of a few nm thickness.'>"'> Furthermore,

Considering the small inelastic mean free path IMFP) of
probing electrons, the shell thickness is limited to a few nm in
order to probe the heterointerface of the core/shell nanostruc-
tures. In particular, we examined core/shell NWs with a 2 nm
thin InAs shell on a GaAs core which was grown by means
of self-catalyzed molecular beam epitaxy (MBE) onto a
GaAs(111)B substrate covered with SiO,. The SiO, layer was
prepared by a thermal spin-coating process from a hydrogen
silsesquioxane (HSQ) film.'® The GaAs NWs were grown at a
substrate temperature of 590°C with a Ga rate of 0.075 um
h™! and an As, beam equivalent pressure of ~1.3 x 107°
mbar for 45min."® For the vapor-solid overgrowth of GaAs
by InAs, the temperature was reduced to 490 °C and the In-
Y Author to whom correspondence should be addressed. Electronic mail: flux was fixed to 0.1 um h™'. The shell growth time was

khanbabaee@physik.uni-siegen.de 1 min. For further details on the NWs growth, see Ref. 19.
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Fig. 1(a) shows a scanning electron micrograph of a
GaAs/InAs core-shell NW. The average length of the GaAs
NWs was about 1.5 um, and the average core diameter was
(86 =5) nm. For XPS measurements, the NWs were har-
vested from the growth substrate and transferred onto a
one-side polished n-doped Si wafer (see Fig. 1(b)) as
described in Ref. 16, to prevent the charging effect and pro-
vide a high NW density suitable for inspection with X-ray
beams.

The XPS experiments were carried out at beamline 1311
of the MAX IV Laboratory synchrotron facility in Lund,
Sweden, using a Scienta SES200 electron energy analyzer
and a modified plane grating Zeiss SX-700 monochromator.
The sample surface was illuminated by X-rays under an inci-
dent angle of about 60°, while electrons were collected in the
normal direction. As 3d, Ga 2p, Ga 3d, and In 4d core-level
spectra were collected at photon energies varying between
170eV and 1330¢eV to allow for compositional depth profil-
ing.>° Each spectrum was fitted by one or several doublets
(due to spin-orbit splitting) with a Shirley type background
and Gaussian (G)-Lorentzian (L) peak functions (Voigt)
using the Fityke software.?! During fitting, the L-full width
at half maximum (FWHM) was kept consistent for all spec-
tral components of the same core level, since it represents
the same inherent lifetime broadening. The G-FWHM, how-
ever, was kept free during fitting, as it is determined by
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sample parameters such as crystal quality of the nanowire
material, stoichiometric purity of the material (e.g., different
suboxides which are difficult to distinguish), but also instru-
mental broadening. The latter can be as small as 0.04eV for
As 3d spectra collected at a photon energy of 170eV and
varies mainly with photon energy of the monochromator and
pass energy of the electron analyzer. Details about the used
parameters and resulting instrumental broadening can be
found in the supplementary material, Table S1. Typical val-
ues for the G-FWHM of the bulk (As-Ga) peak in the As
3d core-level (Fig. 2(b)) are between 1 and 1.6eV. Our pro-
cedure for precisely determining the peak position employs
the method of least squares. The binding energies (BEs) of
all measured XPS spectra were calibrated to the maximum
peak position of Si 2p spectra of the Si substrate at
98.74eV.*

A cleaning process has been performed in the ultrahigh
vacuum (UHV) chamber of the XPS setup by exposing the
samples to atomic hydrogen at a pressure of 5 x 10~® mbar
and a sample temperature of 400 °C, in order to get rid of the
native oxides and additional contamination. Although this
procedure was successfully used to remove the native oxides
from homogeneous InAs NWs,8 in the present case, the tem-
perature was too low for a complete removal of native oxides
from GaAs NWs.® Unfortunately, a higher temperature could
not be used in order to avoid InAs surface degradation and
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FIG. 2. Comparison of the measured As 3d core-level spectra (dotted curves) of (a) GaAs core and (b) GaAs/InAs core/shell NWs prior to (bottom) and after
the cleaning process (top) taken at hv =170eV. Different fitted components are highlighted by red and green peaks. Blue curves show the sum of the fitted
peaks. A Shirley-type background has been subtracted from all data prior to plotting.
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the formation of In droplets. All samples were cleaned by an
identical cleaning process.

lll. RESULTS
A. Cleaning effect

The measured As 3d core-level spectra of pure GaAs
core NWs, collected at the surface sensitive excitation
energy of 170eV prior to (bottom dotted-line curve) and
after (top dotted-line curve) cleaning, are illustrated in Fig.
2(a). Each measured profile can be fitted by two doublets:
one (red) doublet of each profile is assigned to the As atoms
bound to Ga or In (As-bulk), located at binding energies
(BEs) of 41.44eV and 42.12¢eV (prior to cleaning) and BEs
of 40.50eV and 41.18eV (after cleaning), respectively.
Another (green) broad doublet at around 42 to 48 eV can be
ascribed to As atoms bound to oxygen (As-oxide).** Because
of the large Gaussian width due to multiple sub-oxides, the
As-oxide doublet appears only as one large peak after clean-
ing (Fig. 2(a)-top).

After cleaning, the intensity of this As-oxide peak is
drastically decreased, indicating the nearly complete removal
of As-oxide from the surface area. This is accompanied by a
shift of the As-bulk peak by 0.94eV towards lower BE.
The same cleaning process was carried out for GaAs/InAs
core/shell NWs. Fig. 2(b) shows the corresponding measured
As 3d spectra prior to (bottom dotted-line curve) and after
cleaning (top dotted-line curve). The spin-orbit splitting of
As 3ds, and As 3d3;, bound to In is located at BEs of
40.22 eV and 40.90 eV (after cleaning), respectively. Also, at
this sample, the As-oxide peak (green fitted peak) almost dis-
appeared upon cleaning. Moreover, the decomposition of the
measured spectra, using the same fitting process as above,
shows an energy shift of about 1.22 eV towards lower BE for
As 3d peaks bound to In (red peaks). The origin of these
cleaning-induced energy shifts will be discussed later.
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B. Shelling effect

In order to investigate the electronic effect of the InAs
shell layer on the As 3d core (shell-effect), the As 3d spectra
of the core/shell GaAs/InAs and of the core GaAs NWs after
cleaning are compared in Fig. 3(a)-top and -bottom, respec-
tively. It can be seen that the BE of the As atoms bounded to
In at the GaAs/InAs core/shell NWs is about 0.28 eV lower
than the BE of the As atoms bounded to Ga at the GaAs core
NWs. We examined the observed energy shift for the core/
shell NWs with a nominally thicker shell of 5nm, as well
(not shown). We found a slightly higher energy shift (around
0.35eV) for the thicker shell. This observation implies that
the origin of this energy shift depends mainly on the shell
thickness and is not affected by the charging effect (if any)
as reported in Ref. 17.

Furthermore, we investigated the depth dependence of
this observed energy shift at the GaAs/InAs heterointerface.
We acquired As 3 d spectra at the higher excitation energy of
350 eV which provides a higher photoelectron kinetic energy
of about 300eV, as compared to about 120eV at an excita-
tion energy of 170 eV. This allows us to increase the electron
IMFP from 0.6 nm to 1.0 nm, accordingly.23

Fig. 3(b) shows the measured As 3d spectra for GaAs/
InAs core/shell NWs after cleaning at 170eV (top) and
350eV (bottom). The data of the 350eV spectrum indeed
consist of contributions from both a surface layer component
(identical to the spectrum taken at 170eV) and components
from deeper layers which only become accessible when the
photon energy is increased. To highlight this depth profile,
we deconvoluted two separate peaks by fitting the 350eV
spectrum using two doublets. We are aware, though, that
such a discrete deconvolution is only an approximation for
an actually continuous shift in binding energy with increas-
ing probing depth. In the bottom part of Fig. 3(b), the peak
energy and FWHM of the red doublet are fixed to the values
obtained from the 170eV fit, while the parameters of the

GaAs/InAs (2nm shell), cleaned, As 3d

v =170 ev As 3d,,
E =120 eV

b As3d,,

(b)
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FIG. 3. Comparison of the measured As 3d core-level spectra (dotted curves) of (a) GaAs core (bottom) and GaAs/InAs core/shell NWs (top) after the cleaning
process taken at hv =170eV and (b) GaAs/InAs core/shell NWs at excitation energies of hv =170eV (top) and hv =350 eV(bottom) after the cleaning pro-
cess. Different fitted components are highlighted by red and magenta peaks. Blue curves show the sum of the fitted peaks. A Shirley-type background has been

subtracted from all data prior to plotting.
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TABLE I. Fit parameters for GaAs/InAs core/shell NWs with 2 nm thick shell (see Fig. 3(b)).

J. Appl. Phys. 120, 145703 (2016)

As 3dsp As 3d3p
Excitation
energy Red peaks Magenta peaks Red peaks Magenta peaks
170 eV 40.21eV 4091eV
L-FWHM =0.15eV L-FWHM =0.15eV
G-FWHM = 0.66 eV G-FWHM =0.66 eV
350eV 40.21eV 40.40eV 4091eV 41.10eV

L-FWHM =0.15eV
G-FWHM =0.66 eV

L-FWHM =0.15eV
G-FWHM =0.53 eV

L-FWHM =0.15eV
G-FWHM =0.66 eV

L-FWHM =0.15eV
G-FWHM =0.53 eV

second doublet (shown in magenta) are kept free during fit-
ting. The fitting parameters for GaAs/InAs core/shell NWs
are collected in Table I.

By this, we get two distinguishable contributions, one
from the surface (red) and another from further within the
sample (magenta) at a relative higher BE of 0.2eV. We will
come back to these observed energy shifts later.

Here, it should be mentioned that not such a peak broad-
ening with excitation energy was observed for GaAs core
NWs (not shown), ruling out again any major influence of
the charging effect on the energy shift.

In order to fully investigate the shell-effect at the NW
heterointerface, we also wanted to study group-III core-lev-
els; therefore, Ga 2p and Ga 3d core-level spectra have been
measured after cleaning. Fig. 4(a) illustrates the measured
Ga 2p spectra of GaAs core (bottom) and GaAs/InAs core/
shell NWs (top) taken at an excitation energy of 1330eV,
providing a photoelectron kinetic energy of about 200eV
and an electron IMFP of 0.8 nm, which are in the same range
as that of the As 3d core-level spectra shown above. These
profiles can be decomposed into two doublets: the two red
fitted peaks are assigned to the 2pz, and 2p,, spin-orbit
splitting levels of Ga bound to As, which were located at
around 1116.2¢eV and 1143.2eV for GaAs (core) NWs. The
other green fitted doublet can be ascribed to the spin-orbit

Ga 2p, cleaned, hv = 1330 eV
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splitting levels of Ga bound to oxygen, as, e.g., in G21203,24
which were located at around 1117.4eV and 1144.4eV for
GaAs (core) NWs. A comparison of the two spectra indicates
a shift of about 0.2 eV towards lower BEs for Ga 2p levels of
GaAs/InAs core/shell NWs compared to GaAs core NWs.
Also, Ga 3d and In 4d core-levels, which overlap in BE,
have been studied at an excitation energy of 330eV, which
corresponds to a photoelectron kinetic energy of about
300eV. The Ga 3d spectra for GaAs core NWs are shown in
Fig. 4(b)-bottom. These spectra can be fitted by two doublet
peaks. The two red fitted peaks at about 18.7eV and 19.2eV
are attributed to the 3ds,, and 3d;,, levels of Ga bounded to
As (Ga-bulk), respectively. A green fitted doublet at around
19.6eV and 20.1 eV is assigned to Ga-oxides, probably con-
sisting of several sub-oxides.? Furthermore, the tail of a
large O 2s peak from the SiOy substrate overlaps in the range
of 20-21eV (cyan). Fig. 4(b)-top shows the corresponding
Ga 3d spectra for core/shell NWs. Here, in addition to the
two Ga doublets observed for core NWs, four other peaks at
around 18.7eV, 17.8eV (a doublet), 17.6eV, and 16.7¢V (a
doublet) can be ascribed to 4d3,, and 4ds), levels of In-oxide
(magenta) and In-As (gray), respectively.”® A comparison of
the fitted Ga-bulk peaks indicates a shift of about 0.25eV
towards lower BE for the Ga 3d level of core/shell NWs
compared to core NWs. Here, it should be mentioned that in

Ga 3d, cleaned, hv = 330 eV
GaAs/InAs 0.25eV
(2 nm shell)

FrO2s
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0.0
21

18
Binding energy (eV)
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FIG. 4. (a) Comparison of the measured Ga 2p core-level spectra (dotted-line curves) after cleaning, for GaAs core (bottom) and GaAs/InAs core/shell NWs
(top) taken at hy =1330eV. (b) Comparison of the measured Ga 3d-In 4d core-level spectra (dotted-line curves) after cleaning, for the GaAs core (bottom)
and GaAs/InAs core/shell (top) taken at hv =330eV. Different fitted components are highlighted by colored peaks. Blue line curves show the sum of the fitted
peaks. A Shirley-type background has been subtracted from all data prior to plotting.
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order to extract the Ga 3d core-level peaks of the core/shell
sample, the peak position and FWHM of the O 2s peak and
the fitting parameters of the Ga 3d peaks, like spin-orbit split-
ting and branching ratio, were taken similar to those obtained
for the GaAs reference sample. By this procedure, we were
able to distinguish between the Ga 3d and In 4d components.
Surprisingly, the intensity of the Ga-As component (red
doublet) is significantly higher than that of the In-As compo-
nent (grey doublet) in Fig. 4(b)-top, showing the overlapping
Ga 3d and In 4d core-levels. At the excitation energy of
330eV used here, the XPS cross-section of Ga 3d is about
two times larger than that of In 4d.%” However, with a corre-
sponding electron IMFP of 1.0 nm, the XPS signal should be
dominated by photoelectrons coming from the nominally
2 nm thick InAs shell. From the large Ga signal obtained here,
we conclude that a significant amount of Ga atoms may be
very close to the NW surface possibly due to strong Ga segre-
gation upon InAs overgrowth, that the InAs layer is thinner
than nominally expected, or that the InAs shell is inhomoge-
neous with some very thin patches that allow a sufficiently
high XPS signal from the underlying GaAs core. The latter
option is further supported by TEM images of the NW shell,
shown in the supplementary material. It should be noted that
in XPS spectra from GaAs/InAs NWs with a nominally 5 nm
thick InAs shell (not shown here), the In-As component is sig-
nificantly larger than the Ga-As component, as expected.

IV. DISCUSSION

It is well known that the native oxide layers on most III-V
semiconductor surfaces pin the Fermi level (Eg) close to or in
the conduction band.”®% Although, in most cases, the E posi-
tion was found to remain within the band gap, for some small
band-gap semiconductors such as InAs Er pinning above the
conduction band minimum (CBM) was reported.3w32
Considering this, the observed shift of 0.94eV towards lower
BE upon cleaning for the As 3d core-level of GaAs core NWs
(see Fig. 2(a)) can be attributed to the un-pinning of the Er due
to the removal of native oxide. This is in the range of values
reported for bulk GaAs which are between 0.8 and 1.4eV,
depending on oxygen exposure.”® Furthermore, while with the
presently applied cleaning process, the Ga- and In-components
of the native oxides partially remained on the NWs surface (see
Figs. 4(a) and 4(b)), the As-component was almost completely
removed (see Figs. 2(a) and 2(b)). Thus, one can conclude that
the observed shift towards lower binding energy is mainly due
to the removal of the As-component of the native oxides and
that As-oxides are the dominant factor for the strongly n-type
character of uncleaned GaAs and InAs NW surfaces.

A similar shift was also observed for GaAs/InAs core/
shell NWs upon cleaning, but with a slightly larger amount
of 1.2eV (see Fig. 2(b)), confirming the dominance of the
As-oxides on the surface. It can also not be excluded that
weak charging of the oxidized and slightly inhomogeneous
NW shell (as shown by TEM>? images, see supplementary
material) occurs during the XPS measurements, partly con-
tributing to the observed rather large energy shift.

Before we can come to a detailed analysis of the shell
effect, meaning band-bending effects at the GaAs/InAs
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J. Appl. Phys. 120, 145703 (2016)

heterointerface as observed by BE shifts in the correspond-
ing core-level spectra, we have to consider possible
quantum-size confinement effects in the very thin InAs shell
layer. Since the shell thickness of 2nm is far below the de
Broglie wavelength of electrons in InAs, one should expect a
confinement of the electronic states along the radial direc-
tion. Such confinement effects have been experimentally
observed both for thin InAs layers on GaAs substrates®* and
for GaAs/InAs core/shell NWs. In addition, the band gap of
the InAs shell as well as that of the GaAs core close to the
heterointerface will be significantly influenced by strain due
to the large lattice misfit between the two materials.?>°

We calculated the strain distribution of our GaAs/InAs
core/shell NWs, the resulting band alignment around the het-
erointerface, and the confinement energy for electrons in the
InAs shell in terms of linear elasticity theory. Since the shell
layer is 2 nm thick and the NW core has a diameter of 86 nm,
we could not do a full 3D modelling due to limitations in
computer power. Instead, we simulated the structure as a
quantum well (shell layer) on a [100]-oriented substrate
using a 150 x 150 x 50 grid. This approximation will intro-
duce a very small error, less than that caused by the uncer-
tainty in the actual geometry of the NW. We first obtained
the strain tensor elements using linear elasticity theory which
gave the energy of the band edges. The confinement energy
was then computed using a one band model where the vac-
uum was simulated by a 5eV barrier. A more detailed
description of our method is given in Ref. 37.

The results are plotted in Fig. 5(a): Due to the tensile
strain, the size of the GaAs band gap decreases slightly
towards the interface, while the band gap of the compres-
sively strained InAs shell amounts to 0.5 eV, which is larger
than in bulk InAs. In addition to the influence of the strain,
we also considered the influence of quantum confinement
and calculated the resulting energy of the electron ground
state in the InAs shell, which is 0.39eV above the CBM.
Nevertheless, this energy is still 0.14eV below the CBM of
the GaAs, meaning that the confined electron states of the
InAs shell lie within the GaAs band gap. This result agrees
well with our experimental observation, as will be explained
in the following paragraph. It should be noted that the calcu-
lations assume an abrupt material interface and a homoge-
neously 2 nm thin InAs shell layer. Segregation effects at the
GaAs/InAs interface and inhomogeneities of the shell thick-
ness are expected to reduce the confinement energy in the
InAs shell and move the energy of the electron ground state
further away from the GaAs conduction band.

The conduction band offset at a heterointerface between
two semiconductors is determined by the electron affinities
of the two materials, as shown schematically in Fig. 5(b).
Additionally, in equilibrium conditions, the Fermi levels of
both semiconductors have to coincide at the interface, which
often results in local band bending in the interface region.
Such a band bending can lead to transfer of charge carriers
across the interface and the formation of space charge layers.
The vacuum level follows the slope of the conduction bands,
resulting here in a band bending AE,.,.= AEGaas+ AEnas
(see Fig. 5(b)). Also, the core-levels of the NW atoms follow
this slope, since their binding energies are coupled to the
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strain due to the NW geometry, but neglecting any band-bending effects. In addition to strain, also quantum confinement is considered for the electron ground
state in the thin InAs shell, as indicated by red dots. (b) Qualitative diagram of the band alignment including band-bending effects at the core/shell heterointer-
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towards the GaAs core NW (III) over the heterointerface (II) can be realized by increasing the excitation energies from hv; to hrvs over hv,. Energy levels and

distances are not drawn to scale.

vacuum level. In contrast, the underlying Si substrate and its
Fermi level are not affected by the deposited NWs, in partic-
ular, by the cleaning procedure performed here (as much
higher temperature is needed to modify Si surface composi-
tion). Thus, by monitoring the changes in BE of the NW
core-levels relative to the Si Fermi level, we can assess the
bending of the NW conduction band. In the present case,
such evaluation can be made by comparing the measured
core-levels of the core/shell NWs with those of reference
core NWs, where no interface band bending occurs. Since
XPS is a very surface-sensitive technique, the XPS signal
from the core/shell NWs is dominated by electrons that have
been emitted from the InAs shell, even though the shell
thickness is only 2nm. For all investigated As 3d, Ga 3d,
and Ga 2p core-levels, the measured binding energies of the
cleaned GaAs/InAs core/shell NWs are 0.2 to 0.3 eV smaller
than the corresponding values of the GaAs NWs, as shown
in Figs. 3(a), 4(a), and 4(b). This means that the probed core-
levels of the NW shell are closer to the Fermi energy than
those of the NW core, implying that the GaAs bands bend
upward and the InAs bands bend downward at the core/shell
interface, as shown in Fig. 5(b). Thus, we expect an accumu-
lation of electrons in the InAs shell close to the core/shell
interface, similar to the two-dimensional electron gas that
has previously been observed at the surface of bulk InAs.*®
In the present case of a very thin InAs shell, the electrons are
confined in discrete energy states instead of a continuous
conduction band. But, if we assume a slightly or moderately
n-type GaAs core, the ground state and first excited states of
the InAs shell are still located below the Fermi level, result-
ing in electron accumulation in the InAs and the formation
of a space charge region across the interface.

The entire amount of band bending across the heterointer-
face, AE,,c = AEGaas + AEhas, 1S Obtained when comparing
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XPS spectra acquired at the surface region of core/shell
NWs with those acquired at the reference core NWs. This
is the case for As 3d spectra taken at a low photon energy
of 170eV if we assume the same binding energy for As-Ga
and As-In.>> According to Fig. 3(a), we thus obtain the
amount of 0.28 = 0.04 ¢V for the total band bending AEg,as
+ AEj,as. In addition, it is possible to map the band bending
by monitoring the BE of a core-level as a function of probing
depth through the InAs shell layer towards the heterointer-
face of core/shell NWs or even beyond. This can be realized
by increasing the electron IMFP, i.e., by increasing the
photoelectron kinetic energy with appropriate excitation
energies, as indicated in Fig. 5(b) by regions (I), (II), and
(II). A comparison of As 3d spectra obtained from the
GaAs/InAs core/shell NWs at photoelectron kinetic energies
of 120eV and 300eV is shown in Fig. 3(b). At a kinetic
energy of 120eV, corresponding to an electron IMFP of
0.6nm, the majority of detected photoelectrons originates
from the NW surface (red doublet in Fig. 3(b)). At 300eV,
corresponding to an IMFP of 1.0 nm, one should expect that
photoelectrons from the interface region are detected in addi-
tion to the surface electrons, and the resulting XPS spectrum
becomes a combination of both contributions. Since we have
seen above that the InAs shell is probably inhomogeneous
with some areas being significantly thinner than the nominal
2 nm, we can expect a substantial contribution from the inter-
face region in the 300eV spectra. Indeed, the 300eV spec-
trum in Fig. 3(b) shows a combination of both contributions,
which can be distinguished by fitting a surface-related dou-
blet (red peaks) and an interface-related doublet (magenta
peaks), which are separated in BE by 0.19eV. According to
Fig. 5(b), this BE shift between surface and interface contri-
butions can roughly be considered as the amount of band
bending within the InAs shell, AEj, A
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A suitable way to evaluate the band bending within the
GaAs core at the interface, AEg,as, is to compare Ga 2p or
Ga 3d core-level spectra acquired at GaAs/InAs core/shell
NWs with those acquired at reference core NWs, since the
corresponding photoelectrons should always originate from
the GaAs material. The measured shifts in BE are 0.2 eV for
Ga 2p (Fig. 4(a)) and 0.25eV for Ga 3d (Fig. 4(b)).
However, it cannot be excluded that some Ga material has
segregated into the InAs shell, as discussed above. In this
case, the observed shift in BE would reflect both the band
bending in the GaAs core and at least partially the band
bending in the InAs shell. Considering the slightly inhomo-
geneous thickness of the InAs shell layer (as can be seen
from the TEM images shown in the supplementary material),
and taking into account the shift in BE between surface and
interface contributions in the As 3d spectra discussed above,
our data from various XPS core-levels result in a congruent
picture of the core/shell band bending: We obtain a total
band bending of 0.28 = 0.04 eV, which we estimate to con-
sist of a component in the InAs shell, AEj,a,, of between
0.15eV and 0.20eV, and a component in the GaAs core,
AEGaas, Of between 0.10eV and 0.15eV. It should be
noticed that the observed shift in BE within the GaAs core
can also partly be explained by the strain-induced decrease
of the GaAs band gap close to the core/shell interface, as
shown in Fig. 5(a). However, this strain-induced shift of
the GaAs valence band edge is calculated to be less than
0.02eV within the outermost 2nm of the GaAs core, and
therefore of minor relevance compared to the observed band-
bending.

V. CONCLUSION

In summary, we have studied the heterointerface of
GaAs/InAs core/shell NWs using synchrotron radiation XPS.
Different core-levels were examined to test and determine
the band bending at the heterointerface. Our results suggest
that the shelling of the GaAs NWs with 2nm InAs leads to
band bending of about 0.3 eV at the heterointerface. This is
consistent with interfacial strain and quantum confinement in
the thin InAs shell layer, as calculated based on elasticity
theory, resulting in an electron ground state energy still
below the GaAs conduction band edge. Furthermore, while
the cleaning process removed only partially the In- and Ga-
oxides from the NW surface, the As-oxide component of the
native oxide was almost completely removed, resulting in a
shift of the BE of about 0.9 to 1.2 eV towards lower energies.
This result suggests that the As component of the native
oxide turns the NW surfaces strongly n-type. While the
GaAs/InAs core/shell NW system was chosen here due to its
technological relevance, the applied method is not restricted
to a specific material system. In contrast, our results reveal
the large potential of synchrotron-based XPS studies for
investigating detailed electronic properties of hidden semi-
conductor nanostructure interfaces.
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