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ABSTRACT: Folding two-dimensional graphene around one-dimensional III−V nanowires
yields a new class of hybrid nanomaterials combining their excellent complementary properties.
However, important for high-quality electrical and optical performance, needed in many
applications, are well-controlled oxide-free interfaces and a tight folding morphology. To
improve the interface chemistry between the graphene and InAs, we annealed the samples in
atomic hydrogen. Using surface-sensitive imaging, we found that the III−V native oxides in the
interface can be reduced at temperatures that maintain the graphene and the III−V
nanostructures. Transferring both single- and multilayer graphene flakes onto InAs NWs, we
found that single layers fold tightly around the NWs, while the multilayers fold weakly with a
decline of only a few degrees. Annealing in atomic hydrogen further tightens the folding.
Together, this indicates that high-quality morphological and chemical control of this hybrid
material system is possible, opening for future devices for quantum technologies and
optoelectronics.
KEYWORDS: graphene, InAs, nanowires, semiconductors, oxide, hydrogen, AFM, XPS, LEEM, XPEEM

■ INTRODUCTION
Hybrid nanostructures are of significant current interest as they
combine high-performance features of several individual
nanostructures into systems with more complete sets of
excellent properties.1 Metallic graphene and semiconducting
III−V compound NWs are two classes of nanomaterials with
very different properties. The inertness,2 extreme conductiv-
ity,3−5 optical transparency,6−9 and mechanical flexibility10−13

of the graphene have made it a good candidate to be widely
used as a potential high-performance electrode7−9 and
protective layer.14,15 This can be combined with the excellent
optical and transport properties of the III−V semiconduc-
tors,16,17 with promises for optoelectronic and photovoltaic18

as well as quantum technology applications.16,17 Combining
graphene with semiconductor NWs has been resulted in a wide
range of interesting applications, such as transparent organic
single crystal field-effect transistors,7 NW devices with
graphene electrodes,8,19−21 high-responsivity graphene/InAs
NW heterojunction photodetectors,22 graphene-coated wave-
guides,23 and photonic integrated sources.24 To realize the full
performance potential for these and many other applications,
both morphology and graphene/semiconductor interface must
be controlled. Defect-free interfaces are important to realize
transport properties, enabling graphene plasmonics, quantum
technologies,25 and high optical efficiencies of these

systems.26−28 The ability of graphene to fold tightly over
nanostructures is important to create good contacts, for
protection and wrap-around gating.29,30

Removal of the native oxide is an important point to achieve
well-functioning semiconductor devices. Oxides can hinder the
formation of ohmic contacts, and defects in the oxides can be
detrimental to transport and optical properties. For III−V
semiconductor NWs, this has been shown in many
studies.31−37 Annealing semiconductor surfaces in atomic
hydrogen has been proven to be efficient in removing native
oxides and achieving clean, defect-free surfaces.38 This in turn
leads to improved properties of the NWs.31,32,37,39 The
hydrogen radicals will react with the oxide and other
contaminants on the surface to form more volatile compounds,
which desorb below the temperature where the samples
decompose.40,41 However, graphene can act as a barrier for
diffusion to and from the underlying substrate that can lead to
an inhibition of the deoxidation processes.42−45 Furthermore,
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passivation of dangling bonds at the interface between
graphene and SiC46 was impeded at temperatures up to
∼800 °C, and as a result, the sample underneath the graphene
could not be passivated. Therefore, the potential of atomic
hydrogen cleaning underneath graphene is a nontrivial
question with relevance for applications using the systems’
electronic or optical properties.
In the present work, we place the graphene flakes with

varying number of layers on top of InAs surfaces with Au
lithographic patterns and deposited InAs NWs. The placement
of graphene on both flat surfaces, NWs and metal pattern, can
be confirmed using optical and electron microscopy. The
number of graphene layers is determined using Raman
spectroscopy. Using atomic force microscopy (AFM), we
found that while single layers fold tightly around the NWs,
multilayers are stiffer and, thus, only fold weakly with a linear
slope of a few degrees. By treating samples with atomic
hydrogen at 400 °C, it is possible to reduce the III−V native
oxides also underneath the graphene. This is confirmed using
low-energy electron microscopy (LEEM), synchrotron-based
micro-X-ray photoelectron spectroscopy (μXPS), and X-ray
photoemission electron microscopy (XPEEM). These techni-
ques map out the surface chemistry and morphology with
nanometer resolution. We found that the treatment leaves the
graphene and the NWs intact. Furthermore, AFM measure-
ments indicate that the treatment will lead to a tighter folding
of even multilayer graphene around the NWs.

■ METHODS AND MATERIALS
Hydrogen Cleaning. The InAs samples were cleaned using

hydrogen cracker (MBE-Komponenten HABS). To remove the native
oxide and other impurities, atomic hydrogen cleaning has been
efficient for InAs substrate and NW surfaces. Thus, samples can be
introduced to a UHV chamber and native oxides removed using
hydrogen cleaning.32,47,48 Hydrogen gas was introduced into the
preparation chamber through a leak valve (P ∼ 5 × 10−6 mbar) and
thermally cracked at around 1700 °C to atomic hydrogen (H*).49
Samples were annealed at 400 °C in parallel for full cleaning and to
remove hydrocarbons and oxides.
Synthesis of the Nanowires. InAs NWs with two engineered

segments consisting of either wurtzite or zinc blende were prepared
by low pressure metal organic vapor phase epitaxy (MOVPE) on
epiready InAs <111>B substrates (Figure S1). Trimethylindium
(TMIn) and arsine (AsH3) were used as precursors and Au aerosol
particles50 with a nominal diameter of 30 nm served as seed for the
vapor−liquid−solid (VLS) growth51 of the nanowires. A close
coupled showerhead AIXTRON 3 × 2″ system (CCS) was operated
at a pressure of 100 mbar and a total carrier gas flow of 8 slm. The
growth process was initiated by annealing the aerosol-covered growth
substrate for 10 min in an AsH3/H2 environment at a set temperature
of 550 °C with an AsH3 molar fraction of χAsHd3

= 2.5 × 10−3. After
setting a growth temperature of 470 °C, first the wurtzite and then
zinc blende segments were grown at respective molar fractions of
χTMIn= 1.8 × 10−6 and of χAsHd3

= 1.3 × 10−4, 2.3 × 10−5, and −2.5 ×
10−2 with growth times of about 15 min, respectively. NW growth was
finished by a 40-s wurtzite growth step before being terminated by
cutting the TMIn supply and cooling under the same AsH3/H2
ambience as used for the annealing down to a set temperature of 300
°C.
Atomic Force Microscopy. In-air AFM was performed using a

JPK AFM in tapping mode, whose cantilever tip is made of silicon
with Pt/Ir coating. The resonant frequency of the standard Si
cantilever is around 300 kHz. The scanning parameters are 50 and 1
for I and P gain, respectively.
LEEM, XPEEM, and μXPS. LEEM and XPEEM measurements

were conducted at the MAXPEEM beamline of MAX IV Laboratory,

Sweden. The beamline is a typical soft X-ray beamline with an energy
range from 30 to 1500 eV. The energy resolution, E/ΔE, was
estimated to be >2000, and the flux is up to 1013 photon/s by
utilizing a modified SX-700 monochromator with a 300 line/mm
grating. The microscope used is an aberration corrected spectroscopic
photoemission and low-energy electron microscope (AC-SPELEEM)
from Elmitec GmbH, Germany. The microscope can work at varied
operation modes, i.e., LEED, LEEM, (X)PEEM, XPS, and ARPES. In
a complementary way, these modes provide the morphologic,
chemical, electronic, and structural information of the sample from
both real and momentum spaces. In LEEM mode, the image is
formed by the elastic reflected/scattered electrons from the sample
surface that was illuminated with a collimated electron beam at low
energy (<1000 eV). While the energy of the electrons is less than or
equal to zero, the electrons are reflected 100% and a so-called mirror
electron microscopy (MEM) image is formed. MEM is normally used
to map the difference of work function or morphology on the sample.
In this study, the core-level XPEEM images were taken with an energy
window ΔE = ∼0.5 eV. The image directly presents the element
mapping at the selected core-level across the sample area illuminated
by the photon beam (∼20 μm). In AC-SPELEEM, μXPS, similar to
the conventional XPS, can be acquired from a small area down to 1
μm by using a select area aperture. In this mode, the photoelectrons
are projected proportional to their kinetic energies along a narrow line
on the dispersive plane of the microscope’s energy analyzer. This
line’s profile can be easily converted into an expression of
photoelectron intensity versus binding energy as used in the
conventional XPS. This method provides better energy resolution
compared with the core-level XPEEM imaging that has better spatial
resolution.
Raman Spectroscopy. In this work, we have used the optical

characterization tool, where Raman spectroscopy can be done with
other kinds of spectroscopy. Here, Nd:YAG (532 nm) with low
optical power (5 mW) is used to excite the material. After the
excitation of the sample, the scattered light that comprises the Raman,
Rayleigh scattered light, and reflected laser line is collected by 20×
objective with a NA = 0.45 and directed toward the spectrometer.
Gratings with groove densities from 300 to 1800 grooves/mm can be
selected according to our requirement of spectral resolutions and
spectrum range. After the spectrometer, we detect the dispersed
spectrum onto the thermoelectrically cooled charge-coupled device
(CCD). We used a long-pass filter, which blocks the laser line and
filters out unwanted strong signals. As the excitation laser is not
focused, it illuminates different layers of a flake of graphene. To
differentiate the emission coming from the different layers of flake, we
have narrowed the slit width to collect emission only from a specific
position (around 2 um area) of graphene.
Polymer-Assisted Graphene Transfer. Graphene was mechan-

ically exfoliated with scotch tape and then deposited on the SiO2/Si
substrate. These are highly doped Si wafers with ∼300 nm SiO2 on
top and are common substrates on which graphene is optically
visible.52,53 Prior to the transfer, the wafers were rinsed in acetone (15
s) and isopropanol (10 s) and then cleaned in plasma asher three
times for 60 s each under 5 mbar pressure of monoatomic oxygen.
This process is known to produce larger graphene flakes.54 After
identification of graphene on the substrate using optical microscopy
and Raman spectroscopy, the sample was spin-coated with a polymer
(cellulose acetate butyrate (CAB) mixed with ethyl acetate with the
proportion 1 g/4 mL CAB/EA) and then heated up to ∼80 °C for 6
min. Because the coated film is transparent, graphene can always be
located under an optical microscope. A ∼2 mm × 2 mm CAB area
containing graphene is then selected and cut. Because the polymer is
hydrophobic, it lifts (together with the graphene flake) upon adding a
drop of water. The cut film is then transferred to the InAs substrate
using a tweezer. Once the film is placed in the desired position, the
sample is heated up to ∼150 °C for 10−15 min. During this step,
water desorbs and the CAB polymer as well as the graphene flake will
stick better onto the new substrate. The polymer residuals are then
removed by keeping the sample in acetone overnight and rinsing in
isopropanol afterward for 5 min. Upon dissolving the polymer, the
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position of the transferred graphene layers can be checked with
optical microscope again55 (Figure S2).

■ RESULTS AND DISCUSSION
The results of the transfer of graphene onto an InAs substrate
with previously deposited InAs NWs are shown in Figure 1. To
allow easy navigation on the sample and investigate suitability
for future device incorporation, optical lithography is used. Au
patterns are thus created on the InAs(111)B substrates prior to
NW deposition and graphene transfer (Figure S3). InAs NWs
are deposited onto the sample from the original growth
substrate using a dry deposition method.56 To transfer the
graphene, we use the well-established polymer-assisted
technique;48 more details are found in the Methods and
Materials section. Single/multilayer graphene is initially
identified on a SiO2/Si wafer (highly doped Si wafers with
∼300 nm SiO2 on top) before transferring (Figure 1b), and its
thickness is estimated considering its color contrast under an
optical microscope and confirmed using Raman spectroscopy45

(Figure S4). The graphene is then transferred using polymer
embedding (Figure S2) as described in the Methods and
Materials section. A single-layer graphene on InAs is not visible
in the optical microscope; thus, to ensure identification, we use
a part connected to many layers of graphene (graphite) as seen
in Figure 1b,c. The presence of graphene on InAs NWs and the
substrate is verified by AFM (Figures 1d and 2) and LEEM
(Figure 1e). In AFM, graphene is identified both by the
difference in contrast and by observation of the height
difference between the flake and the surrounding InAs.
LEEM is highly surface sensitive, and single and multilayer
graphene can be clearly distinguished both on the InAs and the
Au markers. This confirms the presence and the integrity of the
graphene as well as the presence of NWs under and next to the
graphene. The same microscope is used later for XPEEM and
μXPS studies, which is performed on the same area of the
sample after each treatment.
AFM was used to investigate the graphene/graphite folding

over the NWs as seen in Figures 1d and 2. The graphene-

covered areas are clearly distinguishable in AFM, and specific
areas of the sample as seen in optical microscopy images can
be identified. Using AFM, it is possible to estimate how closely
the single/bilayer or multilayer graphene folds around them
(Figure S5). During AFM measurements, ∼20 nanowires
could be investigated with various degrees of graphene
coverage. As the diameter observed in the AFM is a
convolution of the shape of the tip and the NW, it is useful
to also study wires half covered with graphene layer(s) as this
allows a direct comparison of the shape change induced by the
graphene using the same tip. The location of specific graphene
flakes and specific areas with wires under these flakes was
possible using the optical microscopy images as maps. Partially
covered InAs NWs were located in the AFM and imaged as
shown in Figure 2a,b for single/bilayer and multilayer
graphene, respectively. The thickness of the layers can be
estimated from the AFM images as well as seen in Figure 2c,d.
From these profiles, it is seen that the single/bilayer graphene
conforms very well around the NW (Figure 2c) when
comparing profiles of the wire with/without graphene. For a
more detailed analysis, the NW geometry (as described in the
SI (see Figure S1)) must be considered. The NWs have two
hexagonal segments, one with wurtzite (Wz) crystal structure
(∼1 μm long) and another with zincblende (Zb) crystal
structure (∼0.8 μm long). Depending on the orientation of the
NW on the substrate, this will then lead to different thickness
profiles as viewed from the top by the AFM (as discussed in
Section 1 of the SI). Two cases are possible: (1) if the side
facet of the Wz segment is parallel to the substrate surface, the
wire width will appear almost similar along the whole wire,
while the height will differ substantially, and (2) if the Zb
segment is parallel to the substrate surface, the wire diameter
will appear significantly different for the two segments. Even
though the absolute width of the NWs as observed by the
AFM is a convolution of the tip and the NW profiles, a relative
change of the diameter of the wire should be visible down to
∼1 nm (AFM resolution). This is seen in Figure S6 for a NW
in orientation (2) where the diameter difference between the

Figure 1. Schematics of the experiments and microscopy images of the samples. (a) Schematic representation of the sample structure. Graphene is
folding over an InAs NW placed on an InAs substrate. The oxides present at the interface are subsequently removed by atomic hydrogen treatment.
For details on NW morphology, see Figure S1. (b) Graphite and graphene flakes are identified on SiO2/Si by optical microscopy. The specific
thicknesses in terms of monolayer, bilayer, and more can be obtained using the contrast on SiO2/Si and Raman measurements

45 (Figure S4) prior
to the transfer to the final InAs substrate. Here, the very bright blue region is single-layer graphene. The darker the blue, the thicker the layer. The
thick graphite flake in vicinity of graphene layer(s) appears as light yellow. (c) Magnified optical microscopy image showing gold markers (yellow
bars) and a graphite flake in the vicinity of graphene (for a bigger overview see Figure S3). While graphene is invisible on InAs substrate, it can be
seen on gold markers (red dashed lines). (d) 3D AFM image of a NW covered with graphene. (e) LEEM image showing graphene, NWs, and gold
markers clearly. (c) and (e) are not recorded on the same samples.
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two crystal parts of the NW (as seen from the top) is
significant and interestingly can be distinguished even under
several layers of graphene. This shows the ability of even a few
layers of graphene to conform to the varying shape of the
underlying NW. In Figure 2, we find that the NW is oriented
on the surface such that the projection does not show a
significant observable variation in the width (orientation 1,
discussed above). Focusing on the area close to the boundary
between the graphene-covered and uncovered parts of the wire
and line profiles, which were measured across the NW (profiles
1 and 2 in Figure 2c), are identical (within the precision of the
AFM). This indicates that the single/bilayer graphene folds to
∼1 nm of the NW. These two profiles are measured on the
same segment of the NW (estimated from the known position
of the crystal segment boundary), which makes the comparison
simple. Profiles measured further along the NW of Figure 2a
inside the graphene-covered area show a smaller height and
similar width as those from the uncovered part, which is
consistent with the tight folding of the graphene around the
NW, when taking the shape of the wire into account. For the
multilayer case (Figure 2d), a height of 17 nm corresponding
to 50 layers of graphene (layer separation of 0.35 nm) is found.
This thick layer folds much more broadly over the wire falling

off with a linear slope with a decline of 3°. The difference is
attributed to the higher stiffness of the multilayer film.
A key point is to achieve chemical control of the interface

between the graphene and the semiconductor surface. While
the interface should be mostly free from residues of the
polymer (used in the transfer), there will be a native oxide on
the InAs and potentially water or OH groups.27 To remove the
native oxide and other impurities, annealing in atomic
hydrogen has been efficient for the surfaces of InAs substrates
and NWs.40,41 Following a similar procedure as in refs 40, 41,
samples are cleaned using atomic hydrogen at 400 °C at a
pressure of 5 × 10−6 mbar for 25 min (for more information
about hydrogen cleaning, see the Methods and Materials
section).
Before proceeding with the chemical analysis, we briefly

investigate the influence of annealing on the graphene folding
over the NWs. A direct comparison has been performed on
NWs covered with graphene before and after hydrogen
cleaning (Figures S6 and S7) using AFM. It should be noted
that since the sample is removed from ultra-high vacuum
(UHV) after hydrogen cleaning to perform AFM, the InAs can
re-oxidize. The lateral shape of the graphene layers on the
substrate is similar before and after cleaning. The shallow holes
observed in the free InAs areas are known to appear on such

Figure 2. AFM on NWs covered with graphene/graphite. (a) Two NWs partially covered under graphene. Inset: error mode AFM image showing
the folding mechanism of graphene over NWs in more details. (b) NW partially covered with thick graphite flake. The graphite flake has covered
both the gold markers (thick, porous object at the top left corner of the image) and InAs substrate. Inset: magnified AFM image showing the
folding of graphite over the NW. (c) Comparison between uncovered NW (profile 1) and NW covered with graphene (profile 2) (the graphene
boundary on the InAs substrate is shown with profile 3, cyan color). The difference between profiles 1 and 2 is negligible, indicating the tight
folding of the single/bilayer graphene covering over the NW. (d) Width comparison between covered and uncovered parts of the NW under thick
graphite (the distance between the layer and substrate is approximately 17 nm at their border as extracted from profile 3). Note that the height of
profile 2 has been offset to the lowest point aligned with profile 1 for easy width comparison between the two profiles. In the original image, it is
positioned 17 nm above the substrate (in line with the multilayer graphene). As can be seen, despite the thickness of the covering multilayer
graphene, it folds over the NW. However, the width difference between covered and uncovered parts of the NW is significant.
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surfaces after hydrogen cleaning.57 The line profile analysis
performed across the NWs before and after hydrogen cleaning
shows that after the cleaning, the multilayer graphene appears
to conform more tightly around the NW, reducing the full
width at half maximum (FWHM) to the values close to the
bare wire FWHMs (Figures S6d and S7d) by ∼20 nm when
comparing the same wire and the same position on the wire.
The step heights between the substrate and the graphene are
reported to vary from 0.4 up to 3 nm.58−60 This distance can
be modified for instance by annealing the sample (above 100
°C) or by changing the humidity of the environment.61,62 In
the present case, annealing in atomic hydrogen reduces the
distance between the graphene and the III−V substrate from
typically about 1.2−0.55 nm (Figures S6e and S7e). Similar
profile comparisons that show the same phenomenon have
been performed at different locations on the sample. Another
example is presented in Figures S6f,g and S7f,g. This indicates
that annealing the sample during the hydrogen cleaning causes
the graphene to conform tighter over the substrate and NWs.
Next, we investigate the ability of atomic hydrogen to

remove native oxides in the graphene-III−V interface while
maintaining the sample morphology. Graphene, Au markers,
and NWs were identified using LEEM as seen in Figures 1e
and S8a, and the same area could then be identified in
XPEEM. During the synchrotron-based measurements, a
similar number of nanowires as in the AFM studies were
imaged. PEEM imaging of secondary electrons (Sec-PEEM)
recorded before and after hydrogen cleaning are compared in
Figure 3a,b (for overview see SI, Figure S8b). The image

contrast by secondary electrons will depend on work function
and doping of the material and gives a strong contrast between
areas with different graphene thicknesses and different
materials on the surface. As a result, the morphology and
potential changes are clearly seen in Sec-PEEM. It is found that
the morphology does not change before and after hydrogen

cleaning, indicating that the graphene, Au pattern, and NWs
are structurally intact. XPEEM maps were recorded to probe
the structural and elemental/chemical composition of the
graphene/InAs interfaces. In 4d core-level XPEEM images
were recorded with an energy window of ΔE ∼ 0.5 eV. These
images will give In element mapping across the sample area
illuminated by the photon beam (20 μm × 20 μm). As can be
seen by comparing Figure 3a,c, the areas containing graphene
and the Au markers appear dark, while the InAs regions are
brighter in the In 4d images of Figure 3c. This is reasonable as
the low mean free path of electrons at the chosen photon
energy will result in both the Au and even the single-layer
graphene attenuating the photoelectron signal from the In
underneath. After the cleaning (Figure 3d), one can still see
the same pattern of brighter and darker areas as before and
there is no indication of In droplet formation, which can occur
on the InAs surface.63 The difference in contrast between the
two In 4d images is due to the chemical shift of the In 4d peak
as the oxide is removed; this alters which part of the In peak is
effectively imaged (as the images are recorded with the same
kinetic energy of the electrons), but in both cases the In is
observed.
More quantitative spectroscopic chemical information was

extracted by recording μXPS of relevant core levels from
various regions of interest (ROIs). We have extracted the
signal from two different ROIs, one area covered by graphene
and one without. The spectra have been fitted using the IGOR
Pro software, assuming Voigt line shapes.64 Details about the
fitting process and parameters can be found in the SI.
As 3d core-level spectra for areas covered and uncovered by

graphene, both before and after atomic hydrogen treatment,
are shown in Figure 4. Four doublet components are needed to
successfully fit the spectra of the un-annealed sample (Figure

Figure 3. Morphological and elemental analysis of the samples. (a)
Sec-PEEM image recorded at a photon energy of 100 eV. The
graphene (single and folded double layer), Au markers, and NWs are
visible as indicated. The image is recorded prior to atomic hydrogen
cleaning. (b) Sec-PEEM image recorded after hydrogen cleaning. (c)
XPEEM In 4d core-level map recorded approximately in the area
marked with a yellow dashed line in (b) before hydrogen cleaning.
(d) XPEEM In 4d core-level map recorded in the same area after
hydrogen cleaning.

Figure 4. XP spectra of the As 3d core level obtained from the areas
identified in the PEEM images as covered and uncovered by
graphene. (a) Covered area before H-cleaning. (b) Uncovered area
before H-cleaning. (c) Covered area after H-cleaning. (d) Uncovered
area after H-cleaning.
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4a,b). The peak at lowest binding energy (green) corresponds
to As in the bulk (As−In). The two components at 2.8 (blue)
and 4.5 eV (pink) higher binding energy can be attributed to
the As3+ and As5+ states of the native oxide as in As2O3 and
As2O5, respectively, in agreement with the literature.

57−67 The
remaining peak, at a binding energy of 0.9 eV above that of the
bulk component, can be attributed to As0, as it occurs in
metallic As, As antisites, or other As defects.68 It should be
noted that the same components can be found both on the
graphene-covered and uncovered areas, while the absolute
intensity of the As 3d signal is lower in the covered area, due to
the attenuation by the graphene layer.
After the cleaning procedure (Figure 4c,d), the As5+

component of the native oxide has completely disappeared
and the As3+ peak has been reduced to levels close to the
detection limit. The reduction has occurred on the areas both
with and without graphene. This is an important result as it has
previously been found46 that hydrogen treatments underneath
graphene can be hindered up to 800 °C. On the graphene-free
area, the As0 component is also reduced and the bulk As
component increased after hydrogen treatment, while on the
graphene-covered area, the As0 component become dominat-
ing. We assume this discrepancy to be due to excess As atoms
after the hydrogen treatment at elevated temperatures, which
can desorb from the uncovered InAs surface, while metallic As
remains at the surface if it is covered by graphene.
For a more complete picture of the oxide removal, we also

monitored the In 4d core levels. The untreated sample (Figure
5a,b), both in graphene-covered and uncovered areas, is
dominated by a broad feature. This feature can be fitted by two
doublets (shown in blue and green) which are attributed to In-
oxide and bulk In−As, respectively.67 The chemical shift
between both components is ∼0.7 eV, which according to the

literature65,66 indicates a mixture of both In1+ and In3+ oxide
components, as in In2O and In2O3.
The peak at ca. 23 eV is attributed to the O 2s core level,

which is not detectable after the cleaning treatment, in line
with the effective oxide removal seen in the As core-level
spectra.
After hydrogen treatment, the amount of In-oxide has been

reduced in the graphene-free area (Figure 5d) and to an even
larger extent in the graphene-covered area (Figure 5c). This
confirms that the graphene does not prevent oxide removal
from the underlying substrate. However, the cleaning is less
effective for In-oxides than it is for Ax-oxides. This is due to In-
oxides being energetically more stable than As-oxides,69 and
therefore residues of In-oxides can be left even after hydrogen
treatment, as observed experimentally in previous stud-
ies.66,68,70,71

The XPS results further confirm the quality of the graphene
after cleaning. C 1s spectra (Figure S9) recorded from the
graphene area look exactly the same before and after the
cleaning, dominated by the sp2 component,72,73 which we
interpret as a sign that the graphene is not dissolved or
degraded by the cleaning process and stays intact. In addition,
to further investigate the intactness of graphene layer(s) upon
hydrogen treatment, Raman characterization of graphene
layer(s) on the original deposition substrate before and after
hydrogen treatment was performed. The results in Figure S10
show that Raman signal does not change after the hydrogen
treatment, which is another indication that removal of oxides
by atomic hydrogen annealing will leave the graphene intact.
From the XPS analysis, we can therefore conclude that the

H-cleaning has reduced most of the oxides on both graphene-
covered and uncovered areas, with some residues of mainly In-
oxides left on both areas, characterized by minor stoichiometry
differences. We do not observe substantial degradation of the
graphene during the process.

■ CONCLUSIONS
In conclusion, we found that using atomic hydrogen, it is
possible to reduce the InAs native oxide underneath graphene.
Few/single-layer graphene is found to fold tightly around InAs
NWs, and both the NWs and graphene are intact after the
cleaning procedure with the graphene folding more tightly
around the NWs. The conclusions are based on a wide range of
microscopic techniques. For a number of photovoltaic
applications that utilize graphene in conjunction with a
semiconductor,26 interface control is crucial to avoid carrier
scattering on defects or trapping in defect states. In particular,
the removal of surface oxides at relatively low temperature
(which can be achieved with atomic hydrogen annealing)
improves contact properties and improves performance of both
optoelectronic and quantum technology relevant devices.32−35

Thus, effective oxide removal and cleaning procedures open for
improved efficiency of such devices. This would also be
important for NW solar cells in which the surface plays a
significant role in determining the efficiency of the device74

where graphene can act as a transparent electrode. Doubling of
mobility has also recently been attributed to atomic hydrogen
annealing, in NW devices for scalable quantum and
optoelectronics.31 Finally, the tight folding properties of the
graphene and the clean interface would open up interesting
prospects for using graphene as a wrap-around gate electrode
for quantum technologies.24 A large contact area is needed to
achieve low resistance in the contacts, and well-defined

Figure 5. In 4d core-level spectra for areas covered/uncovered by
graphene. (a) Covered area before H-cleaning. (b) Uncovered area
before H-cleaning. (c) Covered area after H-cleaning. (d) Uncovered
area after H-cleaning.
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electrical fields inside the NW depend on both tight and well-
defined folding as well as the removal of oxide related defects
that can charge and screen. The present demonstration of
interface control is thus a step toward realizing such
applications. As interface control even with atomic hydrogen
beneath graphene is untrivial due to the rather untransparent
nature of the material, which in some cases have hindered
interface reaction. Finally, the hydrogen treatment for removal
of the native oxide has been proven to work for a wide range of
semiconductor materials, indicating that the present con-
clusions are not limited to InAs but extends more widely.
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