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ABSTRACT

Interest in the integration of graphene and semiconductor nanowires (NWs) increased dramatically during the last two decades along with
the overwhelming development of graphene technology. The possibility of combining the countless properties of graphene with the singular
optical behavior of semiconductor NWs leads the way to the design of unique photonic nanodevices. In this work, the optical response of Si/
SiGe axially heterostructured NWs deposited over a graphene monolayer is investigated. The results demonstrate the enhancement of the
graphene Raman signal under the influence of the NW. Moreover, the presence of an axial heterojunction in the NW is shown to locally
hinder this enhancement through the full confinement of the incident electromagnetic field inside the NW body around the heterojunction.
This complex interaction could be the basis for near-field probes for molecules or 2D materials, and optoelectronic devices including gra-

phene/NW interfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050049

The singular interaction of semiconductor nanowires (NWs) with
electromagnetic (EM) fields can open the door for a great number of
applications. NWs have been shown to present strong optical resonan-
ces connected to their characteristic dimensions, i.e., diameter and
length.'* Additionally, one can tune their optical properties by varying
other NW properties like composition.” Beyond their intrinsic proper-
ties, further experimental implementations of NW-based configurations
allow for extending their tunability, including additional parameters
that can be modified to control the optical response, e.g., varying the
pitch and disposition in NW arrays.” As a consequence of their unique
optical properties, semiconductor NWs can be found in all sorts of new
generation optoelectronic nanodevices, including LEDs,”” nanolas-
ers,'”"" and high-efficiency solar cells.* " All these interesting proper-
ties and their corresponding applications can be tailored by controlling
NW growth in order to design the required NW configuration.
Furthermore, both axial and radial heterostructures can be grown in
NWs without the lattice matching restrictions found in thin films.'®

The ability of NWs to locally enhance the electromagnetic field
might allow the NWss to be used as nanometric probes when deposited

on different media, e.g., measuring the local thermal conductivity of
thin films by the optical response of NWs deposited on them.'” One
can interface NWs with other molecules or living cells and study its
optical properties,'® or enhance the optical response of 2D layered
materials by depositing NW's on them."”

Interest in the integration of graphene with NWs has grown fol-
lowing the overwhelming development of graphene technology. There
have been great signs of progress on the development of hybrid gra-
phene/NW structures for nanotechnology applications over the last
decade. Interesting results can be found about the use of metallic NW's
together with graphene for the elaboration of transparent conducting
electrodes (TCE). Exceptional optical and electrical properties have
been obtained in conjunction with high mechanical flexibility by using
Cu or Ag NWs arranged with graphene in different configurations.””’
Graphene can also be used on ZnO NWs for UV photodetectors,””
which provides an improved performance with respect to conven-
tional photodetectors. Another promising field for the application of
graphene/NW structures is NW-based solar cells. The transparency of
graphene together with its electric conductivity allows its use for TCEs
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in NW solar cells. Moreover, the electronic properties of the graphene/
semiconductor junctions provide further flexibility to device design,
especially the diode-like graphene/silicon Schottky junction.”” These
promising properties have led to the investigation of graphene/Si NWs
solar cells,”** looking for enhanced performance.

Here, we present a study of the electromagnetic coupling between
Si/SiGe axially heterostructured NWs and graphene using micro-
Raman spectroscopy. Graphene provides us with the possibility of
having a one-atom layer of material near the NW, allowing to measure
the local EM field exceptionally close to the NW surface, as well as
studying the optical interaction between both nanoscale systems.

Single-layer graphene (SLG) is synthesized by chemical vapor
deposition (CVD) method on a 25-um-thick Cu foil. The resulting
SLG is polycrystalline resembling the Cu foil surface. After loading the
Cu foil in a CVD chamber, the system is heated to 1000 °C in 30 min
under 40 sccm H, flow and annealed for 30 min. For the growth,
5scem CHy is introduced additionally, and the growth is terminated
by stopping all gas flow after 30 min. To transfer SLG, PMMA A4 950
is spin-coated at 4000 rpm on SLG/Cu. The Cu foil is chemically
etched in 44 mM ammonium persulphate aqueous solution for 5 h.
Subsequently, the SLG/PMMA is kept in de-ionized water for 4h for
cleaning. The SLG/PMMA stack is transferred on the Al-coated Si/
SiO, substrate and left for drying for 12 h. Finally, the PMMA on SLG
is removed by acetone and a following isopropyl alcohol treatment.
The Al thickness is ~500 nm, enough to block any Raman signal com-
ing from the Si substrate.

Axially heterostructured Si;_,Ge,/Si/Si;_,Gey (x~0.6) NWs
were deposited over the graphene layer by drop-casting a methanol/
NW suspension. The SiGe/Si/SiGe axially heterostructured NWs were
grown by the vapor-liquid-solid (VLS) method in a low-pressure
CVD reactor using SiH, and GeH, as precursors. Further details about
the process can be found in previous work.”®
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Micro-Raman spectroscopy measurements were carried out with
a Labram UV-HR 800 Raman spectrometer from Horiba-Jobin Yvon.
The excitation and the scattered light collection were performed by
means of a confocal metallographic microscope with a high magnifica-
tion objective (X100) and 0.95 numerical aperture. A frequency-
doubled Nd:YAG laser (532 nm) was used as the excitation source.
The laser beam diameter at the focal plane is slightly below 1 um
according to the Abbe formula (¢ = 1.22 4//NA). The excitation power
was fixed to 510 =5 uW for all measurements, and the spectrum
acquisition time was 10 s.

Finite element methods (FEM) simulations were performed with
the commercial software COMSOL Multiphysics. The electromagnetic
waves in frequency domain (EWFD) module was used to solve the
Maxwell equations for the NW/graphene/substrate system under laser
light illumination. The model provides the 3D distribution of the EM
field intensity, |E| which allows us to compute the expected Raman
signal of each material since the Raman signal is proportional to the
effective excitation light intensity.””*

The first measurements were performed on graphene/SiO, sub-
strate, revealing a typical graphene Raman spectrum showing its char-
acteristic Raman bands at 1580 cm ™" (G band) and 2700cm™" (2D
band),”” Fig. 1(a). The intensity ratios I(2D)/I(G)=5.2 and I(D)/
I(G)=04 are in good agreement with the excitation wavelength
(532 nm), the absence of doping, and the polycrystallinity of SLG.”""'
The FWHM of the 2D is ~26 cm™ ' and remains stable throughout all
the experimental measurements. When these measurements are
repeated on graphene/Al-coated SiO, substrate, the Raman signal of
graphene is dramatically quenched, (Fig. 1(a) (inset)). Figure 1(b)
shows the graphene Raman signal profile when the excitation laser
beam is scanned from a region over the bare SiO,/Si substrate to an
Al-coated region. This profile shows the progressive fading of the gra-
phene Raman signal (represented by the intensity of the more intense
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FIG. 1. (a) Typical Raman spectrum of graphene; the inset shows a comparison of the Raman signal of graphene over the bare SiO, substrate and the Al-coated substrate.
(b) Integrated Raman intensity (2D Raman band) of the graphene layer over the transition from the SiO, substrate to Al. The Raman signal is quenched on Al because of its

metallic nature.
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2D Raman band) as the laser beam crosses from the SiO,/Si substrate
to the Al-coated substrate. This can be easily explained because Al is a
metal; therefore, the electric field of an incident light wave should van-
ish at its surface. Since graphene is a one-atom layer, the excitation
electromagnetic field should be extremely low because of its close
proximity to the metal. This behavior is not observed for the gra-
phene/SiO, system because as SiO, is an insulator and transparent to
visible light, the electric field does not vanish, normally exciting the
Raman signal of the graphene layer.

Let us consider what happens when NWs are deposited on gra-
phene. The experimental measurements prove that the quenched
Raman signal of the graphene/Al system is retrieved in the presence of
the NW. Figure 2 shows the representative results of a transverse scan-
ning on a SiGe/Si/SiGe NW deposited on graphene/Al across one of
its SiGe segments; the Raman intensities of both, the NW (Si-Ge
Raman band) and graphene (2D band), are plotted. There is a clear
intensity correlation between both signals: the graphene Raman signal
is severely reduced when the laser beam is out of the NW and grows
up when the laser beam progressively illuminates the NW, as moni-
tored by the NW Raman signal. This figure displays the recovery of
the graphene Raman signal in the presence of the NW.

This highlights the utility of semiconductor NWs for enhancing
the Raman signal of materials with nanometric spatial resolution even
under unfavorable experimental conditions. This also evidences the
capacity semiconductor NWs for tailoring the photon absorption.

The use of the NWs as local optical probes, when illuminated
with focused laser beams, provides a spatial resolution of a few tens of
nanometers; however, such resolution cannot be reached in the axial
direction. This limitation could be overcome by using NWs with axial
heterojunctions. We have shown in previous articles that the hetero-
junctions play a relevant role in the distribution of the electromagnetic
field when the NW is illuminated by a laser beam. The light is concen-
trated around the heterojunction (HJ), providing a potential spatial
resolution in the axial direction of a few tens of nanometers. In order
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FIG. 2. Transversal Raman intensity profile of a SiGe/Si/SiGe NW over graphene
lying on an Al substrate. The Si-Ge peak of SiGe is used as a reference of the NW
signal and the 2D peak is the reference for graphene. The signals of the NW and
graphene present a very good correlation evidencing the role of the NW in the
enhancement of the Raman signal of graphene. A comparison of two Raman spec-
tra inside and outside the NW enhancement effect is provided in Fig. S1.
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to confirm this, a 2D laser scan of the NW was performed in order to
study the role of the HJs with respect to the Raman signal of graphene.
As shown in previous works,”**** the axial HJs give additional light
absorption resonances enhancing the Raman signal with respect to the
homogeneous segments of the NW. The results of the 2D scanning are
summarized in Fig. 3. The Raman signal of graphene (2D band) is
increased when the excitation beam illuminates the NW, in accor-
dance with what was observed in the transverse scan of Fig. 2. The gra-
phene signal level is rather homogeneous throughout the NW;
however, a minimum can be observed when the laser beam runs
across the Si/SiGe HJ. A priori we expected the graphene Raman signal
to be enhanced by the HJ because of the resonance absorption at the
HJ,”*** similarly to the SiGe Raman intensity in Fig. 3.

The reasons for the quenching of the graphene Raman signal
around the Si/SiGe HJ were investigated. For this, we solved the
Maxwell equations for the NW/graphene/Al system; for more details,
see Refs. 26-28. The Si/SiGe H]J is not abrupt, but it consists of a tran-
sition region where the composition varies gradually between Si and
Si;_xGey (x~0.6), typically the HJ width lies between 10 and 30 nm
depending on the growth conditions and the NW diameter.” Figure 4
shows the EM field distribution along a heterostructured NW with a
30nm width HJ. The reference point on the Si segment is 200 nm
away from the HJ. We can see in Fig. 4 that the EM mode distribution
is radically different for the two situations. The Si segment shows a
near two-lobe field distribution, while the field at the HJ is formed by
just one localized lobe fully enclosed inside the NW. This electric field
distribution inside the NW can account for the quenching of the
Raman signal of graphene in the presence of the HJ. When the HJ is
illuminated by the laser beam, the EM field on the HJ region is fully
localized inside the NW, forming a single lobe pattern; in other words,
the HJ is very efficient collecting the electromagnetic field. The optical
mode is almost fully confined inside the NW; therefore, the electric
field at the NW/graphene interface is very low, and the graphene layer
is only weakly excited. Such electric field confinement does not take
place for the homogeneous segments of the NW, where the electromag-
netic field is enhanced at the NW/graphene interface with the

Si SiGe 2D

-

FIG. 3. 2D Raman mapping of a SiGe/Si/SiGe NW over graphene lying on an Al
substrate, showing the Raman signals of Si (blue), SiGe (red), and graphene 2D
(green) peaks. The enhancement on the lower HJ (leading) can be detected on the
Si-Si (SiGe) signal (red). The graphene 2D band (green) is rather homogeneous
throughout the NW presenting a minimum that coincides with the Si/SiGe HJ.
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FIG. 4. EM field distribution for two different positions along the NW axis: Si seg-
ment and the HJ. The plane on the Si segment is 200 nm away from the HJ plane.
The plot shows the localization of the EM on the NW center at the HJ, but not on
the Si segment.

o

concomitant enhancement of the Raman signal of graphene. The locali-
zation of the EM field inside the NW at the HJ should account for the
partial suppression of the Raman signal arising from graphene, as
experimentally observed. Moreover, it evinces the light-harvesting capa-
bilities of axially heterostructured NWs by confining the incident EM
field in the NW interior, as well as the possibility to achieve a 3D locali-
zation of the EM field at a deep subwavelength scale inside the NW.

It is interesting to note that, of the two HJs, the SiGe/Si one (up)
does not show local electric field enhancement, and therefore, the gra-
phene signal at this HJ is not quenched (see Fig. 3). The different
response of both HJs was previously observed, and it is the conse-
quence of their different abruptness.”®”” Furthermore, the absence of
enhancement of the Raman signal of the SiGe/Si HJ is in good agree-
ment with the absence of changes in the Raman signal of graphene
when this HJ is illuminated.

In conclusion, semiconductor NWs are useful to enhance the
optical response (monitored by the Raman signal) of a graphene layer
deposited on a metal substrate. This recovery is related to the nanoan-
tenna behavior of the NW, which localizes the electromagnetic field in
the vicinity of the NW/graphene contact region, allowing for the
retrieval of the Raman signal. Contrarily to the expected enhancement
of the Raman signal of graphene, a quenching effect was observed
when it is in contact with the Si/SiGe HJ. Even if it appears counterin-
tuitive, due to the resonance absorption reported for the NW HJs, the
results are in perfect agreement with the EM-FEM simulations. The
model predicts a localization of the EM field inside the NW around
the HJ region, almost vanishing at the NW/graphene contact region,
which prevents the excitation of the Raman spectrum of graphene.
The antenna behavior of the NW is able to localize the field in the NW
radial direction, while the presence of axial HJs allows to control the
excitation in the axial direction at a nanometric scale. As a result, it is
possible to completely manage the 3D field localization of the EM field
on a deep subwavelength scale by using different NW heterostructures,
e.g., superlattices. This behavior can be tailored using different HJs,
although further work is required to study the light trapping properties
of different HJs. This light/matter interaction can be the basis for the

ARTICLE scitation.org/journal/apl

application of semiconductor NWs as near-field probes for molecules
or other materials near their surface.

See the supplementary material for a comparison of two Raman
spectra inside and outside the NW enhancement effect.
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