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Spatial Modulation of Vibrational and
Luminescence Properties of Monolayer
MoS2 Using a GaAs Nanowire Array
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Abstract— The integration of transition-metal dichalco-
genides (TMDs) with non-planar substrates such as nanopillars
provides a way to spatially modify the optical properties mainly
through the localized strain. Similar studies to date have utilized
insulating SiO2 nanopillars. Here, we combine monolayer MoS2
with free standing GaAs nanowires (NWs), in views of coupling
their semiconducting properties. We find that monolayer MoS2
exhibits three different configurations: pierced, wrapped and
tent-like. We demonstrate how to identify the configurations
by optical microscopy and elucidate the impact on the vibra-
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tional and luminescence characteristics by confocal spectroscopy
mapping. In particular, we highlight the increase of intensity and
shift due to the photonic properties of nanowires and increase in
dielectric screening associated with the GaAs NW. This work
signifies the first step towards the use of vertical III-V NW
arrays as a versatile platform for spatially engineering the optical
properties of TMDs.

Index Terms— Nanowires, photoluminescence, Raman spec-
troscopy, transition-metal dichalcogenides.

I. INTRODUCTION

TWO-DIMENSIONAL materials have emerged as a
promising new platform for optoelectronic applications

such as transistors [1], solar cells [2], detectors [3] and
single photon emitters [4]–[6]. Monolayer (ML) transition-
metal dichalcogenides (TMDs), in particular, show interest-
ing optical, electronic and mechanical properties, including
direct bandgap [7], large exciton binding energies [8] and
spin and valley-selective optical transitions [9]. The ease
of various transfer methods [10] has enabled integration
with a high variety of substrates, including non-planar
surfaces [5], [11]–[15].

The attributes of the interface with the substrate exert
a direct influence on the ML-TMD characteristics, due to
the monolayer character. For example, non-planar substrates
spatially modulate the strain. This modulation can be exer-
cised using different nanostructures such as nanoparticles
and nanopillar/NWs [12], [14], [15]. In addition, Fermi level
alignment with the substrate alters the carrier concentration in
TMDs through charge exchange [16]. This provides the ability
to modulate the carrier concentration in TMDs by changing
the substrate characteristics.

The integration of ML-TMDs with patterned non-planar
substrates constitutes an appealing platform to engineer
ML-TMDs. In particular, it has been shown that nanopillars
induce a localized strain, resulting into a local change of the
band structure. This can either induce exciton funneling at
low temperatures [17] or efficient exciton to trion conversion
at room temperature [18] in the direction of the nanopillar
tip, where the strain is maximum. This enables efficient
charge collection, desirable for bright single photon emission.
Following this strategy, nanopillars were used to control-
lably create single photon emitters in ML-TMDs such as
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Fig. 1. Schematic (top) and corresponding SEM image (bottom) of a GaAs
NW array (a) after growth, (b) after Ga droplet removal and (c) after MoS2
flake stamping.

WSe2 [5], [13]. To the best of our knowledge, most works have
used insulating SiO2 nanopillars. The SiO2 is not ideal in this
application since it contains trapped charges, which creates
a fluctuating dielectric environment. This causes spectral and
intensity fluctuations in the optical emission of the localized
emitters [19]. Epitaxially grown III-V substrates, on the other
hand, can provide a cleaner charge environment at the interface
with ML-TMDs due to the absence of trapped charges [19].
In the form of nanowire (NW) arrays, III-V substrates can
be used to create localized strain in TMDs. Additionally, the
aspect ratio and pitch of the NW arrays can be modulated
to systematically vary the strain. In addition, doping of III-V
NWs provides an additional path towards the modification of
the potential landscape in the ML-TMD [20], [21].

In this work, we combine ML-MoS2 with GaAs NWs on
silicon. By performing optical and atomic force microscopy
maps on the same regions we identify three different config-
urations that the ML-MoS2 adopts. We then acquire Raman
and photoluminescence (PL) spectroscopy maps to elucidate
the effect of NWs on the properties of the ML-MoS2.

II. RESULTS AND DISCUSSION

We start by providing an overview of the studied system.
Fig. 1 shows a schematic drawing and the corresponding scan-
ning electron microscope (SEM) image of a GaAs NW array at
each stage of the sample preparation. GaAs NW arrays were
grown by molecular beam epitaxy (MBE) on Si substrates,
following [22], [23]. Fig. 1(a) corresponds to the NW array
after growth. The NWs are arranged in a square lattice of
1.6 μm side. The measured diameter and height of the NWs
are ∼55 nm and 300 nm respectively. The inset highlights
a representative GaAs NW with Ga droplet on top. Prior to
flake transfer, the Ga droplets were etched away in 37% HCl
solution (fig. 1(b)). We feature a representative single NW in
the inset of fig. 1(b) where the Ga droplet is clearly absent.
The GaAs NWs were exposed to atmospheric environment
less than 2 days prior to the ML transfer. Based on previous
publications on GaAs epilayer, we expect formation of ultra-
thin GaOx (1 nm around) on the lateral surface [24]. ML MoS2
flake was then transferred on the GaAs NW array. Fig. 1(c)
depicts the SEM image of the NW array after transfer of

Fig. 2. (a) Bright-field optical image of the MoS2 flake after transfer to
GaAs NW array. (b) Magnified optical image from the bottom left corner of
the NW array as indicated in (a). The insets show magnified views of NWs
with three different types of optical contrast labeled as type-I, II and III.
(c) A 3-D AFM image from the area denoted by yellow box in (b).
The dotted rectangles denote the three different configurations of the flake
on NWs. 3-D AFM and SEM images, respectively, of (d)-(e) type-I and
(f)-(g) type-II configurations as indicated by red and blue dotted rectangles
in (c).

a ML MoS2. The inset shows a single NW with a flake on top.
In this particular case, the flake is suspended on the NW tip
forming a tent-like structure. More details on NW growth and
flake transfer can be found in the Methods section. Monolayers
were identified from the optical contrast and from the optical
transmission of the flake prior to transfer and confirmed by
Raman spectroscopy. The frequency difference between the
in-plane and out-of-plane Raman peaks for a ML was found to
be 20 cm−1 (Supplementary information fig. SI-1) in agree-
ment with previous studies [25].

A. Configuration Identification

We turn now to the identification of the configurations
adopted by the ML-MoS2 on the NWs. Fig. 2(a) shows an
overview bright-field optical image of the monolayer MoS2
flake on NWs. A magnified optical image from the bottom left
corner of the array is shown in fig. 2(b), which is marked by a
black dashed square in (a). The dotted lines in fig. 2(b) mark
the edge of the NW array. Three different optical contrasts
were identified. We have highlighted the three representative
examples with colored dashed lines and further magnified
them in the inset of fig. 2(b). We label them type-I, II and III.
They are respectively characterized by a half dark/bright, full
bright and full dark spot.

In order to understand the topology of the flake
on the NW array, the sample was studied by atomic
force microscopy (AFM) and SEM. Fig. 2(c) shows a
three-dimensional view of the AFM image taken from the
bottom left corner of the NW array identified with a yellow
box. The AFM measurement shown in fig. 2(c) clearly reveals
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that the flake does not lie identically on all NWs. Type-I and II
configurations appear spiky, while configuration III exhibits a
shorter tent-like shape. The latter corresponds to shorter NW
structures that might have been broken during the transfer
process. More details of type-III NWs can be found in
Supplementary information fig. SI-2. A closer look on the
type-I and type-II configurations is shown in figs. 2(d)-(g),
represented by 3-D AFM and SEM images. For the type-I
configuration, the flake is conformal to the NWs as evident in
figs. 2(d) and (e). Moreover, the flake is disconnected from rest
of the flake around the NW on most sides. The flake tends to
wrap around the NW.

3-D AFM and SEM images of type I and II configurations
are shown for direct comparison in figs. 2(d) and (f), and
(e) and (g), respectively. The flake appears to be pierced by
the NWs in the case of type-II configuration. This is evident
in the SEM image of fig. 2(g). The pierced flake mostly
lies close to the bottom of the NW. We observe a clear
correlation between the optical contrast and the flake topology
on a NW. The optical contrast found in the optical microscopy
can be used to reliably identify the flake configuration on
the NWs. Statistics on a small region of the array is provided in
Supplementary Information fig. SI-3. Most of the NWs exhibit
type-II (pierced) configuration while type-I and III constitute
a small proportion of the NWs in the array. Out of 124 NWs,
on average type-I and III constitute 10% each, while the rest
are found to be type-II.

In the areas between the NWs, the flake lies in contact with
the substrate. We think this is because of the large NW pitch,
in contrast to the reduced NW diameter. In some regions, the
flake exhibits ripple-like lines which may have been produced
during the transfer process [11]. We also identify some regions
of the flake in between the NWs which appear to be folded.
Borders of folded regions may appear as faint black lines in
the optical image in fig. 2(b). We think that folding may have
occurred during the transfer process. For further confirmation,
a representative SEM image of a folded region is provided in
fig. SI-4. For future studies, we suggest to explore the transfer
of wafer size monolayers in the attempt of improving the
controllability of the ML-on-NW configurations throughout
the array [26], [27].

B. Optical Spectroscopy

We now address the effect of the monolayer MoS2 configu-
ration on the vibrational and luminescence properties. Several
aspects may be of influence, such as strain and charge trans-
fer/interface with the substrate [12], [28]. Raman spectroscopy
is a non-destructive tool to study strain and electronic charge
effects in 2-D materials [29], [30]. In particular, it is well-
known that the in-plane Raman mode (E2g) of MoS2 is sensi-
tive to strain [31] while the out-of-plane Raman mode (A1g) is
more responsive to variations in the carrier concentration [32].

Fig. 3 presents the Raman mapping results of the sam-
ple shown in Fig. 2. Fig. 3(a) corresponds to the optical
image of the region investigated. The numbers correspond
to representative points where the spectra were extracted.
Fig. 3(b) displays these selected Raman spectra, which have

Fig. 3. (a) Optical image of region of the MoS2 flake on NWs mapped
in Raman measurements. (b) Raman spectra corresponding to the points
indicated in the optical image in (a). The spectra are grouped according
to the flake configuration labeled as “folded” (points 3, 4 and 7), “tent-
like” (points 11, 12, 13 and 14), “pierced” (points 1, 5, 9) and wrap-around
(points 2, 6, 8 and 10). “ref” indicates a reference point on the ML outside
the array. (c) and (d) show the Raman maps representing E1

2g and A1g peak
positions acquired from the area depicted in the optical image. The black
dashed lines in (a), (c) and (d) indicate edges of the NW array.

been grouped according to their configuration. These were
identified from the optical contrast as discussed in the previous
section. The groups are labeled as “folded” (points 3, 4 and 7),
type III “tent-like” (points 11, 12, 13 and 14), type II “pierced”
(points 1, 5, 9) and type I wrap-around (points 2, 6, 8
and 10), respectively. As a reference, the Raman spectrum
acquired from a point on the ML outside the NW array
is also provided. This point is denoted as “ref” in fig. 3.
Figs. 3(c) and (d) correspond to the maps of E1

2g and A1g
Raman peak positions acquired from the same area as the
optical image. The black dashed lines indicate the edges of
the NW array.

We now compare each group of spectra with the reference.
The symbols in each spectrum indicate the raw data and
solid lines are the corresponding Lorentzian fits. Results of
the fits have been listed in the Supplementary information
Table-1. For the reference spectrum, the E1

2g and A1g peak
positions are located at 385.9 and 406.4 cm−1 respectively
with a frequency difference, �f ∼ 20.5 cm−1 compatible
with a monolayer MoS2 [25]. Spectra from points 3, 4 and 7
corresponds to regions where the MoS2 has been folded. The
spectra exhibit a redshift of the E1

2g mode (∼1.5 cm−1)
and a blueshift of the A1g mode (∼1 cm−1). The frequency
difference between the two modes at these points was found to
be 22.5 cm−1. Additionally, enhanced intensity of the Raman
peaks is observed for this configuration, when compared to the
reference. Both of these factors are consistent with a multilayer
behavior [25], [33]. Such regions can also be identified in the
Raman maps of fig. 3(c) and (d) with a blue and green texture
which indicates an increase in �f.

The second group of spectra represents a “tent-like” con-
figuration. The Raman spectra at these points (11, 12, 13
and 14) are characterized by a downshift in both the E1

2g



7000108 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 58, NO. 4, AUGUST 2022

and A1g modes. The E1
2g mode redshifts by 0.7 cm−1. This

is attributed to a tensile strain induced by the NW in the
ML flake. In this configuration, the flake is supported by
the NW and forms a tent. Such tent-like structures on SiO2
nanopillars have been shown to induce a tensile strain in
the monolayer [12]. In addition, the A1g mode also redshifts
by 0.9 cm−1. We attribute this to either an unintentional
doping or charge transfer in the flake from the underlying
substrate [34].

In the third group of spectra (1, 5 and 9), the flake has
been “pierced” by the NWs. The Raman peak positions in
spectra from points 1 and 5 are similar to the reference and
do not show any considerable shift. Only in the case of
point 9, a small redshift in both the Raman modes is observed.
Similarly, for the fourth group of spectra (points 2, 6, 8 and 10)
labels as “wrap-around,” the shift at each point is slightly
different. For instance, points 2 and 10 are characterized by
a redshift of the E1

2g (∼1 cm−1) mode compared to the
reference, whereas for points 6 and 8, the E1

2g peak position is
similar to the reference. In case of the A1g mode, points 2 and
8 show a redshift (∼0.8 cm−1) in comparison to the reference
peak, while for points 6 and 10, no considerable shift in the
A1g peak position is observed. From the peak shifts observed
above, the Raman spectra for “pierced” and “wrap-around”
configurations do not show a clear trend. There is a point-
to-point variation even within these two groups. This is in
contrast to the “folded” and “tent-like” configurations which
showed a clear multilayer behavior and redshift in both the
Raman peaks, respectively. This is an interesting observation
which we attribute to the fact that the “pierced” and “wrap-
around” configurations are more disordered compared to the
other two configurations. For example, when a flake is pierced
by the NW, it can either be fully or partially pierced. A fully
pierced flake will then lie flat on the substrate around the NW.
For a partially pierced flake, the topography will be different
from NW to NW depending on how the flake gets pierced.

We thus note that the strain profile in each case will be
complex and can either be partially or fully relaxed implying
non-uniform shifts in the E1

2g peak. A similar reasoning
can be made in case of the wrap-around configuration with
variations in how the flake wraps around the NW. Likewise,
the shifts in A1g peak will also depend on how the flake
interacts with the substrate. The flake is either in contact with
the SiO2 substrate or GaAs NWs or both. This again implies
non-uniform shifts in the A1g peak. At this point, individual
effects for these two configurations cannot be distinguished.
Although variations in the Raman peaks, in general, provide
a proof of strain and charge transfer induced due to coupling
between the ML MoS2 and GaAs NWs.

We now turn to correlate the flake configuration with
the luminescence properties using confocal PL spectroscopy.
Fig. 4 presents the confocal PL mapping of the ML MoS2 on
GaAs NWs. Fig. 4(a) shows an optical image of the region
mapped in the PL measurements. Fig. 4(b) and (c) show the
PL energy and intensity maps, respectively, corresponding to
the area shown in (a). The dashed black lines indicate edges
of the NW array. Fig. 4(d) shows the PL spectra extracted
from the points indicated in figs. 4(a) and (b) and correspond

Fig. 4. (a) An optical image of the region mapped in the PL measurements.
(b) and (c) show the PL energy and intensity maps, respectively, corresponding
to the area shown in (a). The dashed black lines indicate edges of the NW
array. (d) PL spectra extracted from the points indicated in (a) and (b),
corresponding to the points used in the Raman measurements except the
reference. A new reference point is taken for PL spectral comparison, denoted
as “ref (PL).” (e) An intensity linescan across the cross-section indicated by
a dashed yellow line in (c).

to the points studied in the Raman measurements except for
the reference. The reference point on the ML used for Raman
spectral comparison (denoted as “ref (Raman)”) is close to the
edge of the NW array. The PL emission peak from the ML
shows a blueshift as we approach the edges of the NW array.
An additional reference point is taken far away from the array,
denoted as “ref (PL).”

We now compare the PL spectra from MoS2 on NWs
with the reference. As shown in fig. 4(d), the PL spectra are
characterized by two main features: a dominant peak centered
around 1.9 eV and a broad band in the range of 1.6-1.85 eV.
The peak at 1.9 eV is attributed to excitonic emission in ML
MoS2 [35]. The PL emission shows a blueshift of 10-15 meV
throughout the whole nanowire area, i.e., independently of the
configurations of the ML on top of the NWs, in comparison
to the reference. The origin of this blueshift will be discussed
in detail below. The broad emission band in the range of
1.6-1.85 eV is attributed to the L-band emission caused by
the existence of passivated S-vacancies [36]. S-vacancies in
exfoliated single layers of MoS2 are usually passivated by
oxygen atoms which are present either as part of adsorbates or
as substitutional atoms [32]. In our case, this band is observed
in all PL spectra, without any changes between the ML MoS2
on NWs or reference.

The luminescence properties of monolayer 2-D materials
can be affected due to (i) strain [37], (ii) charge transfer [16],
(iii) defect passivation [38] and (iv) dielectric screening [39].
Below we make a systematic discussion on how these effects
might contribute to the origin of the blue shift of 1.9 eV
PL peak observed in our case.

1) Strain and Charge Transfer: We observe only a small
shift of the E1

2g and A1g Raman modes in the ML MoS2
on NWs. This indicates a marginal effect of strain and doping
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on the PL spectra of ML MoS2 on NWs. However, considering
that there is no systematic trend in the shift of the Raman peaks
in the ML MoS2 on NWs (fig. 3), it is unlikely that this is
the main cause of the consistent blue shift of the 1.9 eV peak
that is observed in ML MoS2 on NWs.

2) Defect Passivation: The physical adsorption of water
and oxygen molecules at S-vacancies on MoS2 may lead to
passivation of defects and introduce p-type doping compared
to ideal MoS2 surface [40]. This leads to a trion to exciton
conversion and could result in a blueshift of the PL peak.
A blueshift of 40 meV is observed even for a thin layer of
adsorbates and is typically followed by an enhancement in the
PL intensity [41]. Considering that S-vacancies have already
been passivated in our sample, based on the appearance of
L-band [32] in PL spectra, and there is no change in the shape,
intensity or position of the L-band between the reference and
the ML MoS2 on NWs, we can exclude this effect as a reason
for the blueshift of the PL emission peak.

3) Dielectric Screening: Engineering the surrounding
dielectric environment can also modify the PL emission
in ML-TMDs [39]. For example, the dielectric constant of
the environment has a strong effect on the exciton binding
energy [38]. PL blueshifts up to 40 meV were observed for
the excitonic peaks by varying the effective dielectric constant
from 2 to 33 by Lin et. al. [38]. Additionally, the trion/exciton
intensity ratio can also be tuned by an order of magnitude. Fig.
SI-6 (a) and (b) present the results of a Lorentzian peak fitting
to the PL spectra of monolayer MoS2 on SiO2 (reference)
and GaAs, respectively. The two Lorentzians account for
the neutral A-exciton peak and the trion peak. The trion to
A-exciton intensity ratio extracted from the fitting is 1.27 and
0.45 for SiO2 and GaAs, respectively. This induces an overall
blueshift in the PL emission peak of 15 meV from 1.896 eV
to 1.911 eV from SiO2 to GaAs. Based on these observations,
one could attribute the blueshift observed here to an enhanced
dielectric screening of the Coulomb potential due to the high
dielectric constant of GaAs (ε = 12.9) [42], which is almost
four times that of SiO2 (ε = 3.9) [43]. This is consistent with
the prior work of Lin et. al. [38]. A further confirmation of this
is provided by PL measurements on ML WSe2 on SiO2, planar
GaAs and GaAs NW substrates (Supplementary information
fig. SI-5) where we also see a blueshift in the excitonic
emission peak of ML WSe2. Considering that Lin et. al. [38]
have used non-ionic liquids as the dielectric environment to
avoid the effects of strain and doping, in our case, we need to
take in account the effect of substrate in terms of strain and
doping on the PL spectra. As discussed previously, observation
of no systematic trend in shift of Raman peaks in ML MoS2
on NWs indicates only a marginal effect of strain and doping,
respectively. Thus, we believe the dielectric screening effect
should be dominant in blueshift of the PL emission.

The PL intensity map in fig. 4(c) shows an overall increase
in the emission intensity on the NWs compared to the planar
region. To further illustrate this in a quantitative manner,
fig. 4(e) provides an intensity linescan across the cross-section
indicated by a dashed yellow line in (c). The three regions are
denoted as no flake, off array and on array. The emission inten-
sity is normalized to the off-array part of the ML. No emission

is observed in the absence of a ML. As we approach the
ML flake, the emission intensity on the NW array is almost
twice the emission intensity off array. We attribute this to the
photonic effect of NWs which enhances the brightness around
the NWs [44]–[46]. This photonic enhancement effect can be
tuned further by optimizing the aspect ratio of the NWs [47].

III. CONCLUSION

In conclusion, we have successfully demonstrated the com-
bination of a monolayer MoS2 with a GaAs NW array.
Detailed structural studies reveal different configurations of
the flake on NWs. We evidence variations in the vibrational
properties of the monolayer as an effect of strain and charge
transfer due to the NWs. The luminescence shows a blueshift
of the PL emission peak as a result of enhanced dielectric
screening due to GaAs NWs. This provides a proof-of-concept
to combine monolayer TMDs with III-V NWs and opens up
possibilities to engineer the strain and enhance light extraction
from monolayer TMDs.

A. Methods

1) Growth: Thermally oxidized Si substrates (15 nm SiO2)
were patterned using e-beam lithography. The substrates were
etched in a 1% HF solution to remove the native oxide within
the nanoholes prior to loading into the MBE growth chamber.
Ga droplets were selectively deposited into the nanoholes for
10 minutes. These droplets serve as catalysts for the growth of
GaAs NWs. Nanowires are then grown by the vapor-liquid-
solid (VLS) mechanism for 10 minutes under Ga and As4
fluxes of 1.4 × 10-7 Torr and 2 × 10-6 Torr, respectively.
This corresponds to a GaAs planar growth rate of 1 Å/s.
The morphology of nanowires is studied using a Zeiss Merlin
scanning electron microscope (SEM) and a Bruker FastScan
atomic force microscope (AFM) in non-contact mode. The
crystal structure of the nanowires is characterized predomi-
nantly by zincblende (ZB) phase. The nanowires luminesce
around 1.5 eV at low temperature, which does not interfere
with the signal investigated here. Details on the structure and
optical properties can be found in a previous publication [48].

2) Flake Transfer: MoS2 flakes were obtained by mechan-
ical exfoliation from a natural molybdenite crystal from Moly
Hill mine (Quebec, Canada) on a Gel-Film (WF x4 6.0 mil)
supplied by Gel-Pak®. A monolayer MoS2 flake was deter-
ministically transferred to a NW array substrate using an all-
dry viscoelastic stamping process [49]. The flake exfoliated on
a Gel-Film film is attached to a glass slide and the glass slide
is used as a stamp. The stamp is first aligned with the NW
array and then brought in contact using a Z-axis manipulation
stage. Following this, a cotton bud is used to gently press the
Gel-Film stamp onto the array.

3) Characterization: For optical spectroscopy, the samples
are mounted on the cold finger of a helium flow cryostat.
The cryostat is bolted to computer controlled, motorized
X-Y translation stages, which allow two-dimensional in-
plane motion. The position of the stages is controlled with
micrometer screws, either manually or by automatized stepper
motors. Programmable automatic motors allow for mapping
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measurements, by scanning the sample surface step by step.
The PL and Raman measurements were performed using
either a CW solid state laser emitting at 405 nm or 532 nm.
The excitation beam was focused on the sample by a
50x microscope objective with a numerical aperture of 0.55,
giving a spot size of approximately 1 μm. The excitation laser
power was kept below 100 μW to avoid heating effects. For
PL mapping, the signal was detected in a confocal configu-
ration to improve the spatial resolution. The emitted PL or
Raman signal was collected through the same objective and
redirected to a spectrometer equipped with a liquid nitrogen-
cooled charge-coupled device camera.

Additional data is provided in the Supplementary
Information.
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