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Abstract
Surface optical phonons are normally considered as subtle and poorly reproducible features in
the Raman spectra of nanostructured semiconductors, from which little or no information about
the sample can be extracted. The present study demonstrates the potential for changing this
situation. For a common type of GaAs semiconductor nanowire (NW), we have shown that due
to a combination of size-resonant light concentration, tapered shape and favourable scattering
geometry, the surface phonon polariton (SPhP) Raman signal can be enhanced by orders of
magnitude. The high signal gain enables routine detailed characterisation of the SPhP peak on
an individual NW level, revealing its polarisation properties and spectral shift under variation of
the dielectric environment. This detailed characterisation was conducted using very low
excitation power density despite high absorption of the excitation light in the NW material. The
findings provide an effective way to use SPhP Raman scattering in the characterisation of
dielectric NWs and the prospect of developing novel surface sensors.

Supplementary material for this article is available online

Keywords: semiconductor nanowires, surface phonon polaritons, Raman scattering,
dielectric photonic resonances, surface sensors

(Some figures may appear in colour only in the online journal)

1. Introduction

Surface phonon polaritons (SPhPs) are quasiparticle excita-
tions existing on the surfaces and at the interfaces of non-
centrosymmetric dielectric crystalline materials [1, 2]. They
represent mixed optical–phonon–photon states, which are
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characterised by a direct optical response in the far infra-red
(IR) spectral window, known as the reststrahlen band. The real
part of the material dielectric permittivity is negative over the
reststrahlen band, which leads to the near-surface localisation
of the electric fields associated with SPhPs and their strong
sensitivity to the dielectric properties of the surrounding envir-
onment [1]. This makes SPhPs attractive for crystal surface
diagnostics and applications in surface sensors of local dielec-
tric properties or as proximity detectors. When a crystal sur-
face is in contact with (or in close proximity to) other materi-
als or species characterised by atomic vibrations with energies
appearingwithin the crystal’s reststrahlen band, the interaction
of SPhPs with these vibrations leads to strong enhancement of
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their optical response in IR and Raman spectroscopy [1, 3].
This creates another set of applications in the area of chem-
ical sensing [4–7]. Recently, there has been a sharp increase of
interest in SPhP or reststrahlen optics [2, 4, 8, 9] with the aim
of developing low-loss SPhP photonic circuits. This greatly
expands the range of possible applications for SPhPs and cre-
ates a demand for compatible far-IR optical components, such
as sources, detectors and waveguides, especially in on-chip
integratable form [10].

As a result, the role of experimental characterisation meth-
ods for SPhPs becomes even more important. Raman scatter-
ing and IR absorption–reflection spectroscopy have both been
successfully used in the past, often in combination with spe-
cialised optical coupling methods based on prisms or gratings
to study SPhPs on the surfaces and at the interfaces of bulk
semiconductor and dielectric materials [1]. However, as far
as nanostructures are concerned, traditional IR spectroscopy
is severely limited. This is due to the low diffraction-limited
resolution in the IR range, which makes visible-range-based
Raman scattering in combination with confocal microscopy
a more attractive option. Although new methods based on a
combination of scanning near-field optical microscopy with
nano-scatterers and waveguides have been demonstrated and
actively used for the evaluation of the spatial properties of
SPhPs [11], they lack the accuracy and simplicity of Raman
scattering in characterising the energy spectrum and lifetime
of SPhP excitations. Despite these advantages, examples of
successful systematic observation of SPhPs in the Raman
spectra of nanostructured materials are very rare. They include
an earlier series on GaP nanoparticles [12] and reports on
GaAs [13] and GaN thin films [14, 15]. More recently, a num-
ber of examples of experimental evidence for SPhPs were
produced in the Raman spectra of semiconductor nanowires
(NWs) [16, 17].

Semiconductor NWs are technologically mature 1D nano-
structures that are commonly made of traditional (Si, GaAs,
ZnS, etc) and also novel semiconductor/dielectric materials.
They have novel optical and electronic properties that are
not observed in other structures [18], and hence are being
developed for a variety of applications in miniaturised photon-
ics and electronics [19, 20], as well as in energy-harvesting
devices [21]. Therefore, their photonic properties are being
broadly studied.

Most often, weak but clearly distinguishable SPhP peak(s)
have been reported in Raman spectra obtained from NW
assemblies. The assemblies were either in the form of irregular
arrays and ‘haystacks’ [22–24], scattered bundles [25] or regu-
lar vertically aligned arrays on a substrate [26, 27]. In the case
of well-characterised individual NWs, we are aware of only a
few reports of well-resolved SPhP peaks in their Raman spec-
tra (see [28–30]). The reason why the SPhP peak is shown in
some reports but not routinely observed in other Raman stud-
ies of similar assemblies or individual NWs (see examples in
[31] and [32]) remains unclear, precluding the development of
any applications.

One possible reason for the elusive appearance of SPhP
peaks in the Raman spectra of NWs is the apparent inefficient

excitation of SPhPs in cylindrical geometry. From the polar-
isation point of view, an electric field polarised perpendicular
to the NW surface is required for SPhP excitation [33, 34]. In
practice, this means that the excitation light should be polar-
ised perpendicular to the NW axis. However, this condition
is known to lead to a severe attenuation of the excitation light
intensity inside a thin NW, broadly cited as the ‘antenna effect’
[35]. However, in amore general picture of NWexcitation, one
should consider the specifics of light interaction with a cyl-
indrical dielectric rod, when light can be admitted inside the
cylinder in the form of so-called cylindrical waveguide modes
with complicated polarisation patterns [36, 37]. The electric
field intensity in these cylindrical modes has a resonance char-
acter and can reach high values at specific NW diameters and
excitation angles [38–40]. The most widely cited resonance
condition, known as Mie resonance, has been broadly invest-
igated analytically and via numerical simulations for typical
semiconductors in both the cylindrical [41, 42] and spherical
geometry [43]. However, the majority of these studies focus
on light absorption efficiency, leaving the key question for
Raman scattering, i.e. the matching of the polarisation and k
vector of the resonance modes to that of the phonons, largely
unexplored. This is true even for the bulk phonon modes in
the simplest spherical geometry [44]. To the best of our know-
ledge, theoretical studies predicting conditions for the ampli-
fication of the Raman signal from surface phonons at photonic
(Mie and other) resonances are not available yet. Neverthe-
less, experimental evidence of Raman amplification on Mie
resonances has already been demonstrated in InAs [45], sil-
icon [46–48] and germanium NWs [49, 50], but only for the
bulk phonon modes.

Here we demonstrate an amplification of the Raman sig-
nal of SPhPs via resonant light concentration in GaAs NWs,
establishing the relevant experimental conditions and provid-
ing simulation-supported analysis.

2. Methods

2.1. NW growth

GaAs NWs were fabricated by solid-source molecular-beam
epitaxy (MBE) with a solid Ga source and As4 cracker cell.
B-doped silicon (111) substrates 380 µm thick were used in
the experiments. The NWs were grown with a Ga beam equi-
valent pressure, V/III flux ratio, substrate temperature, and
growth duration of 1.12 × 10−7 Torr, 44, ∼630 ◦C and 1 h,
respectively.

2.2. Sample processing

In order to obtain NWs detached from the substrate (cut-off
NWs), the as-grown sample was sonicated in ethanol using
an ultrasonic bath (60 W) for 5 min. The resulting dispersion
of NWs in ethanol was subsequently applied in drops onto a
Si/SOx substrate to deposit the cut-off NWs. The sonicated
substrates (‘shaved’ substrates) were removed from the eth-
anol and dried in a nitrogen gas flow.
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For the paraffin encapsulation, paraffin oil was applied as a
drop on the surface of an as-grown sample. For silicone encap-
sulation, a drop of freshly prepared mixture of RTV630 (Tech-
sil) resin and curing agent was placed on the as-grown sample
and slowly squeezed into a 20–30 µm thick film by a 200 µm
cover glass slide. The glass slide was removed after the RTV
polymerisation was complete, leaving the RTV film on the
sample surface.

2.3. Raman measurements

All Raman measurements were conducted at room temperat-
ure using a LabRAM (HORIBA) spectrometer equipped with
a confocal microscope, Peltier-cooled charged-coupled device
detector and HeNe laser (λ = 632.8 nm). The microscope
was equipped with a precise X–Y scanning sample stage (min-
imum step of 0.2 µm), piezo focus lens positioner and ×100
dry objective lens (NA = 0.92). For mapping, the confocal
diaphragm of the microscope was set at 1 Airy unit, result-
ing in optical resolution of the system of 0.27 µm and 1 µm
for the in-plane (X–Y) and vertical (Z) directions, respect-
ively. The excitation laser power was adjusted using a built-
in set of reflective neutral density filters, and a power level
of 12 µW was selected to minimise the laser overheating (see
supplementary figure S10, available online at stacks.iop.org/
JPD/54/475111/mmedia, and note S4 for details). Polarisa-
tion unanalysed Stokes–Raman spectra (z(x ′x ′ + x ′y ′) z̄, or
unanalysed spectra) were normally collected except where
crossed (z(x ′y ′) z̄) or parallel (z(x ′x ′) z̄) polarisation is expli-
citly noted. For polarisation control, a half-wave plate and
absorptive polariser were used. The results were corrected for
the spectrometer instrumental polarisation function.

2.4. Numerical simulation

The numerical simulations were performed using the finite
element method implemented in commercial COMSOL Mul-
tiphysics software. The results were calculated by solving
Maxwell’s equations in the frequency domain for a suspen-
ded NW and plane-wave excitation. The material optical para-
meters for GaAs have been taken from [51, 52]. NWs were
simulated as either a 4 µm or 2 µm long cylinder or a trun-
cated cone suspended in a large cavity bounded by absorbing
Perfectly Matched Layers (COMSOL). When simulating the
truncated cone shape, the top diameter is kept at half of the
pedestal diameter.

2.5. Analytical calculations

Analytical calculations were performed to obtain the disper-
sion of electromagnetic modes in a dielectric infinite cylinder
by solving equation (1) [53]:[

1
u
J ′n (u)
Jn (u)

− 1
v
H ′
n (v)

Hn (v)

][
ε

u
J ′n (u)
Jn (u)

− εm
v
H ′
n (v)

Hn (v)

]
= n2

k2z
(ω/c)2

(
1
v2

− 1
u2

)2

(1)

where v = kmR, u = kR, n is an integer, and Jn and Hn are
standard Bessel (first kind) and Hankel functions; kz denotes
the mode complex wavevector along the cylinder axis at fre-
quency ω. k and km are the transverse components of the mode
wavevector inside and outside the cylinder, respectively:

k2 = ε
ω2

c2
− k2z , km

2 = εm
ω2

c2
− k2z .

The dielectric permittivities of the cylinder and embedding
medium are ε and εm, respectively, with corresponding refract-
ive indices n = (ε)1/2 and nm = (εm)1/2. The cylinder material
(GaAs) is assumed to be non-magnetic. Only guided modes
(with kz > ω/c) have been calculated. The calculations were
done using commercial Matlab software.

3. Results and discussion

3.1. Hot spots in Raman mapping

GaAs NWs were fabricated by MBE with self-catalysed mode
on silicon substrates. They have an average diameter of 50–
70 nm and length of 4–6 µm, with characteristics typical of
the chosen growth method, which were described in detail in
earlier publications [54, 55]. At the substrate-NW interface
(figure S1), there is a layer of aggregates with a thickness of
300–500 nm, known as ‘parasitic clusters’. The clusters share
the same crystallographic orientation as the NWs, but they
have an irregular morphology.

Raman mapping of the as-grown GaAs NW samples
revealed strong highly localised maxima (hot spots) that have
an integral signal intensity exceeding that of the individual cut-
off NWs (see section 2) by two orders of magnitude. A typical
map of the integrated Raman signal taken with the objective
focussed at ∼2 µm above the substrate level (mid-height of
NWs) is shown in figure 1(a) (see also figure S2(a)). The dens-
ity of the hot spots varies across the sample, but it is always
less than 10% of the average NW density. This Raman hotspot
phenomenon is common for NW samples grown over the time
span of a year.

A correlated study of the Raman maps and corresponding
scanning electron microscope (SEM) images allows the origin
of the hot spots to be established. Figures 1(b) and S2(b) show
representative Raman maps overlaid on top-view SEM images
of the same area of the samples. Zooming in on this com-
posite map (figures 1(c)–(e), S3(a), (b) and S4(a), (b)) reveals
that the Raman maxima are correlated with the distribution of
thicker and tapered NWs. The geometrical parameters of these
thicker NWswere obtained from their SEM images taken at an
inclined view to the sample normal as shown in figures 1(f)–
(h) and S3(c)–(f). In total, 16 hot spots across two samples
were characterised in this way and the mean half-height NW
thickness at the hot spots was obtained as 110.7± 21 nm. This
value is 1.5–2 times larger than the diameter (50–70 nm) of the
majority of NWs. The latter also do not show any prominent
tapering. The length-averaged taper of hot-spot NWs is within
the 0.3◦–0.7◦ range. This taper corresponds to ≈2 times dia-
meter variation over the typical NW length of 3–5 µm.
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Figure 1. Raman map of as-grown GaAs NW sample. (a) Integral intensity map of GaAs phonon band. Scale is in µm. (b) Same map as
(a) (green colour) combined with mapping of Raman signal from the silicon substrate (red colour) and superimposed on SEM top-view
image. Scale bar is 10 µm. (c), (d) Zoom into the Raman and composite maps shown in (a) and (b), respectively. Scale in (c) is in µm and
scale bar in (d) and (e) is 2 µm. (e) SEM image of the same area as (d) taken at 10◦ inclination. NWs highlighted in yellow are related to the
brightest green spots in (c) and (d). (f), (g) SEM images of the selected hot-spot NW from (e) (encircled in orange) taken at different angles:
(g) top-view; (f) view at 10◦ inclination to the left side; (h) view at 10◦ inclination to the down side. Same scale bar of 500 nm is applicable
for (f)–(h). The selected NW is isolated from other NWs and characterized by slightly elongated cross-section, thickness d ≈ 107 nm at
half-height, taper ≈ 0.8◦, and height ≈ 3.1 µm.

The scattering geometry employed (figure 2(a)) allows for
mapping along the NW height (length) on as-grown samples,
adding a third dimension to the Raman map. From the 3D
Raman mapping of the hot spots shown in figure 2(b) (also

see figure S5), the maximum of the Raman signal is often loc-
ated at the mid-height level of the NW, not at the thicker base
as might be intuitively expected. This also implies that the
Raman signal from the underlayer of thick clusters typically
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Figure 2. (a) Schematics of the scattering geometry used in experiment. (b) 3D map of integral Raman intensity of a group of hot spots.
Green-colour isosurface (at 25% of max signal) is smoothed for clarity and shown together with maximum intensity projections in x, y and z
directions. Scale division is 1 µm for all axes. Bottom of z scale is at 0.5 µm below the substrate level.

present in our samples (figure S1) is much weaker than that
of the hot spots. From the mapping of the ‘shaved’ samples
(see section 2 and figure S1(b)), it was established that the
Raman signal from the clusters is about an order of magnitude
lower than that of the hot spots, despite the larger volume of
material involved in the clusters. Moreover, the Raman signal
magnitude from dozens of GaAs NWs glued into one stand-
ing up bundle (see figure S6(a)) remains about ten times lower
than that of an individual hot spot. Thus, the magnitude of
the hot-spot signal cannot be simply associated with the lar-
ger volume of the related NWs combined with the vertically
standing orientation.

3.2. Raman spectra of hot spots

Hot spots are also characterised by an unusual Raman spec-
trum, different from that of the background (figures 3(a) and
S3(g)). Extra care has been taken to separate any overheat-
ing effects. For that, the spectra were recorded for an incid-
ent laser power range from 1 to 120 µW and the heat-induced
spectral line shift was used to select a suitable laser power
(see figure S10 and note S4 for details). In general, the Raman
spectra of the hot spots can be decomposed into three distinct
peaks as shown in figure 3(b) (see also figures S3(h) and S7
and note S1). Two of them, identified as transverse (TO) and
longitudinal (LO) optical phonon modes, have spectral pos-
itions at 269.2 ± 0.5 cm−1 and 292.5 ± 0.4 cm−1, respect-
ively, which agrees well with bulk GaAs data [56, 57]. Accord-
ing to the phonon theory of an ideal single-oscillator polar
crystal, any modes in the frequency gap between bulk TO
and LO modes are surface or interface related. Thus, the third
dominant peak has been identified as a surface optical (SO)
phonon mode, namely SPhP as confirmed below. Its spectral

position varies within the 285–288 cm−1 range for different
hot spots (figures 3(b) and S7). The full width at half max-
imum of the SO peak is 5.6 ± 0.5 cm−1, which is signific-
antly larger than the ∼3.5 cm−1 obtained for the TO and LO
peaks (figure S7 and note S1). The SO peak is unique to the hot
spots and is not observed in the spectra of clusters (figure 3(a)),
NW bundles (figure S6(b)) or cut-off NWs (figure S8(b)
and note S2).

The hot-spot Raman spectrum was investigated at differ-
ent z levels along the NW length (height) to probe the expec-
ted effect [34] of changing the NW thickness on the SO peak
position. For that, two particularly long (tall) hot-spot NWs
were selected and the spectra were collected at 2 µm inter-
vals, which is well above the z-axis resolution (see section 2)
of our setup. As shown in figure 3(c) for one such hot spot, no
prominent SO peak shift was detected in the spectra taken at
different z levels. A similar result was obtained for the second
selected tall NW. At the same time, the SO intensity is sharply
peaked in the middle part of the NW (z = 3–5 µm), similar
to the integral signal distribution shown by the 3D map in
figure 2(b). This suggests that both the overall Raman signal
intensity and the SO peak position are defined by the relat-
ively short ‘bright’ middle segment of the NW length. In the
simulation section, we show that the appearance of the bright
segment is related to the NW tapering.

The Raman spectrum of GaAs hot spots is often sensitive
to the rotation of the laser polarisation in the substrate plane,
and the hot-spot NWs displaying sensitivity to the polarisation
rotation are characterised by an elongated cross-section (see
figures 4(a), (b) and S4). The polarisation rotation strongly
affects both the amplitude and position of the SO peak, while
TO and LO peaks show moderate amplitude variations only.
Specifically, a higher amplitude and spectral red-shift of the
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Figure 3. Raman spectra obtained on as-grown samples.
(a) Normalised spectra of a hot spot and clusters. (b) and (c)
Individual hot spots with blue-shifted (top panel) and red-shifted
(bottom panel) SO peak position. Fitting by three Voigt peaks and
peak assignment are shown as well. (c) Spectra taken on the same
hot spot at different focal position z (z = 0 at substrate). Spectra are
offset for clarity.

SO peak is observed when the laser polarisation is aligned
along the longer dimension of the NW cross-section (see
figures 4(b), (c) and S4), which explains the variation of the
SO spectral position between the hot spots (figure 3(b), figure
S7). In hot-spot NWs with a round cross-section, the SO peak
position was always found at 288 ± 0.6 cm−1 (see figure 4(d)
and (e), in air and figure S3). This behaviour of the SO peak
in NWs with an elongated cross-section is different from the
radius-dependent spectral shift observed in NWs with a round
cross-section [25], and to the best of our knowledge it has
not been discussed in the literature. It is analysed in detail
in our follow-up paper [58], where it is explained by the
shift and splitting of SO modes induced by the cross-section
asymmetry.

A commonly accepted experimental test [1, 12, 24] for the
surface origin of the phonon peak in a Raman spectrum is
its spectral shift under variation of the dielectric constant of
the media surrounding the sample. Most often, paraffin oil
(nujol) having an IR dielectric constant ε = 2.15 has been
used [12, 24]. In the present study, the encapsulation (see
section 2 for details) of NWs on as-grown samples within a
thin layer of paraffin oil or polymerised silicone resin (ε= 2.0,
−2.5 [59]) has been employed. Figure 4(F) shows the Raman
spectra averaged over several hot spots with presumed round
NW cross-section (also see figure S9 and note S3 for details)
taken before and after encapsulation. The comparison of these
spectra shows a clear red-shift of 2–3 cm−1 of the SO peak
(indicated by the blue arrow) under both paraffin and silic-
one encapsulations. Qualitatively, this result proves the sur-
face origin of the assigned SO peak. The quantification of
the encapsulation effect will be discussed later. Extra inde-
pendent evidence for the surface origin of the SO peak has
been obtained via the laser oxidation study (see figure S11 and
note S4).

3.3. Numerical simulations

The experimental results indicate that the abnormal enhance-
ment of the Raman scattering signal as well as the appear-
ance of an SO (SPhP) peak is the result of the combination of
the specific scattering geometry and morphological paramet-
ers of NWs. Excitation light couples with a NW in a highly
inhomogeneous manner, which makes a standard Raman scat-
tering picture based on plane wave interaction inapplicable.
Instead, the approach based on the modal analysis of light–
NW coupling has been employed. As a first approximation for
high-aspect-ratio and lightly tapered NWs, the light propaga-
tion modes of an infinitely long non-absorbing dielectric cyl-
inder have been considered, for which an analytical solution
is available (see equation (1) in section 2). It is expected that
some of these cylindrical modes could be excited by the laser
beam in the excitation geometry employed (see figure 2(a)) in
our experiments, leading to a high intensity of light field inside
the NW and hence to strong enhancement of the Raman signal.
For the excitation geometry with a laser beam directed parallel
to the NW axis, the mode excitation efficiency cannot be pre-
dicted by analytical methods (in contrast to the case of Mie
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Figure 4. (a) SEM images of the hot-spot NW with elongated cross-section taken at normal (left) and inclined (right) viewing angle. Left
image shows the cross-section parameters. Scale bar is 100 nm (left) and 500 nm (right). (b) Unanalysed Raman spectra of the hot spot from
(a) at two perpendicular laser polarizations. The SO spectral shift between the spectra is indicated. (c) Fitting of spectra from (b) by Voigt
peaks. (d) SEM image of the hot-spot NW of round cross-section taken at normal (left image, scale bar is 100 nm) and inclined (right, scale
bar is 500 nm) viewing angle. (e) Unanalysed Raman spectrum of the hot spot from (d). (f) Normalised unanalysed Raman spectra
illustrating the effect of paraffin (upper panel) and RTV (lower panel) encapsulation.

photonic resonances), hence a numerical simulation approach
has been used.

3.4. Photonic resonances

From the simulation results, the volume-averaged excitation
light intensity inside the GaAs cylinder was calculated as a
function of the cylinder radius for a given laser wavelength of

632.8 nm excitation and cylinder length of 2–6µm. Figure 5(a)
reveals a resonance-like behaviour with two peaks in the
viable range of the NW radius, located at 52 ± 1.5 nm and
130.5± 1.5 nm. The peak positions vary slightly with the NW
length. More peaks appear if the radius is increased further
(the next one is at around 215 nm and is not shown). Ana-
lysis of the electric field distribution (figure S12(a)) at the
resonances revealed that peaks at RC ≈ 52 and ≈130 nm are
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Figure 5. Simulated excitation field intensity. (a) Normalised average squared excitation electric field norm inside the GaAs and GaAsP
cylinders of 2, 4 and 6 µm length as a function of the cylinder radius. Inserts illustrate modal electric field distribution at the peaks. (b)
Distribution of excitation field intensity along the axial cross-section of GaAs cylinder and cone at different pedestal radius (indicated at the
bottom of each distribution). Insert illustrates excitation geometry.

associated with the excitation of HE11- and HE12-like cyl-
indrical modes, respectively (resonances at higher radius val-
ues appear to be a continuation of the HE1X series). The peak
in the RC dependence of the average light intensity inside the
NW can explain the selective enhancement of the Raman sig-
nal over a narrow part of the NW population. Indeed, the max-
imum average field for HE11 resonance in a GaAs cylinder
is predicted to occur at a diameter (2RC) of 104 ± 3 nm,
which is close to the 110.7 nm obtained for the mean mid-
height thickness of the hot-spot NWs. For quantification of
the Raman signal enhancement, it is assumed that both the
excitation and Raman Stokes components are described by the
HE11 modes. The HE11 resonant peaks for the Stokes and
laser wavelengths display strong overlap as shown in figure
S12(b), which indicates that the related field distributions are
very similar in both cases. Hence, ignoring the minor dif-
ferences in the field distribution, the variation of the Raman
signal can be approximated as a variation of the product of
Ilaser × IStokes ∝ |Elaser|2 × |EStokes|2 ≈ |Elaser|4. In the |Elaser|4

approximation, one immediately finds that the 20–30 times
difference in the average field intensity predicted by figure 5(a)
(see also figure S12(b)) between the resonant-diameter NW
(hot spot) and the average-diameter NW (50–60 nm) translates
into a 400–900 times difference in the Raman signal (per NW).
This difference explains why the signal from the average-sized
NWs on the Raman map of an as-grown sample is obscured
against a background of much stronger signals from the hot
spots and clusters.

The tapering adds a radiative character to the cylinder
modes and hence facilitates the external light coupling to
them [36]. To further investigate this effect in application to
HE11-like resonance excitation, we have simulated the plane-
wave excitation of the finite-length tapered GaAs cylinder.
Specifically, a 4 µm long truncated cone with the top radius
two times smaller than the pedestal radius was chosen to
mimic the experimental parameters of hot-spot NWs. The
volume-averaged electric field intensity in this cone shows

(figure S12(c)) peaked behaviour similar to that of the cylin-
der (figure 5(a)) but broadened due to the range of radiuses
covered by each cone shape. The volume-averaged HE11 peak
amplitude is similar in both cases, but the field distribution
within the cone is much less homogeneous than in the case
of the cylinder. Specifically, the light concentration tends to
appear only over a part of the tapered length, where the local
diameter is close to the resonant one (figure 5(b), left panel).
This localised field intensity is significantly larger (≈2 times at
the pedestal radius of 60 nm) than the more homogeneous field
in the case of the cylinder (figure 5(b), right panel). The exten-
sion of the light concentration zone depends on the extent of
the taper (the stronger the taper, the shorter the bright zone—
not shown). If the resonant diameter is not covered, the bright
zone is not observed (see pedestal radius of 50 nm and 125 nm
cases in figure 5(b), left panel). This means that the light con-
centration spot and hence the highest Raman signal can appear
anywhere along the NW length (height), not necessarily at its
thickest part. This explains the experimental observations of
the maximum Raman intensity collected from the mid-height
part of hot-spot NWs (see figures 2(b) and 3(c)).

3.5. Wave vector of resonant mode

The observation of efficient excitation of HE11-like modes
for vertical illumination of cylindrical semiconductor NWs
agrees with previous simulation studies, focussed on the light
absorption efficiency [41, 42]. To aid the Raman scattering
analysis, the excited modes should also be characterised by
their wavevectors. By taking a Fourier transform (FT) of the
simulated field distribution in the z direction (along the NW
axis), the modal kz vector values have been calculated from
the FT frequency peak as illustrated in figure S13 (also see
note S5). In figure 6(a), the kz values obtained for the 4 and
2 µm long GaAs cylinders are plotted together with the guid-
ing mode dispersion diagrams of an infinite non-absorbing
GaAs cylinder as a function of the cylinder radius. The infinite
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Figure 6. Simulated dispersion diagrams. (a) Solid lines: dispersion of waveguiding modes of infinite non-adsorbing GaAs cylinder at
633 nm excitation in air. Large (small) symbols: dispersion of the excitation electric field in 2 µm (4 µm) long GaAs absorbing cylinder.
Symbol colours indicate the FT peak intensity. Dashed lines indicate the light line in air and in GaAs. (b) Solid lines: dispersion of
waveguiding modes of infinite non-adsorbing GaAs cylinder at 633 nm excitation in air and in paraffin/RTV media. Symbols: dispersion
(FT) of the simulated excitation electric field in 4 µm long GaAs absorbing cylinder placed in air and in paraffin/RTV media. Symbol
colours indicate the FT peak intensity. (c) Dispersion diagram for the first four SPhPs of non-adsorbing infinite GaAs cylinder of
RC = 52 nm and RC = 47 nm placed in air (black curves) and in paraffin/RTV (blue curves) respectively.

cylinder modes were obtained by solving equation (1) (see
section 2) analytically, taking the refractive index of GaAs
fixed at the real value corresponding to the laser wavelength
(n = 3.86 for λ = 632.8 nm). In figure 6(a), the cylinder
radius values (Y-axis) and kz data (X-axis) are multiplied by
the laser wavevector (ω/c) and the related radius, respectively.
This allows data for different radiuses to be shown on the
same graph. The numerical dispersion data (symbols) show
good correspondence with the analytical dispersion curves
only around the regions of effective coupling of light into the
HE11 and HE12 modes (regions of large variation of modal
group velocity), exactly where the resonance excitation peaks
are observed in figure 5(a). This is illustrated in figure 6(a) by
plotting the kz data symbols with the colour proportional to the
FT peak intensity. By following the guidingHE11mode curve,
the dispersion curve for the 4 µm long cylinder deviates from
the light line by only ∼5% in the kz dimension. For the 2 µm

long cylinder, the finite-cylinder dispersion curve extends to
higher kz values, but the deviation from the light line is no
more than 10% for either HE11 or HE12 resonances. Between
the resonances, the numerical dispersion curves return to the
light line (plane wave in air), indicating strong deviation from
the guiding modes of the infinite cylinder there. Thus, the
parallel excitation of a finite cylindrical NW does effectively
excite HE1X-like cylinder modes, but only with very small
kz vectors. For such modes, the electromagnetic field is still
largely distributed outside the NW. Assuming a 10% devi-
ation from the light line, the effective modal refractive index
for the excited HE11 mode is just ∼1.10, which is well below
the nc = 3.86 value for the case of the modal field being fully
confined inside theNW (light line inGaAs). Tapering is expec-
ted to further facilitate light coupling into the finite cylinder,
which was confirmed by simulation (figure S14), but the devi-
ation from the light line remains very small (<20%).
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A similar mode dispersion analysis was also conducted
for the cylindrical NW encapsulated in paraffin/RTV. The
encapsulating media were simulated as non-absorbing and
isotropic with a refractive index of nm = 1.5, which is a
good approximation for both paraffin (nm = 1.467) and RTV
(nm = 1.4 and 1.5, depending on composition). Figure 6(b)
compares the HE11 mode dispersion for a 4 µm long GaAs
cylinder in air and in paraffin/RTV media. Because the activ-
ated resonance HE11 mode lies very close to the free light
dispersion line in relevant media, it shifts with this line as
the media refractive index is changed, as indicated by the
red arrow (figure 6(b)). This results in approximately nm time
increase in the modal kz wavevector. Additionally, the reson-
ance radius changes from RC ω/c = 0.52 (RC = 52 nm) to RC

ω/c = 0.47 (RC = 47 nm). These findings will be reflected in
the wavevector conservation analysis below.

3.6 SPhP dispersion

To calculate the expected SPhP frequencies in our Raman
spectra we adopted a model where both incident and scattered
light are propagating as HE11 modes with the kz parameters
indicated in figures 6(a) and (b). The dispersion of SPhPmodes
is calculated in the approximation of an infinite non-adsorbing
GaAs cylinder by solving equation (1) with the cylinder dielec-
tric function represented as

ε(ω) = ε∞ +
ε0 − ε∞

1−
(

ω
ωTO

)2 , (2)

where ε0 is the static permittivity, ε∞ is the permittivity at
high (optical) frequencies, and ωTO is the TO lattice vibration
for zinc-blende GaAs. Taking ωTO = 269.3 cm−1, ε0 = 12.86,
ε∞ = 10.9 (equivalent to ωLO = 292.5 cm−1), the disper-
sion of the first four SPhP modes (SO0–SO3) has been cal-
culated for the cylinder radius RC = 52.5 nm (HE11 reson-
ance) and the results are shown in figure 6(c).We are interested
mostly in the lowest symmetrical SO0 mode, which is expec-
ted to produce a dominant contribution to the Raman signal
[33, 60, 61].

To calculate the kzSO value of SO0 mode involved in the
backscattering Raman geometry, we have taken the HE11
modal kz ≈ 2π/λL (see figure 6(b)) value twice, ignoring the kz
deviation from the light line and the difference in kz between
incident and scattered light. For that kzSO, the diagram in
figure 6(c) gives ωSO0 = 287.6 cm−1. This value is in good
agreement with the experimentally obtained SO position val-
ues of 288 ± 0.6 cm−1 for the hot-spot NWs of round cross-
section.

To find the expected red-shift of the SO0 peak under par-
affin/RTV encapsulation, the SO dispersion diagram should
be recalculated for a new HE11 resonance condition indicated
by the red arrow in figure 6(b). The new condition reflects two
factors. First, the encapsulation affects the distribution of the
resonant NW radiuses participating in the hotspot assembly.
Indeed, the HE11 peak of hot-spot distribution moves from
RC ≈ 52 nm in air to RC ≈ 47 nm in paraffin/RTV (see figure

S12(d)). This factor, together with the change in dielectric
media, causes a downshift of all the dispersion curves of SO
phonons as shown in figure 6(c). Taken alone, this downshift
would translate into an SO0 red-shift of ≈5 cm−1 under the
encapsulation. However, the encapsulation also increases the
kz vector of the resonant HE11 mode by approximately nm
times, shifting the operating point on the SO0 dispersion dia-
gram to higher wavenumbers atωSO0= 285.3 cm−1 (as shown
by the red arrow in figure 6(c)). Thus, the expected SO0 red-
shift is only about 287.6 − 285.3 = 2.3 cm−1, which is in
good agreement with the experimental value of 2 and 3 cm−1

(figure 4(f)).
The overall good agreement of the simulated and experi-

mental SO mode parameters confirms the SO mode identific-
ation as SPhP.

4. Conclusions

A two-orders-of-magnitude enhancement of the overall backs-
cattered Raman signal has been demonstrated in individual
GaAs NWs, with the strongest enhancement of the SPhP peak,
which became the dominant feature of the spectrum. This
brings SPhP Raman spectroscopy to a level suitable for routine
practical characterisation of NWs and enables the develop-
ment of various surface sensors.

The analysis of experimental results supported by extensive
numerical simulations established the conditions for the SPhP
Raman signal enhancement. It was shown that the enhance-
ment is observed in NWs of a certain diameter range satis-
fying the condition for resonant enhancement of the incident
light intensity inside the NW via excitation of an HE11-like
waveguiding mode. This represents an example of dielectric
resonance for excitation along the NW axis, which is different
from the widely studied Mie resonances. Additionally, NWs
should also be tapered to facilitate light coupling with (and
decoupling from) the NW and also further concentration of
the excitation light inside the NW.

High-amplitude SPhP peaks allowed for immediate evalu-
ation of their polarisation properties, as well as the effects of
variation of dielectric environment and the shape of the NW
cross-section. In particular, it was revealed for the first time,
to our knowledge, that the spectral position and intensity of
the SPhP peak both change with the incident light polarisation
angle in NWs of elongated cross-section. This finding opens
up new prospects for sensor applications.

The high efficiency of the Raman scattering in combination
with the waveguiding properties of NWs indicate good pro-
spects for stimulated SPhP Raman scattering in similar size-
resonant nanowires made out of materials with reduced laser
absorption.

Since Stokes Raman scattering is also a phonon generation
process, the highly efficient SPhP scattering also means there
will be efficient generation of high-k (105 cm−1) SPhPs in an
individual NW by the conventional far-field optical method.
This implies possible application of the NW as an input port
in future low-loss IR photonic microsystems based on high-k
SPhPs.
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