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Semiconductor nanowires (NWs) are the building blocks of future nanoelectronic devices.
Furthermore, their large refractive index and reduced dimension make them suitable for
nanophotonics. The study of the interaction between nanowires and visible light reveals resonances
that promise light absorption/scattering engineering for photonic applications. Micro-Raman spec-
troscopy has been used as a characterization tool for semiconductor nanowires. The light/nanowire
interaction can be experimentally assessed through the micro-Raman spectra of individual nano-
wires. As compared to both metallic and dielectric nanowires, semiconductor nanowires add addi-
tional tools for photon engineering. In particular, one can grow heterostructured nanowires, both
axial and radial, and also one could modulate the doping level and the surface condition among
other factors than can affect the light/NW interaction. We present herein a study of the optical
response of group IV semiconductor nanowires to visible photons. The study is experimentally car-
ried out through micro-Raman spectroscopy of different group IV nanowires, both homogeneous
and axially heterostructured (SiGe/Si). The results are analyzed in terms of the electromagnetic
modelling of the light/nanowire interaction using finite element methods. The presence of axial het-
erostructures is shown to produce electromagnetic resonances promising new photon engineering

capabilities of semiconductor nanowires. Published by AIP Publishing.

https://doi.org/10.1063/1.5012987

I. INTRODUCTION

Semiconductor nanowires (NWSs) are one-dimensional
structures allowing the engineering of photons, phonons, elec-
trons, and plasmons, which grants them a paramount role
in nanodevice development. Significant differences with the
behaviour of bulk materials are enabled by the large aspect ratio
and the size of the confined dimension, the NW diameter." ™ In
particular, the interaction of semiconductor NWs with light
presents very promising features for advanced photonic devi-
ces, e.g., photovoltaic cells, photodetectors, and light emitters,
including lasers. In this frame, a broad spectrum of amazing
optical properties has been reported for deep subwavelength
diameter semiconductor NWs, e.g., waveguiding,* optical reso-
nances,5 and antenna effects.® Tt has been shown that light cou-
ples to NWs in different ways depending on the NW diameter,
NW composition, light wavelength, and the dielectric mismatch
between the NW and the surrounding media.” All these varia-
bles allow tuning the optical properties of the NWs. One of the
most relevant properties concerning the light/NW interaction is
the ability of NWs to enhance the optical absorption/scattering
for certain NW diameters.* ®*'! Different phenomena related
to such a resonance effect have been reported, e.g., enhanced
photocurrent in Ge NWs,® enhanced elastic and inelastic light
scattering by Si NWs,12 light extinction,13 enhanced light
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emission,m_17 second harmonic generation,18 and optical

annealing of Si NWs, ' among others.

Compared to either dielectric micro-resonators or metal
cavities, semiconductor NWs present additional chances for
engineering the optical resonances. In particular, their suitability
for fabricating complex structures such as heterojunctions (HJs),
quantum wells, and superlattices or selective doping should pro-
vide additional means to engineer the light/NW interaction. HJs
are fundamental for most electronic and optoelectronic devices,
such as sensors, solar cells, and thermoelectric devices. The
proper characterization of the HJ optical properties is essential
to improve the performance of optoelectronic devices.

Quantitative analysis of the interaction between the elec-
tromagnetic (EM) radiation and NWs has been carried out
by the extension to NWs of the Lorenz-Mie theory, devel-
oped for the study of the electromagnetic behavior of reso-
nant micro-spheres.”° In this theory, the NWs are described
as infinitely long cylinders immersed in a homogeneous and
isotropic non-absorbing medium. The calculation of the
absorption and scattering efficiencies of NWs, Q,p,s, and Q,
respectively, has revealed a strong dependence of these mag-
nitudes with the NW diameter and the light wavelength.'®
Numerical solutions of the problem by the finite difference
in the time domain (FDTD) method showed that the electric
field inside the NW is not homogeneously distributed, but a
pattern of lobed like structures, whose distribution depends
on the NW diameter, is observed.’

Published by AIP Publishing.
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We study herein the interaction between a laser beam
focused through a high magnification microscope objective and
group IV semiconductor NWs, both compositionally homoge-
neous and axially heterostructured. This interaction is experi-
mentally monitored by micro-Raman spectroscopy, and the
results are contrasted with the solution of the Maxwell equa-
tions using finite element methods (FEM). In Sec. II, we
describe the samples and the experimental procedure, Sec. III
deals with the Raman analysis of these NWs, Sec. IV is
devoted to the FEM modelling of the light/NW coupling, and,
finally, Sec. V presents the discussion of the results, highlight-
ing the role of the axial heterojunctions as optical enhancers.

Il. EXPERIMENTAL AND SAMPLES

Group IV NWs were grown by the vapour-liquid-solid
(VLS) method using a commercial low pressure chemical
vapor deposition (LPCVD) reactor. Either SiH,4 or Si;Hg and
GeH, were used as precursor gases, and Au metal droplets
were used as catalysts.?'

Single Si NWs were grown at 470°C using Si;Hg as a
precursor, while the SiGe NWs (with a nominal Ge atomic
fraction close to 0.1) were grown at 430°C. The carrier gas
was H,, preserving for the different precursor flow ratios a
total pressure of 400 mTorr all over the growth run.*' Under
these growth conditions, straight NWs with uniform diame-
ters ranging from 30 to 100 nm were obtained. A crucial issue
concerns the HJ; in a previous work, the different growth
approaches followed to achieve the matching between the
SiGe and Si segments in the axially heterostructured NWs
were discussed.”? The best way to achieve a good junction
between SiGe and Si was by switching off the GeH, source,
while keeping a continuous flow of Si,Hg.

The morphological features of the NWs were studied in
a high resolution field emission scanning electron micro-
scope (FESEM). The NWs lengths varied from 2 to 5 um,
and they appear as straight cylinders without appreciable
tapering. Transmission Electron Microscopy (TEM) showed
the excellent crystallinity of the NWs, Fig. 1(b). In particu-
lar, high resolution TEM images of the HJ region of SiGe/Si
HJs did not show structural discontinuities at the junction,
nor stacking faults, or other structural defects.?!*?

It is claimed that in VLS growth, the abruptness of the
HJ depends on the solubility of the atomic species in the cata-
lyst metal. Due to the reservoir effect in the catalyst droplet

FIG. 1. (a) Backscattering SEM image of a heterostructured SiGe/Si NW
(diameter ~ 110nm). (b) HR-TEM image of the HJ region of a SiGe/Si axi-
ally heterostructured NW showing the excellent crystalline quality of the
transition and the absence of any kind of defects.
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once the precursor gas source is switched-off to shift to the
composition of the next NW segment, the remaining atoms
solved in the catalyst droplet continue to be deposited up to
reaching a sub-saturation concentration. The result is a com-
positionally graded junction, with the composition varying
between the compositions of the two NW segments, Si;_Ge,
and Si, respectively. This effect is particularly relevant in the
SiGe system because of the high solubility of Ge in Au.
According to this, the SiGe/Si HJ presents a characteristic
trailing gradual composition. The trailing HJ width was
claimed to be roughly equivalent to the NW diameter,>* >’
and thus, the axially heterostructured NWs consist of a
Si;_«Ge, segment, a narrow Si;.,Ge, HJ layer with a graded
Ge composition (x>y>0), and a Si segment. Atomic-
resolution high-angle annular dark-field scanning-transmission
electron microscopy (HAADF-STEM) reveals the existence of
the compositionally graded HJ,** which can also be observed
by high resolution energy dispersive X-Ray spectroscopy
(EDS), though a precise estimation of the composition gradient
is not easy to be achieved because of the e-beam size.

As-grown NWs were separated from the substrate in an
ultrasonic bath and suspended in methanol. Droplets of this sus-
pension were spread out on an Al coated Si substrate for the
micro-Raman (u-R) measurements. The choice of the sub-
strates is based on the optimization of the Raman signal, which
is enhanced by the presence of the metallic substrate with
respect to free standing NWs. Also, but not less important, the
presence of the metallic substrate improves the thermal man-
agement of the NW allowing to minimize the laser induced
heating during the p-R experiments. Al coated substrates were
satisfactory from both the thermal point of view and the
enhancement of the Raman signal. Therefore, they were used
as the standard substrate for our micro-Raman measurements.
The Al coating was around 0.5 um thick, enough to block any
optical signal arising from the Si substrate. This thickness also
guarantees a continuous Al layer with no Al islands, ruling out
any Al related plasmon enhancement of the Raman signal.

u-R spectra were recorded 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 magnification
objective (x 100) and a numerical aperture of 0.95. A frequency
doubled Nd:YAG laser (532nm) was used as the excitation
source. The laser beam diameter at the focal plane is slightly
below 1 um according to the Abbe formula (¢p =1.22 4/NA),
which is several times larger than the diameter of the studied
NWs, which typically ranges from 30 to 100 nm. It is important
to note that the effective excitation power on the NW depends
on its position inside the Gaussian power distribution of the
focused laser beam.?®?” Prior to the Raman measurements, the
dimensions and morphology of each NW were characterized in
a field emission scanning electron microscope (FESEM).

lll. EXPERIMENTAL RESULTS

u-Raman spectroscopy has demonstrated to be a power-
ful non-destructive technique for the characterization of
semiconductor NWs. It provides information about several
relevant aspects of the NWs, e.g., the structure, composition,
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Some of the above-mentioned properties depend on the NW
dimension. Therefore, in order to give sense to the Raman
spectrum, one needs to work with individual NWs instead of
ensembles of NWs, which give a Raman spectrum averaged
over a certain population of NWs with a distribution of diam-
eters and lengths. Furthermore, the Raman signal is propor-
tional to the excitation light intensity (i.e., & |E|?), which
makes Raman scattering an excellent tool to catch sight of
the electromagnetic interaction between NWs and light.

A priori, the measurement of the Raman spectrum of
individual NWs is challenging because of the low efficiency
of Raman scattering, which is a second order optical process.
This results in a weak Raman signal when dealing with small
sampling volumes, as it can be the case of individual NWs.
On the other hand, NWs are not efficient thermal carriers;z’3
therefore, in order to avoid laser induced heating, one has
to keep low excitation laser power densities. Laser heating
might modify the shape of the Raman spectrum leading to
misinterpretations; in particular, free standing NWs are sub-
stantially heated up during Raman experiments because of
the poor heat dissipation across them.>*?*?73! Laser induced
heating is almost negligible under our experimental condi-
tions because of the use of a metallic substrate, namely, Al
coated Si, and the adequate excitation conditions.

When the NWs are deposited on certain substrates, e.g.,
Al coated Si, they can be directly observed at the optical
microscope in spite of their deeply subwavelength diameter,
which evidences that the NWs behave as nanolenses for visi-
ble light. Furthermore, the observation of the NWs in the
optical microscope depends on its orientation with respect to
the light polarization axis, showing that the NW is a very
anisotropic optical object.'®!’

All these optical behaviors point to an unusual interac-
tion between the NW and light. This is well observed when
one measures the Raman spectrum of individual Si NWs.
Regardless of the small sampling volume, when the NWs
were deposited on different substrates, the Raman intensities
recorded for individual NWs reached the same order of mag-
nitude as the intensity recorded for bulk Si under similar
excitation conditions, Fig. 2. Note that in terms of Raman
intensity per unit of scattering volume, the Raman signal aris-
ing from the NW presents a significant enhancement with
respect to the bulk Si signal, about two orders of magnitude.
The NWs behave as optical nano-antennas rendering the

700 800 900
Raman Shift (cm™)

the debate about it is out of the scope
of this work.

Raman spectrum of individual NWs measurable under low
laser power excitation for resonant diameters.”*° Therefore,
u-R spectra of individual NWs without external perturba-
tions, e.g., heating, can be recorded if one adopts the appro-
priate experimental configuration.

As mentioned above, the NWs are optically anisotropic,
and as a result, the Raman signal will strongly depend on the
polarization of the incident light. A polar plot of the recorded
Raman intensity with respect to the angle formed between
the light polarization and the NW axis will show a dipolar
behavior in which the maximum signal is observed when the
electric field of the incident light is aligned parallel to the
NW axis, Fig. 3. All the Raman spectra of the NWs pre-
sented here were recorded in this configuration to optimize
the signal/noise ratio.

The full characterization of the NWs was carried out
acquiring the Raman spectra by scanning the laser beam
either along or across the NW axis in steps of 50-100 nano-
meters. Transverse laser scans across the NW permit us to
establish the Raman response of the NW to the laser inten-
sity. In previous works, we studied the effective excitation
intensity depending on the position of the NW inside the
Gaussian power distribution of a focused laser beam.?®*’
When the Raman peak frequency remains unchanged across

Dipolar
= Experimental

Raman Intensity (a.u.)

330

270

FIG. 3. Polar plot of the normalized Raman intensity of the HJ region of a
Si/SiGe heterostructured NW recorded for different polarization angles of
the incident light with respect to the NW axis. The plot shows a clear dipolar
behaviour, and the result is the same for all Raman signals coming from the
NW.
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the transverse scan, one can assume that there is not notice-
able heating of the NW by the laser beam for that selected
laser power. The Raman peak frequencies obtained from the
transverse scan across a Si NW are shown in Fig. 4(b). One
observes that there is a negligible frequency shift along the
scanning line, which means that the NW is not heated by the
laser beam within the range of powers drawn by the laser
power Gaussian profile, see the temperature conversion in
Fig. 4(c). When the laser power increases, one observes the
typical peak frequency downshift and broadening associated
with increased temperature. Therefore, taking into account
the temperature profiles of Fig. 4, one can ascertain that for
laser powers below 50 uW (532 nm), one can work in condi-
tions of negligible laser induced heating. Therefore, trans-
verse scans across the NW are suitable for fixing the optimal
excitation conditions and also permit us to align the NW
with the beam axis.

A. Axially heterostructured NWs

Up until now, most of the research interest about the
light/NW interaction has focused on homogeneous single
NWs, ! while the role of the heterojunctions in the light/
NW interaction has been scarcely studied and mainly focused
on core/shell HJs.*

The analysis of the axially heterostructured NWs was
done by scanning the laser beam along the NW axis in steps
of 100 nm. As mentioned above, the trailing SiGe/Si HJ con-
sists of a compositionally graded layer with a thickness
roughly equivalent to the NW diameter.”>*°>* A priori,
when the focused laser beam shares the two NW segments
and the HJ, the Raman signal arising from the HJ layer must
be much less intense than the Raman signals arising from the
two NW segments, in terms of scattering volume figures.
Under normal conditions, it should be scarcely detected,
because of the very small sampling volume of the HJ. The
sampling volumes of the three NW regions simultaneously
shared by the laser beam, Si;_ Ge,/Si,.,Ge, (HJ)/Si, obey to
a ratio ~1:0.08:1 for a 40 nm diameter NW, assuming a HJ
width equivalent to the NW diameter. Once the volume ratio

J. Appl. Phys. 123, 114302 (2018)

is corrected by the Gaussian laser power distribution, assum-
ing that the HJ is placed in the laser beam center, the inte-
grated laser power ratio for the three sampled volumes scales
to ~1:0.1:1, which is still greatly unfavorable for the HJ
region in terms of effective excitation.

Typical Raman spectra (only the Si-Si Raman mode of
the SiGe alloy is shown) obtained along a 50 nm diameter axi-
ally heterostructured SiGe/Si NW deposited on an Al coated
Si substrate can be seen in Fig. 2 of Ref. 39. One observes the
typical Raman spectrum of a Si NW for the laser beam
focused on the Si segment. When it is focused on the Si;_Ge,
segment, one observes the Raman spectrum of the SiGe alloy
with the nominal Ge composition, which in this case is
~10%. This has been confirmed by the peak frequency shift
of the Si-Si Raman mode*>° and also by EDS measurements
in the TEM. Note that the studied NWs have diameters
(>30nm) for which phonon confinement does not occur,”’8
and then, Raman bands are not disturbed by size effects.
Regarding the Raman spectrum recorded when the laser beam
shares the two NW segments and the HJ, one observes a band
peaking at an intermediate frequency between the ones of the
Si and Si;_,Ge, NW segments. While the spectra taken in the
single NW segments are fitted by only one Lorentzian curve,
the spectrum sharing the HJ needs three Lorentzian curves to
be satisfactorily fitted. Each of the three bands resulting from
the deconvolution corresponds to the Si;_Ge, segment, the Si
segment, and the HJ layer itself, respectively. In the case of
the HJ, the Raman spectrum looks like the SiGe spectrum cor-
responding to an intermediate composition in between those
of the two homogeneous segments, see Fig. 3 of Ref. 39.
Surprisingly, the Raman intensity arising from the HJ is as
intense as, or even higher than, the Raman intensities arising
from the two NW segments, instead of the expected 1:0.1:1
volume ratio reported previously. Therefore, a significant
Raman enhancement, at least 10 to 20 times, shall be local-
ized at the HJ, which points to a significant local electromag-
netic enhancement in the very HJ region.*

This is better observed in a Si;_,Ge,/Si axially hetero-
structured NW with a higher Ge content, x~0.6 in this
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FIG. 4. (a) SEM image of a Si NW. The arrow indicates the scanning line crossing the NW, (b) Raman shift profiles for different excitation conditions, see the
symbols on the right side of the figure. (c) Estimated temperature deduced from the Raman shift. Note that as the NW position is closer to the beam axis, the
effective excitation laser power density is enhanced because of the Gaussian laser power distribution. One observes that laser powers up to 50 uW (532 nm)
permit us to work without significant NW heating, while for higher laser powers, the temperature starts to increase under the laser exposure. Because of the
Gaussian power distribution, the effective excitation laser power depends on the position of the NW with respect to the laser beam axis. These scans permit us

to fix the conditions for which the temperature enhancement can be neglected.
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case.*” The larger shift of the Si-Si peak of the SiGe alloy
permits us to observe the different contributions with mini-
mum overlapping. In these NWs, a dramatic spectral change
occurs when the laser beam crosses the HJ region, Fig. 5.
One observes a change in the relative intensities and a shift
of the peak frequencies of the Raman bands of the SiGe
alloy, both clear evidences of compositional changes at the
HJ with respect to the two NW segments. Once again, the
spectrum collected at the HJ, identified through its Raman
spectrum, shows a much higher intensity than it should cor-
respond to its volume, Fig. 5.

The relevant point is that the Raman spectrum of the HJ
is clearly seen in spite of the small scattering volume associ-
ated with the HJ. For these NWs, the measured Raman inten-
sity per unit volume arising from the HJ is enhanced by a
factor of about 60 with respect to the Raman signal collected
in the pure NW segments. This evidences that the HJ pro-
vides an additional contribution to the coupling between the
laser beam and the NW. In other words, the axial HJ concen-
trates the electromagnetic field under visible illumination,
which appears very suitable for photonic applications, e.g.,
photon harvesting in solar cells or photon detectors.

Note that this is not a mere compositional effect. In fact,
the Raman signal of Si;_,Ge, with x =0.7-0.8 presents a res-
onance for 532nm excitation.*! This resonance is progres-
sively quenched for decreasing x; therefore, if we were
observing a simple compositional resonance, the Raman
spectrum collected from the SiGe segment (x ~ 0.6) will sup-
ply a higher intensity than that from the HJ, where the value

a) 104

~—
|
|
|

N

Ge-Ge  Si-Ge Si-Si(SiGe)

s \/

SiGe

Raman Intensity (a.u.)

T T T T T T T T T T T T
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20
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123 4 56 7 8 9 101112 13 14 15
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FIG. 5. (a) Raman spectra in SiGe/Si heterostructured NW 100 nm in diame-
ter with a nominal Ge concentration of ~60%. The dramatic changes in the
spectrum when the HJ is probed provide evidence of the composition
change. (b) Raman intensity profiles of the Raman bands of Si and SiGe as a
function of the laser beam position along the NW, showing the enhancement
of the Raman signal at the HJ.
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of x progressively decreases, being out of compositional res-
onance. It is worth mentioning that the Raman signal arising
from the HJ of the heterostructured Si/Ge NWs was also
observed by Wang er al.*?

IV. MODELLING OF THE LASER/NW INTERACTION

The understanding of the light/NW interaction demands
the solution of the Maxwell equations of the system formed
by the laser beam, the NW, and the hosting medium. The
experimental conditions must be carefully considered when
one acquires the spectrum of a NW with a micro-Raman
apparatus (far field). First, the laser beam is focused by a
high magnification optical microscope objective with a large
numerical aperture, which gives a focused Gaussian-like
laser intensity distribution. Second, as mentioned in Secs. II
and III, the NWs have a finite length and an optical disconti-
nuity due to the HJ. Finally, the NWs can be either free
standing surrounded by air or lying on a substrate. All of this
shall be consider in the modelling.

The problem of the interaction of the EM wave and the
NW is usually studied in terms of the Mie scattering theory.
For this, an ideal homogeneous and infinitely long NW is con-
sidered, neglecting the influence of the NW ends. Most of the
simulations rely on the illumination with polarized plane
waves, while only a few studies have considered focused laser
beams.” The presence of the NW ends and the HJ is not com-
patible with the infinite and homogeneous NW of the Mie the-
ory. In this work, Maxwell equations in 3-dimensional space
were solved using the Electromagnetic Waves in Frequency
Domain module of COMSOL Multiphysics.

In the simulation, a heterostructured NW is placed on the
substrate, which fills the inferior half-space, while the space
surrounding the NW is set up to be air. The laser beam is
described as a focused Gaussian beam, instead of the usual
approach of a plane wave. In this situation, the distribution of
the EM field inside the NW is far from what a homogeneous
illumination would induce, and the plane wave approxima-
tion is no longer valid.

The equations accounting for the electric field in a
Gaussian laser beam propagating along the z axis are written
as follows:

wo T T N (s
Ex(ra Z, t) = EO 4 © e(l ZR(:)) e’(kz (Uf)elg(_)

w(z) ’

{(z) = arctan <nz—j(2))

and cylindrical coordinates are used: r is the distance to the
beam axis (z axis) and z the position with respect to the focal
plane (z = 0). R(z) is the radius of curvature of the wavefront
at z, {(z) is called the Guoy phase at z, typical of Gaussian
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and spherical wavefronts, and w(z) is the diameter of the
Gaussian spot at z, which depends on its value at the focus
wo=w(0), the so called waist size. Let us remind that the
NW is lying on the x-y plane.

According to Abbe’s formula, the beam waist size, wy,
is determined by the laser wavelength and the numerical
aperture of the objective

Wwo X W
Once the excitation laser beam and the system have been
modelled, the FEM software solves the equations of the scat-
tered field. The scattered field, E, is defined as the EM field
generated by the system when the excitation field, E,, is
applied, in order to create a total EM field satisfying the
Maxwell equations

Etot - Eh +Esc' A ESL’ - Et()t - Eb-

When the distribution of the total EM field inside the NW is
known, the expected Raman signal of each segment of the
NW can be calculated since the emitted Raman signal is pro-
portional to the EM field intensity, I o |E|*. Therefore, once
we have calculated the distribution of the electric field inside
the NW, the Raman signal arising from a certain region of
the NW will be proportional to the integral of |E|* over the
corresponding sampling volume. By computing these inte-
grals, we can plot the corresponding theoretical Raman signal
along the NW.

Finally, the model is solved for different positions of the
laser beam along the NW axis in order to reproduce the
experimental longitudinal scans of the NW. This allows us to
calculate the Raman intensities of the NW as a function of
the laser beam position. The optical parameters used for the
calculations are resumed in Table I and were extracted from
Sopra database.*

V. DISCUSSION

The tunability of the optical absorption by NWs requires
the control of the different factors contributing to the enhance-
ment of the optical absorption/scattering. The FEM model
permits us to analyze the impact of the enhancement factors,
namely, the NW dimension, the substrate, the light wave-
length and polarization, and the NW nature and structure.

We solved the problem for different substrates character-
ized by different complex refractive indexes. In particular, the
results obtained for Au, Al, Ge, and air are shown in Fig. 6 for
the 532 nm wavelength. This figure shows the diameter depen-
dent resonances for |E|*. If the integrated |E|” is plotted as a

TABLE 1. Real (n) and imaginary (k) parts of the complex refractive
indexes of the different materials used in the FEM calculations for 532 nm
radiation.*?

Au Al Si Ge Si(1-x)Gex

n 0.467 0.93877 4.1334 4.92436 4.1334 + 0.668619 x + 1.510779 x*
k 2.407 6.4195 0.033258 2.3734 0.033258 — 0.204615 x + 1.621028 x*
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FIG. 6. (a) Electromagnetic field distributions for two Si NWs with diame-
ters of 40 and 110 nm, with different NW/substrate configurations. (b) |E\2
vs NW diameter for the different configurations.

function of the NW diameter, one observes the enhancement
of [E[%, up to one order of magnitude for the NWs standing in
air with respect to the incident electromagnetic field and up to
2 additional orders of magnitude for the NWs lying on the
metallic substrate. The reflection of both the excitation and
the Raman radiation by the metallic substrate can contribute to
this enhancement by a theoretical factor of 4, and the remain-
ing amplification is due to the EM interaction between light
and the NW-substrate system. The substrate acts by improving
the antenna effect already present in free standing NWs.
Figure 6 also shows that the resonance diameters depend on
the substrate. There is a shift of the resonances to lower diame-
ters for Au with respect to Al and a further shift to lower diam-
eters for the free standing NW in air, as it was already shown
in Ref. 7 using FDTD calculations. The resonances for the Ge
substrate closely match those of the Al substrate but with lower
electromagnetic enhancement. According to this, the optical
response of the NWs can be tuned by using different diameters
and substrates characterized by different optical constants.

A. Axial heterojunctions

The study of axial heterostructures demands a 3D solu-
tion of the Maxwell equations in order to reveal the role
of the HJ. We have solved the Maxwell equations for a
NW with a SiGe/Si axial HJ interacting with the focused
Gaussian laser beam. The 3D solution of the Maxwell equa-
tions reveals the enhancement of the electric field in the HJ
region, in agreement with the Raman measurements, Fig. 7.
The 3D simulation also reveals that the electromagnetic field
profile along the NW axis exhibits a series of longitudinal
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FIG. 7. Profiles of the normalized value of |E|* along the HI NW axis under
a focused Gaussian beam excitation, showing the enhancement at the HJ.
The response of single Si and SiGe NWs is also plotted for comparison. The
simulated NW diameter is 40nm. The heterostructured NW shows a few
longitudinal modes, which are scarcely appreciated in the Si NW.

resonant modes overlapped with the Gaussian distribution.
These longitudinal modes can be clearly seen when a plane
wave excitation is considered on a pure Si NW of finite
length, but they are hidden by the Gaussian beam distribu-
tion in the local excitation case. However, in the presence of
the HJ, they are clearly revealed, evidencing that the HJ pro-
duces a significant disturbance of the electromagnetic field
inside the NW. In addition, the HJ increases the electromag-
netic field intensity inside the NW, and this overall enhance-
ment is also experimentally observed in the Raman scans
along the NW axis; in Fig. 5(b), a higher Raman intensity is
observed in the presence of the HJ.

In order to confirm that the |E|* resonance at the HJ is
related to the presence of the HJ itself and it is not an effect
of the mere difference in the resonance behaviour between

12 )
|----Si
—— Si + layer

101 ____siGe

1 — SiGe + layer

[E[*/IE, J°

x (nm)

FIG. 8. Relative electromagnetic field intensity distribution inside Si and
SiGe (15% Ge) NWs (40 diameter nm), black and blue dashed lines. Green
and red lines represent the same magnitude for the same NWs with an axial
thin layer (6 nm) of SiGe (7.5% Ge). The figure shows how the presence of a
different material enhances the EM field in its vicinity, regardless of the Ge
composition difference.
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the two NW segments, we modelled two different scenarios
for a 40 nm diameter NW. The first one is a pure Si NW with
a SiGe (x=0.075) thin slab (6 nm width) in its center, and
the second one is a pure SiGe (x =0.15) with the same SiGe
(x=0.075) slab. If we were dealing with a mere composi-
tional effect, both cases should exhibit opposite behaviours
in the HJ region. However, the local enhancement of the
electric field at the HJ is observed for both NW configura-
tions, which points to the electromagnetic field enhancement
by the presence of the HJ, Fig. 8.

Finally, the calculated enhancement factor of |E|? at the
HJ of a Si/SiGe NW with the same structure as the experi-
mentally measured ones is 63. This value is in very good
agreement with the mean value of 60 experimentally mea-
sured by u-Raman spectroscopy.

VI. CONCLUSIONS

An exhaustive analysis of the NW/light coupling has
been carried out combining electromagnetic modelling and
micro-Raman experiments on individual NWs, aiming to
understand the light/NW interaction. The Raman experi-
ments evidenced different optical enhancement phenomena,
some of them already known, while others as the enhance-
ment associated with the axial HJs are new. The Raman
experiments have demonstrated the possibility of tuning the
light/NW interaction by varying different configurations of
the NWs, namely, diameter, substrate, length, composition,
and NW structure, in particular, the presence of HJs. A
description of different micro-Raman experiments on NWs
revealing the different optical effects is provided.

Numerical solutions of the Maxwell equations for the
different experimental configurations of the light/NW system
have been carried out. In particular, the laser beam/hetero-
structured NW interaction has been numerically analyzed by
3-D finite difference solutions of the Maxwell equations.
Furthermore, instead of an infinite plane wave, a focused
laser beam with a Gaussian intensity distribution has been
used, more accorded with the comparison to the micro-
Raman experiment. Additionally, we have considered differ-
ent substrates supporting the NWs, since the resonance prop-
erties of the NWs depend on the electromagnetic properties
of the surrounding medium as well.

The results presented herein show different possibilities
for tuning the optical properties of the NWs. In addition to
the diameter and composition dependence of the optical
properties of the NWs, further consideration must be given
to the NW length, the presence of HJs, and the surrounding
medium. All of them would provide suitable means for tai-
loring the optical absorption/scattering of semiconductor
NWs. This locally enhanced EM absorption might open
interesting perspectives for photon engineering with hetero-
structured NWs; in particular, it seems very promising for
photovoltaics and light detectors.
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