Fourier Transform Study of the Complex Electric Field

Induced on Axially Heterostructured NWs

J. L. Pura, '* J. Jiménez !

1. GdS Optronlab, Dpt. Fisica de la Materia Condensada, Ed. LUCIA Universidad de

Valladolid, Paseo de Belén 19, 47011 Valladolid, Spain

* Email: jlpura@fmc.uva.es

Abstract

We present in this work a study of the effect of Raman enhancement on axially heterostructured
semiconductor nanowires (NWs). The investigation is motivated by the recent detection of a
Raman signal enhancement effect at the heterojunction (HJ) of axially heterostructured NWs.
Semiconductor NWs offer very interesting properties as compared to their bulk counterparts,
making them the building blocks of future optoelectronic nanodevices. The use of HJs turns out
to be essential for a great variety of devices. As a result, understanding the optical properties of
heterostructured NWs is a fundamental step for their possible application on future technologies.
In order to unveil the underlying physics of the light/NW interaction, the complex-valued
electromagnetic (EM) field distribution induced inside heterostructured NWs under light
exposure is studied. The use of the Fourier Transform is presented as a key tool in order to
ascertain the different components of the EM field generated inside the NW. The results show the
presence of two components: one associated with the incident light beam and a second one which
appears as a consequence of the presence of the axial HJ. This second component explains the
emergence of the Raman enhancement effect as a result of the interaction of the incident beam

with the dielectric discontinuity associated with the HJ.
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1. Introduction

A great amount of research is being devoted to semiconductor nanowires (NWs) aiming to the
fabrication of nanoscale devices. Semiconductor NWs present advantages with respect to thin
films, as the possibility of combining highly mismatched materials, which allows for the growth
of structures that are not available as thin layer devices [1, 2]. Furthermore, NWs were shown to
be very efficient optical emitters and collectors [3], which makes them suitable for the
development of high-performance photovoltaic cells [4], sensitive light detectors[5, 6], electro-
optic modulators [7, 8], and light sources [9—11], among other applications. As mentioned above,
NWs present large flexibility to be assembled in complex structures; in particular, a large range
of mismatched heterostructures can be grown free of defects, as compared to the limitations
imposed to thin films by large lattice mismatches. As a prerequisite for the extended use of these
heterostructured NWs in photonic devices, one needs to understand the way in which they interact

with light.

Geometrical optics applies to large objects, in this situation the absorption/scattering cross section
is directly related with the geometrical cross section of the material, which results in
absorption/scattering efficiencies between 0 and 1. However, when dealing with objects of
subwavelength size the absorption/scattering efficiencies can scale to values well above unity [12,
13]. As a consequence of the subwavelength dimension and the large dielectric mismatch between
the NW and its environment the effective light collection area is larger than the geometrical
section of the object, i.e. the NW behaves as an optical nanoantenna. Furthermore, the
electromagnetic resonances reported for semiconductor NWs can enhance the electromagnetic
field by orders of magnitude, which points to the great potential of semiconductor NWs for

photonic applications.

Most of the research about the optical properties of NWs concerns homogeneous NWs. In this
case, Mie theory applies to the light scattering by NWs under illumination perpendicular to its
axis; meanwhile, vertically aligned NWs illuminated parallel to its axis can support guided modes,

even conforming Fabry-Perot cavities [14].

Complex structures based on heterojunctions (HJ) must be included in a great number of devices.
Understanding the role of these HJs is a crucial issue for their use in advanced photonic devices.
Carefully controlling the HJ properties during growth [15] is equally important as studying the
properties of the HJs under light illumination. In bulk materials, light/semiconductor interaction
is solely governed by the refractive index; however, subwavelength diameter semiconductor NWs
exhibit resonances related to other factors like their size, shape and composition [16, 17]. On the

other hand, the scattering cross section of these systems strongly depends on the NW orientation



with respect to the light polarization, another sign of the drastic difference between the NWs

behaviour and their bulk counterpart.

Luminescence emitters have been previously used to study this phenomenon. However, the
spontaneous radiative emission in semiconductor NWs is sometimes suppressed by the surface
recombination. Furthermore, luminescence emission, if any, is weak in the case of Si and SiGe
NWs, all these factors make it difficult to quantify the changes in the spontaneous emission [18].
Unlike luminescence emission, Raman scattering is less sensitive to the surface state, moreover,
it can be observed for any semiconductor and excitation wavelength, independently of their
radiative recombination efficiency. Thus, Raman scattering can be used as an alternative way to
study the interaction between light and complex heterostructured semiconductor NWs. For
Raman scattering, the signal intensity is proportional to the electromagnetic field intensity, i.e.

|E[?, which allows studying the distribution of the radiation inside heterostructured systems.

The diameter dependence of the light scattering resonances can be explained in the Mie scattering
framework, where the eigenfunctions of the Mie solution of Maxwell equations are coupled with
the NW diameter, giving the Mie resonances [19, 20]. Usually, this approach is applied to infinite
homogeneous NWs. Alternatively, finite element methods (FEM) can be used to solve the
Maxwell equations of the system formed by the light and the finite NW. A significant body of
research has been devoted to homogeneous infinitely long NWs, while, a detailed analysis of the

interaction of light with finite length NWs and heterostructured NWs is still lacking.

Recently, we have reported a significant local enhancement of the Raman signal at the
heterojunction of axially heterostructured Si/SiGe NWs [21, 22] and Si/InAs NWs [23]. This is
an interesting issue since the enhancement of the electromagnetic field at the HJ of NWs should
provide an additional degree of freedom to engineer the photon absorption and scattering by
semiconductor NWs, which should permit to operate photons over different optical resonances.

Nevertheless, further research effort is needed to understand this interaction.

We present herein an analysis of the semiconductor NW/ light interaction based in the numerical
solution of the Maxwell equations by FEM of group IV NWs, in particular, homogeneous Si NWs
and axially heterostructured Si/SiGe NWs. This study entails both plane wave illumination and
illumination with a focused laser beam allowing to reproduce the conditions of micro-Raman and

micro-PL experiments.



2. Finite Element Method Model and Results

The FEM simulations were performed by using the Electromagnetic Waves in Frequency Domain
module of COMSOL Multiphysics. The air/NW/substrate system is simulated using the same
arrangement of the experimental measurements, i.e. the NWs are lying flat over an Al substrate,
and the dimensions of the NWs (diameter, length, etc) were selected to match those of the
typically investigated NWs. Further details about the FEM model can be found elsewhere [21,
22].

By using this model, a full 3D solution of the Maxwell equations was performed in order to
ascertain the effect of the NW length and the presence of the axial HJs over the light/NW
interaction. The first simulation concerns the study of the simplest case: a Si NW of varying length
under plane wave excitation (A = 532 nm). The calculated value of |EJ* is plotted for different NW
lengths in Figure la. In particular, for plane wave illumination of a homogeneous NW,
longitudinal modes are observed, contrarily to an infinite NW that did not exhibit any longitudinal
modes. After this, a SiGe/Si axially heterostructured NW under plane wave illumination was
studied, Figure 1b. The pattern is very similar to the homogeneous NW, but the EM field
enhancement at the HJ can be observed. Furthermore, the coupling of the incident plane wave
with the material change of the HJ modifies the longitudinal modes of the EM field distribution

on its vicinity.

The first simulation of a homogeneous Si NW was repeated for local illumination using a focused
Gaussian beam, Figure 1c. These illumination conditions are much closer to the real experiments
of u-Raman and p-photoluminescence. In this situation, the longitudinal modes only appear when
the NW end is illuminated by the laser beam. These modes are not observed for homogeneous
NWs and local illumination at the central region of the NW when the laser beam does not reach
the NW ends. According to the infinite extension of a plane wave longitudinal modes always
appear for plane wave illumination. Note that these longitudinal modes cannot be associated with
guided modes since the incident wave arrives perpendicular to the NW axis (TM polarization with
respect to the NW axis) which is not suitable for the transmission of light along the NW.
Moreover, the SiGe absorption coefficient for 532 nm light is relatively large, especially when
increasing the Ge content, which gives a very short light path inside the NW (the values range
from = 18 nm for pure Ge, to = 890 nm for pure Si). Similar behaviour was reported in [24], where
second harmonic generation (SHG) oscillations were observed when the light source illuminate
the NW ends, but the SHG oscillations were absent when the light source hits the NW body
without affecting the NW ends. SHG modes are sustained by the distribution of the internal optical
field [25].
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Figure 1. a) EM field distribution inside a homogeneous Si NW for different NW lengths and
plane wave illumination. b) EM field distribution inside a SiGe/Si axially heterostructured NW
for different NW lengths and plane wave illumination. ¢) EM field distribution inside a
homogeneous Si NW under Gaussian beam illumination for different positions of the beam

focus.

Upon the above observations, one can say that the longitudinal modes are due to the disturbance
of the electromagnetic field by the end boundaries of the NW. One cannot define an effective
wavelength for the longitudinal modes for long NWs just by visual inspection of the EM field. In
fact, the separation between the successive maxima depends on the NW length and on the distance
to the NW ends. These oscillations are determined by the boundary conditions at the NW ends
and are sustained by the incident electromagnetic wave. Therefore, the electromagnetic field
inside the NW is modulated by the field coupling with the NW boundaries. An analogous effect
occurs when the light beam hits the HJ.



3. Fourier Transform study of the Electric Field

In order to better understand the role of the HJ and its effect on the electromagnetic field, we
performed a Fourier Transform study of the electromagnetic field distributions inside the NW.
For this purpose, a standard Fast Fourier Transform (FFT) [26] is applied to the complex-valued
electric field distribution to obtain its principal Fourier components. Figure 2 shows the electric
field distribution of two different NWs used as an example. Both are 1 um long, one is a
homogeneous Si NW and the other one a heterostructured Si/SiGe NW. It can be observed that
the presence of the HJ, located at the NW centre, disturbs the field distribution raising its value

around this position, which explains the already mentioned enhancement effect.

FFT was applied over this EM field distributions (note that the FFT operation is performed over

the complex valued original data and not the field modulus). The results are shown in Figure 3.
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Figure 2. Distribution of the electric field modulus along the axis of a I um Si NW and a 1 um

Si/SiGe heterostructured NW under 532 nm plane wave illumination.
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Figure 3. Fast Fourier Transform intensities obtained from the electric field profiles of Fig. 2.
There are 2 symmetric peaks on the Si NW that remain visible in the heterostructured NW.
However, the SiGe/Si NW presents a new asymmetric structure that results in a new peak on the
negative side, and symmetrically lowers the FFT on the positive side. The symmetric peak can be
associated with the principal component of the field, 532 nm light, while the antisymmetric one is

induced by the presence of the HJ.

The Fourier Transform of the Si NW shows the main component of the field which is symmetric
in k-space. However, if we look at the FFT of the HI NW the plot is completely different. We can
see that the main shape is similar to the Si NW FFT but it is no longer symmetric. If the plot is
carefully analysed we could detect that the negative symmetric peak is increased, while the
positive symmetric peak is decreased. Therefore, there is a new contribution which appears at

symmetric values of k, but with opposite signs, i.e. an antisymmetric component, see Figure 4.
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Figure 4. Example of the fit of the FFT data by using two components: symmetric (blue curve)

and antisymmetric (green curve).

In order to ascertain the origin of these two components we performed an analysis of their
dependence with the NW length and the incident light wavelength. The results are summarized

in Figure 5.

The position of the symmetric component turns out to be independent of the NW length and only
varies with the incident light wavelength, Figure 5a. This direct correlation with the incident light
wavelength tells us that this component is precisely the main component of the field. Conversely,
the antisymmetric peak position changes with the NW length but it is independent of the incident
wavelength, Figure 5b. We can conclude from this information that the presence of the HJ is
adding a contribution to the EM field that modifies its distribution and is directly related to the
discontinuity along the NW axis, according to its dependence on the NW length. It is worth noting
that for high values of the incident wavelength (600 nm on Figure 4a) there is a subtle dependence
of the symmetric peak position with the NW length, which is followed by the predicted
independence for higher values. This is an expected behaviour since a wavelength of 600 nm is
comparable to the first two values of NW length that have been simulated, and for these values

the interaction with the NW length modifies the fundamental mode wavelength.
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Figure 5. a) Position on k-space of the symmetric peak as a function of the NW length for different
incident wavelengths, showing its dependence on the light wavelength and independence on NW
length. b) The same plot for the antisymmetric peak, showing the opposite behaviour, linear

dependence with NW length and independence on the incident light wavelength.

According to this, the symmetric mode would correspond to the natural mode of the 532 nm light
inside the NW. The even symmetry of this peak in Fourier space will result in the electric field
having a large real part, as a consequence of Fourier Transform properties. On the other hand, the
antisymmetric peak will represent the effect of the HJ inducing a stationary wave, and its odd
symmetry results in a large imaginary part (n/2 phase shift) on the electric field. Essentially,
symmetric functions result in real valued functions under inverse Fourier transform (e.g. cosine

function), while antisymmetric functions result in pure imaginary functions (e.g. sine function).

If we come back to Figure 3, the relation between the k value of the main symmetric component
(propagation constant), and the corresponding value of the wave vector in vacuum, ko = 27/,

allow us to calculate the effective refractive index (or mode index)

k

eff = 1y
As we have already mentioned this effective index depends exclusively on the incident
wavelength, and not on the NW length. Figure 6 shows the dependence of the effective index with

the incident wavelength.
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Figure 6. Dependence of the effective index with the incident wavelength for a 45 nm diameter
NW. There are two limiting regions: for A << d the wave “sees” the NW as infinite, and the
refractive index tends to be that of bulk Si (~ 4.13); for A >> d the NW is too small to be “seen”

by the incident wave and it behaves as if it were transparent, the index tends to be that of air.
In Figure 6 we can see two different physical limits:

e for A << d the incident wave interacts with the NW as if it was infinite (bulk), and the
refractive index tends to be that of bulk Si (~ 4.13).
e for A >>d the NW is too small to interact with the incident wave and it behaves as if it

was transparent, the index tends to be that of air.

It is important to note that this effective index is not a proper refractive index, i.e. it does not
involve a travelling wave. This number just evidences the supported wavelength inside the NW.
It can be understood as the degree of interaction between the NW and the incident electromagnetic

field [24, 27].



Conclusions

The effect of the HJ of axially heterostructured NWs on the EM field distribution under light
illumination has been investigated. The results show a clear coupling between the incident EM
field and dielectric discontinuity of the axially heterostructured NW, which results in the
enhancement of the EM field around this region. The Fourier analysis reveals the existence of a
new field component on heterostructured NWs, as compared with homogeneous NWs. This mode
is antisymmetric in k-space, contrary to the principal mode of the incident light which is
symmetric. The study of the dependence of these two modes with both the incident light
wavelength and the NW length accounts for their respective origins. The symmetric peak varies
with the incident light wavelength and it is independent on the NW Iength, while the
antisymmetric peak has the opposite behaviour, having a direct dependence with the NW length
and being clearly independent of the incident light wavelength. Finally, the effective index of the
symmetric mode is studied, showing a dependence of the light/NW interaction as a function of
the incident wavelength. For large values of the wavelength it can be observed that the light does
not interact with the NW, because it is much smaller than one wave cycle. For small values of the
wavelength the NW behaves bulk-like, showing the response of an ordinary travelling wave. It is
in the intermediate region (the visible range) in which the light strongly interacts with the NW,
changing the effective refractive index. These results shed light on the phenomenon of light/NW
interaction, particularly in the case of axially heterostructured ones, for their application on future

optoelectronic nanodevices, like light sensors or solar cells, among others.
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