
 

 

 

 

 

 

 

 

Trabajo Fin de Máster 

 

 

 

Máster en Física 

 

 

 

Characterization of nanowires for qubit fabrication based on Silicon 

technology using Raman spectroscopy 

 

 

Autor: Ginés González Guirado 

 

 

Tutor/es: Jorge Serrano Gutiérrez, Vanessa Giselle Hinojosa Chasiquiza 

y Óscar Martínez Sacristán 

 



Abstract

The advancement of quantum computing facilities necessitates the scalable development of reli-

able qubit platforms, which is currently at the forefront of research e�orts by major industrial

players such as Google, Amazon, and Intel. One of the most promising strategies to address

this challenge involves adapting current silicon nanoelectronics chip technology to meet the re-

quirements for semiconductor qubit fabrication. This adaptation utilizes either electron or hole

spin-orbit coupling in semiconductors, along with gates to control, read, and manipulate spin

states electrically.

This approach demands state-of-the-art fabrication processes that meticulously control the

roughness, strain, doping, and positioning of semiconductor nanowires, two-dimensional semi-

conductor and oxide layers, and metallic gates.

In this Master’s thesis, we report a micro-Raman investigation of silicon nanowires and chips

within the framework of a Spanish national research program aimed at developing the �rst

Spanish scalable qubit fabrication platform based on silicon technologies, in collaboration with

the Barcelona Microelectronics Institute - CSIC.

To achieve this, hyperspectral maps and spectral pro�les were obtained using two di�erent laser

wavelengths on both polycrystalline and monocrystalline silicon nanowire layers deposited on a

single-crystal silicon substrate covered with thermal oxide. In all cases, the Raman spectrum

is dominated by the signal from the silicon substrate, presenting a challenge in identifying the

characteristics of the silicon nanowire, which are of interest for this project.

A careful combination of polarization studies and intentional laser heating of the uppermost

layer, along with a unique �tting strategy developed in Python during this Master’s thesis,

provided a method to characterize the main features of the nanowire layer with submicron

resolution. This method represents the primary result of the current thesis and will be applied

in the future to analyze further steps in the quest for the fabrication of scalable semiconductor

qubit platforms.
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Resumen

El avance de las instalaciones de computaci�on cu�antica requiere el desarrollo escalable de platafor-

mas de qubits �ables, que actualmente est�a en la vanguardia de los esfuerzos de investigaci�on

de los principales actores industriales como Google, Amazon e Intel. Una de las estrategias

m�as prometedoras para afrontar este reto consiste en adaptar la actual tecnolog��a de chips na-

noelectr�onicos de silicio para cumplir los requisitos de fabricaci�on de qubits semiconductores.

Esta adaptaci�on utiliza el acoplamiento esp��n-�orbita de electrones o huecos en semiconductores,

junto con puertas para controlar, leer y manipular el�ectricamente los estados de esp��n. Este

enfoque exige rigurosos procesos de fabricaci�on de �ultima generaci�on que controlen meticulosa-

mente la rugosidad, la deformaci�on, el dopaje y la posici�on de nanohilos semiconductores, las

capas bidimentsionales semiconductoras y de diversos �oxidos y las puertas met�alicas.

En este trabajo de �n de m�aster, presentamos una investigaci�on micro-Raman de nanohilos y

chips de silicio en el marco de un programa nacional espa~nol de investigaci�on destinado a desar-

rollar la primera plataforma espa~nola de fabricaci�on escalable de qubits basada en tecnolog��as

de silicio, en colaboraci�on con el Instituto de Microelectr�onica de Barcelona - CSIC.

Para ello, se obtuvieron mapas hiperespectrales y per�les espectrales utilizando dos longitudes

de onda l�aser diferentes sobre capas de nanohilos de silicio policristalino y monocristalino de-

positadas sobre un sustrato de silicio monocristalino recubierto de �oxido t�ermico. En todos los

casos, el espectro Raman est�a dominado por la se~nal procedente del sustrato de silicio, lo que

supone un desaf��o a la hora de identi�car las caracter��sticas del nanohilo de silicio, que son de

inter�es para este proyecto.

Una cuidadosa combinaci�on de estudios de polarizaci�on y calentamiento l�aser intencionado de la

capa superior, junto con una estrategia de ajuste singular desarrollada en Python durante esta

tesis de m�aster, proporcion�o un m�etodo para obtener las principales caracter��sticas de la capa

de nanohilos con una resoluci�on submicrom�etrica. Este m�etodo representa el principal resultado

de la presente tesis y se aplicar�a en el futuro para analizar nuevos pasos en la b�usqueda de la

fabricaci�on de plataformas de qubits semiconductores escalables.
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1 Introduction

The �eld of quantum computing has been extensively studied due to its potential applications,
since the initial proposals by Feynman [1] and others in the 1980s [2]. A universal quantum
computer would enable much faster resolution of certain types of calculations, such as integer
factorization and quantum simulation, compared to classical computers [3]. In recent years,
devices capable of performing speci�c calculations, which are di�cult or even impossible for
classical computers, have been developed to achieve this goal. However, manufacturing these
devices on a large scale presents signi�cant challenges, such as the production of qubits at
near-room temperatures and the use of materials and fabrication processes that are easy to
industrialize. Therefore, one of the current research targets is to achieve the mass production
of qubits in a systematic, cost-e�ective manner while minimizing defects that may arise during
the manufacturing process.

Various proposals have been developed to create qubits. Some of the proposed and imple-
mented approaches include superconducting qubits [4], trapped ion qubits [5], quantum dots
and spin-based qubits in semiconductors [6], qubits of neutral atoms [7], defects or color centers
in semiconductors [8], qubits based on nuclear magnetic resonance [9] and photonic qubits [10].

The idea of using nanowires to manufacture qubits starts from the pioneering work of Nadj-Perge
et al. [11], showing that through spin-orbit interaction the spins can be controlled even at the
level of individual electrons. In that work, a spin-orbit qubit implemented on an InAs nanowire
is presented, where the spin-orbit interaction is so strong that spin and motion can no longer
be separated. So, in that situation, they performed fast qubit rotations and universal control of
single qubits using only electric �elds. Additionally, they improved coherence by dynamically
decoupling the qubit from the environment. Furthermore, the qubits were individually address-
able, as they were housed in single-electron quantum dots. An advantage of nanowires over the
rest of the options for qubit fabrication, from the point of view of scalability, is that they allow
multiple metallic contacts or local superconductors and electrostatic gates on the top, bottom
and side of the wire [12].

Since silicon is the fundamental semiconductor in modern electronics, producing Si nanowires
is easier compared to other materials, as techniques for working with and doping silicon are
well-established. Therefore, the large-scale implementation of these qubits would not require
signi�cant e�orts in terms of the equipment needed for their production. Given the rigor and
precision required to manufacture semiconductor qubits with proper functionality, it is essential
to employ characterization techniques capable of detecting submicron structural defects. Such
techniques are crucial for selecting the optimal procedures for qubit fabrication. Consequently,
micro-Raman spectroscopy emerges as an ideal technique for this purpose.

The use of Raman spectroscopy for studying nanowires is preferred due to its non-destructive
nature and its ability to detect defects, disorder, and stress, either compression or elongation,
in the structure. These defects can be precisely identi�ed by �tting di�erent types of functions
to the experimentally obtained peaks, depending on the material's doping. If the material
is highly doped, the Raman spectrum is best �tted with a Fano pro�le. However, the most
common function used for Raman peak analysis is a Voigt pro�le, as it accounts for both the
natural width of a Raman peak (Lorentzian pro�le) and the broadening caused by the measuring
instruments (Gaussian pro�le). By observing variations in the peak positions and their full-
width-at-half-maximum (FWHM), we can identify the defects produced in the devices during
the manufacturing process. This allows us to determine the best procedures for fabricating the
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nanowires and the contact shapes that generate the least stress, which is crucial for the device's
proper functioning and durability. To �t the experimental Raman peaks in this work, a Python
code was developed.

In this work, the characterization of Silicon (Si) nanowires for qubit fabrication has been car-
ried out using Raman spectroscopy. Crystalline Si and polycrystalline Si nanowires have been
studied, as well as di�erent lengths, widths, production methods, and di�erent contact shapes,
to observe the di�erences in defects that are generated in the devices when manufactured in one
way or another.

2 Methodology

2.1 Raman spectroscopy

Raman scattering can be described from classical electromagnetism, according to Long (2002)
[13]. Simplifying and without losing generality, we can consider that the beam irradiating the
sample is a linearly polarized monochromatic plane wave:

~E = ~E0ei (~k i �~x� ! i t ) (2.1)

Where ~E0 represents the amplitude of the incident electric �eld, ~ki denotes the wave vector and
! i is the angular frequency of the incident radiation. When a dielectric material like silicon is
illuminated, the incident electric �eld induces a dipole moment within it:

~P = � � ~E (2.2)

Here, � represents the material's susceptibility tensor. The susceptibility� is modulated by the

uctuations of the atoms around their equilibrium positions in the lattice. These 
uctuations
are characterized by the lattice vibrations and, therefore, they are related to the phonons of the
lattice. Phonons can be described in their normal coordinates through the Bloch function as
[14]:

Qj = Qj 0e� (~qj �~r � ! j t ) (2.3)

Where ~qj and ! j are the wave vector and angular frequency of the normal modej , respectively.
Then, the material susceptibility can be expanded in Taylor series with respect to the normal
coordinates of the phonons around their equilibrium position ~� 0 as:

� = � 0 +
X

j

�
@�
@Qj

�

0
Qj +

1
2

X

j;i

�
@2�

@Qj @Qi

�

0
Qj Qi + ::: (2.4)

Where the subscript 0 denotes the value of the magnitude in the equilibrium con�guration.
For small atomic vibrations around their equilibrium positions, and thus within the harmonic
approximation, the susceptibility can be expressed as:

� = � 0 +
X

j

�
@�
@Qj

�

0
Qj (2.5)

The normal coordinate Qj , whose expression is given by the equation (2.3), can be simpli�ed,
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under the harmonic electrical approximation, as:

Qj = Qj 0 cos (! j t) (2.6)

Thus, with these approximations, the polarization induced in the irradiated sample, which is
described in the equation (2.2), can be approximated as:

~P = � 0 � ~E0 cos (! i t) +
X

j

�
@�
@Qj

�

0
Qj 0 ~E0 cos (! j t) cos (! i t) (2.7)

From this expression, using a trigonometric relationship for the cosines according to [13], we
obtain:

~P = � 0 � ~E0 cos (! i t)| {z }
Rayleigh scattering

+
X

j

�
@�
@Qj

�

0
Qj 0 ~E0

1
2

[cos ((! i � ! j )t) + cos (( ! i + ! j )t)]

| {z }
Raman scattering

(2.8)

In this equation, three distinct frequencies contributing to the polarization of the sample are
clearly identi�ed. Assuming that the illuminated sample emits energy as a dipole, the light emit-
ted by the sample is primarily characterized by these frequencies. The �rst term, characterized
by a frequency ! i corresponds to elastic scattering or Rayleigh scattering, where the scattered
light has the same frequency as the incident light. The second term encompasses inelastic events
or Raman scattering, characterized by frequencies! i � ! j and ! i + ! j , contributing to Raman
Stokes and Raman anti-Stokes scattering, respectively of phonons of~! j energy, i.e., corresponds
to the j-th mode. Typically, Raman spectra are represented by theRaman shift on the x-axis,
which denotes the frequency di�erences! i � ! j , and usually expressed in units of cm� 1, as can
be seen in Fig. 1.

Figure 1: Example of a Raman spectrum, illustrating the Rayleigh radiation, Raman Stokes,
and Raman Anti-Stokes radiations for two Raman modes, along with their varying relative
intensities. Illustration adapted from [15].

Drawing upon the formalism established by M. Cardona et al. in [16], the intensities of Stokes
and anti-Stokes emission from a sample illuminated by an electromagnetic �eld can be derived
from a classical perspective, where the energy radiated per unit time by the sample is expressed
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as:
dI
d


=
! 4

(4� )2� 0c3 jês � ~Pj2 (2.9)

Where I is the intensity irradiated by the sample, 
 the element of solid angle, � 0 the permittivity
of the medium in free propagation,c the speed of light in the medium in free propagation,! the
frequency of the dipole moment~P induced in the material and ês the unit vector that represents
the polarization of the light scattered by the system measured at the observation point.

In this classical treatment, the medium has dimensions larger than the wavelength of the incident
radiation, and the induced dipole moment is determined by the incident electric �eld through
~P = � 0� êi E i [14]. Because the wavelength of the incident light is much larger for nanowires
(NWs), the intensity radiated by bulk material under illumination is not valid for NW structures
[17]. In this approximation for the bulk, it is assumed that the electric �eld inside the material,
which causes the dipole moment in the material, is equal to that of the incident radiation.
However, due to di�erences in the dielectric constants of the medium, substrate, and NW, and
because of the dimensions of the NW relative to the wavelength of the incident electromagnetic
�eld, the electric �eld inside the NW can di�er signi�cantly from the incident electric �eld.

When nanowires are illuminated with a laser beam, the incident electromagnetic �eld induces
polarization in the molecular bonds of the NWs. This polarization can be separated into two
components as in equation (2.7), that is, a term that oscillates with the incident electromagnetic
�eld (Rayleigh scattering) and a term of polarization induced by the displacements of the atoms
in the lattice around their equilibrium positions. The latter term includes Raman Stokes and
anti-Stokes scattering. The intensity of the photons radiated from this Raman scattering is
determined by the expression [14]:

I R =
�

! 2
i � 0jE j
4�d

� 2

hĵei � R � êsj2i (2.10)

Where ! i is the frequency of the incident laser,� 0 the magnetic permeability of the NW, jE j
the modulus of the electric �eld inside the NW, d is the distance between the detector and the
sample,êi is the vector of the incident polarization, ês is the vector of the scattered polarization
and, �nally, R is the characteristic Raman tensor of the material. The Raman tensor depends
on the derivatives of the polarizability tensor (� ) with respect to the normal coordinates of the
atoms in the semiconductor, as follows [13]:

R =
�

@�
@Qj

�

0
Qj (2.11)

When analyzing the expression 2.10, it is noticeable that the signal coming from the NWs
is strongly in
uenced by the distribution of the electric �eld inside them when the NWs are
illuminated with a laser beam.

The cross section for Raman events is independent of the electric �eld inside the sample, so
the expression for the bulk is also valid for NWs, so that the di�erential cross section can be
calculated, according to [16], as:

d�
d


=
! 4V 2

(4� )2c4 jês � � � êi j2 (2.12)

Where � is the susceptibility independent of the volume of the material illuminated by the
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incident beam or scattering volume V . By introducing the approximation given in equation
(2.5) for � , and considering the phonon population distributions, the cross sections for Raman
Stokes and anti-Stokes scattering can be obtained, as described in [16], as follows:

�
d�
d


�

Stokes
=

~
2! j

0

@ 1

e
~! j
k B T � 1

+ 1

1

A (! i � ! j )4V 2

(4� )2c4 jês �
d�
dQj

� êi j2 (2.13)

�
d�
d


�

anti-Stokes
=

0

@ ~
2! j

1

e
~! j
k B T � 1

1

A (! i + ! j )4V 2

(4� )2c4 jês �
d�
dQj

� êi j2 (2.14)

From these two equations, the relationship between the cross-sections for Stokes and anti-Stokes
scattering can be established, which is equivalent to the ratio of intensities between them:

I anti-Stokes

I Stokes
=

�
! i + ! j

! i � ! j

� 4

e
�

~! j
k B T � e

�
~! j
k B T (2.15)

Applying the approximation since ! i � ! j . This relationship shows that at room temperature
or lower, the Raman Stokes intensity signi�cantly exceeds the anti-Stokes Raman intensity.
Hence, it is typically preferable to use Stokes radiation for sample characterization. Furthermore,
this relationship allows a direct determination of the sample temperature, making it widely
utilized for in situ thermography of devices during operation [15]. However, conducting such
measurements requires equipment capable of e�ectively �ltering out Rayleigh scattering and
covering a su�ciently broad frequency range to capture both peaks, only available for a limited
number of high-resolution spectrometers.

Raman Tensor and selection rules

The Raman Tensor, de�ned in equation (2.11), determines which vibrational modes are active
in the material in Raman spectroscopy. In 1964, Loudon [18] derived the Raman tensors for
each of the 32 point symmetry groups, so that three di�erent Raman tensors were obtained for
silicon:

�
d�
dQj

�

x
=

0

B
@

0 0 0
0 0 d
0 d 0

1

C
A ;

�
d�
dQj

�

y
=

0

B
@

0 0 d
0 0 0
d 0 0

1

C
A ;

�
d�
dQj

�

z
=

0

B
@

0 d 0
d 0 0
0 0 0

1

C
A (2.16)

In the absence of stresses, the three vibration modes active in silicon are degenerate, so their Ra-
man shifts are the same, speci�cally! j = 520:7 cm� 1 for crystalline silicon at room temperature
and ambient pressure. This value is routinely used for calibration of Raman spectra.

Furthermore, as can be seen in equation (2.13), the Raman tensor is multiplied by the unit vec-
tors representing the polarization of the incident and scattered light. Thus, in silicon samples
with surfaces oriented in a crystalline direction, the combination of these vectors with the cor-
responding Raman tensors leads to a modulation of the Raman intensity emitted by the sample
as a function of the polarization of the incident light [19].

Quantum description

There are certain properties of Raman scattering that need quantum treatment to be explained,
such as the resonant Raman scattering that occurs in NWs.
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In each Raman scattering event, according to [20] three particles participate: an incident photon
with frequency ! i , a phonon with frequency ! j and a photon with frequency ! s. First, the
material, in an initial state ji i , is excited by the incident photon. Then, the material passes to
an intermediate state jai , when an electron-hole pair is created. This process can be described
with the electron-radiation interaction Hamiltonian He� R . From the intermediate state, the
material relaxes by emitting (Stokes) or absorbing (anti-Stokes) a phonon of frequency! j ,
passing to another intermediate statejbi . This process is described with the electron-phonon
interaction Hamiltonian ( He� ph), de�ned in [20]. Finally, the material relaxes from the second
intermediate state, emitting a photon of frequency ! s, through radiative recombination.

Figure 2 illustrates the transitions that give rise to Rayleigh, Stokes Raman and anti-Stokes
Raman radiation.

Figure 2: Energy transition diagram for Rayleigh and Raman scattering.

As can be seen in Figure 2, in the complete process there is conservation of energy, that is:

~! s = ~! i � ~! j (2.17)

Moreover, in �rst-order Raman scattering the total momentum is conserved:

~~ks = ~~ki � ~~qj (2.18)

Where ~ks is the wavevector of the scattered photon,~ki the wavevector of the incident radiation
and ~qj the wavevector of the phonon. The minus and plus signs are for Stokes and anti-Stokes
radiation, as described previously. The maximum value of~qj is reached in the limit in which
the wavevector of the Raman photon is equal in magnitude and opposite in direction to the
wavevector of the incident photon (backscattering), so,~qj < 4�

� i
according to [17]. Therefore,

for � > 300 nm, the value of~qj is signi�cantly smaller than the width of the Brillouin zone,
with a maximum width of �=a being a the lattice parameter. As a result, ~qj is restricted to the
central region of the �rst Brillouin zone and the selection rule for Raman-active phonons can be
established as:

~qj ' 0 (2.19)

Finally, quantum mechanics o�ers an alternative method to compute the probability of Raman
scattering, employing Fermi's golden rule and third-order perturbation theory. The probability
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of a Raman scattering event is determined by the following equation [20]:

P(! j ) =
2�
~

�
�
�
�
�
�

X

a;b

hi jHe� R jbihbjHe� ph jaihajHe� R ji i
[~! i � (Ea � E i )][~! i � ~! j (Eb � E i )]

�
�
�
�
�
�

2

� � (~! i � ~! j � ~! s) (2.20)

In this equation the states that appear are those that have been previously explained. From
this expression, it can be deduced that if the frequency of the incident photons is similar to
the transition energy of the electronic states of the material, characterized by (Ea � E i ) and
(Eb � E i ), the probability of these Raman scattering events dramatically increases, since the
denominator of (2.20) tends to zero. This situation is known as resonant Raman scattering [20].

Shape of the peaks in a Raman spectrum

In an ideal scenario, the excitation-relaxation process can be described as:
Z 1

�1
� (! � ! 0)d! = ! 0 (2.21)

This scenario implies in�nite phonon lifetimes with well-de�ned and unique frequency. However,
various factors disrupt the ideal monochromatic behavior, in
uencing the actual form of peaks
in a Raman/Photoluminiscence (PL) spectrum [21]:

ˆ Quantum-mechanical uncertainty in energy levels (phonon/vibration lifetime), which de-
termines the natural width of a Raman/PL peak.

ˆ Collisional broadening, where phonon scattering events reduce the lifetime and broadens
the width of the peak.

ˆ Inhomogeneous broadening, disorder and Doppler/Thermal broadening.

ˆ Instrumental Broadening.

As � � � t � ~, indicating a fundamental limitation imposed by quantum mechanics, the relax-
ation of excited states inherently possesses a �nite lifetime, precluding instantaneous transitions.
Consequently, the relaxation process can be formally characterized as a �rst-order phenomenon,
according to Demtr•oder [21]:

@�n
@t

= �
� n

� n
(2.22)

The lifetime ( � n ) will determine the spread of energies at which the photons will be emitted in
the relaxation process.

When we translate this into the frequency domain using Fourier transform, the outcome is:

Z 1

0
e� t=� n e� i!t dt =

1=�n

(1=�n )2 + ! 2 +
i!

(1=�n )2 + ! 2 (2.23)

which real part exhibits the generalized Lorentzian line shape:

I =
I 0

�


�

 2


 2 + ( ! � ! 0)2

�
(2.24)

with

 =

FWHM
2

() � n =
2

FWHM
(2.25)
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Phonon scattering events reduce the lifetime, consequently leading to increased uncertainty in
the frequency of emitted photons during the relaxation process. Despite the reduction in lifetime,
the overall shape of the observed line remains Lorentzian; however, it results in broader peaks.
So, wider Lorentzian peaks indicates more scattering [21]:

FWHM =
2

� collision
(2.26)

with � collision < � n .

Other factors in
uencing peak shape include temperature and pressure. Higher temperatures
yield more phonons and collisions, resulting in broader peaks [22]. Similarly, increased pressure
leads to more collisions, also contributing to broader peaks.

The compression and stretching of a sample a�ects the Raman shift as well [23]. When a sample
is compressed, its Raman frequency increases, whereas stretching leads to a decrease in its
Raman frequency. This can be understood through the spring model analogy applied to atomic
interactions [24], where the vibrational frequency of atoms, denoted by! , is proportional to the

spring constant k according to the formula ! =
q

k
m . A compressed material results in closer

atomic interactions, leading to a higher spring constantk and consequently a higher frequency! .
Conversely, stretching the material results in further apart atoms and a lower spring constant,
thus yielding a lower frequency.

Inhomogeneous broadening arises when the relaxation process extends across numerous vibra-
tional levels. This can be caused by disorder in the semiconductor lattice, e.g., due to defects, as
well as by thermal 
uctuations in the atoms, leading to a Doppler broadening e�ect, which we
are not currently focusing on. So, this broadening leads to a randomly distributed perturbation
of the phonon lifetime, resulting in a Gaussian dispersion of frequencies for the photons emitted
during the relaxation process:

G(! ) =
1

p
� �

e� (! � ! 0 )2=� 2
(2.27)

Hence, what we observe is the combination of the Lorentzian shape outlined earlier with the
Gaussian spread caused by this randomly distributed e�ect. This corresponds to a convolution
of both functions in the frequency domain, that is referred to as a Voigt pro�le [21]:

I D (! ) /
Z

G(! 0; � )L (( ! � ! "); 
 )d! 0 (2.28)

Instruments used to measure spectral lines, such as spectrometers and Charge-Coupled Devices
(CCDs), signi�cantly in
uence the shape of Raman/PL lines. Spectrometers utilize gratings
with angular dispersion proportional to the groove spacing, where gratings with more lines/mm
provide better accuracy in FWHM but less lateral angular dispersion. Di�raction at apertures
also contributes to broadening. CCDs are a�ected by the point spread function, which dictates
how accurately frequencies map to speci�c pixels, causing photon leakage to neighboring pix-
els and broadening the peak signal. These e�ects result in inhomogeneous broadening of the
Raman peaks, introducing also Gaussian perturbations. Consequently, the �nal line shape is
often modeled as a single Voigt pro�le, representing the convolution of the initial Voigt pro�le
(Lorentzian pro�le convoluted with inhomogeneous broadening) with the Gaussian broadening
from experimental dispersion and is expressed as shown in Equation (2.28).
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