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Abstract

Quantum computing represents a revolutionary computational paradigm with the potential to
overcome the limitations of classical computers. Among the various approaches under
investigation, semiconductor-based solutions stand out as promising candidates for qubit
implementation. This work explores a four-quantum dot SiGe heterostructure. The above
structure has been analyzed using the low-level finite element method-based simulator quantum
technology computer-aided design (QTCAD) to derive essential physical parameters critical for
implementing electron spin qubits. Even though QTCAD may not be as accurate as real
experiments, it nonetheless provides important insights into the device behavior. The aim is to use
these simulations to effectively analyze the device’s response to changes in structural parameters
and determine whether it is feasible for real-world applications. As a result, changes to the
structure can be made by simply modifying the simulation code, avoiding the need for repetitive
and expensive lithographic processes. Notably, this is the first time a four-quantum-dot system has
been analyzed using QTCAD. Specifically, the study involves solving the non-linear Poisson
equation as well as single and multi particle Schrodinger equations. Additionally, a transport
analysis is performed, yielding Coulomb peaks, Coulomb diamonds, and charge stability diagrams.
Finally, an approximation of the tunneling coefficient and the exchange interaction energy between
the different dot pairs is computed. The results provide a foundation for the design of advanced
logic circuits able to execute multiple quantum logic gates. By leveraging the precise control over
quantum dot configuration, it becomes possible to customize the interactions between quantum
states for specific computational purposes. This approach enables the realization of complex
architectures where individual quantum dots act as qubits or nodes in a quantum network. The
ability to tune gate voltages and control inter-dot couplings allows for the implementation of
complex quantum logic gates.

1. Introduction

The previous decade witnessed a continuous advancement in quantum devices constructed from
semiconductor materials. Indeed, this trend arose from the significant limitations encountered by classical
electronics across numerous applications. Quantum electronics, especially quantum computing, emerged as
a promising solution for achieving functionalities that are not possible with classical electronics. Various
technologies have been proposed to enhance the development of quantum technologies, with semiconductor
quantum technologies being among the most promising. It is now possible to achieve very high fidelity
quantum gate using semiconductor qubits [1] since semiconductor devices allow for the implementation of

© 2025 The Author(s). Published by IOP Publishing Ltd
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qubits with extended coherence time [2]. After decades of advancement, it became evident that silicon is one
of the optimal materials for next-generation devices leveraging quantum properties of charge and spin. In
this article, the emphasis is placed on quantum dots with confinement in all three dimensions, which, due to
their flexibility, scalability, and compatibility with CMOS integration techniques, are among the most
promising options for qubits. Nevertheless dopants [3] and optically addressable quantum defects [4]
provide alternative approaches in semiconductors.

Quantum dot electron qubits can be encoded, considering the confinement of the electrons, using
different methodologies: the spin—% qubit, where the information is stored on the hyperfine Zeeman levels, in
particular the zero state is ||) and the one state is |1) [2], the charge qubit that exploits the charge of a
physical system to represent quantum information [5], the singlet—triplet (ST) qubit that relies on the singlet
and triplet states of two electrons confined within a double quantum dot system and the hybrid qubit, which
stands out for its unique encoding scheme, leveraging both electron positions and spins. This study focuses
on the physical properties of a four quantum dots SiGe/Si/SiGe heterostructure, used to encode spin-3 qubit,
described in [6].

A dedicated software tool called quantum technology computer-aided design (QTCAD) [7], by
Nanoacademic Technologies, is used to examine the heterostructure. The purpose of the article is to analyze
carrier dynamics and transport properties inside a silicon heterostructure based on four quantum dots
similar to studies presented in the literature, for instance [8]. However, unlike those approaches where the
confinement potential is defined analytically, this work begins by solving the non-linear Poisson equation,
followed by the single-particle and multi-particle Schrédinger equations, before performing the transport
analysis. The study builds upon earlier publications that employed QTCAD to simulate semiconductor
quantum dot heterostructures, including [9]. The tunneling coupling approximation and the exchange
interaction energy are calculated to quantify the coupling between different pairs of quantum dots.
Moreover, the simulation of Coulomb diamonds, Coulomb peaks, and charge stability diagrams offers a
summary of the heterostructure transport characteristics.

2. Theoretical foundation

2.1. Non-linear Poisson equation

To simulate the proposed heterostructure, the methodological workflow prescribed by QTCAD is followed.
The initial phase involves the precise definition of the computational mesh, a critical step achieved through
the utilization of a third-party open-source software tool, GMSH [10], which facilitates the generation of
geometry-specific meshing parameters. As described in [7], QTCAD is a finite element method (FEM) solver
for quantum devices, able to extract key physical properties. The assignment of materials and boundary
conditions to distinct regions of the structure enables QTCAD to solve the non-linear Poisson equation, a
necessary step for obtaining some device characteristics, such as the conduction band edge and electrostatic
profile, as detailed in [11].

2.2. Schrédinger equation

The program employs the envelope-function approximation (EFA) to address the time-independent single
particle Schrodinger equation in domains where classical physics is inadequate [12], allowing the
computation of bound states, their probability density distributions, and associated energy levels [13]. The
validity of EFA is based on the separation between the slow-varying confinement potential imposed by the
nanostructure and the rapidly oscillating atomistic potential, ensuring that the second can be averaged out.

For electrons, QTCAD utilizes the effective-mass approximation under the assumption of a single
quadratic band, providing a simplified yet precise treatment of quantum confinement effects.

For systems containing multiple quantum dots, a multi particle simulation is necessary to accurately
reflect quantum-mechanical interactions between confined particles [14], as single particle solvers can only
provide approximations. QTCAD addresses this limitation through its many-body solver, which employs the
exact-diagonalization method, enabling a precise representation of exchange and correlation effects [15, 16].
By incorporating these effects, QTCAD provides a more accurate and comprehensive framework for
modeling many-body interactions in quantum dot systems. Although many-body analyses can be
time-consuming, the Fermi—Hubbard model provides a simple but effective method for capturing the
complex physics of a multi electron system, such as four quantum dots [17]:

U; 1
Hy =) eigtio +) = mi(n—1)+ > Vining, M
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where the particle operators n; = ) #j,,njg = cja ¢ie and the Coulomb interaction energies U; and V; are
introduced. The main advantage of this approximation with respect the exact diagonalization method is that
the number of Coulomb integrals to evaluate for figs single particle states scales like O (12, ) instead of
O(ndes) when overlap terms are included, as discussed in [18].

2.3. Transport in Coulomb blockade regime

Accurate modeling and description of quantum transport processes is possible after the many-body solver is
configured correctly within the QTCAD framework [19]. This method considers the device as a junction
where quantum dots are connected to source and drain leads, with supplementary gates regulating potential
confinement, and carrier motion occurs via tunneling between distinct energy levels. Within QTCAD’s
transport solver, the many-body characterization of the device is obtained by adding the coupling between
the quantum region and the leads, that is generated from tunneling events:

R 1 Aot A A *
H= Zeigcfgcig + 3 Z Vijlkcjac;fg,ckgqg + Z ekLcchkL + Z (tkLy,»Jcchig + H.c.) (2)
io iil,oo’ KL KL,ic

where the first term corresponds to the kinetic energy, the second one describes the coulomb
electron-electron interaction, the third term is the free Hamiltonian of source and drain with €y, the energy
ofalead L € [D, ] eigenstate with wave vector k. The last term of the equation describes the tunneling
between the device and the leads, with f; ;, the tunneling matrix element between the single electron
eigenstates (io) of the quantum region and the eigenstates k of the lead L. In the QTCAD transport regime,
the many-body device Hamiltonian is solved using the exact diagonalization method and the interactions
between the source, the drain and the dot, modeled as a weak perturbation. Finally, the master equation [19]
governs the dynamics of charge flow, and enables the calculation of transport features such as Coulomb
peaks, Coulomb diamonds, and charge stability diagrams, which are crucial for analyzing the single electron
transport regime.

2.4. The non-equilibrium Green’s function (NEGF)

The NEGF formalism is a powerful tool for modeling non-equilibrium quantum statistical phenomena,
making it capable of simulating both classical and quantum transport processes in devices with arbitrary
geometry, material composition, temperature conditions, and external bias voltages [20, 21]. However, one
significant shortcoming of the NEGF approach used in QTCAD, compared to more thorough many-body
formalisms is its omission of electron-electron (or hole-hole) interactions. As a result, the NEGF formalism
fails to capture Coulomb blockade phenomena, which result from strong interactions between charged
particles in confined regions and are required for accurately describing transport in systems where electron
interactions have a significant influence on device behavior. Furthermore, while the NEGF formalism
explicitly accounts for the influence of the source and drain on the center region, but it neglects to consider
the effect of the central region on the source and drain. For example, the NEGF formalism cannot account
for Coulomb repulsion or attraction caused by a considerable charge accumulation in the core region of the
source and drain next to it. This limitation arises from an underlying assumption of the NEGF formalism:
the source and the drain are treated as thermal reservoirs with uniform and unchanging physical properties.
For the assumption to hold, buffer regions near the source/drain boundaries must be included in the central
region, and the electric potential in the buffer regions should gradually plateau to a constant value near the
source/drain interfaces, as they serve as transitional areas between the center region and the source/drain.

3. Implementation

3.1. Device structure
The device analyzed using QTCAD is a SiGe heterostructure four-quantum-dot used to implement electron
spin qubits. The heterostructure, as described in [6], begins with a 2.5 yum strained relaxed Sip ;Gey 5 layer,
which is reduced to 30 nm in the simulation for computational efficiency. On top of the Siy;Geg 3 layer is a
9nm isotropically enriched 28Si quantum layer. This quantum layer is separated from the 1 nm Si cap by
another 30 nm relaxed Sip ;Geg 3 layer, which completes the heterostructure. However, in the experimental
setup, the Si cap oxidizes before the atomic layer deposition of the top oxide (Al,O3), thus it is not considered
in the simulation. Instead, only 10 nm of Al, O3 is used to separate the gate stack from the heterostructure.
The device comprises a three-layer gate metal stack: Y-gates, dot plunger gates and reservoir gates, and
barrier gates, as depicted in figure 1. The three gate layers are made of Ti:Pd, but to simplify the structure in
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Figure 1. SiGe four quantum dot heterostructure obtained with GMSH [10]. The graphic depicts the structure of gate layers. The
blue layer confinement gates create an active region and prevent the formation of false dots. The second layer consists of reservoir
gates and the four dot plunger gates (in red). The third (white) layer is where barrier gates are constructed.

Figure 2. SiGe four quantum dot heterostructure obtained with GMSH [10]. The figure reports a cut of the structure along a
plane perpendicular to the XY plane in the quantum region.

the QTCAD simulation, the metal gates are represented by boundary conditions defined at the interface
between the oxide structure and the gate region. Each metal layer is separated from the underlying one by
5nm of oxide. The height of the Y gates is 15nm, while their width varies along the X direction. Specifically,
the Y gate in the upper region has a width of 127.5nm from x = 40nm to 115nm, and then itis 112.5nm
wide, whereas in the lower region, the Y gates are 112.5nm wide from x = 40nm to 145nm, and then
127.5nm wide.

The extension of the dot plungers and barriers over the quantum region is 20 nm along the x direction,
30nm along the y direction, and 30 nm along the z direction, as shown in figure 2. However, the right upper
barrier and the left lower barrier must separate the dot from the reservoir gates and the two dots along the y
direction. Therefore, in the simulation, as described in figure 1, these two barrier gates have an L shape, with
extensions of 55nm along the y direction and 45nm along the % direction. The reservoir gates have the same
dimensions as the dot plungers along the Z and y directions and 60 nm along the X direction, even though
they are not aligned as in the two previous cases but rigidly shifted to accommodate the Y gates. Along the X
direction, the barriers and plungers are separated by 5nm of oxide. The Y gates are separated from the
barriers and plungers by 5nm of oxide.

Finally, there are four ohmic contacts at the four corners of the structure, each with a volume of
40 x 60 x 44nm?. Therefore, they include the top Siy ;Gey 3, the 23Si quantum layer, and 5nm of the Siy;Geg 3
below the quantum layer. These ohmic regions are n™ doped, with a dopant concentration of 5 x 108 cm™2.
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3.2. Simulation parameters

For this simulation, the temperature is fixed at 15 mK, and the dopant concentration is set to

Np = 1 x 108 cm ™3, with complete ionization assumed. Additionally, the metal workfunction is considered
to be:

Eg—SiO_7Ge0_3

- ©)

¢m = XSip.;Geo.s T
where Xs;, ,Ge, ; and Eg_sj _Ge, , are the electron affinity and the band gap energy of Sig7Ge 3. The mesh
derived via GMSH has a resolution of 4 nm in the lowest Siy 7Gey 3 layer, 2 nm above and below the quantum
layer, 1 nm inside the quantum layer, and 4 to 2 nm in the upper three gate layers. QTCAD cannot compute
the strain from material and geometry definitions, thus, as demonstrated in [9], a potential of —0.146V is
provided to the Si quantum layer to align the conduction band minimum of Siy;Ge, ; with that of 2Si.

3.3. Non-linear Poisson equation

The non-linear Poisson equation is solved iteratively, with mesh refinement at each iteration until the error
reaches the threshold of 1 x 10~7. Once convergence is achieved, the potential distribution and classical
electron population across the device is obtained.

3.4. Single particle Schrodinger equation

Classical physics is inadequate for analyzing the electron population within the quantum layer. For this
reason, a quantum mechanics approach is employed by solving the single particle Schrédinger equation.
Specifically, the Schrodinger equation is solved in the quantum region, which has the following dimensions:

e along the X axis, from x =70 nm to 190 nm
e along the j axis, from y = 60 nm to 290 nm
e along the Z axis, from z =25 nm to 44 nm.

In this case, the threshold error is set to 1 x 10~°. From the solution of the single particle Schrodinger
equation, five eigenstates and the corresponding eigenenergies are obtained, as this number is sufficient to
obtain accurate eigenspectra for the first two states, which are the ones of interest. Finally, an approximation
of the tunneling coupling between the dots is employed, as proposed in [22]:

_Ei—Ey

1
0 2

(4)
where E; and Ey are the first excited level energy and the ground state level energy respectively, with zero
detuning.

3.5. Lever arm

The lever arm, a dimensionless coefficient that quantifies the ability of a gate to affect the electrochemical
potential i of a quantum dot, can be calculated once the Poisson and Schrodinger equations for the reference
potential configuration have been solved. It specifically measures the extent to which changes in the gate
voltage can tune the quantum dot’s potential and, consequently, the electrochemical potential associated
with it, which is critical for understanding quantum dot device control in experimental setups,

= o —eag Vg (5)

where e > 0 is the elementary charge and 1 is the dot’s electro-chemical potential when V; = 0. Taking into
account that the electro-chemical potential is defined as [23]:

1= Egor (N) — Eiot (N* 1) (6)

where E;(N) is the total energy of the dot in N-electrons ground state, and considering the constant
interaction model [24], the lever arm is defined as:

oG =——— (7)

The capacitance between the dot and the gate is represented by Cyg and the dot’s self-capacitance is indicated
by CE.
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Nevertheless, the lever arm can be explicitly computed by performing a linear fit of the response to
changes in gate bias, without calculating the capacitances directly. Additionally, QTCAD has a module that
automatically determines the lever arm by calculating the non-linear Poisson equation and the single particle
Schrodinger equation for various bias values of Vg, while maintaining the other gate voltages constant.
Finally, a linear fit of the different ground-state energies with respect to the gate voltage is calculated, where
the slope is the lever arm coefficient.

3.6. Multi particle Schrédinger equation

Since the heterostructure is designed to implement electron spin qubits within quantum dots, the presence of
more than one electron in the system must be considered. For this reason, a many body Schrodinger
equation solver is used to analyze the interaction between the dots and to perform a transport analysis.
Specifically, the exchange interaction energy between the different dot pairs is calculated using two different
method, as defined in [2]. The first one, called perturbative kinetic method, is based on the Fermi Hubbard
model approximation (section 2.2), which offers a practical approach for simplifying the evaluation of
Coulomb integrals in the context of double quantum dot, when the off-diagonal terms of Coulomb matrix
are negligible compared to diagonal terms. The Coulomb interactions between dots are neglected (no
overlap terms), and instead the focus is on the kinetic exchange interaction, which arises from the combined
action of the Pauli exclusion principle and tunneling between the quantum dots. For this reason, the
exchange interaction energy can be computed through the tunneling coupling approximation of

equation (4) and the on-site Coulomb interaction. In particular the equation used is:

2%

=%

(8)
where U is the first element of the on-site Coulomb interaction of the Coulomb matrix, and £ is the
tunneling coupling approximation.

Within the second method, as explained in section 2.2, the two-electron system is exactly diagonalized
within a reduced single electron basis set. The latter provides the most comprehensive theoretical description
but is also the most computationally expensive. The exchange interaction energy is then computed as the
difference between the singlet and the three degenerate triplet states. A mesh characteristic length of 0.1 nm
is defined to refine the mesh within the quantum dot region and achieve convergence for the exchange
interaction energy, and a high number of states is necessary for proper convergence, otherwise, the ground
state remains triple degenerate where the first state is the singlet state and the other two are triplet states. This
suggests that the basis set is too small, so a convergence test to confirm that the exchange value stabilizes as
the number of states increases is performed, and a steady value is found by employing a total of 30 states with
a degeneracy factor of two. Physically, the exchange interaction energy measures the overlap between the
wavefunctions of electrons in different dots, which can be tuned varying the barrier gates and t, control.
When two dots are considered as two qubits, for instance, activating this interaction results in conditional
shifts of their resonance frequencies, indicating that one qubit state is dependent upon the other [25].

3.7. Transport analysis

Transport analysis is fundamental for understanding how electrons move between the quantized energy
levels of quantum dots, and this information is crucial for optimizing the performance of qubits based on
quantum dots. In a multiple quantum dot scenario, solving the single particle Schrodinger equation alone is
insufficient, so a comprehensive transport analysis of the structure is performed using the QTCAD
many-body solver, which allows to compute Coulomb peaks, Coulomb diamonds, and charge stability
diagrams.

3.7.1. Coulomb peaks

Coulomb peaks are a series of sharp peaks observed in the current of a quantum dot system as a function of
plunger gate voltage. The spacing between two peaks corresponds to the energy required for the quantum
dot to transition from a state with N electrons to a state with N+1 electrons. Since a 1D analysis is necessary
to compute the Coulomb peaks, as discussed in [26], the structure must be reduced to a single dot.
Accordingly to isolate the different dots, four specific gates voltages configurations are found.

The device is modeled as a junction, as detailed in section 2.3, where Coulomb peaks are obtained by
computing the current flowing through the device, ensuring a non-negligible current, and the temperature is
set to 1 K. The current plateau and the differential conductance peaks are broadened due to the Fermi—Dirac
distribution [19], which describes the temperature dependence of the broadening. Regarding the tunneling
dependence of the broadening, three approximations may be used in QTCAD. The first approach is to use
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the featureless approximation, which models the transport regime as described in section 2.3, by assuming a
constant value for the broadening function. As a result, this technique implies that the tunneling-dependent
broadening function is virtually independent of both the source-drain bias range and the single particle basis
state index. However, within these approximations, only the position and shape of peaks and plateaus
associated with charge transitions can be predicted for the current and conductivity, while their absolute
values cannot be accurately determined. The second method, known as the Wentzel-Kramers—Brillouin
(WKB) approximation [27], provides more accurate quantitative predictions of current and conductivity in
the sequential tunneling regime. It uses the master equation as in the previous case, but the
tunneling-dependent broadening is no longer considered constant. Additionally, this method requires
confinement in two directions within the contact regions. Specifically, since % is the transport direction in
this analysis, the contacts may be confined along y and z. However, this confinement is absent in this device,
as the Y-gates, described in section 2, ensure confinement along the y direction within the plunger and
barrier gate region but are not present at the source and drain contacts. To address this, a technique which
includes tunneling broadening using the NEGF formalism is employed, by estimation the transmission
coefficient and integrating it into the Laundauer—Buttiker equation, as done in [28].

As described in section 2.4, the NEGF formalism is restricted to the single electron regime. Therefore,
current values are first obtained using the featureless approximation by sweeping the plunger gate voltage
while fixing the source-drain voltage to a small value, and then the NEGF current is used to scale these. This
means that peaks positions are determined using the featureless approximation, with the NEGF current
corresponding to the current associated with the first Coulomb peak. Specifically, four states with a
degeneracy of two are considered in the analysis, as this is the smallest number of states required to achieve
convergence for the first two peaks, which are of primary interest since the structure is used to implement the
spin qubit.

3.7.2. Coulomb diamonds

The Coulomb diamonds illustrate the relationship between differential conductance, source-drain voltage,
and gate voltage, requiring a one-dimensional analysis as in section 3.7.1, with a non negligible current
ensured by setting the temperature to 1 K. An additional approximation is exploited, where instead of
calculating the full differential conductance, only the difference between the extreme current values at
different potential configurations is considered, with the current values position are determined following
the same methodology used for the Coulomb peaks, outlined in section 3.7.1. The only difference is that the
current values, using the featureless approximation, are obtained by sweeping both the plunger gate voltage
and the source-drain voltage.

3.7.3. Charge stability diagram

The charge stability diagram illustrates how the equilibrium electron occupancy changes varying the voltages
applied to the plunger gates. As discussed in section 2.2, the Fermi—-Hubbard model provides a practical
approach to simplify the evaluation of Coulomb integrals in the context of double quantum dots, with four
states with a degeneracy of two considered in the analysis. The charge stability diagram can be obtained using
the sequential tunneling current, which typically requires long simulation times. A more efficient approach
to quickly speed up this process is to consider as main quantity the total number of particles in the system
instead of the sequential tunneling current. Indeed, changes in the total number of particles correspond to
peaks in the particle addition spectrum, representing the energy needed to add an electron to the system, as
defined by [17]:

O(N) _ (N?) — (N)?

where kg is the Boltzmann constant, T is the temperature, 1 is the chemical potential (related to the plunger
gate voltage), (N) is the average number of particles, (N?) is the expectation value of the square of the
number of particles. Thus, the particle addition spectrum as a function of gate bias configurations represents
diagrams in which non-zero values indicate the configurations that modify the total particle number.
Additionally, the temperature is set to 10 K instead of 15 mK to obtain thicker transition lines in the addition
spectrum, allowing the charge stability diagram to be computed by evaluating the addition spectrum for each
configuration of the two plunger gate voltages.

3.8. QTCAD simulation complications
The iterative and computationally demanding nature of solving complex equations, together with the results
sensitivity to mesh configurations and possible voltage settings are the main causes of a number of issues that
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arise during the study. The convergence of the non-linear Poisson equation under strict error thresholds and
the accurate tuning of plunger gates to attain symmetry in quantum dot structures are two crucial problems
that arise during QTCAD simulations and are covered in this section. In order to maximize simulation
accuracy guaranteeing accurate device behavior predictions, these issues must be solved.

3.8.1. Potential configuration and non-linear Poisson equation convergence

One primary issue with QTCAD is the slow convergence of the non-linear Poisson solution under a tolerable
error threshold, which can be addressed by defining an optimal mesh with a large number of nodes inside
and near the quantum layer in GMSH. The mesh is then refined through iterative adjustments of specific
parameters during QTCAD’s solution to the Poisson equation. Furthermore, establishing the right potential
setup is essential for effectively confining the quantum dots. There is no standard technique for figuring out
the precise configuration, it takes multiple simulations to discover the optimal one.

3.8.2. Plunger gate tuning

In an ideal double quantum dot system, supplying the same voltage to both plunger gates achieves perfect
symmetry, but mesh asymmetries distort the potential profile, resulting in an uneven wavefunction
distribution between the dots, as depicted in [9]. An offset voltage is added to the dot where the first
stimulated level wavefunction is most localized in order to restore symmetry; if the voltage is set too high, the
ground state wavefunction becomes primarily localized in the dot with the applied voltage. Similarly, in a
four-dot system, potential corrections must be made to three dots to maintain even wavefunction
distribution, which necessitates a stochastic method due to the lack of a standard procedure.

4, Results

This section presents the results obtained from the simulation of the heterostructure using QTCAD. Dirichlet
boundary conditions are applied in the FEM solver to determine the required gate voltages that ensure the
different wavefunctions distribution across the four dots, as shown in table 1.

Vy; is applied to the i-Y gate, Vp; to the il-plunger gate, Vy;; to the il-barrier gate, and Vy; to the
i-reservoir gate, where R, L, and M respectively denote right, left, and inter-dot, while D and U indicate
down and up.

4.1. Four quantum dots configuration

The gate voltages are defined in such a way that the wavefunction is uniformly distributed across all four
dots. Vprp and Vppy are higher than Vpry and Vpip since the latter correspond to the L barrier gates, which
have a larger cross-section, as described in section 3.1. Furthermore, as discussed in section 3.8.2, offset
voltages of 9.6534 mV, 30.4440 mV, and 27.2793 mV are applied to the left up, right up, and left down
plungers, respectively, to achieve a symmetric potential profile.

4.1.1. Non linear Poisson equation results

Solving the Poisson equation allows the determination of the conduction band minimum, illustrated in
figure 3(a), where the dark blue areas denote the four ohmic contacts (n+ doped regions), and the light blue
regions on the sides show the two reservoir gates. Moreover, the simulation of the conduction band
minimum vividly highlights the 3D confinement regions within the quantum layer. Furthermore, the
classical electron population within the quantum layer is obtained from the Poisson solution, as shown in
figure 3(b) for a cut at z=34.5 nm. This image shows a uniform carrier distribution, with the exception of
the four n+ doped regions (dark red) and the reservoir regions (light blue).

4.1.2. Single particle Schrédinger equation results

The eigenstates and eigenenergies are obtained from the solution of the single particle Schrodinger equation.
In particular, figures 4(a) and (b) show the cuts on the xy plane inside the quantum layer, depicting the first
two single particle eigenstates (bonding and antibonding eigenfunctions). Moreover, table 2 lists the
eigenenergies of the first five eigenstates. It is interesting to note that the wavefunction does not completely
vanish between the two upper dots or between the two lower dots, highlighting a strong coupling between
the dots in each pair.

4.2. Upper and lower two dots configurations
The applied voltages need to be changed to isolate the various dot pairs; hence, a different potential
configuration is employed for the upper dots pair and the lower dots pair, as depicted in table 1.

Since they sense the impact of the other voltage gates modifications, one should consider that the voltages
applied to the plunger of interest are likewise altered. To correct for mesh asymmetries, an offset potential of

8



Table 1. All the different voltage configurations used to isolate the dots in the analysis are presented. Specifically, the first row describes the voltage configuration valid for section 4.1. The second and third rows correspond to the
voltage configurations valid for section 4.2. The fourth and fifth rows refer to the voltage configurations valid for section 4.3. Finally, the last four rows describe the voltage configurations valid for section 4.4.

Configuration  Vy; (mV) Vy, (mV) Vpry (mV) Vpgry (mV) Vi (mV)  Veyy (mV) Vg (mV)  Vprp (mV)  Vpgrp (mV)  Vap (mV)  Vamp (mV)  Vegp (mV) Vi (mV)  Vgg (mV)
Four dots 270 270 1260 1260 —530 —810 —520 1260 1260 —520 —810 —530 550 550
Upper dots 270 270 1220 1220 —560 —810 —470 200 200 190 200 200 550 550
Lower dots 270 270 200 200 200 200 190 1220 1220 —470 —560 —810 550 550
Left dots 270 270 1030 200 —500 200 190 1030 200 —470 200 200 550 550
Right dots 270 270 200 1030 200 200 —470 200 1030 190 200 —500 550 550
Upper right dot 270 270 280 850 280 850 —440 200 200 190 200 200 550 550
Lower left dot 270 270 200 200 200 200 190 850 280 —440 850 280 550 550
Upper left dot 270 270 680 220 —590 680 220 200 200 190 200 200 550 550
Lower right dot 270 270 200 200 200 200 190 220 680 220 680 —620 550 550
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Figure 3. the four quantum dots conduction band minimum and classical electrons density in the xy plane considering
z=134.5nm, hence located inside the quantum layer, obtained by solving the non-Linear Poisson equation in QTCAD [29].

144.755 mV is applied to the Vpry in the case of the two upper dots, and an offset potential of 151.181 mV is
applied to the Vprp for the two bottom dots. It is interesting to highlight that this two last configurations are
symmetric and for this reason similar results are obtained.

4.2.1. Non linear Poisson equation results

From the solution of the non-linear Poisson equation, the conduction band minimum for the two different
potential configurations is simulated, where the dark blue areas denote the four ohmic contacts (n+ doped
regions), and the light blue regions on the sides denote the two reservoir gates.

Specifically, figures 5(a) and (b) represents the conduction band minimum for both dots pairs in the xy
plane considering z = 34.5 nm. Moreover, the simulation of the conduction band minimum vividly
highlights the 3D confinement regions within the quantum layer. Finally, the behavior of the conduction
band minimum along a specific axis passing through the two dots forming each pair for z = 34.5 nm, and for
different combinations of dots, is shown in figures 6(a) and (b). The height of the inter-dot barrier for both
pairs is computed as the difference between the maximum of the inter-dot confinement potential and the
minimum of the two dot valleys. In both figures, the barrier height is approximately 3 meV, indicating that
the dots are well-defined and isolated. Furthermore, the conduction band minimum profile, in both
configurations, shows the anticipated similarity.

4.2.2. Single particle Schrédinger equation results
The solution of the single particle Schrodinger equation allows the determination of eigenspectra.
Specifically, figures 7(a), (b), 8(a) and (b) show the cuts on the xy plane inside the quantum layer, depicting
the bonding and antibonding eigenfunctions and revealing an equal distribution of the wavefunction over
the dots for the two cases. Additionally, tables 3 and 4 list the eigenenergies of the first five eigenstates for
both settings.

The last result obtained through this analysis is the approximation of the tunneling coefficient between
the two pair dots. Due to the symmetry of both the configurations, the approximation value is almost equal,
and moreover, considering equation (4), the computed value is:

to ~ 100 eV = 24.2GHz. (10)
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Figure 4. Single particle bonding and antibonding eigenfunctions in the xy plane located at z = 34.5 nm, hence inside the

quantum layer, for the four quantum dot heterostructure. Both are obtained by solving the single particle Schrodinger equation in
QTCAD [29].

Table 2. Eigenenergies for the first five states of the four quantum dot heterostructure obtained by solving the single particle Schrodinger
equation in QTCAD [29].

Energy level Energy (meV)
0 6.9283
1 6.9542
2 7.5381
3 7.5867
4 9.1835

4.2.3. Lever arm

As described in section 3.5, the two lever-arm matrices are obtained through simulations, as shown in
tables 5 and 6. These matrices are computed by considering five quantum states, as this number is sufficient
to obtain accurate lever arm values for the first two states, which are the ones of interest. Calculations are
performed incrementing the voltage of 100 11V at 15 mK.

4.2.4. Multi particle Schrodinger equation results

Considering the perturbative method, the approximation yields invalid results for the exchange interaction
energy due to the strong Coulomb interaction between the dots. As discussed in section 3.6, the off-diagonal
elements of the Coulomb matrix cannot be neglected since they are of the same order of magnitude as the
diagonal elements. Hence, only the value obtained using the exact diagonalization method is reported,
yielding an exchange interaction energy of approximately J ~ 5.75meV == 139 MHz. This value
underscores the strong coupling between the two dots in both configurations, as previously indicated by the
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Figure 5. The upper and lower dots pairs conduction band minima in the xy plane considering z = 34.5 nm, hence located inside
the quantum layer, is obtained by solving the non-linear Poisson equation in QTCAD [29].
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Figure 6. The dots pairs conduction band minimum for different x and y positions at z = 34.5 nm obtained by solving the
non-linear Poisson equation in QTCAD [29]. On the left 6(a), the conduction band minimum is shown along a line passing
through the points (x = 0,y = 166) nm and (x = 260,y = 271) nm, which define the line passing through the minima of the two
dots. On the right 6(b), the conduction band minimum is shown along a line passing through the points (x = 0,y = 80) nm and
(x = 260,y = 184) nm, which define the line passing through the minima of the two dots.

tunneling coupling approximation. Due to the symmetry of the configurations, the resulting values are
nearly identical.

4.2.5. Charge stability diagram results

The charge stability diagram is computed by taking into account the addition spectrum for each
configuration of the two plunger gate voltages. Specifically, the plunger gate voltages vary from —350 to
2000 mV with a zero source-drain voltage.

From figures 9(a) and (b), two cases for the upper dots pair configuration can be observed: one for low
coupling between the dots (inter-dot barrier gate voltage equal to —0.8 V) and one for high coupling between
the dots (inter-dot barrier gate voltage equal to —0.5 V). In the low coupling case, the two dots operate
almost independently, where alterations in each gate voltage solely influence the corresponding dot’s
behavior. Nevertheless, the presence of triple points in the transition of the low coupling charge stability
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Figure 7. Single particle bonding and antibonding eigenfunctions in the xy plane located at z = 34.5 nm, hence inside the
quantum layer, for the upper dots pair. Both are obtained by solving the single particle Schrodinger equation in QTCAD [29].

diagram suggests a small interdependence between the dots in this scenario as well. A triple point in gate
voltage space occurs when the energy levels of three separate charge configurations become degenerate,
enabling an electron to tunnel freely between two quantum dots and the reservoir without any energy cost.
On the other hand in the high coupling scenario, the voltage applied to single dot gate directly impacts the
behavior of the other dot through this capacitive interaction.

In conclusion, the results highlight that the simulated charge stability diagrams are physically plausible
and compatible with the ones reported in [30]. Similar scenario is observed for the lower dots pair, the only
differences are that the interdot barrier gate voltage is Vgup, and in the low coupling case, the diagram
shown in figure 10 exhibits slight variations compared to the one for the upper dot pair. These differences
arise due to the distinct lever arm behavior, as discussed in section 4.2.3.

4.3. Left and right two dots configurations

The different potential configurations used for the upper and lower dot pairs are described in table 1, and
they are symmetric with respect to each other. To compensate for mesh asymmetries, an offset potential of
33.7538 mV is applied to Vpry for the two left dots, while 29.8764 mV is applied to Vpgy for the two right dot
configuration.

4.3.1. Non linear Poisson equation results

Similarly to section 4.2.1, the 1D and 2D conduction band minimum (represented respectively in figures 12
and 11) for the right and left dot pairs are calculated. In particular, from figures 12(a) and (b), the barrier
height is approximately 9 meV, indicating a higher barrier compared to one of section 4.2.1. Additionally, the
conduction band minimum profile in both configurations exhibits the expected similarity.

4.3.2. Single particle Schrodinger equation results
The eigenstates in the xy plane inside the quantum layer are shown in figure 13 and in figure 14. These cuts
represent the bonding and antibonding eigenfunctions and exhibit an equal distribution of the wavefunction
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Figure 8. Single particle bonding and antibonding eigenfunctions in the xy plane located at z = 34.5 nm, thus inside the quantum
layer, for the lower dots pair. Both are obtained by solving the single particle Schrodinger equation in QTCAD [29].

Table 3. Eigenenergies associated the first five states of the quantum dot upper pair obtained by solving the single particle Schrodinger
equation in QTCAD [29].

Energy level Energy (meV)
0 3.4866
1 3.6151
2 5.6966
3 6.4061
4 7.3117

Table 4. Eigenenergies for the first five states of the quantum dot lower pair obtained by solving the single particle Schrédinger equation
in QTCAD [29].

Energy level Energy (meV)
0 3.1446
1 3.2790
2 5.3584
3 6.1073
4 7.0033

over the dots for the two cases. The eigenenergies of the first five eigenstates for both configurations are also
listed in tables 7 and 8.

The tunneling approximation coefficient is almost equivalent due to the configuration symmetry, and the
calculated value is:

to ~ 1.97 ueV = 477 MHz. (11)
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Table 5. Lever arm matrix for the two upper dot for the first five states, considering the two upper plungers gates and the inter-dot
barrier gate between them, obtained by solving the single particle Schrodinger equation in QTCAD [29].

Energy level QpLU QBMU QPRU

0 1.2055 x 1072 1.7644 x 102 2.5698 x 1072
1 3.3574 x 1072 1.9750 x 1072 1.2391 x 1072
2 8.723 x 1073 1.2241 x 1072 1.9764 x 1072
3 2.4278 x 1072 1.1888 x 1072 7.786 x 1073
4 1.9375 x 1072 1.8246 x 1072 1.7610 x 1072

Table 6. Lever arm matrix for the two lower dot for the first five states, considering the two lower plungers gates and the inter-dot barrier
gate between them, obtained by solving the single particle Schrodinger equation in QTCAD [29].

Energy level QpPLD QBMD QUPRD

0 2.5249 x 1072 1.5228 x 1072 1.0713 x 102
1 1.1369 x 102 1.7708 x 1072 3.4742 x 1072
2 2.0371 x 1072 1.1800 x 1072 8.455 x 1073
3 6.556 x 107> 9.981 x 10> 2.3998 x 1072
4 6.458 x 1073 9.666 x 1073 2.2343 x 1072
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Figure 9. Charge stability diagrams for the heterostructure obtained in QTCAD [29]. On the left 9(a), the charge stability
diagrams for the upper dots pair with Vgmu equal to —0.8 V, resulting in low coupling between the dots, so they behave almost
independently. On the right 9(b), the charge stability diagrams for the upper dots pair with Vgmu equal to —0.5V, resulting in
high coupling between the dots, which makes them to behave more like a single dot.
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Figure 10. Charge stability diagrams for the lower dots pair obtained using QTCAD [29]. The Vaump set to —0.8 V, which results in
low coupling between the quantum dots. In this regime, the dots behave almost independently.
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Figure 11. The left and right dots pair conduction band minima in the xy plane considering z = 34.5 nm, obtained by solving the
non-linear Poisson equation in QTCAD [29].
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Figure 12. The left and right dots pairs conduction band minimum along y axis considering z = 34.5 nm and different x, obtained
by solving the non-linear Poisson equation in QTCAD [29]. On the left 12(a), the conduction band minimum is shown along the
y-axis considering x = 105 nm, in this way the axis pass trough the two left dots. On the right 12(b), the conduction band
minimum along the y-axis considering x = 155 nm, in this way the axis passes trough the two right dots.

As expected, this value is smaller compared to the one calculated for the upper and lower pairs. This
difference arises because the interdot barrier is higher for the left and right dot pairs.

4.3.3. Lever arm

As described in section 3.5, the two lever arm matrices are obtained through simulations, as shown in

tables 9 and 10. These matrices are computed by considering five quantum states, as this number is sufficient
to obtain accurate lever arm values for the first two states, which are the ones of interest. Calculations are

performed incrementing the voltage of 100 1V at 15 mK. Considering the symmetric configurations, the
results of both are similar.

4.3.4. Multi particle Schrodinger equation results

For both configurations, the exchange interaction energy is calculated using both accurate diagonalization
and perturbative methods since, unlike in section 4.2.4, the Coulomb interaction between the dots is not
sufficiently intense to preclude the use of the perturbative method. The value obtained using the perturbative
method is of the same order of magnitude as the one obtained using the exact diagonalization method,
highlighting the validity of both approaches. Because of the symmetry of the configurations, the final values
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Figure 13. Single particle bonding and antibonding eigenfunctions in the xy plane located at z= 34.5 nm for the left dots pair.
Both are obtained by solving the single particle Schrédinger equation in QTCAD [29].
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Figure 14. Single particle bonding and antibonding eigenfunctions in the xy plane located at z = 34.5 for the right dots pair. Both
are obtained by solving the single particle Schrodinger equation in QTCAD [29].
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Table 7. Eigenenergies for the first five states of the quantum dot left pair obtained by solving the single particle Schrédinger equation in
QTCAD [29].

Energy level Energy (meV)
0 6.4580
1 6.4597
2 9.1180
3 9.3923
4 9.8509

Table 8. Eigenenergies for the first five states of the quantum dot right pair obtained by solving the single particle Schrédinger equation
in QTCAD [29].

Energy level Energy (meV)
0 6.5590
1 6.5607
2 9.1946
3 9.4928
4 9.8718

Table 9. Lever arm matrix for the two left dot for the first five states, considering the two plungers gate and the inter-dot barrier gate of
obtained by solving the single particle Schrodinger equation in QTCAD [29].

Energy level QLU QBLD QpPLD

0 3.5639 x 1072 4.1659 x 1072 3.5832 x 1072
1 1.9619 x 102 3.7790 x 1072 1.9066 x 102
2 1.0781 x 102 4.2318 x 1072 3.3928 x 1072
3 3.7065 x 1072 3.1386 x 1072 1.2238 x 1072
4 5.640 x 1073 6.362 x 1073 4.135%x 1073

Table 10. Lever arm matrix for the two right dot for the first five states, considering the two plungers gate and the inter-dot barrier gate
of obtained by solving the single particle Schrodinger equation in QTCAD [29].

Energy level QPRU QBRU QPRD

0 3.7359 x 1072 4.1816 x 1072 3.5436 x 1072
1 1.9408 x 102 3.7821 x 1072 1.9392 x 1072
2 3.5195 x 1072 4.2462 x 1072 1.0572 x 1072
3 1.2330 x 1072 3.1197 x 1072 3.6778 x 1072
4 4.189 x 1073 6.317 x 1073 5.582 x 1072

are nearly identical. Following this analysis, it is found that the exchange interaction energy is | ~ 6.08 peV
= 147 kHz using the exact diagonalization method and J ~ 5.71 peV = 138 kHz using the perturbative
method. As expected, these values are lower than those found for the up and down pairs of dots, as the
interdot barrier is higher in the left and right dot pairs.

4.3.5. Charge stability diagram results

The charge stability diagrams are calculated by changing the plunger gate voltages from —500 to 1500 mV
with a zero source-drain voltage. From figures 15(a) and (b), the high coupling and low coupling case, for the
two left dots are represented. They have similar behavior to the one, described in section 4.2.5, of the upper
and down dots pairs.

Analogous consideration can be extracted analyzed the right pair dots, as they are symmetric and share
the same lever arm. For both the left and right dot pairs, the interdot barrier voltage used in the Poisson and
Schrodinger calculations is nearly identical to that used in the low coupling case.

In contrast, the interdot barrier voltage considered in the Poisson and Schrodinger results is significantly
higher than in the low-coupling case. This observation further highlights the stronger coupling present in the
upper and lower dot pairs compared to the left and right.

4.4. Single dot configurations
A single dot analysis is conducted, isolating each of the four dots to perform a one-dimensional transport
analysis, enabling the computation of Coulomb peaks and Coulomb diamonds. The four voltage
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Figure 15. Charge stability diagrams for the left dots pair obtained in QTCAD [29]. On the left 15(a), the charge stability
diagrams for the left dots pair with Vip equal to —0.46 V, resulting in low coupling between the dots, so they behave almost

independently. On the right 15(b), the charge stability diagrams for the left dots pair with Vprp equal to —0.13V, resulting in high
coupling between the dots, causing them to behave more like a single dot.

configuration are reported in table 1. As observed, the applied voltage is the same for the dots that are
symmetric with respect to the center.

4.4.1. Non linear Poisson equation results

The results for each single-dot configuration related to the solution of the non-linear Poisson equation are
reported in figure 16. The results highlight the symmetry between the upper right single dot and the lower
left dot, as well as the symmetry between the upper left single dot and the lower right single dot. In the upper
left and lower right single-dot configurations, one of the barriers is significantly thinner than the other due
to the device layout. In contrast, for the upper right and lower left single-dot configurations, the two barriers
have nearly equal thickness.

4.4.2. Coulomb peaks results
The process outlined in section 3.7.1 is used to represent the Coulomb peaks for every configuration, as
shown in figure 19. In particular, symmetric configurations produce results that are comparable, even
though only four states are taken into account. Since no magnetic field is applied, the first peak refers to the
single electron ground eigenstate and contains both contributions of spin up and down. Moreover, the
energy required to add a second electron is equal to the difference between the ground-state energy of the
system with one electron and the ground-state energy of the system with two electrons (called charging
energy). Thus the second peak is associated to the ground state with two electrons. The same principle
applies when adding more electrons. Using the featureless approximation, the current entering the device is
simulated as the plunger voltage changes with a vanishing source-drain voltage (Vps = 1mV) and a lever
arm of 0.00884, the plunger voltage for the left upper and right lower dots is adjusted between 0.3V and 4 V.
Likewise, for the lower left and upper right dots, the plunger voltage is adjusted between 0V and 4 V. The
source-drain voltage vanishes (Vps = 1mV), but the lever arm is 0.04407. Since the simulation is performed
considering four states with degeneracy two, eight peaks are expected. In figures 20(a) and (b), the visible
peaks are seven because the fourth and fifth peaks are so close that they partially overlap and a single wider
peak is observed. In figures 20(a) and (d), only five peaks are observed because the single-dot energy levels
are higher due to the weaker confinement created by the barrier gates. As a result, the peak positions occur at
higher energies, extending beyond the plunger voltage range. Nevertheless, the first two peaks are the ones of
interest for spin qubits implementation. Also for these two configurations, the smallest distance is between
the fourth and fifth peaks, and they partially overlap forming a large peak. As described in section 3.7.1, the
current is scaled by the one obtained using the NEGF formalism. The four local densities of states, depicted
in figure 17 and in figure 18, are used to adjust the bias window so that only the first lobe falls within it. This
ensures operation in the sequential tunneling regime. The first lobe of the lower left dot and the upper right
dot is below the conduction band minimum. Since the plots represent a line cut of a 3D problem, it implies
that the band edge minimum, calculated by solving the Poisson equation using the NEGF formalism, may
occur at a different location in the device than the one computed using the Poisson solver described in
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Figure 16. 1D conduction band minimum for the four single dot considering z = 35.5 nm, obtained by solving the non-linear
Poisson equation in QTCAD [29]. In figure 16(a) shows the right upper dot 1D conduction band minimum along a line passing
through the points (x = 0, y = 166) nm and (x = 260, y = 261) nm, which define the line passing through the minima of the dot.
Figure 16(c) shows the left upper dot 1D conduction band minimum along a line passing through the points (x = 0, y = 164) nm
and (x = 260, y = 245) nm, which define the line passing through the minima of the dot. Figure 16(b) shows the right lower dot
1D conduction band minimum along a line passing through the points (x = 0, y = 112 ) nm and (x = 260, y = 169) nm, which
define the line passing through the minima of the dot. Figure 16(d) shows the left lower dot 1D conduction band minimum along
a line passing through the points (x = 0, y = 90) nm and (x = 260, y = 183 ) nm, which define the line passing through the
minima of the dot.
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Figure 17. LDOS for the two right single dot obtained by using the NEGF formalism in QTCAD [29].

section 2.1. However, this is not an issue, as the key consideration is to ensure that the device operates in the
sequential tunneling regime.

Lastly, the NEGF current values vary between the two pairs of symmetric configurations, with the one
involving the left upper dot and the right lower dot exhibiting a higher current. This is because the barrier
closer to the contact is thinner in the former configuration; as a result, the lobe rises higher, suggesting that
the electron is less localized, leading to an increase in current. The positions of the lobes and the lever arm
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values explain why the left upper and right lower peaks differ so much from the right upper and left lower

ones.

4.4.3. Coulomb diamonds results

The Coulomb diamonds for the four single dot configurations are calculated and shown in figure 20. In
particular, the lever arm for the lower right and upper left dots is 0.00884, the source-drain voltage sweeps
between —8 mV and 8 mV, and the plunger gate voltage sweeps between 0.3 V and 4 V. Similarly, the
source-drain voltage varies between —8 mV and 8 mV for the lower left and upper right dots, while the lever
arm is 0.04407. The plunger voltage is additionally modified between 0V and 4V. Like the Coulomb peaks,

21



10P Publishing

Quantum Sci. Technol. 10 (2025) 045012 G Pedicini et al

0.006 v 0.006 3e12 @
4e-17 E E
] =}
a 2012 &
0.003 ] 0.003 5
3e-17 [0} 0]
(9] 2e-12 o
< 5 < &
> 0.000 ] > 0.000 5
=} - =
>m 2e-17 e >V‘ 2e12 T
C C
S S
-0.003 = -0.003 e =
B )
lel7 € c
E 5e-13 E
— (] — e ()
0.006 & 0.006 &
a a
0e+00 - 0e+00
00 04 08 1.2 16 2.0 0.0 08 16 24 32 4.0
Vy(V) Vy(V)
(a) Right upper dot Coulomb diamonds (b) Right lower dot Coulomb diamonds
' 2e-12 — —
0.006 o 0.006 se17 B
C C
2e-12 : o7 :
0.003 B 0.003 B
le-12 ~ \ 3e-17 ~
Q Q
2 2
o~ ) \ ! 3e-17
> 0.000 le1z 3 > o0.000{ | | e
><n -g >!n 2e-17 g
8e-13 c =
o ! o
-0.003 it -0.003{/ 27 ©
5e13 -0 f ©
- -
C le-17 e
[ [
o o
-0.006 213 @ -0.006 sels 4o
‘ a a
- 0e+00 0e+00
00 08 16 24 32 40 00 04 08 1.2 16 2.0
Vy(V) Vy(V)
(c) Left upper dot Coulomb diamonds (d) Left lower dot Coulomb diamonds
Figure 20. Coulomb diamonds for the four single dot obtained in QTCAD. [29].

the results for the symmetric configurations are similar. Furthermore, in figures 20(a) and (d), seven
diamonds are observed, representing the Coulomb blockade regions for one to seven electrons, while two
half-diamonds correspond to the cases of zero and eight electrons. Specifically, the smallest diamond in both
figures corresponds to the Coulomb blockade regime with four electrons. In fact, the horizontal dimension
of this diamond is equal to the spacing between the fourth and fifth Coulomb peaks, which, as described in
section 4.4.2, is the smallest. Only five diamonds can be seen in figures 20(b) and (c) because, as discussed in
section 4.4.2, the final three Coulomb peaks positions are beyond the plunger voltage range. Finally, because
of the extremely small distance between the fourth and fifth Coulomb peaks, the smallest diamond is
associated with the fourth electron Coulomb blockade regime.

5. Conclusion

The goal of this work is to perform these simulations to evaluate the device’s feasibility for real-world
applications and efficiently assess its response to structural parameter modifications. Consequently,
structural changes can be made by simply altering the simulation code, avoiding the need for repetitive and
expensive lithographic processes.

Moreover, the simulation of the tunneling coefficient approximation and the interaction exchange energy
for distinct dot pairs provides insights into the interdependence among the dots, which is crucial to control
qubits made with this device. Regarding the transport analysis, it validates the single-electron regime, which
is critical for precise control and manipulation of qubits implemented through the four quantum dot
heterostructure. In particular, the size and the position of Coulomb diamonds, as well as the spacing between
Coulomb peaks, provide the quantum dot energy levels and electron interactions. Furthermore, in
low-coupling conditions, the charge stability diagram shows non negligible interdependence between the

22



10P Publishing

Quantum Sci. Technol. 10 (2025) 045012 G Pedicini et al

dots, even when separated by a large inter-dot barrier. A full understanding of these characteristics is
necessary for the precise implementation of quantum logic gates within this heterostructure, ensuring stable
qubit control and operation.

Using on the results presented here, one interesting future direction is to extend the Fermi—Hubbard
model, described in [9], to define four qubits and simulate more complex logic gates with the four quantum
dots structure. At the same time, exploring hole spin qubits in germanium quantum dots within QTCAD
presents another intriguing possibility. However, solving the Schrodinger equation for holes is particularly
challenging because physics is predominantly influenced by the valence band maximum, which is degenerate
or nearly degenerate at the I' point in semiconductors with a diamond lattice. This complexity makes
theoretical modeling even more critical, as it can provide valuable predictions before experimental
implementation. Finally, comparing simulation results with experimental data would not only help validate
the former but also support an iterative experimental-simulation loop. Although QTCAD idealizes many
aspects, the obtained results serve as a valuable starting point for understanding device behavior before
experimental realization in the laboratory.
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