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ABSTRACT: Two laterally positioned quantum dot single-photon
emitters in different semiconductor heterostructures were analyzed. A
controlled phase gate between two quantum dot spins was shown based
on the Coulomb interaction between the two quantum dot trions. The
interaction shifts the bitrion energy manifold, enabling a 7-phase shift to
be acquired depending on the state of the control qubit. The gate
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quantum-dot system to be fabricated. An enhanced bitrion coupling was

shown in In(Ga)N quantum dots both in a bulk GaN matrix and in a dot-in-wire geometry, compared to that in In(Ga)As dots. The
enhanced bitrion coupling in In(Ga)N dots increases the edge-to-edge interdot spacing needed to achieve the same gate
performance, allowing a deterministic spin—spin gate to be designed based on site-controlled dot-in-wire In(Ga)N quantum dots
that can be readily fabricated with an interdot spacing of 10 nm using state-of-the-art lithography.

KEYWORDS: Single Photon Emitters, Coulomb Interaction, Trions, Bitrions, Semiconductor quantum dots, Quantum Gates

he qubit is the fundamental building block for quantum
information. The ability to generate, process, and store
qubits establish the foundation for quantum information
science and technologies. Isolated electron spins have robust
coherence and are a promising qubit candidate for a solid-state
quantum system.l’2 In semiconductors, electron spins can be
isolated using a gate-defined’ or heterostructural quantum
dot.* In this work, we focus on single electron spins confined in
semiconductor quantum dot heterostructures as the qubits. We
will refer to these structures simply as quantum dots in the
following discussions. Quantum dot spin qubits can be easily
interfaced with photonic (flying) qubits using a negatively
charged quantum dot excited to a trion state, making it
especially attractive for quantum network applications.” The
radiative decay of the trion state creates a single photon whose
polarization is entangled to the spin as a result of the optical
selection rule.”” Significant advances have been made in
optically manipulating spins in In(Ga)As/GaAs quantum dots,
including the initialization and single-qubit operations.”*
Further extension of the ability for a two-qubit gate is crucial
to enable more versatile quantum computational function-
alities,” for example, entanglement swapping in a quantum
link'*~"* and generation of large-scale entangled cluster state.'”
Various proposals have been made to couple two spin qubits
in two separate quantum dots. Examples of the couplings
include electromagnetic coupling,”’15 exchange interac-
tion,"*™*® and Coulomb interaction.'’ Specifically, a two-
qubit gate using the exchange interaction between two
vertically coupled quantum dots has been experimentally
demonstrated.* However, vertically coupled quantum dots
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present technological challenges of precisely controlling the
energy levels and individually performing single-qubit oper-
ations. It is also difficult to be scaled to a large qubit network.”
In contrast, laterally coupled quantum dots can be separately
biased with two electrical contacts. Yet, coupling between two
lateral quantum dots has only been shown in gate-defined
quantum dots and has not been systematically studied in
heterostructural quantum dots.”* The electron wave functions
are tightly confined in heterostructural quantum dots, requiring
a much smaller interdot spacing to achieve a sufficient coupling
strength. No known fabrication processes have been reported
to date that can controllably place two In(Ga)As quantum dots
within such proximity.”” In this work, we propose to use
In(Ga)N quantum dots to overcome this limitation. We will
demonstrate that the interdot spacing required to achieve a
significant coupling to enable a two-qubit controlled phase
(CZ) gate can be increased by an order of magnitude, allowing
two site-controlled In(Ga)N quantum dots to be deterministi-
cally placed. We will show that the underlying mechanisms
contributing to a greatly enhanced Coulomb coupling between
two In(Ga)N quantum dots compared to between two In(Ga)
As dots include a low dielectric constant matrix, a strong
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Figure 1. Schematic of two quantum dot heterostructures considered in this work. (a) Two quantum dots are laterally positioned in a bulk matrix.
The dots are assumed to be disk-shaped with a diameter of 10 nm and on the (0001) plane for In(Ga)N dots and (001) plane for In(Ga)As dots.
(b) Two quantum dots, each embedded in a nanowire structure, laterally positioned and surrounded by air. The nanowire is along the [0001] or
[001] axis for In(Ga)N and In(Ga)As dots, respectively. In the case of In(Ga)N dots, the strain relaxation around the nanowire’s circumference
creates a radial confinement potential to confine the electrons at the center of the dot. Two different nanopillar diameters are considered: 10 and 20
nm.
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Figure 2. Illustration of the CZ gate utilizing the Coulomb coupling between two laterally positioned quantum dots. The coupling forms a 16-level
Hamiltonian. We assume a Faraday configuration with a nonzero magnetic field along the [0001]/[001] or z direction. The spin eigenstates are
denoted as lz+) and lz—), which are nondegenerate. The subscripts ¢ and t denote the control and target dots, respectively. The schematic shown
here is for a CZ gate with a truth table shown on the right. The gate operates with two lasers, including a 27 pulse (purple arrows) applied in
resonance with the target dot’s lz+) to |T+) transition and a strong pump (red arrows) detuned from the control dot’s lz—) to IT—) transition by
several line widths. The strong pump induces the AC Stark effect, which shifts the energy levels of lz—) lz+), and IT—) lz+),. The bitrion coupling A
suppresses the AC Stark effect on levels lz—) |T+),. Hence, the lower purple arrow is not in resonance and will not generate a phase shift for lz—) |z
+); The other two states lz+) lz—), and |z—) lz—), will not be affected because of either detuning or polarization selection rules.

piezoelectric effect, and the large electron and hole effective growth®®”” or by lithography and etching.”*** The top-
masses. down lithography process has a better scalability beyond two
GaN semiconductors have a wurtzite symmetry and, as a dots, while the Stranski—Krastanow process to date still
result, exhibit a strong piezoelectric field along the [0001] produces the highest quality dots with a narrow line width.
direction. We consider two laterally adjacent In(Ga)N The two dots were assumed to be individually gated. Both dots
quantum dots grown on the (0001) crystal plane. The are assumed to be charged with one electron in the conduction
piezoelectric field slightly misaligns the electron and hole band, for example, using a pn junction structure, as previously
wave functions, creating a permanent dipole moment. In our demonstrated in ref 31. We assumed the indium composition

studies, we assumed the quantum dot was disk-shaped with a to be 20%.
height of 3 nm. The dot’s diameter was set as a variable. We We first describe the protocol of the CZ gate utilizing the
also considered two types of heterostructures to represent two Coulomb coupling between the two quantum dots, inspired by
different fabrication methods. Figure 1a shows two In(Ga)N the work of Saikin et al. in ref 19 in which the preparation of a
quantum dots in a bulk GaN matrix, typically formed by a highly entangled state between two quantum dot spins was
Stranski—Krastanow growth” or a capillary effect.”**> Figure shown. Figure 2 shows the energy manifold formed by the
1b shows two In(Ga)N dot-in-wire (DIW) structures, which coupled dot system. Without loss of generality, we assume one
can be formed either by catalyst-assisted bottom-up dot has a higher energy than the other dot. This assumption
1530 https://doi.org/10.1021/acsphotonics.2c00083
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Figure 3. (a) Bitrion coupling A for various quantum dot structures in two different types of heterostructures shown in Figure 1. A was obtained
from a first-order perturbation theory using wave functions calculated from the k-dot-p method. Exchange interaction was included with proper
antisymmetrization of the wave functions. The interdot spacing shown here is the shortest edge-to-edge distance between the two dots. The dot
diameter is 10 nm unless otherwise specified in the parentheses. The indium composition is 20% in all structures. The dashed portion of the curve
represents a negative A plotted with its absolute value. (b) The CZ gate’s performance for various quantum dot structures defined in (a). The
curves use the same color coding scheme as in (a). A shown here is the probability to suppress the undesired z phase shift for the state lz—) lz+),.
The dashed line corresponds to a 95% probability. See Supporting Information for the density matrix model and parameters used for the numerical
calculations. For DIW dots, we used the line width of the bulk dots in the calculations, although we wish to point out that the fabrication
technology is still in its infancy and the current line width is considerably larger than the bulk dots’ value.

also resembles the practical situation in which it is nearly
impossible to fabricate two identical dots. The different
resonances also enable one to optically address each of the
two dots separately. The Coulomb interaction between the two
dots forms a 16-level Hamiltonian. We have assumed the effect
of Coulomb coupling was relatively small. While there may be
some mixing of the states due to the interaction, the same
angular momentum states are maintained for the simplicity of
the discussion. We denote the quantum dot ground and
excited (trion) states by lz+) and IT+), respectively, where +
and — are the spin eigenstates in the [0001] direction, and
excitation is achieved using circularly polarized light o, with

the following selection rules: Iz + ) Eir+ ). In Figure 2, the
manifold is drawn by assuming a nonzero magnetic field in the
Faraday geometry (B, # 0) such that lz+) and lz—) are
nondegenerate. We further label the state by subscripts ¢ and ¢
to denote the control and target dots, respectively. For
example, Iz+) lz—), denotes the control dot is in the |z+) state
and the target dot is in the lz—) state.

The proposed CZ gate changes the phase of Iz+) lz+), by .
When a 27 pulse is applied in resonance with the target dot’s Iz
+ ); = IT+), transition, both lz—)|z+), and lz+)|z+), can
acquire a z-phase shift. All other transitions will be either out
of resonance or forbidden by the polarization selection rule
and will not be affected. To suppress the phase shift of the state
lz—)lz+), we simultaneously apply a strong pulse slightly
detuned from the control dot’s lz—), — |T—), transition by a
few line widths. The AC Stark effect shifts the energy of Iz—) Iz
+). In the absence of any interdot coupling, the state lz—) T
+), will be shifted by the same amount, keeping lz—)lz+), — |
z—)IT+), still in resonance with the 27 pulse. However, when
there exists a strong Coulomb coupling between the two dots,
the bitrion sector of the energy manifold in Figure 2 is shifted
by A, suppressing the AC Stark effect’s influence on the lz—)
T+), = |T—) IT+), transition. As a result, the transition lz—) |z
+); = lz—)IT+), will be detuned from the 27 pulse, and the
state lz—) z+), will not acquire a phase shift.

The energy shift A induced by the bitrion coupling needs to
be sufficiently large to avoid the AC Stark effect to suppress the
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unwanted z-phase shift for the state lz—) lz+),. In the case of
two lateral quantum dots, the coupling includes both the
Coulomb and exchange interactions. The energy shift A can be
determined using the first-order perturbation theory as follows:

A = 3IE“ — 4E + [EM (1)
where

Ey = (V) j, k€ {e, h} (2)
and

V= cht/488or (3)

In the above equations, g, is the electric charge of either the
electron and hole, € is the dielectric constant of the quantum
dot matrix, £, = 8.85 X 1072 F/m, ¢ and & denote the electron
and hole, respectively, and r = |r, — 7/, where 7, and 7, are the
position operators for the control and target dots, respectively.
In eq 1, the first coefficient 3 comes from the four pairwise
interactions between the four electrons (two in each dot)
subtracting the ground-state interaction (1 electron in each
dot). The exchange interaction is included by antisymmetriz-
ing the wave functions y? and y/"" as follows:

1
W!;k(ru rt) = f(l//ck(rc)%k(rt) - ch(rt)l//tk(rc))

k € {e, h} (4)

We calculated the wave functions using the 8-band k-dot-p
method, but ignored the conduction-valence band coupling, a
good approximation for GaN semiconductors.”> We also
ignored the random alloy and excitonic effects.”” These effects
can slightly modify the wave functions and shift the energy
levels. The energy shift is intrinsic to each dot and does not
affect the bitrion coupling A. The modification of wave
functions will have an impact on A. However, as the change of
the wave function occurs in a length scale considerably less
than the interdot spacing of interest here, we expect the impact
will not significantly alter the conclusion of this study. The
similar argument applies to the quantum dot shape. The actual
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shape of the quantum dot depends on the growth condition
and fabrication method. For example, Stranski—Krastanow
dots resemble a truncated pyramidal shape, somewhere
between a disk and a pyramid. Figure S1 compares A between
disk- and pyramidal-shaped dots. The difference in A is within
a factor of 2 and the trends of A versus the interdot spacing are
identical.

Figure 3a shows the bitrion coupling A for the two In(Ga)N
quantum dot heterostructures. For comparison, we calculated
A between two disk-shaped In(Ga)As quantum dots in a GaAs
matrix. A is positively defined when the bitrion sector moves
toward a higher energy. A dashed curve represents a negative
A. Although not technologically viable, we also included the
comparison to an In(Ga)As DIW structure to elucidate the
physics behind the enhancement of Coulomb coupling in
In(Ga)N quantum dots. To deterministically place two
quantum dots, it is crucial that the interdot spacing is greater
than the lithographic resolution, preferably in the range of 10—
20 nm or larger. Figure 3a suggests that the bitrion coupling in
In(Ga)N quantum dots is an order of magnitude larger than
that in In(Ga)As quantum dots regardless of the type of
heterostructures. To suppress the AC Stark effect on the lz—),|
z+), = lz—) IT+), transition, we need A to be at least a few
line widths away from the AC Stark laser. Based on the best
reported homogeneously broadened line widths for self-
assembled quantum dots in a bulk matrix,***° the minimum
A’s are ~0.7 and ~1.5 meV for In(Ga)As and In(Ga)N
quantum dots, respectively to suppress the z-phase shift for the
state lz—) lz+), with a probability of 95% (Figure 3b; defined
by the projection of lz—)lz+), to itself without any phase shift;
see Supporting Information for the simulation details). These
values correspond to a minimum edge-to-edge interdot spacing
of 5 nm for In(Ga)As dots in a bulk GaAs matrix and several
tens of nanometers for In(Ga)N dots in a bulk GaN matrix.
The line widths for DIW dots today are still much wider due to
inhomogeneous broadening such as spectral diffusion. The true
homogeneous line width of a DIW dot is not yet clear, but
further material improvements are likely necessary to use the
DIW dots for practical applications.

To understand the origin of the enhanced Coulomb
coupling between two In(Ga)N quantum dots, we investigated
the effects of their three major differences from In(Ga)As dots:
a strong piezoelectric field along the [0001] direction, a large
effective mass for both electrons and holes, and a lower
dielectric constant of the quantum dot matrix. We investigated
the evolution from two In(Ga)As dots in a bulk GaAs matrix
to two In(Ga)N dots in a bulk GaN matrix. The results are
shown in Figure 4a. First, we looked at the effect of the
effective masses by using the In(Ga)N electron and hole wave
functions in the calculation of A for the In(Ga)As dots. We
artificially “turned off” the piezoelectric effect by vertically
aligning the electron and hole wave functions. Because of the
larger effective masses for both electrons and holes in GaN, the
wave functions, especially the holes’, are much more spatially
confined. This leads to a weaker exchange interaction when
compared to the In(Ga)As dots. But it also increases the
distance between the electron in one dot and the hole in the
other dot because of the tightly confined hole wave function.
The result is a smaller Coulomb interaction term [E¥| in eq 1
and an increase of A. Besides the In(Ga)N quantum dots
considered here, GaN/AIN as well as most II—VI colloidal
quantum dots such as CdSe/ZnS and CdSe/CdS***’ exhibit
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Figure 4. (a) Evolution from In(Ga)As/GaAs quantum dots to
In(Ga)N/GaN quantum dots to illustrate the mechanisms underlying
the enhanced Coulomb coupling between the In(Ga)N dots. From
bottom to top, the first line shows A for In(Ga)As/GaAs quantum
dots. The second line uses wave functions obtained from In(Ga)N/
GaN quantum dots, but artificially turns off the piezoelectric effect.
The third line replaces the GaAs matrix with GaN but without
recalculating the wave functions. The top line shows A for In(Ga)N/
GaN quantum dots. (b) Illustration of the piezoelectric effect’s role
on A. The misalignment of the electron and hole wave functions due

to the piezoelectric field E along the [0001] direction increases the
distance between the electron in one dot and the hole in the other dot
r,, and ry,. The larger distance reduces the Coulomb coupling IE"| and
enhances the bitrion coupling given in eq 1. The piezoelectric effect
has a stronger effect on A when the interdot spacing is small. At a
large interdot spacing, r,;, or r;,, are approximately equal to r,, or ry,
Therefore, the piezoelectric effect’s influence on A becomes
negligible.

similar properties and are expected to also be a good candidate
for the proposed spin—spin gate.

Next, we changed the dielectric constant of the GaAs matrix
to GaN, which is roughly half of that of GaAs, while keeping
the piezoelectric effect off. This doubles the A, which agrees
with eq 3. Finally, we restored the piezoelectric effect and
observed a slight increase of A in Figure 4a. We explain the
increase using the schematic in Figure 4b. The piezoelectric
field separates the electron and hole wave functions in the
[0001] direction. It has a similar effect to A as the effective
mass, increasing the distance between the electron in one dot
and the hole in the other. Comparing the three effects in
Figure 4a, we can see that the effective mass has the largest
impact on the increase of A, followed by the dielectric constant
of the matrix. The piezoelectric effect has a larger impact for a
small interdot spacing when the slightly larger distance
between the electron and hole in neighboring dots has more
significance compared to the interdot spacing. But as the
interdot spacing becomes larger, the effect becomes negligible.

In summary, we have proposed and shown a viable spin—
spin CZ gate between two quantum dot single-photon
emitters. The gate operation is enabled by the Coulomb
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ACS Photonics 2022, 9, 1529-1534


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c00083/suppl_file/ph2c00083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c00083/suppl_file/ph2c00083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00083?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00083?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00083?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00083?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

interaction that only couples the two dots when both dots are
in their excited trion states. The transient coupling does not
couple the ground-state wave functions, allowing the two
quantum dot spins to be independently initialized, tuned, and
processed. In the Faraday’s geometry, when a control pulse is
in resonant with the target dot’s Iz+) state, the bitrion coupling
can selectively suppress the z phase shift depending on the
control dot’s spin state with the assistance of a strong pump
laser to induce the AC Stark effect. With the bitrion energy
levels shifted away by the interdot coupling, the AC Stark laser
can suppress the phase shift that would have been acquired by
the target dot’s |z+) state when the control dot is in the lz—)
state. It was shown that the coupling can be enhanced by an
order of magnitude between the In(Ga)N quantum dots
compared to In(Ga)As dots as a result of highly confined
electron and hole wave functions, a lower dielectric constant of
the quantum dot matrix, and to a lesser extent the existence of
a strong piezoelectric field. While In(Ga)N quantum dots’ line
width is 10X that of In(Ga)As dots, the much tighter
confinement of GaN dots’ wave functions leads to a 30X
interdot coupling to enable a larger dot-to-dot spacing. A
spacing as large as tens of nanometers between two In(Ga)N
quantum dots in a bulk GaN matrix can achieve a successful
gate operation at a probability of 95% as compared to S nm for
In(Ga)As dots. For In(Ga)N DIW structures, the line width
currently is still much larger than that of bulk In(Ga)N dots.
With the continuing improvement of the material quality,
In(Ga)N quantum dots can become a viable platform for
quantum information applications.
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