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Abstract

Quantum light emitters have the potential to transform emerging quantum technologies
and their applications, such as secure quantum communication, metrology, and quantum
computing. Ideally, these light sources emit on-demand at high rates and efficiencies with
high degrees of single-photon indistinguishability. Additionally, these emitters can emit
entangled photon pairs, are position-controllable, and wavelength-tunable. Current state-
of-the-art single- and entangled-photon sources based on spontaneous parametric down-
conversion (SPDC) and on-demand (or deterministic) implementations suffer from various
drawbacks that make them deviate from ideality. SPDC sources emit probabilistically, and
increasing their brightness degrades their single photon purity, indistinguishability, and
entanglement fidelity. Of the various deterministic sources, optically-driven semiconductor
quantum dots have very high single-photon efficiencies (=~ 71%), purities (> 99%) and
indistinguishabilities (> 99%), are position-controllable and wavelength-tunable. However,
complex synchronized optical routing between the pump laser, sources and detectors is
required to scale their usage. This would occupy a large footprint, restricting them to a
laboratory setting. Quantum dots may be current-injected instead, but while gigahertz
(GHz) emission frequencies are possible, the electron injection number is not controllable.
This inability to control the electron injection is akin to non-resonant optical excitation in
which there are many charges in the environment around the quantum dot, thus making
current-injected quantum dots inferior to optically-driven quantum dots.

This thesis proposes a novel design for a high-rate, deterministic, electrically-driven
quantum emitter that combines a gate-defined lateral planar p—n junction (or nano-light-
emitting-diode or nano-LED) with a quantized charge pump along a quasi-one-dimensional
channel in dopant-free GaAs/AlGaAs heterostructures. In contrast to other electrically-
driven sources, our implementation allows for a precise control of the injected electron
number via the quantized charge pump. In addition, by using gates to define the p-type
and n-type regions of the junction instead of intentional dopants (as in conventional vertical
p—n junctions), the charge carrier mobility in these heterostructures is much higher. The
lack of dopants also allows p-type and n-type regions to exist simultaneously on both sides
of the device (such devices are termed ‘ambipolar’), in turn allowing flexible operation. By
operating the charge pump at GHz frequencies, this source could emit a billion photons
per second. Integrating a cavity at the site of emission would boost the rate of emission
and the efficiency, and could also increase the single-photon indistinguishability.

The following research obstacles were identified over the course of developing our
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nano-LED (the prerequisite for our quantum emitter):

— quenching of device electroluminescence (EL) and time-instability of emissions due to
parasitic charge accumulation, necessitating thermal cycling to reset the device;

— alternate current pathways (both radiative and non-radiative) through the device mesa
that reduce both internal and external quantum efficiency;

— delocalized emission at mesa edges due to minority currents under the topgate edges,
affecting extraction efficiency and position-controllability; and

— multimode emission and slow rate of spontaneous emission that reduce extraction and
collection efficiencies.

Descriptions of our nano-LEDs and their emissions as well as solutions to the above obstacles
obtained through experiment are summarized below.

The nano-LEDs discussed in this thesis are gate-induced either in GaAs rectangular
quantum wells or at GaAs/AlGaAs single heterojunction interfaces. All nano-LEDs reported
in literature are induced using the former and not the latter. In fact, a recent theoretical
study concluded that radiative electron-hole recombination was impossible in nano-LEDs
induced at single heterojunction interfaces. Our demonstration of EL from nano-LEDs
induced at GaAs/AlGaAs single heterojunction interfaces is the first of its kind. Since the
fabrication yield using single heterojunction wafers is higher than when using rectangular
quantum wells, they offer an alternative for easier fabrication of the nano-LEDs.

To understand how the EL quenches in our nano-LEDs, we propose a scenario of
localized parasitic charging that results in enhanced non-radiative recombination and
causes a gating of the p—n channel that suppresses the diode current. To address this issue,
we have devised a gate voltage sequence that we call the ‘Set-Reset’ protocol. This protocol
clears away accumulated parasitic charge, extending the lifetime of device operation
without the need for thermal cycling.

Our nano-LEDs can be operated in four distinct circuit measurement configurations,
depending on whether the left side is p-type or n-type (with the right side being n-type
or p-type, respectively), and whether the left side is grounded or floating (with the right
side being floated or grounded, respectively). EL from our nano-LEDs (induced at both
quantum wells and single heterojunctions) is observed not only around the p—n junction
interface, but also as far as the edges of the etched mesa, indicating the presence of
unwanted radiative recombination pathways. The p-side is consistently brighter in the
single heterojunction samples while the n-side was brighter for the quantum well devices.

A neutral and a negatively charge exciton peak was observed in the spectra from
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the n-side of the nano-LEDs. Spectra from the p-side were measured only for the single
heterojunction devices, and showed the neutral exciton peak as well as a lower energy peak.
The narrowest neutral exciton emission linewidths (0.70 meV) from lateral p-n junctions
to date were recorded from the quantum well nano-LEDs. Our nano-LEDs were also shown
to be compatible with radio frequency operation, necessary for quantized charge pump
integration to create a quantum emitter.

To address the issue of delocalized emission and time-instability of EL, we fabricated
and tested a nano-LED with a novel gate architecture that included two wide surface
gates placed adjacent and perpendicular to the p—n channel. The extra gates add a
degree of freedom that along with standard DC operation and the Set-Reset protocol
opens up many measurement configurations. A downside is that these surface gates are
prone to current leakage. Several measurement configurations were explored, with two
standing out—one yielded localized emission at the junction interface while using the Set-
Reset protocol; another yielded time-stability of emission in DC operation. A conceptual
model has been laid out that is compatible with the results from these various operating
configurations. From the time-stable measurements of EL intensity and p—n current,
the internal and external quantum efficiencies were estimated to be ~1.19x1072 and
~1.95%x 107>, respectively. These values may be boosted in future designs by incorporating
insulator-separated side gates, blocking gates, and a cavity around the emission region. The
side gates and blocking gates will respectively time-stabilize and localize the EL emission
during DC operation, and the cavity will increase the rate of spontaneous emission and
shape the mode.

A long-standing problem in the field of deterministic quantum emitters is the fact that
they emit light omnidirectionally and into multiple modes. Various confining structures
such as tapered nanowires, micropillar cavities, photonic crystals, solid immersion lenses
and circular Bragg gratings have been proposed and implemented in literature. We
identified the circular Bragg grating cavity etched into a heterostructure with a Bragg
mirror grown below the rectangular quantum well as the optimum solution for our nano-
LED. Through simulation, both the Bragg mirror and circular Bragg grating designs were
tuned to match the quantum well emission wavelength (~ 807.5nm). The circular Bragg
cavity etched into the Bragg mirror wafer around the emission region enhances the rate of
spontaneous emission via the Purcell effect, and simultaneously funnels the emission into
a single elliptical Gaussian mode for efficient collection. A split was included in the circular
Bragg grating to make it compatible with our proposed emitter design. Theoretically, for
in-plane exciton dipoles oriented parallel to this split, the cavity enhances the spontaneous
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emission rate by a factor of 5.3 at a center wavelength of 807.4 nm and a bandwidth of
~3.7nm or ~ 7.0meV. The split in the cavity causes emission to be linearly polarized.
This linear polarization is unfortunately incompatible with the emission of polarization
entangled photon pairs. The effective collection efficiency (from simulation) is ~ 30%,
which is ~ 52 times greater than that of a device without a cavity. The inclusion of our
cavity also boosts the internal and external quantum efficiencies by factors of 4.5 and
89, yielding values of ~5.32x107> and ~ 1.74x1073, respectively. Design validation of
the Bragg mirror using reflection measurements yielded a Bragg stopband frequency and
bandwidth that closely match simulation. Simulated and measured reflection spectra from
the circular Bragg gratings indicated a linear relationship between the ring width of the
grating and the cavity resonance wavelength, with a consistent wavelength offset between
simulation and measurement of ~ 16.3 nm. From these results, a cavity with a ring width
of ~94.8 nm would most closely match the emission wavelength of ~ 807.5 nm.

Through our proposed and implemented solutions for the obstacles facing our nano-
LEDs, we pave the way for the realization of a high-rate, electrically-driven quantum
emitter.
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1. Introduction

For most of modern history, our understanding of all observable phenomena in nature
relied on a ‘classical’ picture, based on the discoveries of Newton, Leibniz, Euler and others.
This was upended in the 20th century starting with Planck’s model of black-body radiation,
that relied on energy being emitted in discrete packets or ‘quanta’.’ Planck’s mathematical
formulation was validated soon after by Einstein’s description of the photoelectric effect,
which states that light is itself quantized into individual particles called photons that are
each generated and detected as a whole.” This particle nature of light was in opposition to
the conventional wave nature of light that came from classical theory. However, it is now
understood that describing quantum objects using classical terms such as ‘wave’ or ‘particle’
can be misleading, since these objects behave unlike any classical object and can only
be approximated as such. Quantum field theory (QFT) attempts to find a more accurate
description of photons and their interaction with matter by applying the quantization to a
field—formally, in QFT, a photon is defined as an elementary excitation of a single mode
of the quantized electromagnetic field.” For a quantized field mode k with frequency v,,
the energy E of a photon associated with this mode is

E = hy,, (1.1

where h is the Planck constant.

The deepening of our understanding of light-matter interaction over the course of the
20th century led to the development of several ground-breaking technologies including
light-emitting diodes (LEDs), transistors and lasers. More recent advances in this century
have allowed us to harness quantum phenomena such as superposition and entanglement
to engineer devices that aim to revolutionize the fields of imaging, metrology, remote
sensing, communication and computation. Quantum photonic devices fall under this
category, and are based on the generation, manipulation and detection of single photons



or entangled photon pairs. Devices that generate quantized light—referred to as quantum
emitters or single-photon sources—are the focus of this thesis.

1.1 The ideal quantum emitter

An ideal quantum light source possesses the following properties:*>%”

— on-demand (or deterministic) photon generation—only one photon at a time is generated
in a predictable manner with high probability;

triggered photon generation—a photon is generated at the push of a button;

single-photon purity—null probability of multi-photon emission;

high internal quantum efficiency—efficient conversion of electrons to photons;*
— efficient extraction and collection of emitted photons into a single spatial mode;

— high emission rate (or high brightness)—short radiative emission lifetime (with a pre-
requisite of on-demand generation);

— single-photon indistinguishability—all emitted photons indistinguishable from each
other in terms of wavelength, polarization and spatio-temporal mode;

— high measured entanglement fidelity (in the case of an entangled photon source);

— position-controllability—the emission may be localized and the source location possible
to control; and

— wavelength-tunable emission—emission wavelength from one indistinguishable source
may be tuned to match another, enabling two-photon interference.

It is important to emphasize that the above properties belong to an ideal quantum emitter—
practical implementations can only strive for near-ideality. Engineering near-ideal quantum
emitters has the potential to transform emerging quantum optical technologies and their
applications. An on-demand source of single and entangled photons could extend the
distance of quantum communication® or increase the key exchange rate for secure com-
munication,”'® and also allows for all-on-chip, scalable photonic integrated circuits for
quantum computing.'' Depending on the type of emitter, there is an interplay and trade-off
between some of the properties that constitute ideality. The early workhorse for entangled
photon generation was not on-demand; it relied on the probabilistic generation process
of spontaneous parametric down-conversion (SPDC) in a non-linear crystal excited by a

* specifically applies to electrically-driven sources



high-powered laser.'? Probabilistic single-photon sources rely on correlated photon pair
emission—the detection of one photon in the pair is used to ‘herald’ the emission of the
other. This drastically reduces the number of ‘useful’ photons emitted. Near-unity fidelity
entangled photons as well as indistinguishable single photons with high purity have been
produced in SPDC sources.'® However, increasing the source emission rate by increasing
the power of the excitation laser leads to a higher probability of multi-photon emission
relative to single photons. This of course degrades single-photon purity but also lowers
measured indistinguishability and measured entanglement fidelity, thus limiting the emis-
sion rate (brightness) to levels where multi-photon emission is less likely, in turn limiting
their applications. Photon multiplexing mitigates this problem but only to an extent, and
requires an array of sources that adds cost and reduces scalability.

Broadly, emitters that are in principle deterministic (any two-level quantum system)
may be categorized as optically-driven or electrically-driven. Optically-pumped semicon-
ductor epitaxial quantum dots are the current state-of-the-art—they possess the highest
purities (>99%'%), indistinguishabilities (>99%,'° resonant excitation) and system effi-
ciencies (= 71%'°) of any source. Gigahertz emission rates have been achieved using these

sources'’'®

with no compromise to the purity and indistinguishability, unlike in non-linear
crystals. Generation of entangled photon pairs is also possible via the biexciton-exciton
cascade. Several fabrication techniques have been developed to control the quantum
dot emitter position and place confining structures such as waveguides or microcavities
around the dot to shape the emission mode and enhance the spontaneous emission rate.
Strain and external fields to tune the emission wavelength have also been incorporated. A
trade-off is that scaling up the number of sources requires complex optical routing between
between the sources, ultrafast pump laser and detectors, all of which need to operate
in synchronization. The infrastructure required for this would occupy a large footprint,
restricting optically-driven quantum dots to a laboratory setting. Emission rates are limited
by the optical pump rate; achieving GHz pump rates is a technical and technological
challenge. Exciting the dots resonantly is the best way to drive them, however the spectral
overlap makes it harder to filter the emission from the high-powered excitation laser in
order to utilize it.

Deterministic electrically-driven emitters are not limited by a large infrastructure
footprint, making them more scalable than their optically-driven counterparts. Electrical
driving can constitute mesoscopic current injection or quantized charge pumping. The former
is when a current is driven through a two-level system such as defect centres in diamond '’
or in strained thin films,?° or in epitaxial or colloidal quantum dots. GHz emission rates in



current-injected quantum dots is possible,”"*** but the photon number is not controllable,
and their entanglement fidelity suffers from dephasing mechanisms during charge carrier
injection in an incoherent process. A quantized charge pump can be used to control current
flow down to the single- or few-electron level. Integrating such a device with a lateral
p—n junction could in theory create a single photon source. To date, the only example in

1.,>> and consists of an

literature of such a device was published in 2020 by Hsiao et. a
undoped lateral p-n junction whose current is driven by surface acoustic waves that act
as the quantized charge pumping mechanism. They boast a pump frequency of over 1
GHz that translates to a high emission rate. Their post-selected value for second-order
correlation function g™ (0) is less than 0.5, indicating single photon emission; however,
their g(z) (0) value from raw data is between 0.5 and 1—while this does not indicate
single photon emission, it still indicates photon antibunching (see Section 2.2.2.1 for some

additional details).

In the next section, I propose a novel deterministic electrically-driven quantum emitter
design that utilizes a gate-controlled quantized charge pump to drive the current in an
undoped lateral p-n junction.

1.2 Design proposal for a novel quantum emitter

The results presented in this thesis are part of a broader goal to develop a novel
quantum emitter that combines a nano-LED or a gate-defined lateral planar p-n junction’
with a one-parameter electron pump’ in dopant-free heterostructures consisting of
Gallium Arsenide (GaAs) and Aluminum Gallium Arsenide (AlGaAs) layers. Fig. 1.1 shows
the cross-sectional schematic of the proposed device at different stages of operation.
Voltages of opposite polarities applied to two insulator separated topgates simultaneously
‘induce’ a 2D electron gas on the left and a 2D hole gas on the right, creating a lateral
p-n junction. The charges are supplied by an n-type (AuGeNi) and p-type (AuBe) ohmic
contact respectively. A source-drain or p—n current can be induced by applying a bias across
these ohmic contacts. The quantized charge pump is defined by an ‘entrance’ and ‘exit’
gate placed closer to the substrate on the n-side. A high-frequency signal on the entrance
gate modulates the formation of a dynamic quantum dot between the barriers created
by the two gates, resulting in a precise number of electrons n being pumped through

"see Section 2.2.1
¥ see Section 2.2.2.2



left topgate right topgate

(i) pump entrance gate
Sile))

pump exit gate

dynamic
quantum dot

n-type
ohmic contact
(source)

p-type
AlGahs ohmic contact

—————————— T (drain)

AuBe

2D electron gas 2D hole gas
VigL > 0 Vigr <0 VigL > 0 Vigr < 0
(iii)
SiO2 Vent  Vexit

)

AlGaAs

AlGaAs
OO0 . 0 XXX XXX X S L I B N N

AuBe = ejection AuBe

back-tunneling

VigL > 0 Vigr <0 VigL > 0 Vigr <0

Si02 Vent  Vexit

Vent  Vexi photon emission

electron-hole
recombination

————————— 6 I B K N LI L O R

AuBe

AuBe

Figure 1.1: (i) Vertical cross-section schematic of our proposed quantum emitter comprising an undoped
lateral p—n junction driven by a gated electron pump. A 2D electron gas and a 2D hole gas are induced on
either side of the device by the left and right topgates. The pump entrance gate is modulated by a radio
frequency (RF) signal and the exit gate is set to a fixed DC potential; these gates create a dynamic quantum
dot at the interface between the AlGaAs barrier and GaAs. The source and the drain of the p—n junction are
defined by the n-type ohmic contact (AuGeNi) and the p-type ohmic contact (AuBe) respectively. (ii) The
bias on the pump entrance gate (V) reduces, and m electrons load into the dynamic quantum dot. (iii) As
V., begins to increase, m — n electrons back-tunnel out of the dot while n electrons are captured in the
dot (n =1 for single-photon emission and n = 2 for entangled photon emission). A further increase in V
causes ejection of the n electrons towards the holes. (iv) The ejected electrons reach the hole gas, where
they recombine. (v) n electron-hole pairs recombine to emit n photons.

the junction. Deterministic quantum light emission is achieved when these n electrons
recombine with holes on the p-side to emit n photons. Gate-defined quantized charge
pumps have been demonstrated to work at GHz frequencies, opening up the possibility
for this type of source to generate a billion photons per second, matching the current
state-of-the-art. A value of n = 1 corresponds to a single-photon source; however most
charge pumps can operate with n = 2 or higher. In 2021, our team (Buonacorsi et. al.,
Ref. [24]%) demonstrated a quantized charge pump with up to n = 3. Setting n = 2 for
the charge pump and tuning the entrance and exit potentials can generate a spin singlet
entangled electron pair state.”” Since radiative emission preserves spin information, this

¥ note that the author of this thesis did not contribute to this publication



in principle translates to the emission of polarization-entangled pairs of photons that have
applications in quantum communication and quantum key distribution. Integrating a CBG
cavity into the device at the electron-hole recombination site, as well as a ‘blocking gate’
just past the recombination site would enhance the overall efficiency of the source (Fig. 1.2).
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Figure 1.2: Proposed quantum emitter schematic along with band diagrams for off and on states. The
band gap E, of the device is 1.5 eV. Note that these schematics are not to scale. (Topr) The device is OFF
at forward bias V. = 0V; the Fermi level E; is flat and the conduction band E_ and valence band E,, are
bent due to the built-in potential V;. (MIDDLE) The horizontal cross-sectional schematic shows the electron
pump on the n-side and the circular Bragg grating (CBG) cavity and the holes under the blocking gate on
the p-side. The electron pump shuttles n electrons at a time across the junction (n =1 in this schematic;
see Section 2.2.2 for a detailed explanation of the mechanism). Electron-hole recombination occurs at the
center of the cavity. The blocking gate prevents electrons from migrating past the recombination site and
recombining elsewhere. (BorTom) In the ON state, V,, is increased until E; and E,; are nearly flat. The
pump voltages help the electrons overcome the remaining V,; and eject them onto the p-side where they
form electron-hole pairs in the cavity and radiatively recombine.



In short, our proposed novel design for a quantum emitter will yield several advantages
over the competition—it is electrically-driven, deterministic, position-controlled, has a
high emission rate, and offers precise control of the photon number in the few-photon
regime.

1.2.1 Juxtaposition with near-ideality

In designing this novel quantum emitter, we must keep in mind the traits corresponding
to near-ideality, how our device can achieve these traits, and where it may fall short.
Firstly, regarding deterministic/on-demand generation—quantized charge pumping
allows for triggered photon generation, since single electrons can be pumped on-demand
to recombine with holes. Single-photon purity is characterized by how close the measured
value of g® (0) is to zero.* Measuring the electron number uncertainty for single-electron
pumping gives us a lower limit to g‘® (0). For our pump,”* we measured a one-electron
error rate of ~64.4ppm at a pump frequency of 850 MHz, and an error rate of just
~ 0.7 ppm at a frequency of 500 MHz (see Section 2.2.2.2). These are very small lower
bounds for g® (0), suggesting promising numbers for single-photon purity.

Adding a cavity at the site of electron-hole recombination enhances the rate of sponta-
neous emission of photons via the Purcell effect. By coupling the emission to the cavity
mode, the probability of radiative recombination is boosted relative to non-radiative re-
combination. This in turn makes electron-to-photon conversion more efficient, i.e. higher
internal quantum efficiency (see Section 6.3). A cavity can also enhance the extraction
efficiency (the ratio of the external and internal quantum efficiencies) as well as the
collection efficiency by funneling the emission into one direction and shaping it into a
single mode.

Since our pump rates are high, they will not limit the brightness or rate of emission
from our sources. Also, from our measurements (see Fig. 3.17), we know that the electro-
luminescence (EL) lifetime for our nano-LEDs is compatible with GHz operation. Cavity
Purcell enhancement can further reduce radiative lifetimes, increasing brightness.

Our source may unfortunately fall short when it comes to single-photon indistin-
guishability. For two successively emitted photons to be indistinguishable, they must
have the same wavelength, polarization and spatio-temporal mode. Indistinguishability

* refer to Section 2.2.1 for an explanation of the second-order correlation function g(z) (0)



is measured by the coherence (or dephasing) time T, of the emitted photons, which is
inversely proportional to the linewidth of the emission—the full-width at half maximum
(FWHM)—in the energy or frequency domain. Generally, T, < 2T,, where T, is radiative
lifetime or the average time an emitter spends in the excited state before radiative decay.
An ideal, perfectly indistinguishable source has a Fourier-limited or transform-limited
linewidth, which means that T, = 2T,. Emitters with linewidths closer to the Fourier-
limited linewidth will have longer coherence times and better indistinguishability. On the
other hand, the presence of noise (for example due to phonon scattering or dephasing
due to phonon absorption/emission) broadens the linewidth, reducing coherence times
and indistinguishability. State-of-the-art quantum dot emitters have achieved linewidths
that are Fourier-limited,”® the best corresponding to 0.75 peV in energy (or 181 MHz in
frequency). In contrast, the spread of electron energies leaving quantized charge pump
devices has been observed to be quite large (~ 3.5 meV/846 GHz by Waldie et.al.”’).
This would translate to very broad emission linewidths—almost four orders of magnitude
larger than the linewidth for quantum dots. In our nano-LEDs, which do not have an
electron pump, the emission linewidth is smaller (0.7 meV,”® see Chapter 3), but this is
still three orders of magnitude larger than the best quantum dot linewidth. Including a
cavity tuned to the emission wavelength at the recombination site in the regime of weak
coupling between the emitter and cavity could help with this issue.?”*%'® A cavity with a
high quality factor Q would enhance the spontaneous emission rate into the cavity mode
via the Purcell effect, reducing the impact of phonon dephasing. In a well-tuned cavity,
this would spectrally filter the emission, reducing the linewidth. A static gated quantum
dot at the recombination site on the p-side of the device to quantize holes could help even
more in reducing the linewidth. However, for radiative recombination, the spin of the
hole loaded into this static gated dot must be opposite to the spin of the pumped electron.
There is only a 50% probability of this being the case, meaning half the counts are lost
due to probabilistic emission.

As mentioned, entangled electron pair emission is theoretically possible in the n = 2
regime of the electron pump, where electron pairs can form a spin singlet. According to
Wenz et. al. (Ref. [25]), tuning the entry and exit gate potentials to a specific regime can
force the dynamic quantum dot to energetically allow initialization of only ground-state
singlet pairs and no triplet pairs. Unlike our pump,®* they utilize a pulsed RF waveform
instead of a sinusoidal one. Although our sinusoidal RF waveforms are sufficient for
single electron pumping and single photon emission, switching to an AWG (Arbitrary
Waveform Generator) to drive the pump entrance gate with a pulsed waveform should



be possible for us in the future when we investigate the generation of entanglement. The
pumped electron spin singlet recombines with holes on the p-side of the nano-LED to emit
polarization-entangled photons. The dynamics of this process can be quite complicated.
Before recombining, electrons and holes form bound states of electron-hole pairs called
excitons. If spin is conserved, a singlet electron pair could form two singlet excitons
that are themselves entangled to each other. However, before this is possible, Coulombic
interaction of the electron spin singlet with the sea of holes as well as interaction with
the nuclear spin bath in GaAs may cause decoherence and degradation of entanglement
fidelity. The presence of external fields (electric or magnetic) and the shape of the cavity at
the recombination site also affect the entanglement fidelity (discussion in Chapter 6). The
extent of entanglement fidelity degradation would depend on the timescale of decoherence
for each of these cases.

The source is position-controllable by virtue of the radiative recombination being
concentrated at the center of the cavity. Stray recombination due to migration of minority
electrons past the cavity can be curtailed with the use of a blocking gate.

Finally, wavelength-tunability of our emitter may be possible by applying an external
magnetic field. A drawback, however, is that this would lift the spin-degeneracy of entan-
gled electrons, leading to lower fidelity of entangled photon pair emission—this would
need to be investigated in future work.

1.3 Research goals and obstacles

The development of a new type of optoelectronic device with a novel architecture
is a slow and iterative process involving many hours of labour. In our case, a large
chunk of those hours were devoted to perfecting the fabrication recipe for our nano-LEDs
in the cleanroom, while the rest went into characterizing prototypes electrically and
optically, and thinking of ways to tweak and improve the design for future fabrication
runs. Along the way, several milestones were achieved, and novel device architectures and
new regimes of operation were conceived. Our ultimate goal for this project is to fabricate
an integrated, on-demand, electrically-driven source of single and entangled photons,
characterize the emission, and explore ways to utilize them for applications. While we
have not yet achieved this ultimate goal, we have passed two major milestones—the
development of lateral two-dimensional (2D) nano-LEDs, and the realization of one-
parameter single-electron pumps along quasi-one-dimensional (1D) channels, both in



dopant-free GaAs heterostructures. However, deficiencies in the performance of the
nano-LEDs have prevented us from integrating them with the single-electron pumps to
create a quantum light source. The focus of my doctoral research, summarized in this
thesis, has been to identify the obstacles created by these deficiencies in our nano-LEDs,
suggest solutions, and try to implement them. The main obstacles we need to overcome
when operating undoped nano-LEDs are:

(i) quenching of device EL and time-instability—occurs due to unwanted charge ac-
cumulation around the p—n junction during standard forward-bias operation and
can be reversed only by thermal cycling (warming up the device from cryogenic to
room temperature, letting it thermalize, and then cooling it back down) which is
time-consuming and impractical;

(ii) alternate current pathways (both radiative and non-radiative) through the device—
reduce both internal and external quantum efficiency;

(iii) delocalized emission—affects extraction efficiency and position-controllability; and

(iv) multimode emission and slow rate of spontaneous emission—reduces extraction and
collection efficiency.

Solutions to overcome each of these obstacles are laid out in Chapters 3, 4, 5 and 6 of
this thesis; however, the nuances of some of these obstacles were identified only during
the course of experimentation, and their corresponding solutions must be implemented
in future work. These obstacles are reiterated in the conclusions (Chapter 7), along with
their corresponding solutions as uncovered in the preceding chapters.

1.4 An overview of this thesis

The theory behind dopant-free gate-induced devices [including the high-electron-
mobility transistor (HEMT), lateral planar p—n junctions and quantized charge pumps
(QCPs)], as well as a review of the corresponding literature is laid out in Chap-
ter 2—Section 2.1 covers gated undoped semiconductor transistors (that serve as
precursors to the p—n junctions), Section 2.2.1 covers undoped lateral planar p—n junctions,
and Section 2.2.2 covers quantized charge pumps. Our charge pumps were developed by
Buonacorsi et. al. (Ref. [24]) in 2021; the results from this publication are summarized
briefly in Section 2.2.2. Note that the author of this thesis did not personally contribute to
these results, hence their exclusion from the main experimental chapters. Instead, the
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experimental results compiled in Chapters 3, 4 and 5 focus on the latest developments
and improvements of our dopant-free nano-LEDs.

In 2023, our team (Tian et. al., Ref. [28]) demonstrated a new operating protocol—
the Set-Reset protocol—to overcome the obstacle of EL quenching in nano-LEDs without
the need for a thermal cycle. The results from this publication (both the main text
and supplementary information) are reproduced in Chapter 3. Section 3.1 briefly lists
the sample fabrication and optical and electrical characterization methods. Section 3.2
shows some band structure simulation results, while Sections 3.3 and 3.4 show transport
characterization in control HEMTs and rectifying diode behaviour through diode I-V traces
respectively. The Set-Reset sequence is introduced in Section 3.5. A detailed spectral
analysis of the emission from several devices is covered in Section 3.6. Section 3.7 discusses
the mechanism by which the Set-Reset protocol overcomes EL quenching. The observed
EL linewidths are the narrowest reported to date in lateral p—n junctions. Also, our devices
are shown to be compatible with RF operation, indicating they can be integrated with the
high-frequency quantized charge pumps.

Chapter 4 shows results from a nano-LED that is fabricated using a heterostructure
with a GaAs/AlGaAs single heterojunction interface (SHJI). This is in contrast to the
devices in Chapter 3 that were fabricated using a heterostructure wafer with a narrow
(15 nm) rectangular GaAs quantum well (QW) (see Section 2.1 for more background).
We are the first to demonstrate lateral 2D p—n junctions at SHJIs; in fact, it was recently
theorized that such devices are impossible to fabricate.?’ Section 4.1 briefly lists the sample
fabrication and optical and electrical characterization methods. The experimental results
in Section 4.2 include top-down optical images of the device center and emission spectra
from the n-side and p-side in all electrical measurement configurations. Fabrication of
nano-LEDs is easier using SHJIs than quantum wells, although the spectra are harder to
analyze since the peak energies match those of luminescence from the substrate.

The SHJI-based nano-LED in Chapter 5 includes side gates adjacent to (but not over-
lapping) the p—n channel on either side. The purpose of this device was to localize the
emission and make it stable in time. Section 5.1 briefly lists the sample design, fabrication,
and optical and electrical characterization methods. HEMT transport and diode I-V curves
are shown in Sections 5.2 and 5.3. Device center images and optical spectra along with
a map of emission across the sample are presented in Section 5.4. Section 5.5 explores
the effect of applying potentials to the side gates. Regimes corresponding to localized
emission during Set-Reset operation and time-stable emission in conventional operation
are described in Sections 5.6 and 5.7. These new modes of operation offer interesting
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ways to make these devices compatible with the integration of quantized charge pumps.

Chapter 6 shows results from a prototype wafer with a bottom Bragg mirror and
Bragg ring microcavity fabricated to be compatible with our lateral 2D p-n junction and
quantized charge pumps. Section 6.1 discusses sample characterization methods. The
simulation, fabrication and design validation of the bottom mirror and microcavity are
detailed in Sections 6.2 and 6.3. These structures will enhance the photon emission and
extraction efficiency from our sources by redirecting any downward propagating emission
back up and shaping the emission into a single Gaussian-like mode.

Finally, Chapter 7 summarizes the results from the main experimental chapters while
contextualizing them within the broader scope of our project, and recommends future
work needed to achieve the ultimate goal of a bright, deterministic, electrically-driven
quantum emitter.
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2. Background

2.1 Two-dimensional charge gases in GaAs/Al-
GaAs heterostructures

A system of charges (electrons/holes) is said to be dynamically two-dimensional (2D)
if it is subject to strong quantum confinement along one spatial direction but is free to
move along the other two.*” III-V semiconductor heterostructure devices grown using
Molecular Beam Epitaxy (MBE) are well-suited to host these types of systems. Due to
a relatively smaller effective mass of their conducting electrons, the electron mobility in
these materials is higher.”* Devices made using undoped Gallium Arsenide (GaAs) and
Aluminum Gallium Arsenide (Al,Ga, ,As) semiconductor heterostructures are the focus of
this section. In GaAs/Al, Ga,_, As heterostructures, there are few interface defects between
successive layers as there is little variation in the lattice constant; the resulting ease of
growth further contributes to higher charge mobility since scattering off of defects is

lower.>*

Appropriate doping or the application of an electric field normal to the heterostructure
can modify its band structure, creating a confinement region in the lower bandgap material
at the SHJI between two layers. Charges supplied to this region can accumulate and form
a planar charge ‘gas’. Applying a source-drain bias across this conducting channel results
in a specific type of field-effect transistor (FET) known as the HEMT.>°

The first HEMT devices were modulation-doped, meaning that the dopants are spatially
separated from the conduction channel. This offered a significant advantage over older
2D FETs made using conventionally doped semiconductors, since charge scattering due to
ionized dopant impurities was eliminated (hence the descriptor ‘high-electron-mobility’).
An alternative to modulation-doped HEMTs are so-called ‘induced’ HEMTs—a potential is
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applied to a conductive gate on one side of the structure and a 2D charge carrier region
is induced via ohmic contacts to the conduction channel.*® Induced HEMT devices are
undoped and offer several advantages over their modulation-doped counterparts. Unlike
in modulation-doped HEMTs, 2D charge systems in induced HEMTs are superior in quality
since they are not affected by scattering due to remote ionized dopants.®” Another key
advantage of induced HEMTS is that the polarity on the inducing gate determines the
carrier type in the conduction channel, allowing either electrons or holes in the same device
(and on the same side of a device). In contrast, the carrier type in modulation-doped HEMTs
is fixed by the type of dopant used.>® This section covers the theory, design, fabrication
and operation of induced HEMTs in undoped GaAs/AlGaAs heterostructures.

211 Theory

2111 Quantum description

It is first useful to understand how electrons’ are confined within a 2D quantum well.
A single electron with wavefunction ¥ (x, y, z) in the presence of a potential V and under

the effective mass approximation obeys the Schrédinger equation®

hZ
V2 + Vi = Ey, (2.1)
2m*

where E is the energy of the electron, m* is its effective mass, and # is the reduced Planck
constant. An electron confined to a quantum well parallel to the xy-plane is restricted in
motion along z. The Schrodinger equation in this case can be decoupled along the three
axes as

h? 0%, E 2.2)
2m* 9x2 XX '
h2 0%,
o 3y? =Ey1[)y,and (2.3)
e vy, = 2.4)
2m* 0z2 2, = B, )

where V (2) is the confining potential due to the quantum well, E = E + E,+E, and
Y(x,y,2) =4, 0P, (y)h,(2). Since the electron’s motion is unrestricted along x and y,

* the same description can be applied to holes.
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we can use the form of a standard travelling wave to describe the electron and solve the
Schrodinger equation to obtain the components of its energy along these axes;

1 .
1/7x,y(X,J’) = ﬁel(k"ﬁkyy), (2.5)
£2 | E’ |2
Ex,_y = TX;}’ (26)

Here, k , s the electron momentum along x, y. A is a normalization constant equal to
the area of the quantum well. For an infinitely large well, we use a finite normalization
area and assume periodic boundary conditions.

Along z, the Schrédinger equation takes the form of a standard 1D infinite well, and
solving it yields wavefunctions 1, , (z) with discrete energies E,_ ;

2 2 niwz
P, () =1/ —sin(k,z) =/ — sin(—), and 2.7)
g \/ w | w w

3 hzkf 3 n?mh? 2.8)
B omx  2mrw '

Here, n is an integer greater than or equal to zero and represents an individual energy
‘subband’,” and w is the width of the quantum well. This gives us the expression for the
total wavefunction and energy,

1 . 2 nirz
x,y,2) = —e kX thyy) —sin(—), and 2.9
Y(x,y,2) A " " (2.9)
n?m?h% K2 ?x,y |2
total = "5 ey 2m* (2.10)

2.1.1.2 Density of states and subband populations

When considering multiple charge carriers, understanding how they are distributed in
terms of energy E and momenta k is useful. The density of states p tells us the number of

* a state confined along one dimension but broadened along the other two
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states a charged particle can occupy at a particular energy, and is defined as®”

dN dNdk

p(E) = —

In the two-dimensional case, the number density N = N, is the number of states per unit
area in real space, and can be derived as

Ny, oK L 2mE (2.12)
" om 2w K2
yielding the 2D density of states
m*

Charge carriers like electrons and holes are fermions, and obey Fermi-Dirac statistics.
The probability of a fermion occupying a state with energy E is given by the Fermi-Dirac
distribution .
fFD(E) = TE-Eg (2.14)
ekl +1
where kg is the Boltzmann constant, E;, is the quasi-Fermi energy and describes carrier
population within a subband, and T is the lattice temperature at equilibrium.

The total number of carriers in a subband is found by multiplying the probability of
state occupation with the corresponding density of states and integrating over all energies
in the subband,

Enax 1 m*
Now = [ FeoEpop(EE = [ ™ —r— . @15

2
min @ kT 4 1ﬂh

Solving this, we get

m*k T E - E Emax—EF
Ntotal = Jl'fl]; {[ mé;: T E_ h’l(l +e kT )]
B

Ernin B EF Emin_Fr
- (1) 216
k,T

can be taken as the subband minima while E___ can be set to E; + 10k; T (more stable

Emin
at low temperature). If N, ., is known, the only unknown E; can be evaluated.
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2.1.2 Influence of electric and magnetic fields

Applying an electric field F along the wafer growth direction z creates a slope in the
heterostructure potential and is equivalent to applying a perturbation V' = —eFg to the
potential. The first-order correction to the ground state energy level 1, of an electron is
given by*’

+oo
AED = (i, |V'|h,) = / i(2) (—eF2), (2)dz. (2.17)
Due to symmetry, the value of this integral is zero, implying that for small fields, there

is no change to the ground state energy level. Larger electric fields would necessitate
calculating the second-order correction term

[es) \"4 2
m=2 Em - El
Since V' = —eFz, and since a charge would want to lower its energy, we get AE® o —F2.

Physically, this means that an electron and a hole trapped in a quantum well would become
spatially separated, decreasing their overlap and the exciton binding energy. The energy
levels also come closer together, causing a redshift in the optical transition, but only when
the external field is significant. The phenomenon associated with this redshift is called the
Quantum Confined Stark Effect.

An electric field F applied in-plane as opposed to perpendicular can also result in a
shift in energy, as per the Franz-Keldysh effect. This energy shift is given by*’

H202F2\1/3
AE = ( ) , (2.19)

*
2m’

where m; is the reduced effective mass, i.e. 1/m; = 1/m} + 1/m;.

Applying a strong external magnetic field with magnitude B along the growth direction
z quantizes the x- and y-components of the carrier energies in addition to the existing
z-quantization due to confinement in the quantum well. These quantized energy levels
are called Landau levels. Under this external magnetic field, the Schrodinger equation
takes the form of that of a 1D simple harmonic oscillator with frequency w, = eB/m*;
this parameter is known as the cyclotron frequency of the charge (with effective mass m*)
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arising due to the field B. The solution for the total energy given by Eqn. 2.10 becomes®’

(2.20)

where k, is the wavevector of a charge in the [

Landau level, [ being zero or a positive
integer. Landau quantization causes the density of states to become a series of delta peaks
at discrete energies,

p(E) =) g8(E - Ep, (2.21)
[

where g is the degeneracy of each Landau level. Assuming the cyclotron motion of an
electron covers an area A, the magnetic flux @ through this area is

®=B-A. (2.22)

This magnetic flux is quantized; the number of flux quanta is equivalent to the total number
of states per Landau level. This is in fact the degeneracy of each level, and is given by

= —, 2.23
g o, (2.23)
where @, = h/e is the magnetic flux quantum. For an infinitely large quantum well plane,
the degeneracy is infinite; in a practical device the area is finite but the degeneracy is still
very large, making it easier to think in terms of area densities. For a fully occupied Landau
level, the carrier density per unit area per Landau level is

g o eB (2.24)
A A®, h' ‘
In turn, we get the expression for the total 2D carrier density
eB
Nyp = VF, (2.25)

where v is the fill factor, or the number of occupied Landau levels. Depending on convention,
v may include a factor of 2 accounting for two electron spin states per flux quantum. In
the case of high magnetic fields, Zeeman splitting of these two spin states in each Landau
level can occur; in this case v does not include the factor of 2, but instead corresponds
to the number of occupied spin-split half Landau levels. The total energy in this case is
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modified as 1

1
Etotal = Ez,n + (l + 5) ﬁ(,()c * Eg*pBB’ (2.26)

where g* is the Landé g-factor related to the quantum numbers of the particle in consider-
ation (2 for free electrons), and p1; = efi/2m is the Bohr magneton.

For a longitudinal source-drain bias V4, longitudinal and transverse conductivities
(o,, and o, respectively) are affected differently in the presence of the perpendicular
magnetic field B. The transverse or Hall conductance G, is given by’

Gy =3, (2.27)

where I, is the longitudinal current driven by V,; and the Hall voltage V, is related to

the magnetic field as
I4B
vy = =4 (2.28)
n,pe

The above expression is derived by using the Lorentz force equation for an electron in a
steady-state two-dimensional system. The Lorentz force due to B deflects charge carriers
perpendicular to B and Iy, resulting in non-zero V,;. We thus get

n,neé e
Gy = == =v o, (2.29)

implying quantization of the Hall conductance—when v is an integer (assuming spin-split
half Landau levels), the conductance plateaus. Also, the Fermi energy in this case is above
the v half Landau level, meaning all levels are completely occupied and there are no
accessible empty states, making o, drop to zero. At half-integer values of v, the v® half
Landau level is passing through the Fermi energy, and the material is now able to conduct
meaning o,, peaks. Since increasing B increases w,, the energy of each Landau level
increases linearly with B. It follows that sweeping B while fixing the electron density
n,p, will make the quantized energy levels successively pass through the Fermi energy,
leading to discrete peaks in o, at half-integer values of v (and dips at integer values
of v) called Shubnikov-de Haas oscillations. There will simultaneously be plateaus in
G,y
quantum Hall effect.

corresponding to integer values of v; these plateaus are the hallmark of the integer

" note that this is a special quantity and not indicative of conductance as per Ohm’s law, since I 4 and V; are
perpendicular to each other
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Carrier mobility p is related to conductivity o as
o = enp, (2.30)

where n is the carrier density. This expression can be derived from first principles using
Newton’s second law, Ohm’s law and the current drift equation. Applying this to our

model, we get
o
=X (2.31)
en,n

Here, 11 is the longitudinal mobility parallel to the source-drain bias. o, can be calculated
at B = 0 using

I (L/W)
Opx = dv—d (2.32)
S
in turn yielding W)
sd
== 2.33
: enZDVsd ( )

Although this equation suggests an inverse relation between p and n,, in practice o,
generally goes up for higher n,;,. This is because at higher carrier densities, there is more
screening of the charges in the 2DEG from impurities in and around the plane of the 2DEG.
This increase in o, more than compensates for the higher n,, resulting in a raising of p
instead. The precise manner of this scaling depends on the impurity scattering mechanisms
present in the system (see Section 2.1.4.1 for more details).

2.1.3 Induced HEMT architecture

Induced HEMTs are fabricated using undoped semiconductor heterostructure wafer
substrates. The majority carrier (electron/hole) is ‘induced’ at a SHJI via an electric field
applied perpendicular to the heterostructure. Carrier mobilities are high due to the lack
of dopants and are limited only by scattering due to background impurities. The key
components of an induced device are:

* a heterostructure wafer substrate with a HJI at a depth of several tens to a few
hundred nanometres,
* a reservoir of charge carriers (electrons/holes) in electrical contact with the HJI;

— this ‘ohmic contact’ must be isolated from the inducing gate,*! and
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— may be composed of either p- or n-type material to supply holes or electrons
respectively,

* a conductive gate on the front or back of the structure to induce and tune the density
of the 2D charge carrier region at the HJI, spatially separated from the conduction
channel.

GaAs-based HEMTs utilize heterostructure wafers that generally include a thick GaAs
buffer as the channel layer, followed by a higher bandgap AlGaAs' barrier, and finally a
GaAs spacer or cap layer at the top.%® Alternatively, a thin GaAs channel layer may be
sandwiched between two thick AlGaAs barriers. Applying a positive or negative voltage
on a top gate bends the band structure, forming a triangular quantum well” in the GaAs
channel at the GaAs/AlGaAs HJI, or a rectangular quantum well (RQW) in the case of a
sandwiched GaAs layer.

Molecular Beam Epitaxy can yield GaAs heterostructure wafers with low background
impurities, making them ideal for use in undoped devices in which high carrier mobilities
are required.*” Heterostructures with the GaAs channel grown on top of a layer of AlGaAs
have lower mobilities unless a GaAs/AlAs short-period superlattice is grown prior to the
AlGaAs layer*®—this applies to devices with RQWs and also back-gated inverted HEMTs
(described below).

Various designs and fabrication techniques have been reported for GaAs-based induced

3649 or a metal, +7>5°

devices (Fig. 2.1). The inducing gate may either be heavily doped GaAs
)36:41,49,50,51 o back (bottom).**°? The contact

it makes with the semiconductor can be a Sc:hottky47 (metal-semiconductor) contact or

and may be either located at the front (top

a MIS*>® contact. The ohmic contacts to the HJI are created by etching a recess into
the wafer and depositing either p-type (usually AuBe**) or n-type (usually NiAuGe>*>>>!)
material followed by thermal annealing.>®°° This may be preceded by implanting ions of an
appropriate element around the contact region (e.g. Si>* or Be™ for n- and p-type contacts
respectively*®). The depth of the induced charge gas can vary—ultra-shallow conduction
channels are necessary when defining nanostructures using a fine-featured inducing gate,
since feature resolution is poor for deeper channels.””>® Architectures with simultaneous
n- and p-type ohmic contacts are termed ambipolar.””>® Changing the polarity of the top
gate voltage in such devices changes the polarity of the induced charge gas. A positive

voltage induces a two-dimensional electron gas (2DEG) by bending the conduction band

T the Al ratio for such devices tends to be around 0.3.
* this shape is an approximation.*
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Figure 2.1: HEMT devices with several different architectures.
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downwards in energy until it crosses the Fermi level. Inversely, a negative voltage bends
the valence band upwards until it crosses the Fermi level, inducing a two-dimensional hole
gas (2DHG).

Each of these design choices has pros and cons. Using heavily-doped GaAs (grown
in situ as the final layer during wafer fabrication) as a top gate can result in good quality
devices—the AlGaAs barrier above the 2DEG is a high quality single crystal with few surface
defect states. Metallic gates generally cannot be deposited in situ,’ therefore impurities may
be introduced on the surface of the GaAs cap layer prior to metal deposition, introducing
surface charges and disorder at the contact.”* For Schottky devices, the metal could also
diffuse past the cap layer and into the AlGaAs barrier, diluting the Al ratio and causing
non-uniformity in the contact.*! On the other hand, devices with heavily-doped GaAs top
gates have poor yield—alloyed ohmic material requires a thermal anneal to diffuse (or
‘spike’) to the 2DEG channel layer and form an electrical contact,’ but there is a high
chance (especially in shallower devices) of the ohmic material spiking and shorting to the
doped top gate as well, causing current leakage.®:°> Additionally, defining nanostructures
using doped GaAs gates is not possible since patterning fine features in doped gates results
in their charge being depleted, rendering them nonfunctional.””

Back-gating is achieved by growing the heterostructure on n-type GaAs.®® Since the
ohmic contacts require front-side processing, fabrication is simpler compared to top-gated
devices.*”> However, the yield of back-gated devices tends to be low for the same reason as
devices with doped GaAs as a topgate—spiking of ohmic material during annealing can
easily extend to the back gate,’* causing shorts. Devices using a MIS-type topgate avoid

this issue—the caveat is that a high-quality insulating dielectric material is required.’>*

Using Schottky contacts limits device operation to low voltages and thus low charge
gas densities, since there is a risk of shorting through the AlGaAs barrier to the charge gas
at higher potentials.”> MIS devices can operate at higher voltages without gate leakage,
but may also yield low carrier densities if using thin insulators. Another advantage of
MIS devices is the ability to dual-gate—a second ‘local’ gate located closer to the surface
(and insulated from the first ‘global’ gate) can be used to realize nanoscale features® or
induce and control charge densities independently.*” As mentioned previously, doped GaAs
Schottky gates deposited in situ result in few surface charges. This is not the case for MIS
devices, where the presence of surface states reduces transport and quantum scattering

lifetimes®® of carriers in shallow devices, and affects the latter even in devices with deeper

"In 2022, Ashlea Alava et. al.°® demonstrated an in-situ epitaxial Al gate.
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conduction channels (a few hundred nanometers).®”

Ion implantation prior to ohmic contact deposition necessitates a very high temperature
anneal, about 800 °C.*° This is very harmful to the integrity of the heterostructure and
introduces defects that severely limit carrier mobility,”” and as a result usually avoided.

2.1.4 Operation of induced HEMTs

As mentioned, the polarity of an induced charge carrier depends on the polarity of
the voltage Vi, on the inducing gate—a positive Vi induces electrons in the channel layer
while a negative V,, induces holes, as long as n-type or p-type ohmic material respectively
is contacting the channel to supply carriers. A temperature T of at most a few Kelvin
is required to operate these devices to prevent phonon-charge scattering. Charges are
induced only beyond a certain voltage called the ‘pinch-off’, ‘turn-on’ or ‘threshold’ voltage,

typically represented by33,36,46

Vi = (Ug — US) /e + Egtyng + eNy t2/2€, (2.34)

ins imp “ins

where U and U§ are the Fermi energies of the carrier and gate material respectively; E,
is the electric field from the substrate; t; is the insulator thickness; N, is the density of
impurities in the insulator and ¢ is the dielectric constant of the insulator. Past this voltage
threshold, the two-dimensional electron (hole) density n,; (p,;) increases linearly with
increasing (decreasing) V,,. Experimentally, Vttgr is obtained by extrapolating the V,, vs
n,p plot to intersect with the voltage axis and reading the value of the intercept. Nominally,
the difference between the Vtté‘r values for a 2DEG and 2DHG in the same device equals
the bandgap of GaAs (1.52 eV).*® However, impurities and charge traps present within
and at the interfaces adjoining the insulator or substrate could cause a shift in the Vtt;‘r

values and alter this difference.?>4**

A source-drain bias V4 applied between two ohmic contacts leads to conduction in
the 2D channel. The channel current Iy and charge mobility p, ;, generally increase with
increasing carrier density, while the ohmic contact resistance R, and resistivity of the
2D charge gas p,, decrease. Carrier densities and mobilities can be obtained by the
measurement of a Hall bar device made using the substrate as the induced HEMT (see
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Section 2.1.2). Their values are calculated using Eqns. 2.28 and 2.3

I .B
= =4 and

€Vy

S

I (L/W)

>

€nyp Vsd

3’68

reproduced below-

(2.35)

(2.36)

Table 2.1 lists data from various induced HEMT devices in chronological order of

publishing. To fruitfully compare them, mobility data at carrier densities of 0.5x 101,
1x10! and 2x 10 em™2 are chosen.

Table 2.1: Summary of data from several GasAs/AlGaAs induced devices. ABBREVIATIONS: BG = back gate,
TG = top gate, X = Al ratio in Al Ga,_ As barrier, d = depth of conduction channel from surface, w = vertical
width of channel.

Hep (1€5 Hp (1€5 Hep (1€5
Conductio yihr m?/Vs m?/Vs m?/Vs
Author, Year Gate type ction T (K) Vig) cm”/Vs) cm”/Vs) cm”/Vs)
channel V) [n,p=5€10 | [nyp=1ell | [n,p=2ell
em™2] em™2] em™2]
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MIS metal - +1.1 1.3 2.3 -
070! metalTe d~150nm
Sarkozy’09° | Schottky TG & MIS metal TG SHJI, n-type 1.4 +1 14.7 24.5 35.2
SHJIL, n-t
Mak "10°7 MIS metal TG » YPE, 15 | ~+2 2 5 11.2
d=40nm
SHJIL, n-t
Mak "10°7 MIS metal TG > YPE, 15 | ~+2 10.9 19 29.8
d=310nm
:+1.0 =33.2 =61.6 =55.6
Chen ’12°° MIS metal TG SHJI, n-&p-type | 0.24 o ol He ’ He ’ He ’
p:—0.52 m,=54 1,=8 1, =6.5
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RQW, n&p-t =1.3 =2.3 =4.
Croxall ’13%8 MIS metal TG & BG QW, n&p-type, 0.05 - He ? He ’ He=4-4,
w=10nm 1,=0.74 =17 pp=3.3
RQW, n&p-t =12.1 =20. =34.3
Croxall "13%® MIS metal TG & BG QW, n&p-type, 0.05 - He ’ He 4 He=34.3,
w=25nm m,=5.5 =117 1,=16.8
Mak "13% MIS metal TG SHIL n-type, 4 +2 11.3 24.1 42.9
d=60nm, x=0.33 ' ’ '
SHJI, n-type
Mak 1334 MIS metal ’ ’ 4 ~ +2 1.4 4.7 11.5
a metatTe d=30nm, x=0.9
Wang '13%7 MIS metal TG SHJI, n-type 0.025 ~+1 23.9 41.9 >56
MacLeod Schottky n* GaAs & MIS SHJI, n-type,
o 0.229 | +0.2 4.9 10.1 20
15 metal TGS d=50nm
MacLeod Schottky n* GaAs & MIS SHJI, n-type, 0.229 402 12.7 24.9 50.3
1547 metal TGs d=160nm ’ ) ) ’ ’
=3. =5.3 =8.1
Taneja ’16°" MIS metal TG SHJIL, n&p-type 1.4 - He=3.4, He ’ He ¢
=21 p,=3.8 p,=4.0
:+1.8 =3. =5.3 =8.1
Taneja ’17%° MIS metal TG SHJI, n&p-type 03 | ’ He=34, He ’ He ’
p:-1.8 m,=3.1 m,=4.5 1, =4.8
Ashlea Alava .
19950 MIS TiAu TG SHJI, n-type 0.25 +0.76 - 3.4 11.4
Ashlea Alava
19950 Schottky evaporated Al TG SHJL, n-type 0.25 +0.8 - 1.2 -
Ashlea Al
s ;350 ava Schottky MBE 50nm Al TG SHJI, n-type 0.25 +0.88 - 0.3 2.3
Ashlea Alava
19950 MIS evaporated Al T SHJL, n-type 0.25 | +0.78 - 2.4 7.5
Ashlea Alava | Schottky MBE 8nm Al TG on SHIL n-tvpe 0.95 +0.71 48 8.9
19950 GaAs » N-typ : : - : :
Ashlea Alava | Schottky MBE 8nm Al TG on
19950 s SHIJI, n-type 0.25 +0.69 - 2.7 6.5
Ashlea Alava | Schottky MBE 8nm Al TG on SHIL 1-tvpe 0.25 +0.67 33
19250 AlGaAs > P : : :
SHJIL, n-t
Shetty '22°8 MIS metal TG » I-LYPe, 14 | +08 16 31 56
d=160nm

2.1.41 Scattering

Various scattering mechanisms have been theorized to explain drop-offs in charge
carrier mobility observed experimentally at different carrier density regimes. The mobility
11 is related to the transport scattering time T' by u = et/m*, with e being the elementary

charge and m* the effective mass.®® The total rate of scattering 1/t, , can be obtained by

tot
summing over the individual rates due to each mechanism, according to Matthiessen’s

rule,”’ given by
1 1
— =) -, (2.37)
i Ti

Ttot

" The average time between successive scattering events, also called relaxation time.
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and thus, the mobility is modeled as

1
-y (2.38)

Broadly, scattering in 2D HEMTs can be ascribed to (i) background ionized impurities,
(ii) remote dopants, (iii) surface charges, (iv) interface roughness, (v) alloy disorder, and
(vi) phonons. Phonon scattering can be due to acoustic’ or optical” phonons. The latter is
the dominant source of scattering in devices from room temperature down to ~ 100K.”*
Both types of phonon scattering are negligible at temperatures of a few Kelvin and under
(the Bloch-Griineisen regime’?), which is why devices must be operated at these cryogenic
temperatures.

The remaining scattering mechanisms all contribute to carrier mobility reduction to
different extents in 2D HEMT devices with differing architectures. Modulation-doped
HEMTs require intentional doping in thin layers (§-doping) around the 2DEG. These
remote dopants act as scattering sites and also introduce charge noise into the device.””
Devices with shallower 2DEGs require the §-doping layers to be closer to the 2DEG, causing
more scattering.”! Background ionized impurities are the result of unintentional doping
of the semiconductor wafer material (both GaAs and AlGaAs) during growth in the MBE
chamber. These impurities are distributed evenly throughout the material. Undoped
devices avoid scattering due to remote dopants, but cannot escape background impurity
scattering. Both scattering types are more prominent at n ~ 10! em™2, although remote
dopant scattering is greater in significance. At very low densities,” the density fluctuates

and is inhomogeneous, and transitions to an insulating phase below n ~ 5 x 10% em=2.7*

Coulomb scattering due to surface charges is another source of carrier mobility degra-
dation. Surface charges may occur for several reasons: dangling bonds or excited states,
redistribution of free charges (from the wafer or an insulating material), or a local reorga-
nization of the semiconductor lattice, to name a few.® Since these charges are confined
to a single layer on the surface, they behave similarly to remote §-dopants in modula-
tion doped devices, and can be modelled as such.’”>®” Transport lifetimes in shallower
devices are naturally impacted more—2DEGs shallower than 200 nm show deviation from
expected values,”” but the effect is more noticeable for depths of 100 nm or less.””>°® The
single-particle scattering rate (distinct from the transport scattering rate) is increased even

" Atoms vibrate coherently around equilibrium lattice positions.
* Adjacent atoms vibrate out of phase—common in lattices with more than one type of atom.
* Note that the exact density regimes vary from device to device.
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in deep devices (> 200 nm), causing issues when working at the one-particle quantum

level.”” Preventing surface oxide formation by epitaxially growing gates® in-situ in the
MBE wafer growth chamber can prevent surface charges.*"*”**’%°0 An interesting phe-
nomenon is that illumination can cause surface charge density to build up in a device,

further hampering mobility (see Section 2.1.4.2).

Fitting the carrier mobility vs density plot to a power-law, g « n*, and extracting the
exponent « helps identify the dominant scattering mechanism in a device.”>’" The expo-
nent is calculated from a = dIn(u/d) In(n), where d is the separation between 2D remote
dopants (or surface charges modelled as remote dopants) and the 2D charge gas. In the ab-
sence of all background impurities, a increases with increasing d at lower carrier densities,
but saturates around o ~ 1.5 for n = 3 x 10! cm™2 at all values of d. Increasing the sepa-
ration to d = 100 nm eliminates the influence of remote ionized/surface charge scattering
altogether, also yielding a ~ 1.5 at all densities. When only background impurities are
present (with a conservative volume density Ny, ~ 10" ecm™), a < 1forn <2 x 10" cm™2,
and increases to o ~ 1.2 for n = 3 x 10! ecm™2. In the absence of all impurities (except
for some background impurities in the barrier), a ~ 1.5 for n = 5 x 10'° cm™2.”° In short,
the value of the power-law exponent a can tell us how great an effect different scattering
mechanisms may have on carrier mobility. Increasing d or decreasing Ny, can enhance
p1; very large p is possible when d = 100 nm and Ny, < 107" cm ™. Increasing n can also
increase p up to a certain point, beyond which interface roughness and alloy disorder
scattering mechanisms kick in.

Asymmetrically gating an induced HEMT device causes the carrier wavefunction to
be pulled against the interface between the channel and barrier. Roughness at the in-
terface thus causes charge carrier scattering that is more noticeable at higher densities
(n =3 x 10! cm™2).7>°1%8 Alloy disorder in the AlGaAs barrier can also cause scattering.
It only affects the tail of the carrier wavefunction that penetrates the barrier and is thus
also more prominent at higher densities.”® Carriers in GaAs quantum wells sandwiched
between two AlGaAs barriers are naturally affected more by interface roughness and alloy
disorder scattering, which goes up as the well width decreases.>®

Expressions for scattering rates due to background impurities in the GaAs channel
and AlGaAs barrier, interface roughness, and surface charge (which are the primary
contributors to scattering in undoped HEMTSs) can be found in Ref. [68].

¥ The gates can be either metal (Al) or doped-GaAs.
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2.1.4.2 Effect of unbiased and biased illumination

Low-temperature illumination of HEMT devices at above-bandgpap energies has a

marked impact on their characteristics. While there have been several studies on the effect
of illumination on modulation-doped HEMTs, only a handful have been conducted using
induced HEMTS—some with doped GaAs Schottky gates,®>°*’° (henceforth referred to
as semiconductor-insulator-semiconductor® FETs or SISFETs) and others with MIS top
gates (henceforth referred to as MISFETs)**%®—with conflicting reports. The present
understanding is that illumination alters the disorder potential in induced devices by
ionizing or neutralizing impurities; potential mechanisms are inferred via measurement of
transport characteristics such as the inducing gate voltage threshold V;hrﬂ and the carrier
density n and mobility u. A known advantage of using induced HEMTs over modulation-
doped HEMTs in this context is that device characteristics observed in the dark prior to
illumination can be recovered in the former (and not the latter) by thermally cycling
the device, i.e., warming up the device to room temperature, since this allows charges
to overcome the energy barrier around impurities caused by lattice deformation.”®%
This allows us to study the effect of illumination on undoped HEMTs and gain a further
understanding of the influence of impurities on transport without permanently altering
the device. The process of illuminating a device with a zero (non-zero) voltage bias on
the inducing gates is called unbiased (biased) illumination.
With unbiased illumination, a buildup of positive or negative charge in the bar-
rier®>®37% substrate** or at the surface®®, coupled with a change in carrier density in the
2DEG/2DHG, can shift the value of V™ up® or down.*>>”® In SISFETS, surface charges
are completely screened by the presence of the doped GaAs gate, so a change in surface
potential has no effect. MISFETs on the other hand tend to have charge traps at the
semiconductor-insulator interface that cannot be screened. The carrier mobility of the
device is also affected by the shift in disorder potential. The mobility tends to increase
for a given carrier density unless the device is a shallow MISFET with surface charge
that induces scattering.®® This increase in u due to illumination is known as persistent
photoconductivity—the changes persist until the device is thermally cycled.

The effects of biased illumination have so far been reported only in MISFETs.**¢

The chosen insulator must not allow current leakage when under a bias, so SiO, is a good
choice while polyimide is not.°® Similar to unbiased illumination, biased illumination also

§ Note that the insulator in this case is AlGaAs.
"The ‘t’ is dropped from the subscript of Vttgr to allow it to refer to both top and back gate thresholds.
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shifts the n—Vg curve (without altering its slope) and the p—n curve. Assuming the initial
state of the device is set using an extended period of unbiased illumination (6 min)®®,
illuminating the device with a positive or negative bias V, (for 1 min) shifts the n-V,
curve by V,,. Simultaneously, at a fixed value of n, i increases when V, > 0 and decreases
when V < 0; these changes are greater in shallower devices, but regardless of channel
depth, the shift in mobility saturates beyond a certain magnitude of V. Two possible
mechanisms are involved: charging effects in the insulating oxide layer and ionization
of surface states. Ref. [68] posits that the n-V,, curve is affected by the former and the
p—n curve by the latter. Changing surface charge densities would affect the scattering rate
and thus the mobility, even more so in shallower devices. The shift in mobility saturates
when all surface states have been ionized. Charging of defects in the insulator will not
impact mobility since they are isolated from the 2DEG and the oxide dielectric constant is
lower than that of AlGaAs. These charged oxide defects will, however, shift the n—Vg curve
in either direction by populating/depopulating with electrons. Interestingly, the device
can be reset to the initial state if subject to more unbiased illumination, but only when
the device is ambipolar. In unipolar samples, the p—n curve stays shifted if attempting to
reverse the effects of biased illumination, implying a permanent change in the surface
charge density. In the absence of p-type ohmic contacts, there is no way for the holes
generated during photoexcitation of electron-hole pairs to be swept away, allowing them
to recombine with photogenerated electrons. This leaves no electrons to re-neutralize the
ionized surface states, causing the permanent shift in surface charge density. This in turn
causes a small shift in the ‘reset’ n-V, curve relative to the initial state.

Understanding the mechanisms behind unbiased and biased illumination is crucial to
the development of quantum light sources based on lateral 2D p—n junctions, since these
devices may be subject to self-illumination: the emitted light energy matches the bandgap
of the semiconductor and can be easily re-absorbed, causing impurity charge densities to
shift and alter carrier transport characteristics and the efficiency of photon emission.
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2.2 Lateral planar light-emitting diodes, quan-
tized charge pumps and single-photon sources
in undoped GaAs/AlGaAs heterostructures

Modern conventional LEDs such as laser diodes are constructed by sandwiching an
intrinsic direct bandgap! semiconductor layer between heavily-doped p-type and n-type
layers. By applying a forward bias across this three-dimensional (3D) vertical LED, electrons
and holes are pumped into the intrinsic layer (also called the active region) where they
recombine radiatively. To maximize the probability of light emission, the bandgap of the
active region is smaller than the surrounding layers to create confinement. This means
that carriers are forced to pass through high-bandgap material before reaching the active
region where they can recombine. The carriers thus end up with a surplus of energy and
need time to thermalize before recombining—this broadens the emission linewidth.”” The
architecture of vertical LEDs also prevents them from being integrated with lateral devices

78,79,80,81

such as quantized charge pumps that could yield high-frequency on-demand

sources of single photons.

Lateral planar LEDs do not suffer from this issue—electrons (from the 2DEG) and
holes (from the 2DHG) are directly injected into the intrinsic active region without passing
through a higher bandgap material.” Charge mobility is high, as well as radiative recombi-
nation rates and quantum efficiency. Due to the small cross-sectional area of the 2D planar
charge gases, these devices have a relatively low intrinsic capacitance. Mobile charges in
3D vertical LEDs are more spread out, screening the junction electric field. Since charges in
2D lateral LEDs are confined to a plane, the junction field is weakly screened, causing the
depletion region to be extended and not fully depleted at the edges where the electrostatic
potential slowly transitions to the n- or p-side. This in turn causes these devices to have a
high reverse breakdown voltage relative to 3D vertical LEDs.? As in HEMTs, the charge
carriers in lateral LEDs can either be due to modulation doping or gate induction. There
are several examples of modulation-doped lateral planar LEDs in literature.””-8%8%48%86,87
Normally, only one type of charge carrier can exist in a modulation-doped transistor;
modulation-doped p—n junctions are realized by using selective doping or selective etch

I'the direct bandgap nature of ITI-V semiconductors makes them favourable for use in optoelectronic devices.
" this is because the n-type (2DEG), p-type (2DHG) and intrinsic regions are all in the same material layer
and have the same bandgap.
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techniques that are clever but greatly complicate the fabrication procedure. Emission

86,88,87

linewidths from these LEDs are broadened due to dopant scattering, making them a

poor candidate for an electrically-driven single-photon source.

The first dopant-free gate-induced planar LED was realized in 2009.%° Since then, only

d’90,91,92,23,28

a handful of papers on this topic have been publishe with very few follow-up

studies showing reproducibility.

The coplanar geometry of lateral planar LEDs allows them to be integrated with
quantized charge pumps, potentially creating high-rate, on-demand, and efficient sources
of single photons. A useful parameter to characterize a single-photon source is the second-
order correlation function at zero time delay. The second-order correlation function is

written as
(n(On(t + 1))

(n(t)? ~’

where n(t) is the number of emitted photons detected using a single-photon detector at

g (1) = (2.39)

time ¢, and 7 is the time delay between detection events. g (1) effectively gives us the
probability of a photon detection event at time (t+7) given that a photon has been detected
at time t. At T =0, Eqn. 2.39 simplifies to g®(0) = 1-(1/n). g®(0) < 1 corresponds
to photon antibunching which is a purely nonclassical phenomenon, while g'® (0) < 0.5
confirms that single photons are being emitted. For a near-ideal single-photon source, the
value of g(z) (0) is very close to zero.

The two main types of quantized charge pumps in literature are (i) surface acoustic

wave (SAW) generators,’®

and (ii) electrostatically-driven single-electron pumps that
quantize charge using a gated dynamical quantum dot.”***#! There have been several
attempts over the last two decades to realize single photon emission using SAWs; in 2020,

1.%% successfully fabricated and characterized single photon emissions from a

Hsiao et. a
dopant-free GaAs quantum well SAW device. Single-electron pumps (as well as SAWs)
have long been used in metrology as a potential candidate for the standard definition of
the SI unit of current, the Ampere. Gated single-electron pumps tend to be fabricated
using n-type modulation-doped GaAs/AlGaAs because of ease of fabrication and operation.
The only example using undoped GaAs/AlGaAs was published by us” in 2021 (Buonacorsi

et.al., Ref. [24]).

The following sections cover the operation of lateral planar LEDs, SAWs and one-
parameter single-electron pumps, and summarizes the progress of these devices in recent

*The author of this thesis did not personally contribute to this publication.
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years.

2.2.1 Dopant-free lateral planar light-emitting diodes

Waq
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Figure 2.2: Schematic band structure of a lateral 2D p-n junction at zero forward bias. The n-side (2DEG),
p-side (2DHG) and depletion region between the two are indicated. Due to weak screening of the junction
field, the depletion region is extended and not fully depleted at the edges. The Fermi energy Ej is denoted by
the flat dashed green line. The solid maroon and teal lines denote the valence and conduction band energies
E, and E respectively. The dashed maroon and teal lines denote the ground state energies of the holes
(Eyp) and electrons (E,, ) respectively. Also indicated are the bandgap E, and the energy corresponding to
the built-in potential Vy;.

This section borrows from a complete analytical treatment of gate-induced lateral
2D p-n junctions found in Refs. [93, 94]. When a 2DEG and 2DHG are simultaneously
induced adjacent to each other using two gates in an undoped heterostructure at cryogenic
temperatures, a fraction of majority carriers from each side pass to the opposite side and
neutralize, forming an intrinsic depletion region at the junction interface.” The resulting
electric field between the n- and p-sides bends the energy band structure until a new state
of equilibrium is reached. In this state, the Fermi level (with energy E) is constant, while
the bent conduction and valence bands introduce a ‘built-in’ potential barrier eV,;** for
the electrons and holes (Fig. 2.2). The magnitude of the built-in potential varies with a

parameter known as the ‘overdrive gate voltage’ V!,

/ 1 Zzg
Vg = Vg - Z q)g - XSC - ? 5 (240)

where Vgi is the gate voltage magnitude on each inducing gate, ®, is the work function of

** e is the elementary charge
*we assume for the sake of simplicity a symmetric junction where the gate voltage magnitude on each
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the metal gate, X is the semiconductor electron affinity, and E, is the bandgap energy.
®, — X,. — E,/2 is the potential corresponding to the flat-band configuration. Vy, varies
linearly with V for low values,

eVy = 2eVy =E, +2(eV, + X, — D, ); (2.41)

above a certain threshold Véth (defined as O.6Eg/ (2e)) this relationship becomes

(Vé o Véth)cins] _ 1}
epopkp T ’

where C;  is the insulator capacitance and p,, is the 2D density of states at the band edge.

nonlinear—

eVy; = E; + 2kpTlog {exp [ (2.42)

The width W, of the 2D intrinsic depletion region can be tuned by changing the
inducing gate voltage magnitude V, on either side, the separation between the gates,
and the thickness of the insulator in the case of MIS-type devices. Ref. [93] derives the
expression for the depletion width of a gate-induced lateral 2D p—n junction from numerical
simulations as

W4 = 0.6t (2\‘//—]:;i + 1) . (2.43)
where t, . is the insulator thickness. This tells us that the depletion width is linearly
dependent on the insulator thickness and the ratio between the built-in potential and the
gate voltage. For small gate separations lgap < W, the two parameters are independent;
this assumption holds for Eqn.2.43. W, increases linearly with lgap for larger values.
An analytical expression for the depletion width has also been derived (see Ref. [94] for
details), which like Eqn. 2.43 shows a linear dependence on the insulator thickness, but no
dependence on its dielectric constant, which is in contrast to doped devices. Note that in
the case of heterostructure devices, t. - will include the thicknesses of the heterostructure

2 "1ns

layers above the 2DEG/2DHG in addition to the insulator thickness.

Applying a potential difference V(> V,;) across the junction drives it out of equi-
librium, resulting in a flow of current. As with conventional diodes, gated lateral 2D
p-n junctions also display rectifying behaviour—the reverse bias current density is much
smaller than that of the forward bias.”® Also, the simulated ideality factor of this type of
diode is close to two, implying that the current should be dominated by carrier recombina-
tion in the depletion region® as opposed to diffusion in the induced charge regions.”® The

inducing gate is V,, but the polarities are opposite
¥ Note that we did not see this behaviour in our fabricated p—n junctions. Instead, light is mostly emitted
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recombination current density exponentially increases with Von as”’

T kyTn, eV .
J., ~ )= ! 2 2.44
RV 2 TE, eXp(ZkBT) (244

where n, is the intrinsic carrier density of the semiconductor, T is the carrier lifetime

(assuming the electron and hole lifetimes are equal), and F, is the magnitude of the
in-plane electric field at the point where the recombination rate is maximum; the two
in the denominator of the exponential term is the ideality factor. F itself increases
with decreasing V ,, and increasing V,. It follows that for a given V,,
the magnitude of V, increases. Finally, when the gap between the two inducing gates

J decreases as

increases, the depletion width W, increases, in turn decreasing the field in the depletion
region for a given V,,,—thus, F,, reduces and Jy, increases. Not that this equation assumes
that the device is free of interface trapped charge, and that eV, > k;T.

A brief summary of the differences between doped 3D vertical LEDs and undoped 2D
lateral LEDs is listed below—

— 2D LEDs have a coplanar geometry that allows them to be integrated with other types
of devices such as lateral quantized charge pumps;

— unlike 3D junctions, there is direct injection of charge carriers into the active region
without passing through higher bandgap materials in 2D LEDs, reducing carrier transit
times;

— since charges are confined to a plane, the junction electric field is weakly screened in
2D LEDs relative to 3D—this extends the width of the depletion region, resulting in a
gentle transition of the potential at the edges causing them to not be fully depleted;

— charge scattering is high in doped 3D vertical LEDs since dopant impurities are present
everywhere including the site of recombination, but undoped 2D LEDs have higher
carrier mobilities since there is very low probability of scattering off of impurities;

— the presence of a quantum well in the 2D LED increases the rate of radiative recombina-
tion and quantum efficiency;

— 2D LEDs have a smaller capacitance than 3D LEDs due to the small cross-sectional
thickness, favoring them for use in devices operating at high-frequencies (RF).

from under the p-side topgate; see Chapters 4 and 5.
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2.21.1 Summary of literature

The first realization of a dopant-free lateral 2D p—n junction was in 2009 by De Simoni

1-89

et.al.* Dai et. al. were the next to do so in 2013,”° with a follow-up publication in 2014.7*

The most recent work (excluding our own) on dopant-free junctions is found in two

1.%* respectively; the

related papers from 2019 and 2020 by Chung et. al.”* and Hsiao et. a
latter corresponds to a SAW-driven single-photon source whose results are discussed in
Section 2.2.2. Results from the remaining publications are compared in this section. The
results from our dopant-free junction (detailed in Chapter 3) were published in 2023,%®

and are also included here for the sake of comparison.

De Simoni’09 Dai’13 Dai’14 Chung’19 Tian’23
p-n current driver SAW voltage voltage SAW voltage
w (nm) 20 20 20 15 15
d (nm) 40 303 303 110 90
n-type ohmics | Ni/AuGe/Au | Ni/Au/Ge/Ni | Ni/Au/Ge/Ni | Ni/Au/Ge/Ni/Au | Ni/AuGe/Ni
p-type ohmics| Au/Zn/Au Pd/AuZn Pd/AuZn AuBe AuBe
gate Cr/Au Ti/Au Ti/Au Ti/Au Ti/Au, Ti
insulator PMMA polyimide polyimide polyimide Sio,
Mgy, Eg, (nm, V) - 811,1.529 |815.4,1.5207| 809,1.5326 |808,1.5344

Table 2.2: A comparison of all the existing dopant-free lateral 2D p—n junctions in literature. w is the RQW
width, d is the depth of the RQW from the surface, and A;; and E;; are the wavelength and energy of the
quantum well EL emission peak.

These devices were all realized in GaAs/AlGaAs heterostructures with RQWs. The p-n
current in the junctions from De Simoni '09 and Chung ’19 are SAW-driven, while the
rest are driven by a voltage bias. The width w of the RQWs and their depth d from the
wafer surface are shown in Table 2.2. Ni, Auand Ge are collectively the standard n-type
ohmic contact materials, while AuZn or AuBe serve as p-type materials. The EL emission
wavelengths for these sources are all similar; there are however some intricacies that will
be covered below. The results from De Simoni '09 did not include spectrally-resolved EL
data. Chung ’19 include one spectral plot but this corresponds to using voltage and not
SAWs as the p-n current driver.

The gate structures for these devices are varied but share some features. All devices
have a insulator-separated metallic topgate to induce a 2DEG/2DHG. De Simoni ’09 adds
two lateral (side) gates to constrict the current channel. Dai ’14 includes additional
etch-recessed surface gates closer to the junction for greater potential resolution when
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controlling charge carriers. Chung 19 uses both surface gates and two side gates. Tian '23
includes transparent thin Ti topgates near the junction for more efficient light collection,
which was a suggestion in Dai '14.

Comparing the SAW devices, both use a small source-drain bias (less than the bandgap)
and apply the SAW potential over this DC bias to drive current. Both use lateral gates to
constrict the electron channel to one dimension. The observed EL spot size at the junction
was 700 nm for De Simoni ’09 and 6-10 um for Chung ’19. Using just a source-drain
voltage of 2.5V as the current driver, Chung et. al. observed stray EL along the length of a
surface gate for w = 15 nm, which they attribute to electrons escaping the junction due
to the high bias voltage. This stray EL was observed in our devices as well; the results
presented in Chapter 5 offer solutions to this problem. The corresponding EL spectrum
showed one major peak at 809 nm (1.5326 eV), and a smaller peak at a higher energy.

Next, we compare the voltage-driven sources. Normally, the magnitude of the threshold
voltage for inducing 2DEGs is smaller than that of 2DHGs, as seen in the supplementary of
Tian ’23. The opposite trend was observed in Dai ’13 and '14—this is attributed to surface
state pinning at the GaAs/insulator polyimide interface, i.e., negative charge accumulates
at this interface and screens the n-side topgate. In relation to this, the charging effects of
unbiased and biased illumination on the threshold voltages are alluded to in Dai ’13, which
have an influence on our devices as well. For standard DC operation, Tian '23 reports
EL instability and fast quenching. Dai ’13 claims stable EL, but this requires very large
source-drain currents = 100 pA compared to a few pA in Tian ’23. Two ways to solve this
problem of EL quenching are detailed in Chapters 3 and 5.

The EL spot is observed at and around the junction interface in Dai '13, whereas most
of the EL in Tian 23 arises from under the n-side topgate. Although the well widths w
for Dai ’13 and ’14 are both 20 nm, the wavelengths of their peaks differ significantly,
by 4.4nm (8.3 meV). It may instead be possible that the EL (and photoluminescence
(PL)—photoluminescence) peaks from Dai '14 are due to defect states on the etched regions
of the surface gate recess. The process of etching the recess also exposes unpassivated
AlGaAs, which is prone to reacting and deteriorating the integrity of the surface. Until
more samples are made replicating these spectra, this gate architecture remains untenable.
On the other hand, both w and A;; match closely for Chung '19 and Tian ’23. In addition
to the main peak, a lower energy charged exciton peak is reported in Tian '23. The details
of this paper and its supplementary information are compiled in Chapter 3.
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2.2.2 Quantized charge pumps

QCPs work by modulating the current I ; along a quasi-one-dimensional channel
between a source and drain such that I ; = nef, where f is the pump frequency, e is
the elementary charge, and n is an integer. This modulation hinges on the presence of
tunnel potential barriers that allow for the shuttling of charge via the Coulomb blockade
effect down to the single-electron level. Changing the voltage parameters of these QCP
tunnel barriers can change the value of n, leading to current quantization. In practical
implementations, the value of n is more well-defined in low conductance regimes to
suppress charge fluctuations. The trade-off is that the pump frequency f should not be
compromised due to the lower current.”’

959 or single-parameter pumps.’*°”>”° By operating

QCPs can be classified as turnstiles
at frequencies lower than the timescale needed for charges to settle, turnstile pumps are
always in a state of equilibrium. To allow for this equilibration, the quantum dot formed
by the tunnel barriers of turnstile pumps needs to be as open as possible, whereas the
opposite it true for one-parameter pumps. One-parameter QCPs are so-called because they
work by fixing the exit barrier potential while dynamically tuning just the entrance barrier.
Both SAWs and gate-defined pumps can fall into either of these categories, although the

nomenclature varies in literature.

2.2.21 SAW devices

Surface acoustic waves at high frequencies are supported in Gallium Arsenide due
to its piezoelectric properties.®:”” These SAWs are generated from electric signals using
an interdigitated transducer (IDT), a metallic structure deposited on the semiconductor
surface composed of several interleaving finger electrodes. SAWs are essentially vibrations
in the crystal lattice that decay going into the bulk; they are confined to two dimensions
at the surface and can thus travel over longer distances. Applying an RF signal to the IDT
induces a train of SAWs; the strain caused by these SAWs in the crystal lattice creates an
electrostatic potential trap in the semiconductor that propagates with the SAW. If the IDT
is adjacent to a charge reservoir (source), and a sub-bandgap source-drain bias is applied,
the SAW potential can quantize the current and transport individual or a few charges at a
time. The period of the finger electrodes in the IDT influences the SAW frequency.

Foden et. al.”® were the first to propose a single-photon source using SAWs, which
were realized in 2020 by Hsiao et. al.*>. Their device is fabricated using a GaAs/AlGaAs
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heterostructure with a 15 nm wide GaAs RQW at a depth of 110 nm from the surface.
A 1.2 pum wide 1D channel guiding the SAWs is etched into the substrate. EL spectral
measurements from SAW transport show a single peak with energy 1.531 eV (that matches
the well width) and a linewidth of ~ 1 meV. The carrier lifetime from time-resolved EL
measurements is 94 ps; this low value and the resulting low quantum efficiency is attributed
to non-radiative recombination at surface states.

From second-order correlation measurements, a value of g(z) (0) =0.39+0.05 is re-
ported. However, this value is obtained after post-selecting 30% of the coincidences. The
need for post-selection is due to the instability of the quantized current that is reported to
fluctuate despite the presence of a PID control loop. For the raw data, g(z) (0) =0.63+0.03,
which still indicates nonclassical photon antibunching.

2.2.2.2 One-parameter single-electron pumps

One-parameter single electron pumps work by using two electrical gates—with one
of them tunable—to generate the barriers of a dynamic quantum dot. The tunable gate

is referred to as the entrance gate (potential V) since it opens the dot to the charge

nt
reservoir source, while the fixed-barrier gate is termed the exit gate (potential V ).
The two barrier gates are placed perpendicular to the channel direction. The channel is
quasi-one-dimensional and may be defined by ion bombardment, etching, or gating. An
RF potential Vi, is applied over a base DC bias V. to tune the entrance gate, such that

Ve = Vpe + Vgpsin(2xft), where f is the pump frequency and ¢ is time.

A schematic of the charge pumping mechanism is shown in Fig. 2.3 (adapted from
Ref. [24]). Within one RF cycle, quantized charge pumping can be broken down into three
stages—loading, capture and ejection. In the loading stage, V., dips below the Fermi
level Eg, and a large number of electrons load into the dot. V,_, is then raised, and as
this happens, most electrons back-tunnel into the charge reservoir, with higher energy

electrons tunneling at a faster rate (I';,,; >T,). The remaining few electrons are captured

i+1

in the dot as V,, raises further. Next, as V.

ent the dot is unable to

increases past V.,

confine electrons anymore and they are ejected to the drain. Finally, V,_ , lowers for the

nt
cycle to start once again.

Measuring the source-drain current I ; for increasing values of V, yields current
quantization plateaus I ; = nef, where n is the number of pumped electrons—a larger
V.. allows more electrons to be captured in the dot per RF cycle. By fitting the I -V,

exit
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‘/ent V;exit

Ejection

Figure 2.3: Potential energy diagram showing the quantized charge pumping mechanism in a one-parameter

single electron pump. V,, and V,,, are the voltages on the entrance and exit gates of the dynamic quantum

dot. E; and E_ refer to the Fermi level and maximum charging level of the dot. T; is the back-tunneling rate
of the i captured electron. The i = 2 electron has a higher energy and back-tunneling rate than the i = 1
electron. The pump mechanism consists of three stages—loading, capture, and ejection, described in the
text (adapted from Ref. [24]).

plot to the universal decay cascade model,””

a fitting parameter § may be extracted.
This parameter is used as a figure of merit—a larger value of § implies better current
quantization, i.e. flatter plateaus and steeper transitions between plateaus. In practice, the
value of § may depend on a lot of external factors, including temperature, pump frequency,
external magnetic field, gate voltage configurations, and the waveform of the RF signal.
Although § as a figure of merit is abstract, it can be related to the uncertainty or error in
single electron pumping using’’

P, .. =P,+P,=1—-P ~25exp(-9), (2.45)
where P, is the probability of capturing n electrons in the dynamic quantum dot per RF
cycle. P, is maximized when P, and P, are equal (Fig.2.4). P, . sets a baseline for the
second order correlation function g‘® (0). In fact, since the probability of null-photon
emission P, does not contribute to single photon purity, the baseline for ¢?(0) is half the

uncertainty, i.e. P___ /2.

error

Results from several one-parameter single electron pumps in dopant-free GaAs/AlGaAs
fabricated and measured by our team were published in Ref. [24]. All other experimental
conditions being similar, these pumps have similar values of § compared to other pumps
in literature. The authors estimated a theoretical requirement of 8 <8 < 10 to obtain a
lower bound to the value of g (0) between 0.0004 and 0.003 in a single-photon source
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Figure 2.4: Probabilities of capturing 0, 1 and 2 electrons (P,, P, and P,) in a dynamic quantum dot as a

function of exit gate barrier potential V. P, is maximum (in this case ~ 98%) when V_ is set to a value

where P, = P,, indicated by the red circle (adapted from Ref. [100]).

that utilizes these pumps. By plugging the various estimated values of § into Eqn. 2.45,
their uncertainties can be calculated. § = 12.9 for operation at f = 850 MHz, and thus
P, = 64.4ppm, while § = 17.8 for operation at f = 500 MHz, giving us a P, of just
0.7 ppm (P; = 99.99993% for the latter). The corresponding lower bounds for g2 (0)
are extremely small—32.2 ppm for f = 850 MHz and 0.35 ppm for f = 500 MHz. This
indicates that the pump error rates will not be a contributing factor to the degradation
of single-photon purity. Optimistically, our single-photon emitter created by integrating
these quantized charge pumps with lateral p-n junctions could possess g (0) values that
compete with the current state-of-the-art.

As mentioned in Chapter 1, for n = 2, pumping of a spin singlet pair of electrons is
possible for a certain tuning of V,, and V,; when the RF waveform on the entrance gate
is pulsed.”® By using an Arbitrary Waveform Generator (AWG) to generate a pulsed RF
voltage signal, pumping of entangled electron pairs may be possible, and in turn we could

theoretically generate polarization entangled pairs of photons.
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3. The Set-Reset protocol for extending
the lifetime of electroluminescence

A major obstacle to the integration of GaAs/AlGaAs heterostructure-based dopant-free
lateral p—n junctions with quantized charge pumps and other components has been the
unwanted accumulation of charge at the p—n junction gap that causes a rapid decay or
quenching in the EL, either via enhanced non-radiative recombination or an inhibition of
p—n current. Typically, samples need to frequently be thermally cycled, i.e. warmed up
to room temperature and left to thermalize to dissipate this built-up charge in order to

restore electrical properties and brightness in a subsequent cooldown.”*’

This chapter discusses a novel technique that implements a sequence of gate volt-
ages in-situ at low temperature to completely restore EL in dopant-free GaAs/AlGaAs
rectangular quantum wells without the need for thermal cycling. We recorded the narrow-
est EL linewidths observed to date in lateral p—n junctions, whether doped or undoped.
Well-defined EL emission peaks are visible up to a temperature of T = 85K, which we
unambiguously identify as the ground state of neutral free excitons (labeled X° for heavy
holes and LH for light holes), and the ground state of a heavy hole trion. In all samples,
the free exciton emission energies for both PL and EL are found to be nearly identical, with
a symmetric lineshape. Using pulsed EL, we recorded an exciton lifetime of 237 ps, much
shorter than the lifetime of 419 ps obtained by pulsed PL. The implemented gate voltage
sequence, which we call the Set-Reset sequence, is a significant step towards realizing
viable quantum light sources based on dopant-free 2DEGs and 2DHGs.
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3.1 Experimental methods

3.1.1 Sample fabrication

Data from five dopant-free lateral p—n junctions (labelled A, B, C, D, and E) is reported
in this chapter. These p—n junctions along with control Hall bars (dopant-free ambipolar
induced HEMTS, see Section 2.1.3 for a review of literature) were fabricated using two
quantum well heterostructures, wafers G0375 (samples A-D) and G0569 (sample E), and
oriented along the high mobility crystal direction [110]. The wafers were grown by MBE
on semi-insulating (SI) GaAs (100) substrates. Wafer G0375 (Fig. 3.1 (a)) has the following
layer sequence (starting from the substrate): a 200 nm GaAs buffer, a 20-period smoothing
superlattice (SL) composed of a 2.5 nm GaAs layer and 2.5 nm Al ;Ga,, ,As layer, a 500 nm
Al, ;Ga, ,As bottom barrier, a 15 nm wide GaAs quantum well, a 80 nm Al ;Ga,, ,As top
barrier, and a 10 nm GaAs cap layer. Wafer GO569 is nominally identical to GO375 except
that the 20-period smoothing superlattice buffer was replaced by a 500 nm LT-GaAs buffer
followed by a 1000 nm GaAs buffer. There was no intentional doping anywhere in either

heterostructure.
(a) VtgL> 0 Vth< 0
Ti/Au  Tj Ti Ti/Au
Sio, 300 nm
~ GaAs  10nm
. AlGaAs 80 nm .
AlGaAs 500 nm

p—
Superlattice

Figure 3.1: (a) Schematic cross-sectional diagram of our dopant-free lateral p—n junctions, including the
epitaxial layers of the quantum well (QW) heterostructure G0375 (samples A-D). (b) Composite top-view
optical image of one of our dopant-free lateral p—n junctions, along with the electrical circuit used in all
low-frequency measurements. Both sides of the junction have ambipolar ohmic contacts, allowing a 2DEG or
a 2DHG to form on either side. V,; and V., are the topgate voltages on the left and right sides respectively.
V_, is the forward bias, used to drive current across the p-n junction. (INseT) The black labels VtgL and Vth
idpentify the left and right topgates in the vicinity of the p—n junction located at the center of the photograph.
The white labels identify the topgate materials (opaque TiAu and semi-transparent Ti). Their overlap region
is labeled TiAu/Ti.
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The fabrication of unipolar/ambipolar Hall bars on dopant-free wafers is described in
Refs. [57, 59, 102, 103, 51]. A step-by-step recipe for our lateral p—n junctions is also listed
in Appendix C, and images from pattern mask files with annotated dimensions are included
in Appendix B. Briefly, after a mesa etch, Ni/AuGe/Ni n-type recessed ohmic contacts and
AuBe p-type recessed ohmic contacts were deposited and annealed at 450 °C for 180s
and at 520 °C for 180, respectively. A 300 nm thick SiO,, insulator layer was deposited
by plasma-enhanced chemical vapor deposition (PECVD). Above the SiO, insulator layer,
a TiAu topgate covers the entire surface of the 2DEG or 2DHG (overlapping the ohmic
contacts). Near the p—n junction, the topgate is composed of a single 5nm thin semi-
transparent Ti layer (~ 70% transmission) in samples A-D and composed of a single 30 nm
thin semi-transparent indium-tin-oxide (ITO) layer (~ 85% transmission) for sample E.
The topgate gap is the distance between the left topgate (V,,; ) and right topgate (V ),
and is also the distance between the p-type and n-type regions. The topgate gap varies
from 200 nm to 2000 nm in samples A-E (Table 3.1).

Sample | Wafer | TG material | TG gap (pm)
A |GO375 Ti 0.2
B G0375 Ti 0.4
C G0375 Ti 1.2
D G0375 Ti 1.2
E G0569 ITO 2.0

Table 3.1: Wafer IDs, topgate material, and topgate gaps for all samples. The topgate gap is the gap between
the p-type and n-type regions, i.e., the distance separating the V,,; and V,; topgates in Fig. 3.1 (a).

3.1.2 Optical and electrical characterization

All spectra were acquired with a spectrometer grating with a groove density of
1800 lines/mm, except for Fig. 3.5 (a) (150 lines/mm). Devices were cooled down either
to T = 3K in an Oxford Instruments OptistatDry BLV closed-cycle cryostat or to T=1.6K
in an attocube attoDRY2100 closed-cycle cryostat, both with in-house customized DC and
RF electrical feedthroughs. Unless specified otherwise, continuous-wave PL was generated
from photoexcitation with a Thorlabs Stabilized Red HeNe Laser (632.8 nm) at 1 mW
optical output power. Pulsed photoexcitation for time-resolved photoluminescence was
provided by a Coherent Mira900 Ti:Sapphire laser operating at 800 nm. The electrical
circuit for all the low-frequency EL measurements is shown in Fig. 3.1 (b).
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3.2 Self-consistent band structure simulations

Fig. 3.2 shows the calculated band structures and wavefunction profiles in the MBE

growth direction of a dopant-free GaAs/AlGaAs quantum well using nextnano

®

, a com-

mercial Schrédinger-Poisson solver.'%%%°" As-grown, the wafer is not conductive—a gated
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Figure 3.2: Band structure simulations of an ambipolar dopant-free quantum well heterostructure for: (a) a
2DEG wavefunction with Vtg = +5V, and (b) a 2DHG wavefunction with Vtg = —5V. The GaAs/AlGaAs
quantum well is represented at the bottom of the panels. E_ is the conduction band edge, E, is the valence

band edge, and V,,, is the topgate

voltage.

field-effect transistor (FET) must be fabricated. As seen in Fig. 3.3, such a FET does not
conduct at a topgate voltage of Vg =0V, because the band structure along the growth
direction is essentially flat. At Vtg = 45V (-5V), the lowest 2D subband of the GaAs
quantum well is populated and a 2DEG (2DHG) has formed.
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3.3 Transport characterization, mobility and den-
sity

Fig. 3.3 shows the gating and mobility characteristics of wafers G0375 and G0569. In all
cases, the electron/hole density (n2D/p2D) versus topgate voltage (V,,) relation is linear
and reproducible, with no time drift or voltage hysteresis [Figs. 3.3 (a, b, ¢, d)]. Typical mo-
bilities for both wafers are (3—6) x 10° cm?V~!s~! for 2DEGs and (1.7-3.0) x 10° cm?V~!s~!
for 2DHGs [Figs. 3.3 (e, f)]. The electron mobilities increase with rising carrier densities
because the 2DEG is more efficiently screened from impurities located in and around the
charge plane. The electron mobilities in general are relatively low compared to maximum
values achieved in dopant-free GaAs 2DEGs,*®?>°® because their quantum well width is
too narrow (only 15nm) to maximize electron mobility.*® Hole mobilities are consistent

with those achieved in other dopant-free narrow quantum well heterostructures.”>*® In
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Figure 3.3: All four-terminal measurements shown above were taken at T = 1.5 K on dedicated gated Hall
bars. Hole density (p,,) versus topgate voltage Vtg for wafer: (a) GO375 and (b) GO569. Electron density
(n,,) versus V,, for wafer: (c) G0375 and (d) GO569. Electron and hole mobilities versus carrier density for
wafer: (e) GO375 and (f) GO569.
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both G0375 and G0569, the electron mobility exceeds the hole mobility because of the
difference in effective mass between electrons (m; = 0.067m,) and holes (m; = 0.35m,;
m,, is the electron rest mass). Because of their smaller size, holes are in general more
susceptible than electrons to the GaAs/AlGaAs interface roughness scattering mechanism
(see Section 2.1.4.1), and thus hole mobility saturates at a much lower carrier density
than it does in electrons. In G0375, the hole mobility has already peaked for the density
used in the experiments described in the rest of this chapter, whereas it is just reaching its
peak in wafer GO569.

3.4 Ambipolar diode |-V traces

Due to their ambipolar functionality, our dopant-free lateral p—n junctions can be

operated in the PN, NP, NN, or PP configurations. When Vinr Vi

and V., are kept

(@) (b)

(c)
1 LI ] L] l LB l T I' T I 1 LI I LI I LI I LI I
| === 15! trace, radiative . A | === 1% trace, radiative ]
| == later trace, non-radiative ,' | | == later trace, non-radiative i
<0 1120 '
i PN mode ) - ': NP mode 1
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Figure 3.4: Band structure schematic across the p—n junction in the quantum well plane, when the device is
operated in: (a) PN mode and (b) NP mode; filled blue circles represent electrons in a 2DEG, and empty
red circles represent holes in a 2DHG. Diode current when sample C is operated in: (c) PN mode with

Vig = —5Vand Vz = +5V, and (d) NP mode with V,;; = +5V and V3 = -5V.
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constant, the device is in DC mode. EL occurs only in the PN mode (V,,; < 0 and V,,z > 0)
or in the NP mode (V,,; > 0 and V3 < 0). Figs. 3.4 (a, b) show schematic band structures
of a device operated in the PN and NP modes respectively.” Fig. 3.4 (c) demonstrates the
measured diode behavior when the lateral p—n junction is operated in PN mode (red solid
trace). Current only flows when Vpn > +1.5V in forward bias, and no current flows in
reverse bias (i.e., Vprl < 0). The diode turn-on threshold is at the expected value for the
GaAs bandgap (~ 1.5eV). The ambipolar device behaves identically when operated in the
NP mode [Fig. 3.4 (d)]. However, all samples showed strong hysteretic behavior after the
first V,,, sweep—each subsequent sweep had a different turn-on V,; bias and diode ideality
factor. The blue dashed lines in Figs. 3.4 (c,d) are examples of such non-reproducible sweeps.
Most importantly, radiative electron-hole recombination only occurred during the first
V,n sweep. Subsequent V,, sweeps usually did not produce any light emission, unless
either Vpn or Vtg (we use Vtg to refer to either Vth or VtgL or both) were increased beyond
values used in previous sweeps. After a thermal cycle to room temperature and back
down to cryogenic temperatures, device characteristics are fully restored—red traces in

Figs. 3.4 (c,d), with the associated light emission.

3.5 The Set-Reset sequence

Operating one of our dopant-free lateral p—n junctions in the PN or NP mode results
in EL emission [Fig. 3.5 (a)]. Fig. 3.5 (b) illustrates the principle problem in dopant-free
lateral p—n junctions—EL decays with time and vanishes within seconds. This quenching of

(a)A Sample C (b) . n T T T TTTTT] T T TTTT ]
:; Von=1.6V S i - Vpn=150V T
o Von =152V J
>~ T=3K S E pn E
= F 4 Vyn =154V 3
2 o F ’ ]
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£ > T=16K
por D E -
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Figure 3.5: (a) Typical EL spectrum. (b) Decaying EL of a device in DC mode (see text).

*in Chapters 4 and 5, PN and NP are each further divided into two configurations based on whether the
ground reference is on the left or right side of the device
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EL is almost always accompanied by a similar quenching of the p-n current. Significantly,
with higher forward bias Von (and hence with higher initial p-n currents), light emission
is suppressed more quickly. This is indicative of charging effects, either enhancing non-
radiative electron-hole recombination or suppressing current altogether. Light emission
can only be recovered in a subsequent cooldown if quenched samples are warmed up to
room temperature and electrically grounded for several hours.

As an alternative to a full thermal cycle, applying our ‘Set-Reset’ voltage sequence to
both V,; and V,; topgates can completely reset a dopant-free lateral p—n junction in-situ
at low temperatures, such that light emission is fully recovered in the same cooldown. The

Set-Reset sequence involves alternating the polarities of V,; and V, g, while keeping V

R>
fixed. The periodicity of the voltage sequence is determined by th(i,g Set-Reset frequency
fs- In effect, the device alternates between PN mode and NP mode. For the reset to
be most effective, (i) the magnitude of the topgate voltages must be large enough to
alternately induce a 2DEG and 2DHG on each side of the p—n junction, and (ii) the voltage
sequence must contain many cycles (50-500), where each cycle switches the topgate
voltage polarities back and forth once. Note that alternating the polarity of V ,, while

holding V; and V., constant does not reset a device.

After resetting, a device can degrade once again. Instead of applying the Set-Reset
sequence before or after a set of measurements, one can continuously apply the Set-Reset
voltage sequence with a fixed Von > 1.52V (e, the bandgap of bulk GaAs) during optical
data acquisition. In this configuration, the Set-Reset sequence modulates the on/off states
of the p—n junction by switching between forward bias (‘set’) and reverse bias (‘reset’)
without changing Vin [see inset of Fig. 3.6 (a)]. We call this operating regime the Set-Reset
mode. Fig. 3.6 (a) shows a typical diode I-V trace when a device is operated in this mode.
The measurement is very noisy because 2DEGs and 2DHGs continuously form and dissolve
on both sides of the p—n junction, causing currents to flow in/out to (de)populate the
2DEG/2DHG. Overall however, the diode turn-on remains at the correct threshold, ~ 1.5V
for GaAs.

Fig. 3.6 (b) illustrates the dramatic difference between the DC and Set-Reset modes.
In DC mode, EL emission disappears very rapidly (< 10s). In stark contrast, the Set-
Reset mode yields an EL intensity that does not decay over at least 10*s. In fact, it can
remain bright for at least 48 h, the longest period over which EL intensity was continuously
tracked. Crucially, optical characteristics are reproducible for a given set of experimental
parameters.
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Figure 3.6: (a) aNsET) Diagram of the Set-Reset voltage sequence for topgates with time; V__ is constant.
IfV,, > +1.5V, then the diode switches between ON/OFF states, as indicated by the highfighted labels.
(a) (maIN) Raw diode I-V curve in Set-Reset mode. The grey circles are the raw data, twenty data points for
each value of forward bias V__. Current is measured for both ON and OFF cycles. The red line is the highest
current at a given V (the ‘envelop’ of the dataset). Our instrument undersampled the data: measurements
were performed below the Nyquist frequency (with respect to the set-reset frequency f), and suffered from
a long RC time constant (exceeding 1/f). We believe that even the envelop current is an under-estimate
of the true p-n current. (b)(iNseT) Diagram of the Set-Reset voltage sequence for topgates with time; V,,,
is constant. (b)(MaIn) EL in DC mode (green triangles) and in Set-Reset mode (red crosses). (c) EL (red
circles) as a function of f_,. The dashed line is a fit to Eqn. (3.2).

As f, increases from 0.25Hz to 500 Hz, Fig. 3.6 (c) shows EL becomes brighter—
the average intensity during the light emitting portion (‘set’) of a single set-reset cycle
increases as the frequency becomes larger. Assuming emission intensity I, decays as
I, (t) = I, e""/", where I, is the EL intensity at time t = 0 and 7, is the EL decay’s mean
lifetime (or half-life T,1n 2), the integrated intensity is

At TSR
Iy = —/ I, (t) dt, (3.1)
TSR 0

where At is the data acquisition integration time, T, is the period of a single Set-Reset
cycle (T, = 1/f,), and the condition T, < At is met. Performing the integral in Eqn. (3.1)
on our ansatz for I, (t) yields

L(f) = I, At Ty f o, (1 — e VTafam), (3.2)

When 7,f . > 1, Eqn. (3.2) predicts I; will saturate. In other words, when the set-reset
period is very short (T, < 1,), the EL emission does not significantly decay during a
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single set-reset cycle, and I becomes independent of f_.. When the set-reset period is
very long (T, > 1,), the EL emission decays significantly during a single set-reset cycle,
and Eqn. (3.2) predicts I grows linearly with f_.. The experimental data in Fig. 3.6 (c)
is broadly consistent with Eqn. (3.2), but in the regime T, > 7,, the experimental I is
not a simple linear function of f_,. Nevertheless, fitting Eqn. (3.2) to this experimental
data yields T; ~ 0.2, which implies that the signal strength has already reduced by two
orders of magnitude during the first second of data acquisition (from t = 0 to t = 1s) when
operating in DC mode.

3.6 Analysis of spectra
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Figure 3.7: Sample C in the Set-Reset mode. (a) EL as a function of V.. (b) Comparison of EL spectra
between PN mode and NP mode with V,,, = 1.55V, and between PL and EL spectra.

Fig. 3.7 (a) shows EL spectra at different Vins with light emission occurring only once
the forward bias exceeds the bandgap of bulk GaAs (Vpn > 1.519eV). Fig. 3.7 (b) shows
EL spectra from the same p-n junction in the PN and NP mode configurations.” From
their characteristic behavior in a detailed temperature dependence (see Section 3.6.4),
we can unambiguously attribute the narrowest peak (E ~ 1.534 eV) to the ground state

" Because of the continuous Set-Reset topgate voltage sequence, without physically changing any electrical
connections, the ‘ON’ state of the PN configuration corresponds to VPn = +1.55V, VtgL < 0, and Vth >0,
whereas the ‘ON’ state of the NP configuration corresponds to V,, = —=1.55V, V,;; > 0, and V,z < 0. Not
all samples emit in PN and NP modes with equal EL intensities.
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neutral exciton X° for a 15 nm wide GaAs QW, and the lower-energy peak (E ~ 1.533 eV)
to a negatively-charged exciton (trion) X~.!°%'%” A complete justification for these two
assignments can be found in Sections 3.6.1 and 3.6.4. Of note, the PL and EL emission
energies for X° match very well (within 0.3 meV or 0.2nm). The emission energies of
PL X° for both heterostructures G0375 and G0569 are nearly identical and consistent

with literature (see Section 3.6.3 for the characterization of PL, including lineshape
fits),108,109,110,111,112,113,114,115,116

3.6.1 EL lineshape fits and peak identification

The two EL peaks at ~ 1.533 eV and ~ 1.534 €V are present in the spectra from samples
A, B, C and D, shown in Fig. 3.8. Neither peak corresponds to light emission from the
semi-insulating (SI) GaAs substrate (~1.519¢eV), nor from the MBE growth buffer’s
superlattice [see Fig. 3.1 (a)] containing twenty GaAs quantum wells 2.5 nm wide (roughly
corresponding to emission at ~ 1.64 eV), nor from any of the well-known donor/acceptor
impurities (E < 1.516 eV) in GaAs.'°>!%7 The temperature dependence of both peaks (no
saturation from 85 K down to 3 K), described in Section 3.6.4, also rules out emission from
impurities/traps. The temperature dependence also revealed another peak, whose energy
difference from the ~ 1.534 eV peak is consistent with the energy difference between
heavy and light holes (see Figs.3.13 and 3.14). We thus attribute the narrowest peak
(E ~1.534¢€V) to the neutral exciton X° ground state for a 15 nm wide GaAs quantum
well. We assign the lower-energy peak (E ~ 1.533 eV) to charged excitons (trions), due
to its characteristic temperature dependence [see Fig. 3.13 (a) in Section 3.6.4], its lower
energy, and its linewidth being wider than that of X°. Its charge is likely to be negative
(X7), since there are more electrons than holes in the quantum well for the same topgate
voltage magnitude (see plot of carrier density versus topgate voltage in Fig. 3.3), and most
of the EL emanated from underneath the thin, semi-transparent Ti topgate on the 2DEG
or n-side.

3.6.2 Binding energies of EL X° and EL X~

Table 3.2 lists the emission energies and full width at half maximum (FWHM) of X% in
all samples reported here, obtained from the EL lineshape fits. As the p—n junction gap
between the V,; and V,,; topgates decreases from 2000 nm to 200 nm, both X~ and x°
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Figure 3.8: EL spectra at T = 3K for samples A-D (see Table 3.1), including lineshape fits. The resulting
fitting parameters are listed in each panel for both X° and X~ peaks. The solid blue lines are experimental
data, and the dashed red lines are the integrated fits, including contribution from both peaks. Symmetric
pseudo-Voigt functions'!” (green solid lines) were used for fitting the free exciton peaks X°. The EL trion X~
peaks are asymmetric (unlike the PL trion), so asymmetric pseudo-Voigt functions'!” (yellow solid lines)
were used instead. The physical origin of the long-tail on the low-energy side of the trion peak is most likely
inelastic trion-electron scattering,''* considering that trions form in an electron-rich environment. Below
each sample label, the p—n junction gap between topgates is stated.

show a very weak Stark shift (0.6 meV) to lower EL energies due to the increasing in-plane
electric field | E, | = V,,,/gap, ranging from 7.8 kV/cm (in sample E) to 78 kV/cm (in
sample A) in the 2DEG/2DHG plane.

Four of the five samples listed in Table 3.2 have narrower linewidths (0.7-0.9 meV)
than the narrowest EL linewidths (1.0-1.6 meV) of any lateral p—n junctions reported in
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Sample | Gap EEL(XO) E (X")| E,, | AEyx- |FWHM
(pm) | (meV) | (meV) |(meV) | (meV) | (meV)
0.2 | 1534.1 | 1532.3 | 8.8 1.8 1.20
0.4 | 1534.3 | 1532.6 | 8.8 1.7 0.70
1.2 | 1534.4 | 1532.8 | 8.8 1.6 0.78
1.2 | 1534.4 | 1532.8 | 8.8 1.6 0.92
2.0 | 1534.7 | 1533.3 | 8.8 1.4 0.92

mooOw >

Table 3.2: EL emission energies of X and X~ in all samples reported here. Also listed are the gaps between
their p-type and n-type regions (i.e., the distance separating the Vil and Vier topgates in Fig. 3.1 (a)), their

X° binding energies E, , their X~ dissociation energies AE,_ = E_ (X°) — E_, (X™), and the full width at half
maximum (FWHM) of their X° peaks.

d?%9192:23 or modulation-doped.®>+ 11811986 Our narrow
EL linewidths in turn allowed the observation of the small but noticeable shift' in E_ ; this

small shift would likely have been masked by the rapid and large linewidth broadening
reported in the original PL experiments. The most likely reason for such narrow linewidths

the literature, whether undope

is the high quality MBE growth, as evidenced by the clean PL spectrum shown later
in Fig.3.12, and the high electron/hole mobilities shown in Fig. 3.3. Additionally, we
speculate that in the vicinity of the p—n junction, the Set-Reset voltage sequence clears
away parasitic charge that causes additional scattering, and hence reduces the broadening
of EL emission (details in Section 3.7).

The emission energy of EL X° can be decomposed into the following contributions—
E,(X) =E, =P E o +Eeoy+Epow = Eo (3.3)

is the
) is the lowest-energy bound state in the quantum

where E, is the GaAs bandgap energy, p is the free exciton dipole moment, E
in-plane electric field, E (Epow
well conduction (valence) band, and E,, is the binding energy of the neutral exciton.
Energies used in our calculations are shown in Fig. 3.9. The conduction band offset at
the GaAs/AlGaAs interface is assumed to be ~ 0.6AE g.121,122 The quantum well bound
state energies are numerically found from the standard textbook finite barrier square well

ext

e-QW

transcendental equation. We use the isotropic mass m; = 0.067 m,, for electrons in our
15nm wide quantum well, where m, is the electron rest mass 9.11 x 107! kg. Heavy

"The decrease in E, (X°,X7) is not due to Joule heating (which would cause the bandgap to de-
crease)—sample A, which has the smallest p—n junction gap and hence the smallest electrical resistance
across the gap (i.e. the smallest heat dissipation), has the largest decrease in E_ , whereas the converse is
true for sample E (i.e. the largest p—n junction gap but the smallest decrease in E_ ).
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Figure 3.9: Energy band diagram of the GaAs QW sandwiched by Alj,Ga, ,As barriers at cryogenic
temperatures. E. and E,, are the conduction and valence band energies. The bandgap energy (E o) of GaAs

is 1519.0meV'?” and of AlGaAs is 1900.0 meV.'?’ The energy offsets between GaAs and AlGaAs in the
conduction and valence band are 217 meV and 164 meV respectively. E;, and E,, are the ground state
energies of the electrons and holes in the quantum well. The quantum well bound state energies for electrons
is Eg o = [E;, — Ec(GaAs)] = 16.8 meV and for holes is E, ,, = [Ey(GaAs)—E;,] = 7.4 meV. Ey; is the EL

e-Qw . .
(or PL) emission energy.

holes have different masses in different crystal directions;'** we use an average effective
hole mass, the optical mass'”” mj, = (m} m} m})'/*, where m} = 0.377 m in the [001]
crystal direction (MBE growth direction) and m;‘, = m} = 0.112m, in the [110] and [110]
crystal directions (Eqn. (24) in Ref. [124]). Thus, taking into account the small redshift
P - E,,, due to the Franz-Keldysh effect,>>!2°
of heavy holes, the bandgaps of GaAs and Al ;Ga,, ,As and their band offsets,
and the energy of the ground state for holes and electrons in the GaAs quantum well, the
binding energy of EL X0 is calculated to be E,, = (8.8+£0.2) meV (see Table 3.2). The same

calculations and results apply to PL X° from wafers G0375 and G0569 (Section 3.6.3).

the spatial asymmetry in the effective mass
107,120,121,122

Fig.3.10 shows that our E,, values for PL/EL X° are consistent with reported exper-

iments!08:109,127 108,123,124,128 0 p1, XO.

and theory Our experimental values are slightly
larger than the experimental PL E, , values from Ref. [127], but fall well within the maxi-
mum/minimum theoretical values (solid black lines in panels a and b). These theoretical

values are dictated by the choice of isotropic/anisotropic hole effective mass symmetry.

Unexpectedly, the trion dissociation energy appears to increase with higher in-plane
electric field (see Table 3.2). There is no ambiguity as to whether AE,_ is increasing or
not with in-plane electric field, since it is directly obtained from the difference in emission
energies AEy,_ = E_, X% — E_ (X7). The emission energy of EL X~ can be decomposed
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Figure 3.10: Comparison of our EL exciton binding energy with theory. The EL X° energies range from
1,534.1 to 1,534.7 meV (see Table 3.2). Using those values and Eqn. (S1), we find that E,, = (8.8 +0.3) meV
for samples A-E. Our result (with its uncertainty represented by the red double-ended vertical arrow) is
compared to experiment'®’ (filled black squares) and theory'?® (circles and lines) in Fig. 10 from Ref. [123]
(shown above), where theoretical calculations used (a) isotropic and (b) anisotropic hole effective masses.

into the following contributions:

Ey (X)) =E,— B Eeq + Eeuw + Epow — Epy — DBy (3.4)

ext

An increase in the dissociation energy of trions with larger in-plane electric field has been

129 i

experimentally observed and theoretically justified in InGaAs/GaAs quantum dots, “” in

the presence of strong spin-orbit coupling.

3.6.3 Comparison of non-resonant PL and EL

Fig.3.11 (a) compares GO375’s non-resonant PL spectrum and the EL spectrum from
sample B; the comparison in Fig. 3.7 (b) was between PL from G0375 and EL from sample C.
Fig.3.11 (b) shows the lineshape fits of the two PL peaks, the neutral exciton X° and
negatively-charged trion X~, with symmetric Voigt functions. The emission energies for X°
match very well, with E,, = 1534.4meV and E,, = 1534.6 meV (same E,, for both wafers
G0375 and G0569). The FWHM of the PL X° peak is 0.51 meV from the lineshape fit. It is
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Figure 3.11: (a) Comparison of PL and EL spectra from sample B at T = 3K. (b) Peak fitting of the two
PL peaks shown in (a). The solid blue line is experimental data. The dashed red line is the integrated fit,
including contribution from both peaks. The green solid line is the fit to X°, and the yellow solid line is the
fit to X~. (c) (MaIN) PL emission energies of X° from a series of six nominally identical dopant-free GaAs
quantum well heterostructures except for a varying well width w, ranging from 10-30 nm (red circles).

smaller than any of the FWHM values for EL X° listed in Table 3.2, because EL occurs at
much higher carrier densities (causing more electron-exciton scattering), higher electric
fields (from both Vin and Vig), and possibly higher temperatures (due to Joule heating
from the p—n current). On the one hand, a similar trend is observed for the PL and EL
X~ trions, where the FWHM of EL X~ is much larger than that of PL X™, presumably for
the same reasons as EL X°. On the other hand, the emission energies for the PL and EL
trions do not match; the lineshape of EL X~ is asymmetric whereas it is symmetric for PL
X~, and EL X~ occurs at a much lower energy than PL X~. The latter implies the binding
(dissociation) energy of EL X~ is larger than that of PL X™. These differences between EL
X~ and PL X~ are the same for all samples A-E and for both wafers GO375 and G0569.

The two heterostructures used (G0375 and G0569) both had a quantum well width
of 15nm, and have identical PL emission energies. Both wafers were part of a series
of six nominally identical dopant-free GaAs quantum well heterostructures except for a
varying well width w, ranging from 10 nm to 30 nm. Fig. 3.11 (c) shows the PL emission
energies (red circles) for each wafer in the series. The PL X0 energies scale as 1/ w? (best
fit represented by solid red line), as expected for bound states in a square quantum well.

Fig. 3.12 shows a wide PL spectrum of wafer G0375, from 1.35eV (918 nm) to 1.82eV
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(681 nm). The main peak at ~ 1.534 €V is in reality the merger of two peaks—one peak
from free neutral excitons involving heavy holes (X°) and the other from charged excitons
(trions, X7). The peak on the high-energy side of the main peak, near ~ 1.541¢eV, is
from neutral free excitons involving light holes (LH). The emission line near ~ 1.634 eV
is from the superlattice (SL) of twenty thin (2.5 nm wide) GaAs quantum wells in the
MBE growth buffer. Finally, the very broad peak near ~ 1.493 eV comes from C acceptors
throughout the heterostructure (including the substrate) and Be acceptors in the layers
grown using MBE (the chamber contains a Be cell). Overall, the PL spectrum is very clean,
with the main peak two orders of magnitude brighter than the next brightest peak. A
high-resolution scan of the dominant peak near ~ 1.534 eV can be found in Fig. 3.11 (b),
where the PL X° and X~ peaks can be fully resolved.

100,000 ¢ (a) 15 nm wide GaAs QW (1.534 eV; heavy holes)
10,000 g C-acceptors and )
Be-acceptors in light 2.5 nm wide
S GaAs substrate, holes GaAs QWs
& 1000 &\ tfer, and Qw in superlattice
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=
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Figure 3.12: Wide-energy PL spectrum of quantum well (QW) heterostructure G0375. (a) Data shown
on a log scale. (b) Same data, shown on a linear scale. No cleanroom processing was performed on the
wafer sample shown here. Unlike all other data in this paper, the data shown above was acquired with a
low-resolution grating of 400 lines/mm.
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Figure 3.13: Temperature dependence of EL in sample A. (a) Temperature dependence of EL from sample A
operated at Set-Reset frequency of f,, = 1KHz. The four spectra shown have been normalized so that the
X0 peak height is constant. The spectra have been vertically offset for clarity. (b)(main) Fit of the peak
intensity ratio X~/X° as a function of temperature. (b)(inset) EL intensity as a function of energy ineV at
85 K: the X° peak can still be resolved. The light hole (LH) peak is evident at higher temperatures, but not
at lower temperatures. (c) EL energies of X° and LH as a function of temperature, from experiments (circles)
and theory (lines). The latter uses Péssler’s semi-empirical model**'*! for the GaAs bandgap.

3.6.4 Detailed temperature dependence of EL

Fig.3.13 (a) shows the temperature dependence of the X° and X~ EL peaks. As ex-
pected for a charged exciton, the X~ peak disappears above a much lower temperature
threshold (T > 30K) than the X° peak, which survives up to T~ 85K as shown in the inset
of Fig.3.13 (b). The PL energy separation between X° and X~ in Fig. 3.11 (b) suggests a
dissociation energy of 1.2 meV for the trion’s second electron, consistent with similarly
obtained energies with PL in GaAs quantum wells.'*? The EL energy separation between
X% and X~ for all samples in Fig. 3.8 (see Table 3.2) show a range of dissociation energies
spanning 1.4-1.8 meV for the trion’s second electron, for the same quantum well width.
Another experimental method for measuring the dissociation energy involves fitting the
ratio of integrated peak intensity between X° and X~ with e 2E/kT for a wide range of tem-
peratures.’*® Using this method for the EL spectra, Fig. 3.13 (b) yields (1.840.1) meV for
the trion’s dissociation energy, consistent with the 1.8 meV value obtained from Fig. 3.8 (a)
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at T = 3K in sample A. For both X° and X, the EL intensity decreases as the temperature
increases, due to some combination of exciton dissociation, activation of non-radiative
recombination centers, and thermally-induced escape of carriers from the quantum well
[Fig.3.13 (c)]. From T = 3K to T = 85K, the emission energy of both X° and LH redshifts by

~ 14 meV, mostly due to the temperature-dependent decrease of the GaAs bandgap.'**!!

3.6.5 Identifying light holes in EL

The light hole (LH) peak, visible in Fig. 3.13, appears ~ 6.5 meV above X° for a wide
range of temperatures. It also appears at the same emission energy in the PL spectra of
Fig.3.11 (@) (barely visible, just above E ~ 1.541eV) and of Fig.3.12 (a), also 6.5 meV
above X°. Excitons composed of an electron bound to a light hole can co-exist with excitons
composed of an electron bound to a heavy hole, and have higher PL emission energies
than the latter due to their smaller effective mass (m;; = 0.082m,).'"” Characteristically,
the ratio of the PL intensity of the light-hole free exciton to that of the heavy-hole free
exciton increases with temperature, due to the thermally-driven transfer of holes from
the heavy-hole band to the light-hole band.'**'*>'' This behavior is indeed observed
in the EL shown in Fig. 3.13 (a), and continues until the highest temperature attempted
(T = 85K) in the inset of Fig. 3.13 (b). The 6.5 meV energy difference between EL X° and
LH [see Fig. 3.13 (c)] for our 15 nm quantum well is consistent with those observed with

PL in modulation-doped quantum wells of various widths (see Fig. 3.14).!11:108:110,136 Thjg
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Figure 3.14: Comparison with literature of the difference in emission energies between heavy/light hole
free excitons. Literature values for PL (purple diamonds) come from Refs. '11108110:136 The dotted line is a
guide to the eye. Our EL data (red circle) is consistent with the trend.

6.5 meV difference is also consistent with the calculated energy difference (= 6.4 meV)
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between the heavy-hole and light-hole square-well bound states in the valence band (see
Fig.3.9). We therefore identify the LH peak with the ground state of light-hole free
excitons. This peak also appears in other dopant-free devices (but is not identified as
such)—see EL spectrum in Fig. 4b of Ref. [92], the peak nearest wavelength 806 nm.

3.7 Parasitic charge clearance in the Set-Reset
mode

Five key observations support the scenario of localized parasitic charging in lateral p-n
junctions:

(1) quenching of EL with time [Fig. 3.5 (b)];

(2) faster quenching of EL with larger initial forward bias currents [Fig. 3.5 (b)];

(3) brighter EL when operating a device in the Set-Reset mode [Fig. 3.6 (a)];

(4) the ‘reset’ requiring the alternating presence of both 2DEG and 2DHG in the same
location to be most effective (see below); and

(5) the ‘reset’ not requiring a finite V,,; to be effective.

Regarding observations (1-3): Without current flowing across the p—n junction, the
2DEG and 2DHG carrier densities are otherwise stable, before or after EL is quenched. This
suggests that the charging mechanism making devices unstable is only associated with
current flowing across the p-n junction,” and is localized near the p-n junction since the
2DEG/2DHG themselves are not suppressed. We note that electrons or holes can escape
the quantum well confinement in significant numbers at/near the p—n junction when the
forward bias provides energies (eV,, >1.5€eV) much larger than the QW confinement
potential, which is defined by the GaAs/AlGaAs conduction band offset for electrons
(~0.217eV) or GaAs/AlGaAs valence offset for holes (~0.164eV). Another possible
escape mechanism could be biased self-illumination due to EL emission—electrons (holes)
from the QW or from charge traps due to background impurities are photoexcited into the
GaAs cap layer by emitted EL photons, since the EL photon energy (1.534 eV) exceeds the
AlGaAs barrier heights (band offsets).

¥ From our own experience and that of others,””'*” at very high p-n currents (0.1-0.5 mA), dopant-free p-n

junctions can be stable in time. In that case, we speculate that any parasitic charge build-up is cleared away
by the high currents. We believe this high-current regime is not applicable to the single photon regime,
where currents are expected to be six orders of magnitude smaller.
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Regarding observation (4): If the Set-Reset sequence is only applied to one side (say,

Vg Dut not V,

DC mode but not as long as when the Set-Reset sequence is applied to both V,z and V..

o) of an ambipolar p—n junction, then light emission lasts longer than in

In addition to the five ambipolar p—n junctions reported here, ‘unipolar’ p—n junctions
were also fabricated, with only n-type ohmic contacts on one side of the p—n junction and
only p-type ohmic contacts on the other side. These were also unstable with time (i.e.,
EL quenching) in DC mode operation, similar to their ambipolar cousins. However, the
Set-Reset sequences failed to reset these unipolar devices—only full thermal cycles could
reset them. These two results together strongly suggest an efficient ‘reset’ mechanism
must involve the presence of alternating 2DEGs and 2DHGs in the same physical location,
with its associated reversal of the electric field direction.

Regarding observation (5): The ‘reset’ is effective whether Vpn =0or Vpn # 0. Thus,
unlike the mechanism behind parasitic charging, the ‘reset’ mechanism does not involve
any phenomena associated with V,, # 0.

A scenario for parasitic local charging in dopant-free lateral p—n junctions is illustrated in
Fig.3.15. During EL emission, driven by photoexcitation and/or the electric fields from V
Vi1, and Vi present at the p-n junction, electrons (holes) tunnel/escape from their 2DEG
(2DHG) QW into the surrounding GaAs/AlGaAs material and to the GaAs/SiO, interface
at the wafer surface. This parasitic charge build-up either enhances non-radiative electron-
hole recombination, or counters the forward bias enough to altogether suppress current
across the p—n junction. By reversing the directions of the electric fields stemming from
the topgates during the ‘reset’ cycle of the Set-Reset sequence, all or most of the trapped
electron (hole) charges at the GaAs/SiO, interface are dislodged from their metastable
traps and ‘push-pulled’ to recombine with the newly-formed 2DHG (2DEG) below. We note
the two tunneling processes in the ‘Set’ and ‘Reset’ cycles are not complementary/reversed
processes—one requires V,,, > 1.5V (i.e., photoexcitation) to occur while the other does

not (it can occur at V,,, = 0).

3.8 Conclusion and outlook

In conclusion, we have outlined a mechanism (localized parasitic charging) for
quenched EL in lateral p—n junctions, and demonstrated an operating regime (the
Set-Reset mode) that dissipates this parasitic charge. The Set-Reset mode allowed the
observation of the narrowest EL linewidths (0.70 meV) achieved to date in lateral p—n
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Figure 3.15: Illustration of the parasitic charging and set-reset mechanisms. (sTaTic) The leftmost panel
shows the device in DC mode with Vin =0, and is the starting point of all optical experiments. This panel
is not part of the Set-Reset sequence. The Set-Reset sequence is shown in panels (i) through (iv), with
V_, = +1.5V remaining constant in all four panels. (seT) The next two panels show events during the ‘set’
cycle of the Set-Reset sequence; the p—n junction is in the forward-bias regime. (i) Radiative electron-hole
recombination with finite p-n current occurs (EL). A small proportion of electrons and holes escape the QW
confinement, and head towards the GaAs/SiO, interface where they get trapped. (ii) As the parasitic charges
trapped at the GaAs/SiO,, interface build up, EL decays. Eventually, the p-n current and light emission
vanish altogether. (RESET) The two rightmost panels show events during the ‘reset’ cycle of the Set-Reset
sequence; the p—n junction is in the reverse-bias regime. (iii) The polarity of both topgates has been reversed.
The metastable electron (hole) charges trapped at the GaAs/SiO, interface are dislodged, repelled by the
topgate above and attracted to the 2DHG (2DEG) below. (iv) All previously built-up parasitic charges have
now been drained to the 2DEG/2DHG nearby, and the p—n junction has been restored to its original state.
The ‘reset’ cycle ends, and the next ‘set’ cycle can start.

junctions, and the indefinite operation of ambipolar lateral p—n junctions at cryogenic
temperatures (up to 85K), obviating the need for frequent thermal cycles to room
temperature. In turn, this enabled the unambiguous identification of the heavy-hole free
exciton X°, the light-hole free exciton LH, and charged exciton X~. The emission energies
for free excitons EL X° and PL X° were closely matched (within 0.3 meV or 0.2 nm) and
both their lineshape were symmetric in all observed samples.

Fig. 3.17 demonstrates that our nano-LEDs are compatible with RF operation when run
in Set-Reset mode.® The shorter lifetime of EL relative to PL is consistent with the wider
FWHM observed in EL relative to PL [see Fig. 3.7 (b)]. Hypothetically, in the single-photon
regime, an exciton lifetime 7, = 237 ps would be compatible with a 1 GHz emission rate
for the single photon source proposed in Refs. [101, 24].

An important point is that while Set-Reset operation does work well to clear parasitic
charge and extend the lifetime of EL in-situ in our nano-LEDs, it would not be compatible
single-photon operation in a quantum emitter built by integrating the nano-LED with
a quantized charge pump. This is because quantum emitters need time-stable photon

§ The electrical circuit used is shown in Fig. 3.16. The lineshape of the EL peaks in Fig. 3.17 is dictated in
part by the limitations of the RF equipment (max. rise time of 0.95 ns/0.6 V,, ,); the attenuated RF pulses
reaching the samples are very unlikely to be square-shaped pulses. Neverthelpess, the lateral p—n junction is
clearly responsive on timescales of less than 1 ns [see Fig.3.17 (@)].
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Figure 3.16: Electrical RF circuit used for all time-resolved EL. Forward bias V, = V__+ V__, the latter
being supplied by an arbitrary waveform generator (AWG) Tektronix 5014B. The RF pulse was a square
wave with repeat frequency 100 MHz (10 ns period) with a nominal 10% duty cycle. However, the AWG
has a max. rise time of 0.95 ns/0.6 V,, ,, and outputs RF pulses that are Gaussian-shaped. A PicoHarp 200
provided time tagging using signals from the AWG and the avalanche photodiode (APD). Periodic RF-pulsed
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Figure 3.17: Time-resolved EL at T = 1.6 K from sample E in Set-Reset mode with f_, = 10Hz. (a) Periodic
RF-pulsed EL with Vpn =147V (pc)+0.5V " (rF). (b) Fitting the experimental data (blue circles) to an
exponentially modified Gaussian (EMG; dasﬁed red line), an EL exciton lifetime T, = 237 ps is obtained.
(inseT) The PL exciton lifetime from the same QW heterostructure is t,, = 419 ps.

statistics at the one-photon level to be favorably characterized as a single photon source.

Set-Reset operation cannot guarantee this, so alternative solutions are required—Chapter 5
discusses one possible solution.
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4. Lateral 2D p-n junctions defined at sin-
gle heterojunction interfaces

The 2DEG and 2DHG that form the lateral 2D p-n junctions measured in Chapter 3 are
induced in the rectangular GaAs quantum well layer of the GaAs/AlGaAs heterostructure
wafer stack. Until now, none of the lateral 2D p-n junctions discussed in literature utilize
2DEGs and 2DHGs induced at the SHJI between two semiconducting materials. In fact, a
theoretical study published by Kim et. al. in 2022 (Ref. [31]) concludes that it is impossible
for electron and hole wavefunctions to overlap and allow for recombination in the case
of SHJIs. They argue that since electrons traveling to the p-side to recombine with holes
will no longer be under the voltage-induced 2D confinement from the n-side topgate,
they will instead escape into the substrate rather than recombine. In this chapter, we
discuss experimental results that prove otherwise—Ilateral 2D light-emitting diodes can
in fact be realized at GaAs/AlGaAs SHJIs. These devices show characteristics typical of
2D p—n junctions, and like the RQW devices in Chapter 3, they are ambipolar and can be
operated using the Set-Reset protocol to clear away built-up parasitic charge and improve
the stability of their EL. From our experience, fabricating ohmic contacts to SHJIs in
induced devices and lateral planar diodes is easier and more reproducible than in RQWs,
making SHJI devices a useful substitute/alternative.

4.1 Experimental methods

Data from one of our SHJI devices is reported in this chapter. The device was fabricated
using the MBE-grown heterostructure wafer G0265, with the p—n junction oriented along
the high-mobility crystal direction [110]. The details of each layer in the wafer stack
(starting from the substrate) are as follows (see Fig. 4.1)—a 200 nm GaAs buffer, a 500 nm
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LT-GaAs layer, a 1700 nm GaAs buffer, a 300 nm GaAs channel layer, a 300 nm Al ;Ga,, ,As
top barrier, and a 10 nm GaAs cap layer. The fabrication recipe used for this device is

VtgL >0 Vth <0
Ti/Au  ITO ITO Ti/Au

SiO, 300 nm

AlGaAs

GaAs Channel 300 nm

GaAs Buffer 1700 nm

LT-GaAs 500 nm

GaAs Buffer 200 nm

S| GaAs Substrate

Figure 4.1: Vertical cross-section of our ambipolar dopant-free lateral p—n junction showing the layers of
the SHJI GaAs/AlGaAs heterostructure G0265. The SHJI is at a depth of 310 nm from the wafer surface.
Also shown are the left and right topgates (opaque Ti/Au and semi-transparent ITO) separated from the

surface by SiO,. V,,; >0 and V,; <0, inducing a 2DEG and 2DHG underneath them respectively. A forward

source-drain bias drives electron-hole recombination and light emission.

essentially identical to the recipe described in Chapter 3, with some minor difference with
regards to the fabrication of the n-type ohmic contacts (see Appendix C). The pattern masks
for each significant lithography step are shown in Appendix B. A 30 nm semi-transparent
ITO layer is used as the topgate material close to the p—n junction, and induces the charge
carriers at a depth of 310 nm from the surface. The device was designed to have a topgate
gap of 3 um, which in reality was smaller due to overexposure during photolithography.

4.1.1 Optical and electrical characterization

The EL spectra reported in this chapter (Figs. 4.4, 4.5) were frequency-selected using a
Princeton Instruments Acton Series SP-2750 optical spectrometer with the chosen grating
having 1200 grooves/mm, and acquired with the integrated Princeton Instruments PIXIS
100 CCD camera thermoelectrically cooled to —70 °C. The SHJI device itself was placed in
an attocube attoDRY2100 closed-cycle optical cryostat, and cooled to 1.6 K. The objective
lens used has a numerical aperture of 0.81 and a working distance of 0.70 mm.
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Optical video of the electroluminescing device was captured using a Watec WAT-910HX
CCIR miniature camera with a 0.5 inch black and white CCD; still images from these videos
are reported in this chapter (Fig. 4.3). These images are qualitative, and are used as a way
to infer the EL distribution over the device.

(a) LFN, LFP (b) LGN, LGP

+\‘

Figure 4.2: Circuit diagrams showing the different configurations our ambipolar lateral 2DPN devices can
be connected in. Note that the sample images are purely representative and do not correspond to the actual
device measured. V,,; and V,; are the voltages applied on the left and right topgates respectively. V, is the
forward bias applied to the diode. (a) LFN or LFP configurations. The left side of the device is floating, and
can be n-type or p-type, while the right is grounded, and can be p- or n-type. (b) LGN or LGP configurations.
The left side is grounded (n- or p-type), and the right side is floating (p- or n-type).

Electrical connections were made to the device using in-house custom electrical
feedthroughs paired with existing cabling. DC voltages were applied to the gates using
SRS SIM928 isolated voltage sources, and a Keithley 2401 SourceMeter was used to apply
the p—n forward bias to the ohmic contacts. The set-reset sequence was implemented using
custom code written to interface with the voltage sources using a GPIB communication
channel. Fig. 4.2 shows the electrical circuits used to operate the device.” Looking at the
charge gas induced on just the left side of the device, it can be either floating or grounded,
and due to the ambipolar nature of the device, either n-type (electrons, V,,; > 0) or p-type
(holes, Vi,; < 0). The charge gas on the right side will then be grounded or floating
respectively, and p-type (V,z < 0) or n-type (V,,z > 0) respectively. This yields four
distinct measurement configurations, as shown in Table 4.1. These configurations will
henceforth be referred to using their shorthands—LFN, LFP, LGN and LGP. Note that this
nomenclature stays valid even when the device is operated in the Set-Reset mode, since
they correspond to the device configuration in the ON state of each set-reset cycle.

* Note that the sample images have been reused from the previous chapter and are just representative.
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left side Viel, right side Vier | shorthand
floating, n-type | > O | grounded, p-type| <O LFN
floating, p-type | < O |grounded, n-type| > 0 LFP
grounded, n-type| > 0 | floating, p-type | <O LGN
grounded, p-type| < 0 | floating, n-type | > 0 LGP

Table 4.1: Four distinct configurations the lateral 2D p—n junction devices can be measured in. Circuit
diagrams for these configurations are shown in Fig. 4.2.

4.2 Experimental results

(a) LFN (b) LFP

Figure 4.3: Still images from videos of the luminescing SHJI sample operated in set-reset mode in the (a)
LFN, (b), LFP, (c) LGN, and (d) LGP measurement configurations. The images are captured from the center
of the sample at the moment of peak emission brightness during a specific set-reset cycle. The left and right
trapezoidal ITO topgates are clearly visible in each image, along with the small gap separating them. The
width of each gate at the center is designed to be 5 um.

When the SHJI dopant-free lateral p—n junction is operated in DC mode, it behaves
similarly to its RQW counterpart. Once the forward bias crosses the diode turn-on threshold,
the resulting EL and I, quenches in a matter of seconds, indicating that local parasitic
charging is taking place here as well. The possible mechanisms for parasitic charging
in the SHJI device are the same as those outlined for the RQW device (Section 3.7). By
operating the device in the Set-Reset mode to clear away parasitic charges, EL quenching
is circumvented. All the following results correspond to when the device is operated in
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the Set-Reset mode.

From Fig. 4.3, it is evident that the p-type side emits brighter (albeit patchier) lumines-
cence than the n-type side, regardless of whether the corresponding ohmic contacts are
floating or grounded. The intuitive reason for this is that electrons have a higher mobility
than holes due to their lower effective mass, and may be able to tunnel across the barrier
at the intrinsic gap with a higher probability than holes. Note that for the RQW sample,
the 2DEG region under the n-topgate was brighter, and all spectra were obtained from
this side (Section 3.6.1). The reason for this difference is not immediately evident.

An important point to note is that the EL emitted from this device is not confined to the
center, i.e., not localized. In fact, the EL is visible in patches along the entire edge of the
topgate (facing the center) on both the n- and p-sides, and extends all the way to the mesa
edge at the upper and lower regions of the device. This result was also observed for the
RQW sample from Chapter 3. Briefly, we hypothesize this is due to two reasons—alternate
current pathways through the mesa, and minority current under the edges of the majority
carrier side topgate. This is of course not ideal; more details on these issues and ways to
solve them are addressed in Chapter 5.

EL spectra were acquired at the device center from the n-side and p-side for all four
measurement configurations (Fig. 4.4). Two emission peaks are clearly visible from the
n-side around E =1.515 eV, whereas only one major peak is visible at that energy from the
p-side. Of the two peaks from the n-side, we know that the higher energy must correspond
to the neutral exciton X° emission and the lower energy to a charged exciton emission
peak. Since the charged exciton peak is absent from the p-side spectra, we can infer that
it must be a trion X~ peak, since there is a surplus of electrons on the n-side that could
bind to neutral excitons and result in X~ emission (this follows the same reasoning as in
Chapter 3). We also see the LH peak at around E = 1.518 eV in Fig. 4.4 (a).

The lower-energy broadband peak from the p-side in Fig. 4.4 (b) may be due to charge
traps associated with background impurities getting optically excited by the emission
from the SHJI (biased self-illumination). This is yet to be verified, but can be done
via temperature dependence measurements—cooling down the sample from a higher
temperature should result in the saturation of the intensity of the impurity peak, while
the intensity of the other peaks should keep increasing. Alternatively, this peak could be
due to indirect excitons; these can be identified via lifetime measurements since their
lifetime will be much longer than the neutral exciton lifetime. This broadband peak on
the p-side was absent in the spectra from the RQW device in Chapter 3, possibly since
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Figure 4.4: EL spectra from the (a) n-side and (b) p-side of the center of our device for the LFN, LFP, LGN
and LGP measurement configurations. The X® and X~ peaks are clearly visible in the spectra from the n-side.
The higher energy LH peak is also seen. The p-side emission has a broadband lower-energy peak in addition
to the X° peak; the X~ peak is suppressed. Note that the spectra are normalized and vertically offset for
clarity.

they were acquired only from the n-side for those devices. However, the spectra from the
p-side of the SHJI device in Chapter 5 does show a similar energy (albeit narrow) peak
(Fig. 5.13). This asymmetry between the n- and p-sides can be explained if we assume that
the background impurities causing these lower-energy peaks are p-type—on the n-side,
the effect of these impurities will be gated away, whereas this will not be the case on the
p-side. An explanation for why the EL looks patchy on the p-side is that the inducing gate
(ITO) may have non-uniform composition, and this non-uniformity may enhance the field
in certain regions, which interacts with the p-type background impurities in the vicinity.

To study the effect of changing V, on the X% and X~ peaks, several spectra from the
n-side were acquired at increasing values of V,,, using the same acquisition time (Fig. 4.5).
Vpn = 1.46V is below the diode turn-on (~ 1.5V) and negligible counts are detected. For
Von values above 1.54V, the X~ peak intensity begins decreasing relative to the X° intensity,
which stays relatively the same. The LH peak intensity varies with V,;, in a manner similar

to the X~ peak.

Another point to note is that the spectral energy of the X° peak in this device
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Figure 4.5: EL spectra from the n-side of the device as a function of V__. EL intensity counts are acquired
over a period of 20 s and are not normalized. Below the turn-on threshold, the EL intensity is negligible
(V,, =1.46V). As V increases, both X° and X~ peak intensities initially increase. Above Voo =1.54V, the

X~ peak intensity decreses while the X° intensity stays relatively constant. The LH peak intensity follows a
similar trend as the X~ peak as a function of V.

(EEL(XO) ~1.515eV) is smaller than that of our RQW devices (~ 1.534¢eV), and also
smaller than the bandgap of GaAs (E; =1.519eV). Reproducing Eqn. 3.3 from Chapter 3,

0y _
EEL(X ) = Eg - ﬁ ) Eext + Ee-QW + Eh-QW

—E,, (4.1)

where E_,, and E, ,,, are the bound state energies of the electrons and holes in the
asymmetric triangular quantum well induced at the SHIJI, E, is the X% binding energy,
and p- E_,

is negligible. We can then rewrite Eqn. 4.1 as

is the small redshift due to the Franz-Keldysh effect; we assume this last term

Epy = (Beqw + Epow) = By — B, (X°) &~ 4meV. (4.2)

X

Currently, we do not have an estimate for E and E; ., —these can be calculated by

e-QW

solving for the lowest bound state energy in an asymmetric triangular quantum well. For

now, we cannot rule out the possibility that E_ and (E + Ep o) are both large (tens

e-QW
or hundreds of meV) or that both are small (a few meV).
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4.3 Conclusion and outlook

To summarize, electron-hole recombination at GaAs/AlGaAs SHJIs is possible—we
are the first to demonstrate this by fabricating and measuring the EL emission from a
gated ambipolar dopant-free lateral 2D p—n junction, and operating it using the Set-Reset
protocol. This bodes well since fabrication of SHJI devices, specifically the ohmic contacts,
is easier and has a higher yield than RQW devices. The trade-off is that the spectra may
be harder to analyze since the peak energies match closely to emissions one would expect
from the substrate.

Our nano-LEDs are shown to be operable in four distinct measurement configurations,
depending on whether the left or right side is n-type or p-type, and whether they are
floating or grounded. Camera images of the device center show that the p-side of the
device is consistently brighter than the n-side, in contrast to the RQW devices—the reason
for this difference is not evident and needs to be studied. The emission is not confined the
p—-n junction interface, and is instead visible along the topgate edges facing the junction
on both sides of the device. This is hypothesized to be due to alternate current pathways
through the mesa. EL is also observed at locations where the topgates overlap the etched
sidewall edges of the mesa—this is possibly due to minority currents under the edges of the
majority carrier topgate. This delocalization of emission is also seen in the RQW devices,
and solutions are proposed in Chapter 5.

The EL spectra from the n-side shows two distinct peaks that we believe to be the
neutral (X°) and charged (X™) exciton peaks, similar to the n-side of the RQW devices.
The broadband lower-energy peak from the p-side may be due to a light p-type impurity
background in the wafer. The identities of these peaks can be confirmed through tem-
perature dependence and power dependence measurements. The X~ peak decays at a
lower temperature threshold than the X° peak. The linewidths of bound excitons due to
impurities broaden at low temperatures, and their peak intensities increase with increasing
excitation power faster than those of X° peaks. Like its RQW counterparts, the EL from
the SHJI device also quenches quickly during DC mode operation. This may not only be
due to local parasitic charging, but also charge movement due to biased self-illumination
of the p-type background impurities.
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5. Localization and time-stabilization of
electroluminescence

When considering the requirements for a precursor to an efficient electrically-driven
source of single and entangled photons, the nano-LEDs or dopant-free lateral 2D p-n
junctions described in the previous chapters fall short in two major ways. First, the
emission is unstable over short time intervals—this is due to parasitic charging, and
although this is fixed by applying the Set-Reset protocol, the photon-statistics under this
protocol are not time-stable at the single photon level, which is required for a quantum
emitter. The second deficiency is that emission is not spatially localized to a single region.
In fact, light is observed from regions under the topgate edges extending all the way to
the edge of the mesa. There are two proposed reasons for these deficiencies—alternate
current pathways through the device mesa away from the topgates, and minority charge
carriers that travel along the topgate edges to recombine at the mesa edges. These faults
would drastically reduce the emission and collection efficiencies of potential single photon
emission. In this chapter, we attempt to address these shortcomings using a novel gate
architecture. This architecture utilizes side surface gates—Ti/Pd gates deposited directly
on the semiconductor surface above and below the p—n channel at the center.

A key point about the device described in this chapter is that the addition of the side
surface gates creates many additional modes of operation, and the results obtained from
most of these modes are very history-dependent, which makes explaining and understand-
ing these results harder. The reader should treat this chapter like a puzzle—each section
contributes a puzzle piece, but the bigger picture is visible only after collecting all pieces
and completing the puzzle. In other words, it is important not to draw conclusions from
results in a specific section of this chapter before reading the rest.
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5.1 Experimental methods

5.1.1 Sample design and fabrication

The dopant-free lateral p—n junction described in this chapter was fabricated using the
MBE-grown GaAs heterostructure wafer G0372, along the high-mobility crystal orientation
[110]. Top-down optical images of the device are shown in Fig.5.1.

Figure 5.1: Top-down views of the fabricated sample at magnifications of (a) 5x (100 um scale bar),
(b) 20x (20 pm scale bar), (c) 100x (5 pm scale bar). The surface gates (sg) are ~71 pm wide and ~14 pm
apart, while the topgates (tg)/barrier gates (bg) at the center are ~10 um wide, with a ~1.8 um tg gap.

The layer sequence of this wafer (starting from the substrate) is as follows (see Fig. 5.2):
a 200 nm GaAs buffer, a 20-period smoothing superlattice made of a 2.5 nm GaAs layer
and a 2.5 nm Al ;Ga,, ,As layer, a 500 nm GaAs spacer, a 100 nm Al ;Ga,, ,As top barrier,
and a 10nm GaAs cap layer. Carriers are induced at the SHJI at a depth of 110nm. A
control Hall bar (ambipolar induced HEMT) was also fabricated using the same wafer to
characterize electron and hole transport.

The n-type and p-type ohmic contacts for this device were fabricated using the same
recipe as outlined in Chapter 3 (see Appendix C). Annotated pattern masks for the lithog-
raphy steps during fabrication are included in Appendix B. Prior to oxide deposition, two
Ti/Pd gates (~ 71 um wide) were deposited on the surface of the device, with a ~ 14 pum
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Figure 5.2: Schematic views of planes along the growth direction (2) for cross-sections passing through the
device center along the x (LEFT) and y (rRiGHT) directions of our fabricated ambipolar dopant-free lateral
p—n junction showing the layers of the SHJI GaAs/AlGaAs heterostructure G0372, as well as the ohmic
contacts and the gate structures. The top-view image in the middle shows the vertical cross-sectional lines
along x (red, LEFT image) and y (purple, RIGHT image).

gap separating them. These gates run perpendicular to the channel direction. A 300 nm
PECVD SiO, layer separates both the left and right inducing topgates from the surface.
The topgate gap was measured to be ~ 1.8 um. A left and right side ‘barrier’ gate—each
with two pincers at the center—Ilies between the topgates and the surface, with 100 nm
of SiO, below and 200 nm above. The topgates were designed to have an overhang of
~ 5num over the barrier gates along the channel direction, while the barrier gates overhang
slightly relative to the topgates along the perpendicular direction. 30 nm semi-transparent
ITO was used as the topgate and barrier gate materials close to the center of the device to
allow EL to pass through, and Ti/Pd was used elsewhere.

The surface gates were included in the device design to address the issue of EL instability
over time when operating in DC mode. Assuming a sizeable fraction of parasitic charge is
built up close to the device surface, this charge could potentially be cleared away using a
Schottky gate and lead to more stable emission. The actual implementation of EL time-
stabilization using the surface gates and the conceptual model derived from the results
differ from the above hypothesis.

The barrier gates were designed to solve the problem of localization. By applying a
voltage on each barrier gate with the same polarity as the corresponding topgate, minority
carriers would in theory be prevented from passing the potential barrier created by the
barrier gates, and radiative recombination would be restricted to the center of the device.
While this was the intended outcome, our measurements did not yield any confining
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capabilities of the barrier gates, and they effectively behaved as topgates. A previous
iteration of barrier gate architecture did successfully yield confinement, however this was
due to the topgate overhang being longer and the width of the barrier gate being larger.
Although the barrier gate did not work as expected, operating the device in a specific side
gate voltage regime did yield interesting results with regards to localization; this will be
discussed in Section 5.6.

5.1.2 Optical and electrical characterization

The sample was cooled to 1.6K in an attocube attoDRY2100 closed-cycle optical
cryostat. The objective lens used has a numerical aperture of 0.81 and a working distance
of 0.70 mm. All EL spectra were frequency selected using a 1200 grooves/mm grating of a
Princeton Instruments Acton Series SP-2750 optical spectrometer, before being captured
on the integrated Princeton Instruments PIXIS 100 CCD camera thermoelectrically cooled
to —70°C. Data showing the change in emission intensity in counts/s as a function of
time was also frequency selected by the grating and then detected using an Excelitas
SPCM-AQRH APD.*

Optical video of the electroluminescing device was captured using a Watec WAT-910HX
CCIR miniature camera with a 0.5 inch black and white CCD; still images from these videos
are reported in this chapter. These images are qualitative, and are used as a way to infer
the EL distribution over the device.

Transport characterization of the control Hall bar sample was conducted using a Janis
pumped He—4 cryostat cooled to 1.65 K. The built-in electromagnet was used to apply an
out-of-plane magnetic field of B= 0.1 T; the Hall voltage was measured for each B-field
value and their average taken. Note that the Hall bar sample does not possess surface or
barrier gates.

Custom in-house electrical connections were used to connect the 2DPN device to voltage
sources. DC voltages were applied to the topgates, barrier gates and surface gates using
SRS SIM928 isolated voltage sources, and a Keithley 2401 SourceMeter was used to apply
the p—n forward bias to the ohmic contacts. The Set-Reset sequence was implemented using
custom code written to interface with the voltage sources using a GPIB communication
channel. The device was operated in all four measurement configurations described in

* ~ 60% detection efficiency around 800 nm, measured dark counts ~ 200 cps
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LFN, LFP

pn

Figure 5.3: Circuit diagram for the measurement of our dopant-free lateral 2D p—n junction with surface
gates, specifically for the LFN or LFP configuration. V,,, = diode forward bias; V,, ) = topgate voltage (left,
right); Vi, r) = barrier gate voltage (left, right); V., = surface gate voltage (upper, lower).

the previous chapter (see Fig. 4.2 and Table 4.1), but mainly in the LFN configuration
(Fig. 5.3).

5.2 Transport characterization, mobility and den-
sity

(a) G0372 holes (b) G0372 electrons (c) GO372 density vs mobility
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Figure 5.4: Four-terminal transport measurement results for wafer G0372. (a) Hole density (p,;) as a

function of topgate voltage. (.V.tg)’ Vtt;‘r = .
(c) Hole and electron mobilities vs carrier density.

—0.9V. (b) Electron density (1,5,) as a function of V. Vt;‘r = +0.6V.
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Fig. 5.4 shows the effect of the topgate voltage on the hole and electron densities in
wafer G0372, plus the density vs. mobility relation for each carrier type. The Vig VS.
Nn,n, Pop Telations are linear and reproducible, with no hysteresis or drift over time. The
threshold topgate voltages for the holes (Vtté1r = —0.9V) and electrons (Vtt;1r = 4+0.6V) are
estimated from the intercept of the linear extrapolation of each curve with the Vg axis.

The measured mobilities for this wafer are about (3—4)10° cm?/Vs for electrons and
(3-4)10° cm?/Vs for holes, for densities of about (1.5-3)10'! em™2. As expected, due to
their lower effective mass, the electron mobilities exceed the hole mobilities (in this case
by an order of magnitude). Since the 2DEG/2DHG is formed at the SHJI in G0372, there
is less interface roughness and thus higher carrier mobility compared to wafers like GO375
or GO569 where carriers are induced inside a narrow 15 nm quantum well (see Fig. 3.3).

5.3 Ambipolar diode I-V traces
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Figure 5.5: Diode current Ipn versus forward bias voltage Van (DC mode) for measurement configurations
(@) LFP (red trace, positive Vpn) and LFN (blue trace, negative Vpn); (b) LGN (red trace, positive Vpn) and
LGP (blue trace, negative Vpn). Vpn is applied to the floating side in each case. |V, | = IVthI =420V
and IngLI = IngRI = 2.00V for all traces. Additionally, the two surface gates are cfisconnected for these
measurements. Note that reverse bias measurements are not shown for any configuration.

Like the SHJI device in Chapter 4, this ambipolar diode can also be operated in the
measurement configurations LFN, LFP, LGN and LGP (Table 4.1). Fig. 5.5 shows typical
[-V traces for the device in all four configurations. We choose the convention of applying
the p—n bias to the floating side. The bias magnitude was ramped up from zero volts for
all configurations (reverse bias measurements are not shown). The diode turns on close
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to +1.5V in the LFP and LGN configurations, and close to —1.5V in the LFN and LGP
configurations. These values match what is expected for GaAs (E;~1.5eV). The nearly
identical behaviour in all configurations shows that the device is symmetric. Additionally
(like the devices from previous chapters), once the forward bias crosses the turn-on
threshold, radiative emission due to electron-hole recombination begins but lasts only
a few seconds before disappearing, implying that parasitic charging of the surrounding
semiconductor material and the semiconductor/SiO, interface is taking place. Note that
the device is being operated in the DC mode, using the nomenclature from Chapter 3.
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Figure 5.6: Diode current I, vs forward bias voltage V,, (DC mode) for the LFP and LFN measurement
configurations, when the surface gates (sg) are disconnected and connected to a voltage source set to OV.
V., is applied to the floating side in each case. |V q )| =4.20V and |V, )| =2.00V for all traces. Note
that reverse bias measurements are not shown for any configuration.

For the I-V traces in Fig. 5.5, the surface gates are not connected to any voltage source.
Fig. 5.6 shows the effect of connecting the surface gates to a voltage source set to OV in
the LFP and LFN configurations. The turn-on threshold is shifted to a lower value for both
configurations, with a much larger shift for LFP. This indicates the presence of current
leakage paths from the charge gases to the surface gates once they are connected, with
holes leaking much more easily than electrons. No EL is emitted past these premature
turn-on thresholds for either configuration.
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5.4 Set-Reset operation

The Set-Reset (SR) mode clears away parasitic charges that build up during DC mode
operation. As in DC mode, not only can the device be in one of the four main measurement
configurations (LFN, LFP, LGN and LGP), the surface gates can also be connected to or
disconnected from a voltage source (Table 5.1).

| LGN | LFP |LFN |LGP
no EL |no EL| EL | EL
EL | EL | EL | EL

V=0V
sg disconnected

Table 5.1: Mapping different measurement configurations to whether or not radiative EL emission is present.
No EL is emitted in the LFP and LGN configurations when the surface gates are connected and V,, =0 V.

(a) LGN (sg disconnected) (b) LER(sg disconnected)

(c) LFN (V= 0)

Figure 5.7: Still images from videos of the center of the device when operating in the configurations (a) LGN
(sg disconnected), (b) LFP (sg disconnected), (c) LEN (ng =0V), (d) LGP (ng = 0V), and (e) LFN (sg
disconnected). Note that |Vpn| = 1.59V, IVtg(L,R)I =4.20V, and Ing(L,R)I = 2.00V in all cases.

A few patterns emerge when observing EL from the device center in these various
configurations (Table 5.1, Fig. 5.7), from which the following conclusions can be drawn:

— Connecting the surface gates and setting V, = 0V eliminates EL emission for the LGN
and LFP configurations, i.e. when the p-side is floating, whereas this is not the case
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when the n-side is floating (Table 5.1). This is likely due to the ease of hole leakage to
the surface gates in these configurations (as argued at the end of Section 5.3).

— Regardless of the measurement configuration (as long as there is radiative emission),
EL is brighter and more concentrated on the p-side of the device, matching what was
observed in the sample from the previous chapter. This implies that electrons are
crossing the junction gap at a higher rate than holes, likely due to their higher mobility
and larger tunneling probability across the junction gap.

— The EL distribution in Figs. 5.7 (a) and (e) are identical, implying that when the surface
gates are disconnected, the device behaviour is independent of whether the left side is
grounded or floating (with the right side being floating or grounded, respectively). In
this sense, when the surface gates are disconnected, the device behaves like a dopant-free
lateral p—n junction with no surface gates.

— Swapping from LGN [Fig.5.7 (a)] to LFP [Fig.5.7 (b)], or LEN [Fig.5.7 (c)] to LGP
[Fig. 5.7 (d)], results in the EL distribution undergoing a reflection transformation about
a vertical line through the middle, implying bilateral symmetry of our junction.

— When the surface gates are disconnected [Figs.5.7 (a, b)], more EL is visible on the
n-side relative to when they are connected and V, = 0V, but the EL is restricted to the
edges of the topgate.

— Connecting the surface gates to a voltage source set to 0V (and referenced to earth)
with the n-side floating and the p-side grounded [Figs. 5.7 (c, d)] results in the overall
brightness decreasing and the EL distribution becoming more asymmetric, i.e. dimmer
on the n-side and more skewed toward the p-side. The brighter EL under the n-side
topgate edge in Figs.5.7 (a,b) could be a result of recombination of electrons with
minority holes that have crossed the gap and are being drawn towards the n-type
ohmic contacts by the forward bias along the region under the edges of the topgate.
If we assume an excess of holes is present in the substrate due to p-type background
impurities, connecting the surface gates to a voltage source set to 0V may be enough to
gate away the excess holes and reduce edge recombination under the n-side topgate.

A complete picture of how the EL distribution across the entire device is affected” is
outlined in Table 5.2 and the associated device map in Fig. 5.8. We first look at the results
from SR operation. When the surface gates are disconnected, there is stray EL visible in
several locations away from the center, namely the mesa edges on the n-side and p-side
(locations 8 to 15), and along the edge of the p-side topgate (between 4 and 11, 5 and 15).

* Specifically for the LEN configuration, but we assume this extends to LGP, taking into account reflective
symmetry.
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Map SR mode SR mode DCmode DCmode
locations (sg disconnected) | (V,, = 0V) (sg disconnected) (Vi =0V)
1to 6 very bright bright dim, quenches in 5s very dim, only at 1
7 dim dark dim, quenches in 5 dark
8to 15 some EL dark some EL, quenches in 5s|some EL, quenches in 5s
lines connecting dim, patchy dark dark dark
4-11,5-15

everywhere else dark dark dark dark

Table 5.2: EL distribution over the entire device in SR and DC modes when the surface gates are disconnected,
or connected and set to 0V. DC mode is entered into either by ramping up forward bias from below the
turn-on threshold, or by switching into it directly from SR mode. Map locations are based on numbers in
Fig. 5.8. Note that the device is operated in the LFN configuration.
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Figure 5.8: Top-down image of the device mapping out several key locations for the LFN configuration.
The location numbers are colour-coded according to their groupings in Table 5.2—red: 1 to 6; yellow: 7;
purple: 8 to 15; black: dark regions of special interest (corners, gate-mesa edge overlaps).

These locations are on the side of the n- and p-topgate facing the center of the sample (the
near side), and not the far side. Essentially, minority electrons cross the gap and travel
under the near side edges of the p-side topgate, moving all the way to the mesa edge in an
attempt to reach the p-type ohmic contacts; minority holes do the same on the n-side of
the device. Additionally, alternate current pathways for electrons through the mesa could
be contributing to the EL along the near side edge of the p-topgate. The main vertical
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arm of the p-side topgate acts as a barrier for the minority electrons, preventing them
from reaching the region under the far side of the p-topgate and recombining. EL due to
recombination at the mesa edges was observed to have lower energies than the EL from
the device center; we can thus attribute the mesa edge recombination to charge traps at
the etched surface. This energy difference was not seen for EL along the edge of the p-side
topgate.

With the surface gates connected and V, =0Vin SR mode, light is only visible at the
center and a few locations along the p-side topgate close to the center. Following the logic
that setting V, = 0V may be gating away excess minority holes on the n-side, it could
also be inducing a region of confinement for the minority electrons on the p-side, reducing
their mobility and preventing them from traveling along the region under the p-topgate
edge. Their positioning could also be blocking alternate current pathways for electrons
through the mesa outside of the p—n channel.

For the results in the last two columns of Table 5.2, instead of entering DC mode
operation directly by increasing the forward bias from below the turn-on threshold, the
device is instead operated in SR mode and then switched into DC mode. This sequence of
operations results in EL that lasts about 5 s post-switch. When the surface gates are not
connected, this short-lived EL appears from mostly the same locations that EL is visible
during SR operation—locations 1 through 15—but not along the near side edge of the
p-topgate. This tells us that the phenomenon of alternate current pathways through the
mesa could be a problem only during SR operation. When the surface gates are connected
and Vg, = 0V, the device in DC mode still emits light from points along the upper and
lower mesa edges overlapping with the topgates, despite those locations being dark in
SR operation. This indicates that even though V,, is set to 0V, minority carrier current
pathways (both n- and p-type) are still forming under the edges of the topgates in an
attempt to reach the ohmic contacts of the opposite polarity, instead reaching the charge
traps along the mesa edge and recombining. The difference is that in this configuration
they begin to radiate only after switching from SR mode to DC mode.

Fig. 5.9 shows EL spectra from the center of the device operated in the Set-Reset mode
for three different configurations. The main peak from the LGP (V, = 0V) and LGN (sg
disconnected) spectra match in energy, and possibly correspond to the neutral exciton
(X°) peak. The LFP (sg disconnected) spectrum possesses an additional lower energy peak,
likely a charged exciton peak. Measurements to verify peak identities will be completed in
future work.
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Figure 5.9: EL spectra for the device in SR mode for three different measurement configurations. The
spectra are offset along the y-axis for clarity.

Summarizing the various conclusions in this section:

— A lateral dopant-free p—n junction device with disconnected surface gates behaves like a
device with no surface gates.

— The device possesses bilateral symmetry. In other words, there is effective equivalency
between the LFN and LGP configurations or the LGN and LFP configurations.

— In order to utilize the side surface gates, the p-side must be grounded and the n-side
floating, i.e. the device must be operated in the LFN or LGP configuration. No EL is
observed in the LFP or LGN configurations, likely due to hole leakage to the surface
gates. For the remainder of this chapter, results from mainly the LFN configuration are
reported.

— Electrons cross the junction gap from the n-side to the p-side to radiatively recombine
with holes at a higher rate than holes crossing the gap to recombine with electrons.

— With the surface gates disconnected, alternate current pathways of minority carriers
through the mesa and along the regions under edges of the majority side topgate causes
delocalized emission along the near side edge of the p-topgate (in SR mode) and the
overlap of the mesa edges with the n- and p-topgates (in SR and DC modes).

— When the surface gates are connected to a voltage source referenced to earth (ng =0V),
EL away from the center is completely removed in SR mode, but persists along the mesa
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edges in DC mode.

An important point to note is that a device with a very similar gate architecture was
operated in a majority of the various configurations detailed in this section, and was
observed to exhibit behaviour that matches perfectly with the above results, indicating the
replicability of these samples.

5.5 Non-zero surface gate potential

Like insulator-separated topgates, applying a positive (negative) potential on surface or
Schottky gates can induce a 2DEG (2DHG) at a SHJI below them, assuming these carriers
are available to populate. However, the absence of an insulator also means that these gates
are more easily susceptible to carrier leakage past a certain voltage threshold.

We are already familiar with a scenario for parasitic local charging of our device (see
Section 3.7) that results in EL decay and non-radiative electron-hole recombination. To
recap, when applying a forward bias, charges escape confinement at the SHJI in the gap
between the 2DEG and 2DHG. These escaped charges enter the surrounding GaAs/AlGaAs
material, and some reach the surface.

We now propose a conceptual model to understand the effect of the side surface gates.
When a small bias is applied to the surface gates, instead of escaping everywhere, the
parasitic charge collects in the potential wells induced at the SHJI underneath the surface
gates. Of course, this applies to only one type of charge carrier (electron or hole) at a time,
since the polarity on the surface gates is the same. Additionally, since the surface gates
are in close proximity to the topgates, increasing the magnitude of the surface gate bias
could deplete the charge carrier gas under the topgate with the opposite polarity. This
model can be used to explain the data in Fig. 5.10."

Let us first tackle the V, < O regime. As V., is reduced from 0V to —0.5V, I, decreases
marginally from 2.30 pA to 2.00 pA, while I, stays at 0, implying there is no leakage to the
surface gates. This decrease in I, could be due to a reduction in the 2DEG density under
the left topgate as V, becomes more negative. Meanwhile, a 2DHG comprised of holes
that have escaped confinement forms below the surface gates. Below V, = —0.5V, the

surface gates begin to leak. This leakage current (I,) is negative, implying there is a flow of

" Note that the device is measured in DC mode in the LEN configuration (see Fig.5.3), and has no prior
history.
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Figure 5.10: (a) Ipn and (b) ISg as a function of V,. The device measured in DC mode in the LFN
configuration, and is non-radiative for these measurements. The blue (orange) curve in (b) corresponds
to when the lower (upper) surface gate is connected and the upper (lower) surface gate is disconnected.
The green curve is when both upper and lower surface gates are connected to the same voltage source and
ammeter. Note: |V, | = 1.59V, |V q )| =420V, |Viq 5| = 2.00V.

positive charge away from the device. In other words, holes are leaking from the 2DHG to
the surface gates. The magnitude of the leakage current does not decay with time, because
there is a continuous supply of holes from the p-type ohmic contacts to the surface gates
via the collective 2DHG under the p-topgate and the surface gates. There is simultaneously
a sharp drop-off in I, for V,, below —0.5V—as hole leakage increases, there are fewer
holes left to recombine with electrons injected into the 2DHG. This continues until I, is
fully pinched off at V, =-1.2V.

Moving onto the V , > 0 regime, we see a similar trend in I,). As V, increases, I,

decreases due to the 2DHG density decreasing; the rate of decrease is sharper than in
the V, < O regime. This sharper decrease makes sense if we assume that the majority

of the p-n current is due to electron-hole recombination happening on the p-side.” L,

*Recall that the observed EL is concentrated on the p-side.
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eventually pinches off at Vi =+1.2V. The I sg CUIVE, however, does not show a similar trend
in comparison to the V, < 0 regime. We have observed electron leakage to surface gates
for voltages above 0.9V in the past in our single-electron pumps (Fig. 2 (d) in Ref. [24]);
however, no leakage of electrons to the surface gates was observed in the current device
even for V, = +1.5V. Again, this could be due to a lightly p-doped background in the
wafer substrate that prevents electrons from leaking (from the 2DEG under the n-topgate
to the surface gates) for this voltage range when the device has had no history. Note also
that the surface gates in Ref. [24] overlap the area of influence of the topgates, making
gate leakage easier—that is not the case for our current device.

Set-Reset operation with non-zero V, yields fairly complex charge carrier dynamics.
The behaviour of the device is very different in the V, < 0 and the V, > 0 regimes; this
is discussed in the subsequent sections.

5.6 Localization

As discussed in Section 5.4, operating the device in SR mode with V, = 0V yields
EL that is not perfectly centered but concentrated on the p-side and spread out over a
~ (150 x 150) um2 area. As ng is lowered and hole leakage from the 2DHG to the surface
gates is increased, we observe the total EL intensity emitted per set-reset cycle drops,
until it completely pinches off at V, = —1.2V (this matches the pinch-off for I, when
the device is operated in DC mode, see Fig. 5.10). More interestingly, the EL distribution
shifts toward the center of the device prior to pinch-off, and becomes perfectly symmetric
at around V, = —0.9V (left image in Fig. 5.11). Scanning the rest of the sample in this
state confirms there is no light emission from anywhere else on the device, and that the
EL is restricted to location 1 on the sample map (see Fig. 5.8).

Let us understand the dynamics at play in this configuration. From our proposed
conceptual model, as V, becomes more negative, the 2DEG density on the n-side decreases
in the regions adjacent to the surface gates. Additionally, the 2DHG under the surface
gates merges with the p-topgate 2DHG, and holes begin to leak to the surface gates. This
merging is aided by the presence of p-type background impurities. For a sufficiently large

magnitude of V_, the 2DEG is completely depleted at the center which instead becomes an

Sg’
extension of the 2DHG. Now, instead of crossing an insulating gap at the center, electrons
driven by the forward bias meet a sea of holes at the center and recombine with them

there, yielding a symmetric EL distribution. However, the EL is dim since a significant
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Figure 5.11: (LEFT) Still image from a video of the center of sample operated in SR mode in the LFN config-
uration with V, = —0.90V. The EL is localized, centered and symmetric, but dimmer than when V, =0V.
(riGHT) EL spectra captured at four different times during a single set-reset cycle when Vi =—0.90V. The

intensity of the neutral exciton peak [E (X°) = 1.515 eV] reaches its maximum at t = 50 ms (orange curve).
An additional small peak due to background impurities (BI) that appears due to self-illumination is seen
at a lower energy [E(BI) = 1.491 eV]. For these measurements, IVpnl =1.59V, IVtg(L)R) | =4.20V, and
|Vigery | =2.00V.

fraction of the holes are lost to I, leakage and are not available to recombine with the
electrons.

Why does radiative electron-hole recombination not take place further away from the
center on the p-side? In other words, why is the EL localized to the center? When V=0V,
EL is visible at locations 2 to 6 in addition to location 1 (see Fig.5.8) due to minority
electron current along the edges of the 2DHG under the p-topgate. This minority current
is now blocked by a wide wall of holes running perpendicular to the channel, effectively
centering and localizing the emission.

Switching from SR to DC mode with this gate voltage configuration and forward bias
does not yield EL lasting even a few seconds; the device EL quenches immediately. Ly,
however, remains non-zero, indicating non-radiative recombination.

The graph on the right of Fig. 5.11 shows the EL spectrum neutral exciton peak for this
measurement configuration. The exciton energy is unchanged from when V,, = 0V.
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5.7 Time-stabilization

Running the device in SR mode with V>0 does not shift the spatial distribution of
EL emission. Instead, as Ve increases, the device begins to ‘blink’—over a measurement
of several set-reset cycles, a fraction of them are found to be non-radiative. Additionally,
while this blinking process appears to be stochastic to a degree, the average frequency of
blinking measured over a duration of several cycles increases with increasing Vigs until
the device completely stops luminescing at V, ~ +1.1V. Each off state during blinking
is associated with a large positive spike in surface gate leakage current (I, ~ 80 pA". In
contrast, the leakage current during radiative emission is two orders of magnitude smaller
(I; ~0.80pA). In other words, any large leakage of electrons to the surface gates during

Set-Reset operation kills the possibility of radiative electron-hole recombination.

An interesting observation is that the measured values of I, and I, are exactly the
same when the device is in the off state during blinking. Intuitively, one would assume
that L, should tend to zero when the surface gates are leaking (as seen for the Vi <0
regime), since electrons would fail to cross the gap and reach the p-side, instead flowing
directly to the surface gates. Looking at the LFN measurement circuit in Fig. 5.3 clears
up this confusion. Rewording the scenario from the perspective of current, we can say
that a positive current flows directly from the surface gates to the n-side of the junction,
bypassing the p-side. Tracing the current path through the whole circuit, and keeping in
mind there is no charge flow across the diode, we see that the current measured at the
voltage source supplying forward bias must equal the sum of the currents measured by the
sources supplying voltage to the two surface gates, i.e., I, = I + I = I,. Note that
this means there is no actual current flow across the p—n junction. An observation that
naturally follows this discussion is that setting a compliance (upper limit) of ~ 30 pA on
I, completely eliminated blinking during Set-Reset operation.

Switching the device from SR mode to DC mode in the Vi, > 0 regime yields a result
opposite to that obtained in the V. < 0 regime. Instead of the EL getting quenched
immediately, we instead achieve time-stable EL emission in standard DC operation, without
the need for the Set-reset protocol. This happens starting at V, = 0.55V. An important
caveat is that the switchover from SR to DC mode must occur when the device is luminescing
(i.e. in the on state) and not in the off state of the blinking process (which can be easily
achieved by setting a compliance on I,). If the SR to DC switchover occurs when the

" Here, I, is the total current leaking through both upper and lower surface gates.
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device is off, the device is stuck in this configuration, in which case the surface gates keep
leaking (I; ~ 80 pA) and there is no EL emission.

How does this measurement configuration and sequence of operations yield time-stable
EL? To answer this, we return to our trusty conceptual model. As the device is operated
in SR mode, electrons escape vertical confinement at the junction interface, according
to the local parasitic charging mechanism. Some of these electrons get trapped in the
induced triangular potential wells underneath the positively biased surface gates. For
device operation over several set-reset cycles, the electrons stochastically leak to the surface
gates for a certain fraction of these cycles, corresponding to the off state during blinking.
If we switch over from SR to DC mode when the device is in this state, the device gets
locked in this configuration—the electron current leakage path stays open, and we end up
with no EL. Now, when the device is in the on state during SR operation, the surface gate
leakage path is closed, and the p—n channel is open and conducting. An additional key
point is that under each surface gate, there is a 2DEG present that is not contiguous with the
2DEG on the n-side. This non-contiguity could be due to the p-type impurity background
in the substrate. These 2DEGs under the surface gates are formed from electrons that
have escaped channel confinement during the off periods of blinking in previous cycles of
the Set-Reset operation. If the device switches to DC mode in this state with the device
luminescing, these 2DEGs stay trapped underneath the surface gates with nowhere to
go. These static pools of electrons on either side of the channel are a strong presence of
negative charge that can repel other electrons. Any electrons in the channel subsequently
crossing the junction from the n-side to the p-side are corralled by the repelling Coulombic
forces of the static pools on either side to stay in the channel and not escape gate-induced
confinement as easily. This drastically slows down the rate of parasitic charging of the
surrounding region, which would otherwise result in short-lived DC mode EL (as observed
for V=0V, orin the absence of surface gates; see Fig. 3.5).

As mentioned, managing the device history is very important for particular modes of
operation. Entering DC mode from SR mode in the manner described above is essential for
achieving time-stabilization. We found that if the device is operated directly in DC mode
and V., is set to, say, 0.60 V prior to applying a forward bias, the device does not luminesce
once V,,, crosses the turn-on threshold. This is because there has been no opportunity for
the time-stabilizing pools of electrons to form and stay underneath the surface gates—this
can occur only during the off state regimes of blinking during SR operation.

How stable, really, is the EL in this configuration? Figs.5.12 (a, b, c¢) track L, and EL
intensity measured at the device center using an APD over time for three different surface
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Figure 5.12: Tracking stability of Ipn and EL intensity over time for ng = () 0.6V, (b)0.8V, (c)0.7V. (d)
Images of device center for V, = 0.7 V showing decay of EL over time. Note: device is in the LFN configuration
(EL is from the p-side on the right), with IVpnl = 1.59V, IVtg(L’R) | =4.20V, Ing(L’R) | =2.00V.

gate potentials. In all three cases, both EL and I, last much longer than we have previously
recorded or known possible for such devices when measured in DC operation. The EL
duration for V,, = 0.6V, V, = 0.7V and V, = 0.8V for these specific measurement
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runs were approximately 50 min, 39 min and 19 min respectively. There is a fairly good
correlation between the I, and intensity plots for each value of V,—fluctuations in the
value of one of these parameters is mirrored in the other. The fact that both I, and EL
intensity still decay over time implies there are still small leakage paths for parasitic charge
into the surrounding substrate, but this leakage rate is very slow, allowing the EL to last a

long time before quenching. Once EL quenches persists but is non-radiative.

» Ipn

Fig.5.12 (d) shows images of the device center captured at four different points in time
during the Vi, = 0.7V measurement run highlighted in Fig. 5.12 (c). The EL is restricted
to the p-side, as is the case when V, = 0. Over time, the EL intensity drops everywhere
uniformly, except for a spot at the concave corner of one of the ‘pincer’ features of the barrier
gate [Fig.5.12 (d) (iv)]. Interestingly, this state where the EL has decayed significantly
can be artificially achieved even at t = 0 by throttling I . A compliance of ~0.90 pA
brings the device from the state in Fig.5.12 (d) (i) to Fig.5.12 (d) (iv) instantaneously,
allowing us to study the emission from the isolated point at the pincer corner without
having to wait. Also,this process is reversible—removing the compliance returns bright EL.
Intuitively, it may be possible that operating the device with the throttled I, can increase
the time-stability of emission—this would need to be investigated in future work.

The spectral curves in Fig.5.13 show two distinct peaks. The neutral exciton peak
(E(X®) = 1.515eV) is present on the edge of the p-side topgate for both LFN and LGP
configurations. Note that there is no emission from the n-side [see Fig.5.12 (d)]. Also
note the absence of a charged exciton peak—these are only visible in spectra from the
n-side (and correspond to X™) as seen in previous chapters. The lower energy peak at
E = 1.511 eV corresponds to emission from location ‘c’, the same concave corner of the
pincer feature of the barrier gate on the p-side (LFN configuration) where EL persists as
seen in Fig.5.12 (d) (iv). The fact that this peak is at a lower energy explains why EL
emission persists from this spot after decaying everywhere else. Similar to the broadband
lower-energy peak in Chapter 4, this peak is possibly due to the excitation of a charge
trap state from a fixed background impurity in the substrate. This excitation may be
amplified by the ‘concentrated’ electric field coming from the pincer corner. More research
is required to understand these peaks better.

To report observations regarding the EL distribution across the entire device during
time-stable operation, we must go back to the sample map in Fig. 5.8. As is the case when
Vi, = 0V, switching the device from SR to DC mode when V, = +0.60V results in EL at
location 1 and at locations 8 through 15 along the mesa edges. The difference is that
the EL persists—not only at location 1, as we have seen, but also along the mesa edges
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Figure 5.13: EL spectra captured at three different locations around the device center during DC operation
with Vi, = +0.60V. The peaks from locations a and b correspond to emission from the edge of the p-side

topgate in the LFN and LGP configurations, respectively. Both these peaks coincide and correspond to X°
(E = 1.515¢€V). The peak from the the barrier gate pincer corner on the p-side (location ¢, LFN configuration)
is at a lower energy (E = 1.511 eV), implying the possible presence of a charge trap.

(but not along the edges of the p-topgate). This indicates the presence of a persistent
minority carrier current under the edges of the majority carrier topgate that is driven by
the forward bias on both sides of the device. This is of course detrimental to the overall
quantum efficiency of the device.

Routing the topgates to avoid the upper and lower mesa edges and instead directing
them past the ohmic contacts would prevent mesa edge recombination increase the external
quantum efficiency (EQE) by localizing the emission. The internal quantum efficiency
(IQE) will technically reduce, since the contribution to radiative mesa edge recombination
has become non-radiative. The only way for IQE to increase is to block the minority current
paths entirely—this can be done by including an insulator-separated blocking gate on the
p-side (see Fig. 1.2 in Section 1.2) whose confinement potential would prevent minority
currents from flowing, in a manner similar to how the side surface gates work during
localization. The difference is that this blocking gate would not be on the surface to avoid
the issue of leakage currents. This needs to be tested in future work.
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5.7.1 Calculating efficiencies

The data from Figs. 5.12 (a, b, ¢) can be used to calculate values for the IQE (1,,,.), EQE
(M4oe) and collection efficiency (7). These efficiency numbers can be expressed as

B photons generated/s B b/a ¢e

N = s - (5.1)
‘° electrons supplied/s  I,/e I«
photons extracted/s q 5.2)
= = X .
Teor = Glectrons supplied/s Thor % Mees a1
photons collected/s by objective
Nee = (5.3)

photons generated/s

Here, ¢ is the photon intensity or photon flux detected by the APD, I, is the current
through the device, and e is the elementary charge. « is the fraction of generated photons
detected by the APD after losses due to total internal reflection at the substrate-air interface,
the collection angle of the objective lens, and the remaining optics in the collection path.
N is the extraction efficiency or the ratio of the rate of photon extraction from the device
substrate to the rate of photon generation.

Objective (NA = n,sin6 = 0.81)
C— —]

| e —

/ Air (n,)

GaAs (n,)

critical
angle

point of emission

Figure 5.14: Cross-sectional schematic showing the cone of light accepted by the objective from a localized
point of emission. 0 is the angle corresponding to the NA of the objective. The substrate index (n,) is
assumed to be uniform and equal to that of GaAs for simplicity.

For the sake of simplicity, we assume that the emission is localized to a single point
(see Fig.5.14), and that the substrate is uniformly GaAs with the exciton dipole oriented
in-plane (parallel to the substrate surface). A value for n__ can be analytically estimated by
first calculating the solid angle Q, corresponding to the critical angle 0, for total internal
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reflection at the substrate—air interface as per Snell’s law—

. o[ 6.
Q. = 4msin E , (5.4)
) n, ] 1
where 0, = arcsin | — | = arcsin (—) . (5.5
n, 3.5

We then find 1, by taking the ratio of the surface area subtended by Q. to the total surface
area of a sphere with radius r,

Qr* (6.
Nep = - = sin (E) = 2.08% (5.6)
N is found in a manner similar to n_, but instead of using the critical angle, we use
the angle 0 corresponding to the numerical aperture (NA) of the objective lens (see
Fig.5.14). Our objective is part of attocube’s LT-APO series and has an NA of 0.81. Using
the well-known relation NA = n,sin6, where n; is the refractive index of GaAs, we get

NA 0.81
0 = arcsin (—) = arcsin (E) ) (5.7)

n,

and in turn, we calculate the efficiency of collection as

0
Moy = Sin? (E) = 1.36%. (5.8)

Here, we assume that the modal distribution in the far-field regime is uniform across
momentum space.

These analytical estimations for . and n_, were corroborated with Lumerical FDTD
simulations. Rather than assume uniform GaAs, wafer G0372 with the SHJI and other
constituent layers was used in the model (see Section 5.1.1 for the detailed layer sequence).
The emitter was assumed to be a localized, in-plane dipole source located 7.5 nm below
the GaAs/AlGaAs SHJI. At the emission wavelength A ~ 818.4nm (corresponding to the
neutral exciton emission energy of ~1.515eV), a value of n,, ~1.64% was obtained
through simulation. From the simulated far-field emission profile in Fig. 5.15, the ratio
N/ M for the objective lens with NA = 0.81 is 80.64%. In turn, we get 17, ~ 1.32%.
These simulated values for . and n_, match fairly well with the analytical estimations.
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Figure 5.15: Simulated far-field emission profile for a dipole emitter in SHJI wafer GO372 for A ~ 818.4nm
(corresponding to the neutral exciton energy, ~ 1.515 eV). The dipole is oriented parallel to the substrate
surface and is located 7.5nm below the GaAs/AlGaAs SHJI. The dotted red circle corresponds to the
collection angle of the objective lens with an NA of 0.81. From this profile, ./, is found to be 80.64%.

N can be boosted by incorporating a cavity around the emission region. A well-designed
cavity shapes the emission into a single mode that is easier to collect (see Chapter 6).

optic | efficiency
objective lens| T = 0.850
silver mirrors 8 x | R = 0.960
plate beamsplitter | T = 0.500
pellicle beamsplitter | T = 0.700
spectrometer | T = 0.268
lens at APD input | T = 0.998
APD detection efficiency|0.600
(net) | 3.44%

n optics

Table 5.3: Efficiencies of all optics in the detection path. The spectrometer efficiency was measured and
includes the transmission through the lenses at the input and output slits, as well as the reflection off the
grating (1200 grooves/mm) and mirrors within the spectrometer. The efficiencies of the other optics were
obtained from their respective data sheets. The calculated net efficiency 1, based on these numbers is
3.44%.

To calculate 1, (and in turn ), we first estimate a value for . This factor has two
main contributions,
o =T X noptics’ (5.9)

where 7., has been estimated analytically or through simulation, and 1. is the effi-
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ciency of the remaining optical elements in the detection path including mirrors, lenses,
beamsplitters, the spectrometer grating and the APD. From Table 5.3, the net 1, is
~ 3.44%. Using this value, we can calculate upper bound estimates for o for our two
cases: (i) when we use the analytical _, = 1.36%, we get a ~ 4.68x107*; and (ii) for
the simulated n_, = 1.32%, we get a ~4.54X 10~*. With these values of «, and using
the measured current L, and photon intensity ¢ at time t = 0 obtained from the data
in Figs.5.12 (a, b, ¢), IQE and EQE for the device are calculated using Eqns. 5.1 and 5.2,
respectively. Table 5.4 summarizes these results. The average IQE and EQE from these
values are 1.19x1072 and 1.95x107>, respectively.

Nee = 2.08%, . =1.36% 1. =1.64%, n. = 1.32%
ng (V) Ipn (]’lA) d) (1068-1) nIQE nEQE nIQE nEQE
0.6 1.9 7.7 1.39x1073| 2.89x107° |1.43x1073| 2.35x107°
0.7 2.5 7.0 9.58x107%| 1.99x107° |9.88x107*| 1.62x107°
0.8 2.4 7.8 1.11x1073| 2.31x10™° |1.15x1073| 1.88x107°

Table 5.4: IQE (n,,.) and EQE (1) calculated using data in Figs.5.12 (a, b, ¢) for Vi = 0.6V, 0.7V and
0.8 V. Two sets of values are shown in each case. The fourth and fifth columns show values corresponding to
the analytically obtained n_, = 1.36%, while the last two columns correspond to the simulated n_, = 1.32%.

The efficiency of our devices can be improved in multiple ways, some of which have
been mentioned already. Any improvement to the localization of EL increases n_,. EL
along the edges of the topgates facing the junction can be eliminated using the side gates
discussed in this chapter. Delocalized EL due to recombination at the mesa edges as a result
of minority currents under the edges of the majority carrier topgate may be mitigated
by rerouting the topgates to go past the ohmics instead of over the mesa edge. However,
this reduces but does not completely eliminate non-radiative electron-hole recombination,
resulting in only a minor improvement in .. Minority currents may be completely
eliminated using the potential from an additional blocking gate, placed perpendicular
to the channel just past the site of recombination. Ideally, all radiative electron-hole
recombination should be localized to a single point—this can be achieved using a cavity
structure comprised of a lateral grating and a bottom mirror. Such a structure enhances
the spontaneous emission rate via the Purcell effect, boosting 1, and .. The cavity
would also couple the emissions into a single guided mode, enhancing .. Chapter 6
discusses cavity enhancement in detail.
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5.8 Conclusion and outlook

We have fabricated a dopant-free lateral 2D p—n junction or nano-LED with a novel
gate architecture that combines topgates with channel-adjacent gates deposited on the
surface. By changing the magnitude and polarity of the surface gate voltage, the device
can be operated in different regimes. Operation with floated surface gates is equivalent to
operating a nano-LED without surface gates. With zero volts applied to the surface gates,
the device emits light only when the n-side is floating and the p-side is grounded. This
has implications for a future quantum emitter, since our quantized charge pumps rely on
surface-deposited quantum point contact (QPC) gates. For compatibility, a new pump
design with QPC gates separated from the surface by a thin insulator must be tested.

For negative voltages (V , ~—0.9V), EL emission is localized during Set-Reset
operation—the light is centered and symmetric about the junction. Mesa edge radiative
recombination is curbed since the surface gates induce a wide barrier of holes that prevent
minority electrons from forming currents under the p-topgate. Also, EL from the topgate
edges facing the device center is quenched since alternate current pathways through the
mesa are blocked by the barrier of holes. These are interesting results but this architecture
is not practical for quantum light emission since the surface gates constantly leak and the
emission cannot be localized in DC operation. Instead, we can learn from and adapt this
design by using an insulator-separated blocking gate that induces the barrier of holes to
create confinement and localization of emission.

For positive voltages (ng ~ +0.6V) in DC operation, the EL emission is stable in time—
the light lasts over several tens of minutes (600 times longer than a standard nano-LED),
with the device internal quantum efficiency being ~1.19x1073. From our conceptual
model formulated to understand the behaviour of the device, the stabilization of emission
over time occurs due to the formation of static pools of electrons under the surface gates
that corral the channel electrons, reducing the rate of parasitic charging. The surface gates
in this case are prone to leakage as well, so future designs can use insulator separated side
gates that induce static pools of electrons via their own n-type ohmic contacts.

A nano-LED combining the usage of insulated side gates and a blocking gate would
potentially extend the lifetime of stable emission and localize the emission area, and achieve
this using just one operating regime. This would be very beneficial in the development of
an electrically-driven quantum emitter fabricated using these materials.
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6. Enhancing the emission, extraction
and collection efficiencies

The lateral 2D p—n junctions described in the previous chapters emit light omnidirec-
tionally. If we are successful in integrating a source of charge quantization into these p-n
junctions to obtain a source of single photons, this omnidirectionality would be detrimen-
tal since we require high photon extraction efficiencies for bright quantum emitters. An
obvious way to roughly double the count rate of collected photons is to integrate a mirror
below the emission region. Based on fabrication constraints, a Bragg mirror' made of
alternating semiconducting layers of contrasting refractive indices is the ideal option. This
would require precise growth capabilities of an MBE chamber, but unlike metallic mirrors,
this would avoid the need for flip-chip fabrication.

In addition to a bottom mirror, modifying the environment around the emission region
to shape the emitted mode and enhance the rate of spontaneous emission via the Purcell
effect would further boost the extraction efficiency. CBGs have been a long-standing
candidate for this task when it comes to quantum dot emitters. We adapt these structures
to be compatible with the existing architecture of our lateral planar LEDs.

6.1 Sample characterization methods

Room temperature reflectance measurements of samples were conducted using two
different setups. Measurements of bare unpatterned wafers [see Fig. 6.3 (b)] were done
using a Filmetrics F50 thin-film measurement tool. The remaining reflectance measure-
ments were done using an optical setup consisting of a YSL Photonics SC-OEM broadband

T Also called a distributed Bragg reflector (DBR)
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supercontinuum laser as the source, and a Princeton Instruments PIXIS 100 CCD camera
thermoelectrically cooled to —70 °C as the detector. Reflected light was frequency selected
using a 1200 grooves/mm grating of a Princeton Instruments Acton Series SP-2750 optical
spectrometer before reaching the camera. Due to the oscillatory nature of the supercontin-
uum laser spectrum, a Savitsky-Golay filter was applied programmatically to the measured
data before plotting (see Fig. D.2 in the appendix for a comparison of the data before and
after filtering).

PL spectra were collected from a sample placed in an attocube attoDRY2100 optical
cryostat cooled to 1.6 K. The built-in sample heater in the cryostat allowed for PL. measure-
ments at different temperatures. The sample was excited using a Thorlabs Stabilized Red
HeNe Laser emitting at 632.992 nm.

Scanning Electron Microscopy (SEM) images of samples were captured using a JEOL
JSM-7200F SEM (Fig. 6.10).

6.2 Distributed Bragg Reflectors

6.2.1 Design and simulation

Bragg mirrors consist of alternating layers of two materials with contrasting refractive
indices. By choosing the right materials and thicknesses, the mirror can be made reflective
over the desired wavelength range. For a DBR reflection stopband to be centered at a
given wavelength A, the thickness of each layer in the DBR should be

Ao
d=—, (6.1)
4n
where n is the absolute refractive index of the material comprising that layer. In other
words, each layer must be one quarter-wavelength thick. For normal incidence, this allows
the reflected light waves at each material interface to be all in phase and constructively
interfere. Eqn. 6.1 is known as the Bragg condition.

For a DBR with p pairs of alternating materials, the reflectivity R at the center of the

-G
145 ( )2p

100

stopband is

R(p) = (6.2)



where n; and n,, are the refractive indices of the low-index and high-index materials in the
Bragg mirror stack, and n; and n are the refractive indices of the incident medium and
the substrate on the other side of the Bragg stack.'*® The spectral width of the stopband is

4 n,—n 4A, ((n, — n
AAO%—Oarcsin( h l) A 0( h l), (6.3)

s n, +n T\ n,+mn

approximately

assuming (n, + n;) > (n, — n,).

To maximize R and AA,, we would need to maximize the index contrast between the
two materials comprising the Bragg stack, and also maximize the number of pairs p. In
GaAs/AlGaAs heterostructures, this would mean using GaAs and AlAs as the mirror stack
materials. We were, however, faced with a few constraints that excluded this design.
For one, an induced device made with a wafer consisting of a GaAs QW and a bottom
GaAs/AlAs Bragg mirror could have charge carriers induced in the GaAs layers of the Bragg
stack, leading to parallel conduction. This can be avoided by using Al,Ga,_,As with a
low Al ratio x. A limitation of the MBE growth chamber yielded a lower limit of x = 0.2.
Secondly, AlAs as a material is very prone to corrosion. Certain fabrication steps involve
etching into the substrate; if the etch goes past the AlAs layers, these layers can corrode
and potentially delaminate if the etched sidewall is exposed to air. Although it is also
susceptible to corrosion, using Al,Ga,_,As with a high Al ratio instead of AlAs mitigates
this issue to an extent. For our purposes, we chose x = 0.9. To summarize, the designed
DBR stack uses Al ,Ga, ; As as the low-index material and Al ,Ga, ¢As as the high-index
material.

Choosing the thickness d for each material in the Bragg stack depends on the refractive
index n of each material, which in turn depends on the wavelength A,. The emission
wavelength from our induced devices with rectangular GaAs QWs sandwiched between
AlGaAs barriers depends on the thickness of the QW. Fig. 6.1 shows the measured PL peak
wavelengths for some of our wafers with different QW widths, ranging from 10 nm to
30nm. For our new wafer, we chose to go with a QW width of 15 nm—this corresponds to
an emission wavelength A, = 807.96 nm. Therefore, the values of n and d must be found
for A, =1, =807.96 nm.

Ref. [139] gives us an expression for the real part of the refractive index of Al, Ga,_,As
as a function of x and A. From this expression, and for A = A, we obtain the refractive
indices for Al ,Ga, gAs and Al ,Ga, ;As as n, = 3.54 and n; = 3.08, respectively. Using
Eqn. 6.1, we then calculate the corresponding layer thicknesses as d, = 57.06 nm and
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Figure 6.1: Measured peak PL emission wavelengths for GaAs heterostructure wafers with five different QW
widths, ranging from 10 nm to 30 nm. The red interpolating line is to guide the eye. Note that this figure is
identical to Fig.3.11 (c)

d, = 65.58 nm. Also, Eqn. 6.3 tells us the spectral width of the stopband A4, ~71.5nm,
and Eqn. 6.2 yields reflectivity values of R(p = 20) = 98.48%, R(p = 25) = 99.62% and
R(p =30) =99.91%. Thirty periods in the DBR result in a reflectivity of over 99.9%,
which we deemed sufficient for our needs. Note that for the sake of convenience, these
calculations assume the extinction coefficient x of each material in the DBR (given by the
imaginary part of the refractive index) is zero. In reality, this value is finite and reduces
the peak reflectivity achievable from these DBRs. At cryogenic temperatures, the value of
Kk is reduced relative to its room temperature value, but is still above zero.

While these calculations were useful as an intial proof of principle for our design,
there were some additional requirements that necessitated a full simulation using the
Lumerical FDTD solver. One requirement from MBE growth was for a thin 2.45 nm GaAs
layer to be inserted after every Al ,Ga,, ; As layer in each period of the stack to ‘smoothen’
the transitions between the lattices. A thin 1 nm protective GaAs layer was also needed
between the Bragg stack and the bottom AlGaAs barrier to reduce trapping of background
impurities as growth chamber conditions were varied. In general, the effect of including all
layers of the heterostructure wafer stack on R and A4, needed to be calculated. Given all
these conditions, the final wafer design is shown in Fig. 6.2 (a). There are 30 periods in the
Bragg stack, consisting of 55 nm thick Al ,Ga, gAs and 65.8 nm thick Al ,Ga, ; As layers.
The grating is designed for A, = 807.96 nm. Fig. 6.2 (b) shows the reflectivity values for
this wafer, as well as a similar wafer with no DBR. The peak value of R at A = A, is 99.94%,
and AA, ~ 67 nm. Note that once again, the values of the extinction coefficients « for the
materials in this simulation are set to zero.

102



(a) Aly3Gag7As 90 nm

GaAs QW 15 nm
- DBR

Aly3Gag;As 250 nm —— no DBR

Protective GaAs layer 1 nm
Alo'zGao_gAS 55 nm

Smoothing GaAs layer 2.45 nm ] /\
Aly9Gag 1As 65.8 nm TV \/ U \/ \/
GaAs buffer 200 nm | | \/ | | |
. 775 800 825 850 875 900
S| GaAs Substrate A (nm)

Figure 6.2: (a) Wafer stack of the designed GaAs/AlGaAs heterostructure with a 15nm GaAs QW and a
DBR consisting of 30 pairs. (b) Simulated reflectivity R of this wafer stack as a function of wavelength A,
along with that of a similar wafer stack with no DBR. The reflectivity stopband is clearly visible when the
DBR is present. The stopband is centered at A, = 807.96 nm with width AA, ~ 67 nm

6.2.2 Measurement and design validation

The designed wafer specifications from the previous section were supplied to the MBE
grower, and the grown wafer (ID G0708) was tested. Unfortunately, XRD measurements
revealed a few deviations in the layer thicknesses from expected values, some of which
affected the reflection spectrum. Fig. 6.3 (a) shows the wafer stack for GO708, with layer
thicknesses measured using XRD. One main difference from the design is that the grown
GaAs QW width is slightly smaller—14.59 nm instead of 15 nm—due to some Ga flux
contributing to a calibration measurement. This difference is enough to shift the emission
wavelength from A, = 807.96 nm to A, ~ 806.5 nm, based on Fig. 6.1.

Another key difference is that the low-index Al _Ga,_,As in the DBR stack ended up
with x = 0.94 instead of x = 0.9 due to a lower than expected Ga flux rate during this
step, which also caused the layer thickness to be smaller—62.27 nm instead of 65.8 nm.
This in turn shifted the center of the stopband to 780.5 nm, 26 nm lower than the QW
emission wavelength. The blue and orange curves in Fig. 6.3 (b) show the simulated and
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Figure 6.3: (a) Wafer stack of the MBE-grown GaAs/AlGaAs heterostructure (wafer ID GO708) with a
14.59 nm GaAs QW and a DBR consisting of 30 pairs. (b) Measured and simulated reflectivity R of GO708,
along with a measurement of R from G0569, a similar wafer with no DBR. Measurements were conducted
at room temperature corresponding to a high extinction coefficient x, which explains the diminished peak
reflectivity relative to simulation.

measured stopbands for wafer G0708." The centre of the measured reflection stopband
matches fairly well with that of simulation. The peak reflectivity is lower, since these room
temperature measurements involve optical attenuation (defined by non-zero extinction )
through the layers as the light travels to and from the DBR. Also, the spectral width of the
measured reflectivity stopband is smaller—AA; ~ 55 nm instead of ~ 69 nm. This is likely
due to small variations in the DBR layer thicknesses across all the repeats. The measured
reflection spectrum from another MBE-grown GaAs/AlGaAs heterostructure wafer with
ID GO569 (green curve) is also shown for comparison—G0569 does not have a bottom
DBR. Differences between designed and expected values of any other layer thicknesses
(AlGaAs barriers, GaAs cap layer) are assumed to have a negligible effect on the reflection
spectrum.

Fig. 6.4 shows measured PL spectra for a sample chip from G0708 as a function of in-
creasing temperature T, normalized to what is assumed to be the neutral exciton (X°) peak.
The peak identities can be confirmed using this temperature dependence measurement.
As the temperature increases, the wavelengths of all peaks are red-shifted. Focusing on

" Note that the oscillatory behaviour of the reflectivity outside the stopband is a typical feature of Bragg
. 140
mirrors.
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Figure 6.4: PL intensity as a function of wavelength from wafer G0708 for sample temperatures ranging
from 2K to 75 K. The sample was excited using a red HeNe laser emitting at ~ 633 nm .

the two high intensity peaks, the higher wavelength (lower energy) peak decays relative
to the lower wavelength (higher energy) peak as T increases, until it is no longer visible
at T = 75K. This behaviour is characteristic of the charged exciton X~ emission. The
higher wavelength peak is therefore the X~ peak. By the process of elimination, the lower
wavelength peak is the neutral X° peak. At higher temperatures, an even higher energy
(lower wavelength) peak appears, corresponding to light holes (LH). These temperature
dependence results match similar spectral data from Chapter 3 (Fig. 3.13). The PL spectra
in Fig.3.11 also corroborate these peak identities. Another important takeaway from
Fig. 6.4 is that the measured X° peak at T = 2K is at A = A, ~ 808.25 nm, which does not
correspond to the value of A4, = 806.5 nm extracted from Fig. 6.1. With this in mind, an
average value of 807.5 nm for the emission wavelength A, was assumed when designing
the CBGs in Section 6.3.

The simulated far-field emission profile for an in-plane dipole emitter located in the
GaAs QW layer of wafer GO708 is shown in Fig.6.5. The red dotted circle in Fig.6.5
corresponds to the collection angle of the objective lens with NA = 0.81. It is evident from
the mode shape that the majority of the emission lies outside the collection angle of the
objective. In fact, the theoretical ratio of the collection efficiency 17, and the extraction
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Mee/Mez | Mee | M
80.64% |1.64% | 1.32%
22.22% | 2.60% | 0.58%

G0372
G0708

Table 6.1: Extraction and collection efficiencies for wafers G0372 and G0708. A SHJI nano-LED made
using wafer G0372 is discussed in Chapter 5 (see specifically Section 5.7.1). Wafer GO708 has a GaAs RQW
located above the DBR stack. The DBR enhances n,, but changes the mode shape such that n_, reduces.

efficiency n,, * is just 22.22%. In comparison, for the SHJI wafer G0372, n_./n,.. = 80.64%,
which is ~ 3.6 times larger. From the same model, an estimation for r_, at the emission
wavelength ~807.5 nm is found to be 2.60%. Using this value, n_, is calculated as 0.58%.

Simulated far-field for GO708

le=14 , gog
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Figure 6.5: Simulated far-field emission profile for an in-plane dipole emitter located in the RQW above the
DBR in wafer GO708. The red dotted circle indicates the collection angle of the objective lens (NA = 0.81).
Most of the mode lies outside the collection angle (n_./n,, = 22.22%).

Table 6.1 summarizes the above simulated values for 17, and 1j.. Although the presence
of a bottom DBR enhances n_ (by a factor of ~ 1.6 for these specific wafers), the shape
of the mode is such that n_, is diminished (in this case by a factor of ~0.4). Shaping
the emission into a single mode that can be easily collected by the objective is crucial for
improving ... Combining our DBR with the CBGs discussed in the next section allows for
mode shaping, and also boosts 1, and 7, via the Purcell effect.

1 is the ratio of the photon flux at the first optic (the objective lens) to the generated photon flux, while
N, is the ratio of the extracted power from the device to the source power (see Section 5.7.1)
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6.3 Circular Bragg Gratings

While a bottom DBR aids in boosting the extraction efficiency n . of EL emissions,
our devices still emit omnidirectionally into multiple modes, resulting in poor collection
efficiency 1. Engineering a cavity in the environment around the emission region can
shape the emission into a single mode directed perpendicularly outward from the device
substrate, enhancing n_,. This lateral cavity combined with the bottom Bragg mirror will
also boost the internal and external quantum efficiencies (1, and n,,.) by enhancing
the spontaneous emission rate via the Purcell effect. A variety of structures have been
used to enhance these efficiencies in the case of quantum dot emitters, including photonic

141 14,144 504

crystals,’*! tapered nanowires,'** micropillar cavities,'** solid immersion lenses
CBGs.!45:30:2%:145,147 Nanowires and micropillars are incompatible with our structure since
they do not offer a route for carriers to flow in and recombine. Solid immersion lenses
could be incorporated into our nano-LEDs but only boost collection without offering Purcell
enhancement. Etching structures into our substrate so that they surround the emission
region is necessary—photonic crystals and CBGs are two possible candidates. Of these
two candidates, CBGs offer a better out-of-plane extraction efficiency and a better mode
shape than photonic crystals. Conveniently, there is recent literature specifying how to
tune the CBG design for different wavelengths and material properties.'*®1%%1°9 CBGs

151

have also been used to extract guided modes for conventional LEDs °*, and are the most

promising candidate for our sources.

CBGs are essentially a circular analogue of planar DBRs. Moving radially outwards in
any direction from a central point, the refractive index periodically alternates between
two values. An emitter placed at the center of the resulting concentric rings benefits
from mode-shaping and Purcell enhancement. These concentric rings are usually created
by patterning and etching the substrate around the emission region. To prevent photon
loss into the substrate, the CBG can be patterned in a suspended membrane, but such
structures are quite fragile and hard to fabricate. Instead, we can pair the CBGs with a
bottom mirror—in our case, the DBR.

The magnitude of Purcell enhancement afforded by a cavity with quality factor Q and
mode volume V is given by the Purcell factor,

yC 3 A() 3Q
Fo=te= 2 (fo) = 6.
P Yo 47‘[2(Tl) Vv’ 6.4)
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where y_ and y, are the spontaneous emission rates in the cavity and in bulk; also, 4, is
the vacuum wavelength and n is the cavity refractive index, making (A,/n) the wavelength
inside the cavity. 1, is the ratio of the radiative emission rate to the sum total of the
radiative and non-radiative emission rates,

T]IQE — Yrad — Yrad ) (65)
Ytot Yrad + ynon—rad

Yraa is modified by Purcell enhancement as y;,; = Fpy,,q- The modified IQE n,, is then'>

77, _ FPUIQE
IQE (Fp — 1)17IQE +1°

(6.6)

We see from the above equation that 17, increases with F,. Note that F, > 1 necessitates
a higher injection current. For CBGs, both Q and V (and in turn F,) depend on various

design parameters for the concentric rings—the number of rings N, ., central disk radius

ings’

r;, ring width w, ring period p, and ring depth or ring height h.

6.3.1 Design and simulation

000 -15 -10 -05 00 05 10 15 20 000 025 050 075 1.00 125 150 175 2.00
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Figure 6.6: (a) Horizontal and (b) vertical cross-sections of a split CBG etched into the DBR wafer GO708.
The horizontal cross-section is at the height of the GaAs QW. The vertical cross section is for positive values
of y at x = 0. The rings are etched past the DBR and filled with deposited SiO,.

Fig. 6.6 shows our design for CBGs in the wafer GO708, modelled using Lumerical
FDTD. To make them compatible with our lateral 2D p-n junctions, a split in the rings

with width w_ .. = 500 nm was added to the design, which allows n- and p-type carriers

split
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to be brought to the center by inducing gates to form exciton dipoles before radiatively
recombining. Following the detailed design method for CBG cavities in Ref. [148], values
of the other design parameters were obtained as follows: number of rings N ;. = 4, ring
height h = 700 nm, ring width w = 130 nm, ring period p = 312 nm, and central disk radius
r. = 2p = 624 nm. This simulated design assumed a single exciton dipole emitter located
at the center of the grating with an emission wavelength of A, = 807.5 nm.

Simulated Purcell factors (F,) as a function of wavelength for exciton dipole emitter
orientations varying from ¢ = 0° to ¢ = 90° are shown in Fig. 6.7. When ¢ = 0°, the exciton
dipole is parallel to the split in the CBG, and Fj, is at its maximum value (5.33) at a wave-
length A, = 807.36 nm that is close to the expected emission wavelength (4, = 807.5 nm).
As the dipole rotates, the value of F;, at A = A, reduces from 5.33 at ¢ = 0° to nearly unity
at ¢ =90° (see inset of Fig. 6.7). The probability of an exciton radiatively recombining at
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5F 5 % ¢=15°
i _<°4_ * — ¢$=30°
L 1] o
s b= * — $=45
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Figure 6.7: Simulated Purcell factor distribution for varying dipole emitter angle ¢ in a split-ring CBG in
wafer G0708. (INSET) As ¢ increases from 0° to 90°, F,(A = A, = 807.36 nm) reduces to nearly unity.

a certain dipole orientation is weighted by the Purcell factor for that dipole orientation
at the emission wavelength. It follows that any exciton dipole located at the center of
the split CBG recombines at the ¢ = 0° orientation with the highest probability, boosting
the collection efficiency of photons that are linearly polarized along the split in the CBG.
We set the convention that this orientation corresponds to horizontal polarization (H).
Photons emitted due to the recombination of exciton dipoles oriented along ¢ = 90° are
vertically polarized (V).
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Figure 6.8: Simulated far-field emission profiles for an exciton dipole emitter in wafer GO708 oriented
(a) parallel (¢p = 0°), and (b, c) perpendicular (¢p = 90°) to the split in a split CBG, corresponding to H- and
V-polarized emission respectively. The contour color bars for (a) and (b) are scaled to the same maximum
extent for comparison. (b) and (c) are identical except the color bar in (c) has been scaled to view the mode
shape. The dotted red circles overlaid onto the profiles correspond to the numerical aperture (0.81) of the
objective lens. The mode shape when ¢ = 0° (H polarized) is an elliptical Gaussian, and 92.76% of the
extracted photons are collected by the objective. The peak emission intensity (proportional to | E |2) when
¢ = 90° (V polarized) is an order of magnitude lower than the peak intensity when ¢ = 0° and the mode
shape is completely destroyed, with only 76.11% extracted photons collected by the objective. This indicates
birefringence and polarized light emission.

Fig. 6.8 (a) shows the simulated far-field emission profile for the split-ring CBG when
¢ =0°. The shape of the single mode is an elliptical Gaussian, which is typical for
CBGs.!°%?%15%1%5 The mode lies comfortably within the collection angle of our objec-
tive lens, which has an NA of 0.81 (represented by the dotted red circle). The ratio n.,./7,.
is calculated from the data in Fig. 6.8 (a) as 92.76%. When the exciton dipole is oriented
perpendicular to the ring split (¢ = 90°), the mode is completely destroyed—the peak
intensity drops by over an order of magnitude, and there is no longer any single-mode
Gaussian nature to the far-field profile [Figs. 6.8 (b, ¢)]. In this case, n_./n,, drops to
76.11%. These simulations support the result that our split-CBG cavity acts as a source of
effective birefringence, polarizing the extracted and collected mode.

Simulated Purcell factors F, and extraction efficiencies n_, for four different cases
are shown in Fig. 6.9: whole rings, split rings when ¢ = 0° (H polarization), split rings
when ¢ = 90° (V polarization), and no rings. The lineshapes and peak wavelengths for
the simulated F, are similar to their n_, counterparts. Note that whole-ring CBGs are
incompatible with our gated quantum emitters, and their simulated data are included
only for the sake of comparison. For a whole-ring CBG with ring dimensions identical
to our split CBG, F, reaches a maximum of 6.59 at A =806.45nm. The peak F, for
the split CBG (H polarization) is 5.33, but this is at the slightly larger wavelength of
A =807.36 nm. The bandwidth of this Purcell distribution is ~ 3.7 nm or ~ 7.04 meV.
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Figure 6.9: (a) Simulated Purcell factor F;, and (b) simulated extraction efficiency n,, as a function of
wavelength A for the whole ring CBGs (dashed, blue), our split-ring CBGs when ¢ = 0° (solid, orange), our
split-ring CBGs when ¢ = 90° (solid, green), and no rings (dash-dotted, red) in wafer GO708. For the split
rings, Fp, peaks at 5.3 (A =807.36nm) and n_, at 0.39 (4 = 807.56nm). Please see the text for a detailed
explanation.

Also, the corresponding peaks for n_. (63.98% for whole rings, 39.42% for split rings, H-
polarized emission) are shifted by 0.2 nm relative to their F}, counterparts. To compare the
split-CBG H-polarization case with the V-polarization and no-CBG cases, we choose values
of F, and n,, that are at the same wavelengths as the peak F;, and n,, for H polarization.
Both F; and 7, are significantly lower for a dipole emitter oriented perpendicular to the
CBG split. In the absence of a CBG, there is no Purcell enhancement of the spontaneous
emission rate—F}, ~ 1 across the entire simulated wavelength range. With these values of
N, along with the ratios 1./, obtained from the far-field plots (Figs. 6.5 and 6.8), the
collection efficiency 1, can be calculated. Table 6.2 summarizes these results.

‘ FP ‘ Nee ‘ Nce ‘ nCE/nEE

split CBG (H) | 5.33|39.42% | 36.57% | 92.76%
split CBG (V) |1.49| 8.41% | 6.40% |76.11%
no CBG|0.96| 2.60% | 0.58% |22.22%

Table 6.2: F;, n,., N, and n../1n,, for three cases: the split CBG for H polarization (¢ = 0°), the split CBG
for V polarization (¢ = 90°), and the DBR wafer GO708 with no patterned CBG.

The weighting of the probability of exciton recombination along a specific dipole
orientation by the corresponding Purcell factor allows us to derive an expression for effective
efficiencies for our split CBGs. Given the efficiency numbers n,, and n, corresponding to
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H-polarized and V-polarized photon emission, the effective efficiency is

F +F
n= PHT]H Pvr’v’ (67)
FPH + FPV

where Fp, and F;,, are the Purcell factors for H- and V-polarized emission, respectively.
With this expression, we find the effective extraction and collection efficiencies for the split
CBG—r,, = 32.65% and n_, = 29.98%. These numbers are respectively ~ 13 times and
~ 52 times the efficiencies for a device with no rings.

The effect of the split CBG and DBR on the IQE and EQE can also be calculated. We start
with an average value of 17, = 1.19x 107 from the data for our nano-LED in SHJI wafer
G0372 in Section 5.7.1. Using Eqn. 6.6, we calculate the modified 1, for H-polarized and
V-polarized emission as 6.31x 1072 and 1.77x 1073, respectively. Substituting these values
into Eqn. 6.7 gives us an effective IQE of 5.32x 1073, corresponding to an enhancement
factor of ~ 4.5 relative to the device without the DBR and split CBG. To find the effective
EQE for our split CBG, we simply multiply the effective values for n,,. and .. This gives
us an effective value of n,,. = 1.74X 1073, corresponding to a significant enhancement
factor of ~ 89. See Table 6.3 for a summary of these efficiencies.

N | N | M Maor
G0372| 1.64% | 1.32% |1.19%x1073|1.95x10°

GO0708| 2.60% | 0.58% |1.14x1073[2.96x107°
GO0708 + split CBG |32.65% | 29.98%|5.32x107% | 1.74x 1073

Table 6.3: Extraction and collection efficiencies as well as internal and external quantum efficiencies for
G0372, G0708, and G0O708 with a split CBG. The combination of the DBR and CBG enhances the IQE by a
factor of ~ 4.5 and the EQE by a factor of ~ 89, relative to wafer GO372.

How does the presence of our cavity affect the entanglement fidelity of our source?
To recap the discussion on entanglement from Chapter 1, when electron pumps are
operated in the n = 2 regime, they can emit spin-entangled singlet pair states. This
spin singlet electron pair would reach the p-side and recombine with holes to yield
entangled photons, assuming there is no spin-dephasing. The presence of our split-CBG
cavity would affect this entangled photon generation process. Our cavity is polarization
selective—H-polarized light is extracted more efficiently compared to V-polarized light, and
recombination into this mode is preferred due to the Purcell effect. This would completely
destroy entanglement fidelity. Alternate designs for the CBG cavity may alleviate this issue.
For one, a narrower split and more rings would reduce the birefringence of the cavity. A
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narrow split would, however, require narrow topgates, which would need to be placed
closer to the semiconductor to be able to effectively induce a 2DEG or 2DHG. CBGs with
zig-zag or spiral-shaped splits have been studied,'* and would also reduce birefringence,
but fabricating compatible topgates would be difficult.

6.3.2 Fabrication

The general fabrication recipe for the CBGs can be found in Appendix C. Based on the
simulated design parameters, a fabrication run was conducted involving an Electron-Beam
Lithography (EBL) dose test—a pattern consisting of 20 rows of CBGs of increasing ring
width, with each row containing 5 repeats, was exposed using 16 different doses, yielding
an array of 1600 CBGs in total. Each CBG was assigned the label DaRSCy, with a, f and
y being the dose, row, and column number of the CBG respectively. The ring widths as per
the .gds pattern file were increased from 80 nm (R1) to 99 nm (R20). The average of the
inner and outer radii (the radial halfway point) of each ring was fixed based on the design
parameters. In other words, going down the column, the ring period remained the same
while the ring width increased and the central disk radius decreased, thus decreasing the
effective cavity size. Note that these ring width values (80-99 nm) were chosen with the
assumption that the actual pattern would be overexposed, shifting the window of values to
include the expected ring width of 130 nm. The patterns were written using ZEP520A, a
robust positive tone resist that was also used as the etch mask during Reactive Ion Etching
(RIE) of the pattern. With a base dose of 300 1C/cm?, the dose multiplication factor was
varied from 0.7x to 1.45x in steps of 0.5x. Increasing the dose also increases the effective
ring widths and decreases the central disk radius of the patterns; however the sharpness
and reproducibility of features is also dose-dependent. The goal of this dose test was to
determine an optimal dose at which the ring features comprising the CBGs were sharp,
reproducible, and matched the design parameters.

A couple of fabricated CBGs etched in GO708 are shown in Fig. 6.10. At first glance, the
etched features look very clean and uniform. However, these images are representative of
how most rings looked—it was difficult to distinguish differences in sharpness of features
or observe non-uniformity among the repeats just by eye.

Since there were a very large number of CBGs fabricated for this dose test (320
distinct patterns with 5 repeats per pattern), only CBGs from the first and last row of
each dose were imaged using SEM. Ring widths for these rows were measured using the
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Figure 6.10: SEM images of etched CBG structures in the wafer G0708, fabricated as part of the dose test.
(a) Top-down view. (b) 30° tilted view. (c) 30° tilt + magnified view.

scale bar on the SEM images, and the ring widths of the remaining CBGs were estimated
using linear interpolation. The measured ring widths for R1 ranged from 113 nm (D1)
to 125.5nm (D16), while those for R20 ranged from 130.2nm (D1) to 144.6 nm (D16).
Thus, the assumption that overexposure would shift the window of ring width values to
include the design parameter of 130 nm was accurate.

Post SEM imaging but prior to further testing, 300 nm of SiO,, was deposited on top of
the substrate—this oxide filled in the etched rings.

6.3.3 Measurement and design validation

It is natural to expect deviations between simulation and reality when designing and
fabricating structures such as our CBGs. This makes measurement for design validation
essential. Since choosing the best dose and .gds pattern file ring width was not possible
purely by looking at several SEM images, another means of design validation was necessary.

A tried and tested method involves measuring the reflection spectrum from the
CBGs.!#0145:15% At the wavelength corresponding to the cavity mode of the CBG, we expect
a dip in the reflection spectrum due to a phenomenon known as Fano resonance.’*> An
asymmetry in the line shape of the dip is characteristic of Fano resonance. An important
point about our CBGs is that the split in the middle of the CBG makes the shape of the
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Figure 6.11: Simulated reflection spectra from a split CBG on G0708, with 300 nm of SiO, on top, and
SiO, filling the etched rings. Incident light is polarized parallel (x-polarized, orange) and perpendicular
(y-polarized, green) to the split. A characteristic Fano resonance dip is present when the incident light is
x-polarized, and absent when the light is y-polarized. The simulated reflection spectrum from bare GO708
(no rings, blue) with 300 nm of SiO, on top is also shown for comparison.

reflection spectrum dependent on the polarization of the incident light, as seen in the
simulated reflection spectra in Fig.6.11. The Fano dip is most prominent when the
incident light on the CBGs is x-polarized, i.e. polarized parallel to the ring split (orange
curve), and is absent when the incident light is y-polarized, i.e. polarized perpendicular
to the ring split (green curve).

The measurement of Fano resonances for our split CBGs was conducted by passing
light from the broadband supercontinuum laser through a linear polarizer, followed by a
half-wave plate (HWP) to control the polarization angle, before directing it to the sample
(Fig. A.2 in Appendix A). An angle of 0° or 90° on the HWP corresponds to y-polarization,
while 45° corresponds to x-polarization. All reflection spectra were normalized to the
intrinsic intensity distribution of the broadband supercontinuum laser (after Savitsky-Golay
filtering), obtained by observing the reflection from gold (Fig. D.1). The reflected intensity
from CBG D14R20C1 (Fig. 6.12) shows a clear dip at A = 778.6 nm when the incident light
is x-polarized (45°), while the y-polarized curves (0° and 90°) overlap and show no Fano
dip. This polarization dependence was reproduced for other CBGs as well (see Fig. 6.13).

A noticeable difference between the simulated and measured reflection spectra is that
the linewidth of the measured Fano resonance dip for x-polarization is broader than that
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Figure 6.12: Measured reflection spectra (normalized) from split CBG D14R20C1. The different spectra
correspond to increasing angle of the HWP, that rotates the polarization from y (0°) to x (45°) and back to
¥ (90°). A clear Fano resonance dip is visible at A = 778.6 nm when the incident light is x-polarized.
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Figure 6.13: Measured reflection spectra (normalized) from CBGs (a) DIR20C4 and (b) D12R14C4 for
y-polarization (0°) and x-polarization (45°) of incident light. Cavity mode dips are present (at A = 786.3 nm
for (a) and A = 782.4 nm for (b)) when the incident light is x-polarized, but absent for y-polarization.

of simulation. This broadening was thought to be due to errors and variations in the ring
widths that occur during lithography. An attempt to simulate the effect of these errors was
made (see Fig.D.3). Although the linewidth increases when errors in the ring width are
introduced in the simulation, the resonance dip is also more washed out, unlike what is
observed experimentally. It is not fully understood why the measured resonance linewidth
is broad without loosing depth.

As the ring width increases, the central disk radius decreases—this decreases the
effective size of the cavity. Intuitively, we should expect a decrease in the dip wavelength
of the Fano resonance as the cavity size decreases. The measured reflection spectra in
Fig. 6.14 show just this. For all three doses (D1, D12, D16), as the row number increases,
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Figure 6.14: Measured reflection spectra (normalized) from CBGs in different rows for three different doses:
(@ D1 (210uC/ cmz), (b) D12 (375 uC/ cmz), and (c) D16 (435 pC/cmz). Incident light is x-polarized for all
measurements. Dip wavelength decreases for increasing ring width in all cases.

the ring width increases, decreasing the cavity size and the dip wavelength.

By plotting the measured dip wavelengths vs measured ring widths and comparing
the trend to the dip wavelengths acquired from simulation, we can contrast the difference
between simulation and measurement and find a way to correlate design parameters to
actual measurement results. These plots are shown in Fig. 6.15. Both plots show a linear
trend, and have nearly identical slopes. The key takeaway is that for a given ring width,
there is a systematic offset of about 16.3 nm between the simulated and measured dip
wavelengths.” From the linear fit of the measured dip wavelengths (red dashed line), a
fabricated ring width of ~94.8 nm is needed to achieve a dip wavelength of 807.5 nm,
which corresponds to the X° emission line from the QW of G0708.

"This number is calculated by taking the difference of the intercepts of the two line fits.
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each dose. Error bars are shown in grey. The green dotted line and the red dashed line correspond to the
linear fits for the simulated and measured data.

6.4 Conclusion and outlook

Combining a bottom Bragg mirror and a CBG is an effective way to boost the emission,
extraction and collection efficiencies from quantum light sources via Purcell enhancement
and mode shaping. By adapting the DBR and CBG structures to be compatible with current
fabrication restrictions for our nano-LEDs, we create the opportunity to integrate these
structures with a future quantum light source based on the combined architectures of the
nano-LED and quantized charge pump.

From theoretical simulations, the maximum Purcell factor F, when the dipole emitter is
parallel to the split in the CBG is 5.33 at A = 807.36 nm. For a dipole oriented perpendicular
to the split, F, = 1.49 at the same wavelength. This fact coupled with the contrast between
the far-field profiles for the two dipole orientations indicates polarization selectivity of
our cavity. This destroys any entanglement between photons that may be created within
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the cavity. However, the extraction and collection efficiencies for single photons is still
significantly boosted, by factors of ~ 13 and ~ 52, respectively relative to a device without
any CBG. In comparison to the nano-LED from Chapter 5, the IQE and EQE of a device
made using DBR wafer G0708 and a split CBG would be enhanced by factors of ~ 4.5 and
~ 89, respectively.

The fabricated CBG prototypes of varying ring widths were validated using polarized
reflection measurements to observe the Fano resonance dips. The CBG ring width varied
linearly with dip wavelength for both simulation and measurement. Interestingly, the
linear fits for the simulated and measured data were offset by ~16.3nm. Based on
the measured data, a ring width of of ~94.8 nm is needed to achieve a resonance dip
wavelength matching the emission from the QW (~ 807.5 nm). With this information, a
new dose test with tighter windows for the dose and ring width would reveal the ideal
design parameters for a CBG compatible with wafer GO708. Additionally, a future MBE
growth run could correct the error in the stopband position seen in wafer G0708, and new
CBGs can be designed for this new wafer.
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7. Conclusion

7.1 Summary of experimental results

The work presented in this thesis contributes to a project whose broader goal is to
develop a stable, high-rate, deterministic, electrically-driven quantum light source by com-
bining the architectures of a nano-LED (or gate-defined lateral planar p—n junction) with a
single-parameter quantized charge pump using dopant-free GaAs/AlGaAs heterostructures
as the material system. Although this ultimate goal is yet to be achieved, the individual
structures of the nano-LED and quantized charge pump have been independently real-
ized.” Before the two devices can be integrated, some obstacles due to deficiencies in
the nano-LEDs need to be addressed. Chapters 3, 4, 5 and 6 of this thesis highlight these
deficiencies, propose solutions, and implement them to a degree. These contributions
move us further along the development roadmap.

We identified the following obstacles that need to be overcome with respect to our
nano-LEDs:

(i) quenching of device EL and time-instability of emissions due to parasitic charge

accumulation, necessitating thermal cycling to reset the device;

(ii) alternate current pathways (both radiative and non-radiative) through the device
mesa that reduce both internal and external quantum efficiency;

(iii) delocalized emission at mesa edges due to minority currents under the topgate
edges, affecting extraction efficiency and position-controllability; and

(iv) multimode emission and slow rate of spontaneous emission that reduce extraction
and collection efficiencies.

The specific solutions for each of these problems were uncovered by us over the course
of experimentation, modelling, design and intuitive thinking, yielding the experimental

* The results from our quantized charge pumps are not a part of this thesis; see Refs. [24, 102].
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results collected in this thesis. Before listing these solutions at the end of this section, we
will first summarize these experimental results.

Nano-LEDs using quantum well (QW) substrates (Chapter 3), and for the first time
single heterojunction interface (SHJI) substrates (Chapters 4,5) were fabricated and
tested electrically and optically. The nano-LEDs in Chapters 3 and 4 possess standard
basic architectures that include ambipolar ohmic contacts on the left and right sides of
the device and two insulator-separated topgates above each set of ohmics that induce
charge of opposite polarity, forming the p—n junction. Conventional forward-bias operation
resulted in short-lived light emission from the device center and also from other regions
such as gate and mesa edges. The quenching of EL is due to localized parasitic charge
accummulation, contributed to by electrons/holes that escape the confinement of the p—n
channel.

The existence of our working SHJI devices disproves a recent theoretical study”' stating
that such devices are impossible to achieve. Currently, the fabrication yield for our SHJI
devices—specifically for the p-type and n-type ohmic contacts—is higher than that of QW
devices, making them a useful alternative for prototyping. There are some fundamental
advantages to QWs, however. The spectra are easier to identify and analyze in QWs
since the energies of the emission peaks are different from the expected emission energies
from the substrate, unlike in SHJIs. Confinement from a QW would result in stronger
electron-hole overlap, increasing the emission efficiency or brightness. The electron-hole
recombination lifetime can be fine-tuned by tuning the QW thickness during MBE growth;
this is not possible for SHJIs.

We found that the EL from under the topgate on the p-side is brighter than on the
n-side for our SHJI devices, likely due to the higher mobility and higher probability of
tunneling across the junction for electrons compared to holes. This is perfect for designing
a quantum emitter that integrates a lateral p—n junction and a quantized charge pump
since it is much easier to construct and operate a quantized electron pump than a quantized
hole pump. The QW devices in Chapter 3 showed brighter emission from the n-side; the
reason for this difference is not immediately evident.

The Set-Reset (SR) protocol introduced in Chapter 3 solves the problem of EL quenching
due to localized parasitic charge accumulation in both QW and SHJI devices. Parasitic
charging enhances non-radiative recombination, or gates the channel and suppresses the
current due to the forward bias. Parasitic charging may occur due to charges escaping
the channel confinement potential, or due to biased self-illumination that excites carriers
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in the 2DEG/2DHG or in charge traps from background impurities. SR operation avoids
the need for thermal cycling—warming up samples from cryogenic to room temperature
to dissipate frozen parasitic charge before cooling them back down—thus saving a lot of
time. The SR protocol is useful for resetting parasitic charge in a photon source between
few-photon experiments, which is a major improvement compared to thermal cycling. A
method of achieving in-situ time-stable operation is still needed for performing few-photon
experiments; this is satisfied by the ‘time-stabilization’ regime of operation from Chapter 5
(discussed below).

In contrast to the basic architecture of the devices from Chapters 3 and 4, the nano-LED
architecture in Chapter 5 additionally incorporates two wide side surface gates placed
laterally and adjacent to the p—n channel. SR operation with the surface gates disconnected
is identical to that of a device without surface gates. Connecting to these gates and applying
zero volts was sufficient to alter the dynamics of charge transport and recombination
in DC and SR operation. Applying negative and positive potentials yielded operating
regimes corresponding to localization (SR mode) and time-stabilization (DC mode). When
operating the SHJI device in conventional DC mode, hole current leakage from the side
surface gates was observed for surface gate voltages below -0.5V, but no electron leakage
was observed for positive voltages up to +1.5V, suggesting the possibility of the substrate
having p-type background impurities. SR operation when zero volts are applied to the
surface gates yields no EL when the p-side is floating and n-side is grounded, again due to
hole leakage through the surface gates. This will be a problem when it comes to operating
our quantum emitter, since operating our quantized charge pump requires the n-side to be
grounded. Even in the absence of the side surface gates, the pump still requires quantum
point contact (QPC) gates that are placed directly on the semiconductor substrate surface,
which means they could potentially leak. This problem may be fixed by including a thin
insulating region between the QPC gates and the semiconductor surface.

For the devices without surface gates, delocalized EL emission was observed during SR
operation in addition to DC operation. In the device with side surface gates, SR operation
for surface gate voltages of -0.9V yielded localized emission for two reasons: (i) electrons
driven by the forward bias encounter a wide barrier of holes, preventing minority electrons
from forming currents under the p-topgate that could lead to radiative recombination at the
mesa edges; (ii) alternate current pathways through the mesa are blocked—these currents
could otherwise result in radiative recombination along the p-topgate edges facing the
center of the device. SR operation for positive surface gate voltages resulted in stochastic
blinking in the EL that went up in frequency for higher voltages, until complete quenching
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above +1.1V. The off state of this blinking process was associated with electron leakage
from the surface gates, whose current value (~ 80 pnA) was two orders of magnitude larger
than the leakage current when the device was in the on state (~ 0.80 pA). Limiting the
surface gate leakage current by setting a compliance of ~ 30 pA eliminated blinking during
Set-Reset operation.

Switching the device from SR to DC mode during a period of luminescence (on state)
during blinking yielded time-stable EL' that lasted for a duration on the order of tens of
minutes. The longest duration was about 600 times the duration of EL in a nano-LED
without side surface gates. We hypothesize that electrons escape the p—n channel as a
part of the parasitic charging process and accumulate in the potential confinement regions
under the surface gates over several set-reset cycles. During the switchover from SR to
DC operation, these electrons become fixed, forming static pools of negative charge that
do not electrically contact the channel 2DEG. Instead, these static electron pools guide
and corral the channel electrons across the p—n junction and reduce the rate at which
channel electrons escape by repelling them. Decay of the EL (and the strongly correlated
channel current I ;) does still occur, but the rate is much slower than in devices without
side surface gates. After fully quenching, the device can be fully reset by operating briefly
in SR mode with zero volts on the surface gates and no forward bias. The internal and
external quantum efficiencies of the nano-LED in this configuration were estimated to be
~1.19x107% and ~ 1.95x 107>, respectively.

Operating one of our QW devices using the Set-Reset protocol yielded the narrowest EL
linewidths observed to date (0.70 meV) in either doped or undoped lateral p—n junctions.
Spectra were obtained from the n-side, which was brighter. We identified the heavy-hole
free exciton (X°), the light-hole free exciton (LH) and the negatively charged exciton (X™)
peaks from the EL spectra, whose energies are similar to corresponding PL values from

89,90,91 10

literature. Unlike most other papers detailing dopant-free lateral p—n junctions,
have fabricated several working samples, indicating the reproducibility of our fabrication

recipe.

Spectra from our SHJI devices were also studied. In Chapter 4, the presence of a
broadband emission peak from under the p-topgate that sits at an energy below what
is assumed to be the neutral exciton (~ 1.515eV) indicates the possible presence of
low-density p-type background impurities in the substrate. The potential traps associated
with these impurities are activated due to localized parasitic charging as well as biased

" for surface gate voltages above +0.55V and below +1.1V
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self-illumination. The activation of these impurities in turn causes EL decay and quenching
during DC operation, necessitating SR operation to avoid the need for thermal cycling.
Similar to the QW sample, two peaks were observed from the n-side, assumed to be the
X% and X~ peaks. The peak intensity of the X~ and LH peaks relative to X° decreased
with increasing forward bias above 1.54V, demonstrating a degree of control over the
relative peak intensities. For the SHJI device in Chapter 5 with side surface gates, the
assumed neutral exciton peak lies at the same energy (~ 1.515eV). A lower energy EL
peak (~1.511eV) was observed at a concave gate corner feature, that persisted longer
than the rest of the device during time-stable operation. The lower energy is possibly due
to a fixed charge trap or background impurity being excited by the ‘concentrated’ field
from the gate corner.

Our devices are compatible with RF operation (~ 1 GHz) as shown by performing
time-resolved EL measurements on our QW nano-LED and extracting an exciton lifetime of
237 + 0.8 ps, which is smaller than the PL lifetime (419 + 5.2 ps) and is reaching our limit
of ~ 200 ps set by the timing jitter of our single-photon detector. Moving to a material
system with a higher spin-orbit coupling such as InGaAs/GaAs could yield even shorter
lifetimes, necessitating a single-photon detection method with less jitter. RF compatibility
is essential for an integrated quantum emitter since our quantized charge pump operates
at these frequencies.

In Chapter 6, we modeled, fabricated, and validated the design for a photonic structure
compatible with our projected quantum emitter that can boost the IQE and collection
efficiency. The structure incorporates a bottom Bragg mirror with a lateral CBG cavity.
The Bragg mirror effectively doubles the extraction by reflecting downward propagating
emissions back up. The rings of the cavity have a split in the middle to allow charges to
be funnelled into the center via inducing topgates. The CBG cavities combined with the
bottom Bragg mirror boost the spontaneous emission rate at the center via the Purcell
effect; this increase is measured by the Purcell factor F;. For an exciton dipole oriented
parallel to the split in the rings (¢ = 0°), F, = 5.33 from simulation. When the dipole
is oriented perpendicular to the ring split (¢ = 90°), F, = 1.49, indicating a degree of
linear polarization to the emission. Simulations of the far-field also confirm polarized
emission—light emits into a single elliptical Gaussian mode when ¢ = 0°, whereas the
mode is destroyed when ¢ = 90°. The effective extraction and collection efficiencies (for
an objective lens with NA = 0.81) are 32.65% and 29.98%, respectively ~ 13 and ~ 52
times greater than that of a device without a split-CBG cavity. Also, the measured values
of IQE and EQE will be boosted by factors of ~ 4.5 and ~ 89, respectively.
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Reflection measurements of the Bragg mirror yielded results that matched fairly well
with simulation. Reflection measurements of several etched CBG cavities with varying ring
widths yielded cavity resonance dip wavelengths that were offset from simulation by a fixed
value of ~ 16.3 nm. The resonance dips were only observed for incident light polarized
parallel to the split in the rings. The observed linear trend of cavity mode wavelength vs
fabricated ring width points us to a ring width of ~ 94.8 nm (all other parameters being
the same) to match the mode to the QW emission line of ~ 807.5 nm.

The solutions for the various obstacles outlined at the top of this section are summarized
below:

(i) Device operation using the Set-Reset protocol solves the problem of EL quenching.
In-situ time-stability is achieved by applying a positive potential of about 0.6V on
channel-adjacent surface gates.

(ii) The surface gates also prevent alternate current pathways (both radiative and non-
radiative) through the device mesa.

(iii) Mesa edge recombination due to minority currents under the topgate edges can be
fixed by using a blocking gate just past the site of recombination.

(iv) An integrated bottom Bragg mirror along with a CBG cavity can boost the efficiency
of emission, extraction and collection by boosting the rate of spontaneous emission
via the Purcell effect and guiding emissions into a single elliptical Gaussian mode.

7.2 Future work

The results summarized in the previous section are significant, and pave the way for
the realization of our ultimate goal—the development of a high-rate, electrically-driven
quantum emitter based on our proposed design (see Section 1.2). This section lays out
suggestions for the rest of the development roadmap that can be followed to achieve our
end goal, as well as other experiments that may yield interesting results. A summary of
the recommended future work can be found at the end of this section.

Chapter 3 does a thorough job of identifying the various peaks in the EL spectra, com-
paring them with PL, calculating the EL binding energies, and performing lifetime mea-
surements. This degree of thoroughness must be extended to the spectra from Chapters 4
and 5. This will help us better understand the exciton dynamics at single heterojunction
interfaces, and explain why we see electron-hole recombination despite the absence of a
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quantum well confinement potential. Peak identification can be achieved through tempera-
ture dependence measurements as well as power dependence measurements. Temperature
dependence can reveal the identity of a charged exciton (X~) peak relative to a neutral (X°)
peak, since the temperature threshold above which the X~ peak decays is much lower than
that of the X° peak. The identity of bound excitons can also be found through temperature
dependence, as well as power dependence—their linewidths broaden at low temperatures,
and their peak intensities quickly increase relative to the X° peak with increasing excitation
power.'*® These measurements can help confirm the identity of the lower energy peaks
in Chapters 4 and 5 as being due to background impurity charge traps. Since the lower
energy peak from the device in Chapter 5 (Fig.5.13) is not broadband, and in fact has
a very similar linewidth to the X° peak, we could fabricate another junction with a gate
structure similar to this one to intentionally create a localized emission site. Integrating a
charge pump with this junction could yield a localized quantum emitter that emits at the
bound state energy. The EL from this region also lasts longer than the rest of the device,

(2)

making it easier to characterize using g'*’ measurements.

The effect of grounding or floating the p- and n-side was investigated only in the SHJI
devices. Observing the differences, if any, in QW devices would be a useful experiment.
Also, the distribution of EL across the device should be measured for more QW devices,
including whether the n-side or p-side is brighter.

The polarization of emission from different points in our nano-LEDs should also be
investigated. Polarized emission would indicate a significant non-zero electric field pointing
along the direction of the p—n current. This would have a positive impact on single photon
emission from a device with our polarization-sensitive CBG.

Chapter 5 introduced a large gate voltage parameter space within which to operate
a lateral p—n junction. However, the effect of non-zero surface gate bias including the
regimes of localization and time-stabilization were only studied in one device. These
results need to be replicated in a device with an identical or similar gate architecture.
Some similar devices that were part of the same fabrication batch are already known to
work, and can be tested without delay (Fig.7.1).

The results from Chapter 5 give us many ideas on how to change the device architecture
for future fabrication runs. One major issue for devices with surface gates is gate leakage—

future devices should avoid using surface gates if possible.” Also, surface gates require the

“In an integrated quantum emitter device, the QPC gates of the electron pump will have to be insulator-
separated instead of on the surface due to the same gate leakage issue.
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Figure 7.1: Optical image of a lateral p-n junction with surface gates. The gate shapes and dimensions are
slightly different relative to the device in Chapter 5.

n-side to be floating, which is not compatible with our electron pumps that need the n-side
to be grounded. Instead of surface gates, we can try to achieve the same corralling effect
of the static pools of electrons in time-stable operation by gate-inducing them directly
using insulator-separated side topgates and n-type ohmic contacts. The 2DEGs under
these side gates would not contribute to p—n channel current when an appropriate bias
is applied to the corresponding ohmic contacts. Since these inducing gates will not be
on the surface, there is a negligible probability of gate leakage. Devices with different
side gate separations can be tested to see how the corralling and time-stabilizing effect
changes—potentially indefinite DC operation may be possible. Of course, a downside is
that adding steps to the fabrication process increases complexity and lowers yield.

An easy fix for radiative recombination at the mesa edge is to place the bondpads for
the topgates behind those of the ohmic contacts, thus routing minority carriers to rejoin
the p—n circuit instead of recombining at defect states at the mesa edges. However, this
could still compromise IQE due to some fraction of the minority carriers recombining
non-radiatively. Implementing a wide blocking gate and a topgate with a longer overhang
over the blocking gate could suppress non-radiative current while keeping the emission
localized.

The fabrication of confining structures around the region of emission is a necessary
step prior to the successful integration of a lateral p—n junction and a quantized charge
pump. In anticipation of that, we fabricated prototypes for a bottom Bragg mirror and
CBG microcavity. Due to a growth error, the centre of the stopband of our Bragg mirror
was offset relative to the expected QW emission wavelength. This can be corrected in a
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future MBE wafer growth. Using this wafer, an array of CBGs with updated ring widths
should be fabricated and tested to see if the cavity resonance dip wavelengths match more
closely with the QW emission. A final design validation of the rings can be conducted and
the perfected fabrication recipe should be recorded. Once a near-ideal cavity is fabricated,
polarization dependent PL lifetime measurements should be performed to observe Purcell
enhancement. Prior to incorporating into a nano-LED device, LED prototypes with narrow
topgates should be tested, since the p—n channel within the cavity is only 500 nm wide.
The left and right topgates would ideally be deposited at different heights so that they can
overlap; this would reduce the junction gap to the smallest possible value. Operating a
nano-LED with an integrated CBG will definitively tell us how sensitive the EL emission
is to the split in the rings. In a fully integrated device, the CBGs will serve the role of
localizing the single photon emission to a small region. However, stray EL outside the
cavity due to alternate current pathways cannot be prevented by a CBG, making the use
of blocking gates still necessary. Also, the presence of charge traps associated with defects
along the etched sidewalls of the rings could be a problem.

Once the quantized charge pump and nano-LED are successfully integrated to create a
quantum emitter device, the following properties can be characterized—antibunching and
second-order correlation function dip g (0) to characterize sub-Poissonian behaviour and
single-photon purity; linewidth, lifetime, and count rate to characterize source brightness.
The effect of changing the electric field distribution (by tuning the topgate and forward
bias potentials) on the EL spectra can be explored. The effect of an external magnetic field
on the spectra should also be investigated.

In summary, we recommend the following experimental work be conducted (both
device fabrication and measurement) to bring us closer to our goal:

(i) temperature and power dependence measurements to identify EL peaks in spectra

from SHJI devices;

(ii) characterization of the EL distribution from several QW nano-LEDs measured using
the four measurement configurations introduced in Chapter 4;

(iii) investigation of the possibility of polarized emission from our nano-LEDs;

(iv) measurement of other devices with side surface gates from the same fabrication
batch as the device in Chapter 5 to test replicability;

(v) fabrication and measurement of devices with insulator-separated side gates (with
varying separations) and corresponding n-type ohmic contacts;

(vi) rerouting of topgates for all future nano-LEDs to connect to their respective bondpads
behind the ohmic contacts instead of going off-mesa;
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(vii) fabrication and measurement of nano-LEDs with narrow overlapping topgates for
compatibility with the CBGs;
(viii) fabrication of CBGs with the correct ring widths estimated from our reflection
measurements;
(ix) MBE growth of a new DBR wafer with the stopband center matching the emission
wavelength from the QW;
(x) fabrication and measurement of a nano-LED with an integrated CBG and blocking
gates;
(xi) fabrication of an integrated quantum emitter device using a DBR wafer that combines
the nano-LED, quantized charge pump, CBG, side gates, and blocking gates;
(xii) optical measurement of the quantum emitter to characterize sub-Poissonian be-
haviour, single-photon purity, linewidth, lifetime, and brightness; and
(xiii) tuning external electric and magnetic fields and observing their influence on the
spectra from the quantum emitter.
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A. Experimental setups
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Figure A.1: Optical measurement setup for Chapters 3, 4 and 5, and for PL measurements in Chapter 6. The

input paths include red/NIR laser (HeNe/Ti:Sapph) and white light. The output paths end at the imaging
camera and the spectrometer.
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Figure A.2: Reflection measurement setup for Chapter 6. The input paths include a broadband supercontin-
uum laser and white light. The output reflection paths end at the imaging camera and the spectrometer. A
linear polarizer polarizes the supercontinuum input, and a half-wave plate allows for control of the input
polarization on the CBGs. Rotating the half-wave plate changes the reflection spectra from the CBGs. When
the polarization is aligned to the CBG split, there is a dip in the reflection. As the polarization is rotated, the
dip wanes until it disappears for orthogonal polarization.
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B. Fabrication pattern masks with dimen-
sions
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Figure B.1: Pattern masks for the lateral p—n junctions in Chapters 3 and 4 with annotated dimensions. All
dimensions are in microns. (Topr LEFT) Overlay of patterns for all layers of the device. The bondpads are
indicated in orange. (ToP RIGHT) Device mesa. The rest of the wafer is etched to well past the SHJI/QW.
(MIDDLE RIGHT) n-type and p-type ohmic contacts, as well as oxide via holes to connect bondpads to them.
(BoTTOM RIGHT) Opaque topgate pattern for either TiAu or TiPd. (BorToM LEFT) Transparent ITO topgate
at the device center. The left and right topgate separation varies for different devices.
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Figure B.2: Pattern masks for the lateral p—n junction in Chapter 5 with annotated dimensions. All
dimensions are in microns. The patterns for the mesa, ohmic contacts and opaque topgate are the same as
in Fig. B.1. (LEFT) Overlay of patterns for all layers of the device. The bondpads are indicated in orange.
The fine-feature alignment marks are also indicated. (Top RIGHT) Opaque TiPd side surface gates and TiPd
barrier gate leads for the transparent ITO barrier gate. (BoTTOM RIGHT) Transparent ITO barrier gates with
pincer features and ITO topgates at the device center. The surface gates are also indicated at the top and
bottom.
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C. Fabrication recipes

C.1 Lateral planar p-n junctions

C11 Mesa

1. Clean a ~ 8 mm by 10 mm wafer piece by sonicating in Acetone and Isopropyl Alcohol
(IPA) for 5 min each.
2. Etch the native oxide by dipping in buffered oxide etchant (BOE, 1:10 HF:NH,F) for
30s
3. Spin-coat S1811 resist monolayer, expose mesa pattern, develop, ash.”
(@) Spin-coat at 5000 rpm for 60s
(b) Bake for 90s at 120°C
(c) Expose UV-lithography mesa pattern
(d) Develop for 60s in MF-319
() Ash for 10s
4. Etch the mesa:
(@) Prepare 1:8:120 solution of H,S0,:H,0,:H,0
(b) Calibrate etch rate of solution
(c) Dip sample in BOE for 1 min followed by 1 min in H,O
(d) Dip sample in the H,SO,:H,0,:H,0 etch solution for 60-80 s, followed by 1 min
in H,O.
5. Strip the resist by submerging in Acetone or hot Remover PG and sonicating for 5-7
min.

* Ensure transport direction is along high-mobility axis of the wafer.
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C.1.2 p-type ohmic contacts

N

. Prepare an etch solution of 1:1:20 H;PO,:H,0,:H,O0.

Dip the sample in BOE for 1 min before spin-coating resist.

. Spin-coat S1811 on the sample, expose p-ohmics pattern, develop, ash (same recipe as

for mesa).
Reflow bake resist for 5 min at 150 °C

. Calibrate the etch rate, etch ohmic recesses and deposit p-type material.

(a) Calibrate the etch rate of the solution using a test piece, then etch the recesses for
the ohmic contacts’
(b) Ash for about 90s
() Dip in BOE for 1 min
(d) Deposit 160-200 nm of AuBe using thermal evaporation with the sample tilted to
45°
Perform metal liftoff in Remover PG.
Cap the ohmics with 300 nm of SiO, using the PECVD.

. Anneal the ohmics—several min purge with N, gas followed by heating in Ar at 520 °C

for 3 min).
Etch away the oxide cap using BOE.

C.1.3 n-type ohmic contacts for SHJI

AN o o

Prepare a 1:1:20 H;PO,:H,0,:H,0 etch solution.
Clean a test etch sample and prepare it alongside the main sample.
Dip main sample for 1 min in BOE followed by a several minute rinse in H,O.
Spin-coat S1811 on the sample, expose n-ohmics pattern, develop, ash (same recipe).
Reflow bake the sample at 150 °C for 5 min.
Calibrate etch rate, etch ohmic recesses and deposit n-type material.
(a) Calibrate the etch rate of the solution using a test piece, then etch the recesses for
the ohmic contacts
(b) Ash for about 330s
() Dip in BOE for 1 min

" The target etch depth is 15-20 nm above the heterojunction interface or quantum well.
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7.
8.

(d) Deposit 10/250/120nm of Ni/AuGe/Ni at a rate of 0.5/2.0/1.5A/s with the
sample tilted to 60°
Perform metal liftoff in Remover PG.
Anneal the ohmics—several min purge with N, followed by heating in Ar at 450 °C for
3 min.

C.1.4 n-type ohmic contacts for QW

AN T o A

Prepare a 1:1:20 H;PO,:H,0,:H,0 etch solution.
Clean a test etch sample and prepare it alongside the main sample.
Dip main sample for 1 min in BOE followed by a several minute rinse in H,O.
Spin-coat S1811 on the sample, expose n-ohmics pattern, develop, ash (same recipe).
Reflow bake the sample at 120 °C for 5 min.
Calibrate etch rate, etch ohmic recesses and deposit n-type material.
(a) Calibrate the dry and wet etch rates (RIE an etch solution) using a test piece
(b) Perform dry etch using metal-RIE targeting an etch depth of 50-100 nm below
the QW
(¢) Perform wet etch to etch an additional 35-70 nm
(d) Deposit 10/250/120 nm of Ni/AuGe/Ni at a rate of 0.5/2.0/1.5A/s with the
sample tilted to 60°
Perform metal liftoff in Remover PG.

. Anneal the ohmics—several min purge with N, followed by heating in Ar at 450 °C for

3 min.

C.1.5 Oxide insulator and via-holes

1.
2.
3.
4.

Deposit 300 nm of PECVD SiO, with silane as the precursor.

Spin-coat S1811 monolayer, expose via-hole pattern, develop, ash.

Dip in BOE for 3 min to etch away oxide from the vias.

Place the sample in Remover PG and heat to 80 °C for 10 min. Rinse and dry the sample.
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C.1.6 Top gate and bond pads

1. Spin-coat PMGI/S1811 bilayer, expose top gate and bond pad patterns, develop, observe
for undercut, ash.

2. Prepare solution of 1:4 HCI:H, O.

Dip sample in HCI solution to remove any oxide from ashing.

4. Deposit 20/80 nm of Ti/Au or Ti/Pd (0.5/2.0 A/s deposition rate) using e-beam
evaporation.

5. For ITO topgates, sputter 30 nm of ITO.

6. Perform metal liftoff in Remover PG.

w

C.2 Circular Bragg gratings

C.2.1 Resist mask

1. Prepare 1:1 solution of ZEP520A:Anisole, allow it to warm to room temperature.
2. Clean a wafer piece by sonicating in Acetone and IPA for 5 min each.
3. Etch the native oxide by dipping in buffered oxide etch (BOE, 1:10 HF:NH,F) for 30s.
4. Pattern CBGs using electron-beam lithography.
(@) Spin-coat diluted ZEP520A at 2000 rpm for 60 s
(b) Bake sample at 180 °C for 3 min
(c) Expose resist pattern using electron-beams
(d) Develop in ZED-N50 for 90 s and rinse in IPA for 30's

C.2.2 Pattern etching

1. Perform dry etching using RIE to etch 700 nm into the substrate (calibration test etch
required).
2. Place wafer in Remover PG overnight to strip the resist.

162



D. Reflection spectra
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Figure D.1: Reflection of the broadband supercontinuum laser spectrum from a gold (Au) feature on the
sample, indicating the intensity distribution of the laser over wavelength. The spectrum has been passed
through a Savitsky-Golay filter. All measured reflection spectra in Chapter 6 have been normalized to this
spectrum.
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Figure D.2: Reflection of the broadband supercontinuum laser spectrum from the DBR wafer G0708 before
and after applying the Savitsky-Golay filter. The spectra have been normalized to the filtered reflection
spectrum off of Au (Fig. D.1).
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Figure D.3: Fano resonance dip in the simulated reflection spectrum from a CBG with and without errors in
the ring width. The broadened resonance is obtained by averaging spectra from CBGs with no error, 1%
error (positive and negative), and 2% error (positive and negative).
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