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Abstract

In SAW-driven single-photon source devices, the key component is a high-quality 2-D p-
i-n junction. In addition, lateral 2-D p-n junctions are also potential candidates for
investigating the properties of electron spins in low-dimensional systems by optical
methods. In this thesis, we developed a reliable and relatively easy method to fabricate a
lateral p—i—n junction in a completely undoped GaAs/AlGaAs quantum well structure by

utilizing conventional metallization and lithography processes.

An induced gas (2DEG or 2DHG) in undoped heterostructure shows great
advantages compared to a doped gas, such as high mobility, especially in low carrier
density. To gain the advantage of induced gas, we developed an induced lateral 2D p-i-n
diode. The two different types of channels are induced via metal-insulator-semiconductor
(MIS) gates, which called single-gate devices. With a negative voltage applied on the p-
gates and a positive voltage applied on the n-gates, both 2DHG and 2DEG channels can
be induced in the GaAs quantum well, so a lateral 2-D p-i-n diode is formed. The
electrical and optical of the devices at low temperature are studied. The 2DEG and 2DHG
can be induced at threshold voltage of 3.5 V and -1.25 V, respectively. The current-
voltage curve of the devices shows clearly the rectifying behavior with a turn-on voltage

of 1.53 V. This is in agreement with the theoretical calculation of the built-in voltage Vy,;



=1.535 V. The main peak of electroluminescence is at 1.529 eV (811 nm) with the full-
width at half-maximum of 4.4 meV. This is in good agreement with theoretical

calculation of ground state energy of the quantum well.

However, the gate control of the carriers in the quantum well is not very efficient
because of the distant gate from the channel. As a result, the two top gates on the
insulator could not be put too close to each other. This directly affects the carrier
recombination in the i region. In addition, this limits further development more
complicated devices, such as SAW-driven single-photon source. Thus, we developed the
twin-gate structure which has surface gate and top gate for each channel. The surface
Schottky gates provide a very good control for the carriers in the channel and at the same
time can be put very close to each other. The top gates, which overlap the source and the
drain through the insulator spacer, control the carriers in the channel regions next to the
source and the drain without having a leakage path between the gates and the ohmic
contacts. The twin-gate devices show more stable electrical characteristics and clearer
optical spectrum. These results demonstrate that the device is promising for applications
in the single-photon devices.
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Chapter 1

Introduction and motivation

1.1 Motivation

Most of the 111-V optoelectronic devices rely on junctions formed by stacks of epilayers,
where the electrical current flows across the junction vertical to the sample surface. The
lateral p-n junctions that are difficult to fabricate, however, are often desirable for many
device applications. For example, because of their coplanar geometry, they are suitable
for optoelectronic integration. Since the cross section of the lateral junction is determined
by the thickness of the epilayer, the capacitance of the junction can also be much smaller
than that of conventional vertical ones. Thus, the 2D lateral junctions could lead to a new
family of high-frequency and optoelectronic devices [1-6]. Furthermore, lateral 2D p-n
junctions are potential candidates for investigating the properties of electron spins in low-
dimensional systems by optical methods [7]. On the other hand, the lateral p-i-n junction

is key component in a SAW-driven single photon source devices, proposed by Foden et al

[8].

1.1.1 Spin Hall Effect

The spin Hall Effect (SHE) was predicted 40 years ago [9, 10]. Theorists Dyakonov and
Perel proposed that an unpolarized electrical current should lead to a transverse spin
current in systems with the relativistic spin—orbit coupling. In their picture, spin—orbit
coupling enters SHE via the Mott scattering of electrons on unpolarized impurities, which
results in spatial separation of electrons with opposite spins directions. The effect has Hall
symmetry, because the polarization axis of the spin is perpendicular to the plane of the
transverse spin current and the driving longitudinal electrical current. We can simply as in
figure 1.1. The SHE consists in spin accumulation at the lateral boundaries of a current-

carrying conductor, the spin directions being opposite at the opposing boundaries.



Figure 1.1. The Spin Hall Effect. An electrical current induces spin
accumulation at the lateral boundaries of the sample. Spin-up electrons
accumulate one side and spin-down electrons on the other side.

The term “Spin Hall Effect” was introduced by Hirsch in 1999 [11]. Indeed,
it is somewhat similar to the conventional Hall Effect, where charges of opposite side
accumulate at the different boundaries of the sample due to the Lorentz force, acting on
moving charges in magnetic field. However, there are significant differences. First, no
magnetic field is needed for spin accumulation. On the contrary, if a magnetic field
perpendicular to the spin direction is applied, it will destroy the spin polarization.

Second, the value of the spin polarization at the boundaries is limited by spin relaxation.

There are two distinct mechanisms of SHE, intrinsic [12, 13] and extrinsic [9-11,
14], which differ in the role played by external impurities. The extrinsic mechanism is
caused by spin-orbit coupling between Bloch electrons and impurities, whereas the
intrinsic mechanism is caused by spin-orbit coupling in the band structure of the
semiconductor and survives in the limit of zero disorder. The intrinsic mechanism does
not depend explicitly on impurities, but it would be a serious error to think that impurities
can be ignored. The intrinsic SHE proposal focused on semiconductors and suggested that
the optical activity of these materials be utilized for detecting SHE. In particular, the
circularly polarized electroluminescence was suggested in reference [12] and the
magneto-optical Kerr effect in references [12, 13]. These methods were used in the first

measurements of the SHE phenomenon [7, 15].

Waunderlich et al in reference [7] used coplanar n — p - n diodes to detect circularly
polarized electroluminescence at opposite edges of the spin Hall channel, see the figure
1.2 (a). When current (Up or Down direction) was injected into hole channel, spin
accumulation occurred at the boundaries of hole channel. A p-n junction current was
applied simultaneously. Electron will recombined with spin-polarized hole and emitted



polarized light. Dependence of Light polarization on current direction is shown in figure
1.2 (b). Wunderlich et al. ascribed the observed signal to the intrinsic SHE. However,
impurities in their lateral diode were high, so the effect of impurities cannot be ignored.
Therefore, it would be ideal to fabricate an impurity-free lateral p-i-n diode to investigate
the intrinsic SHE.
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Figure 1.2. Wunderlich et al. a, Schematic of the lateral p—n junction with the
channel current I, and the diode current I gp for detecting spin accumulation.
b, Emitted light polarization of recombined light in the p—n junction for the
channel and diode current flow indicated by arrows in (a).

1.1.2 SAW-driven Single photon Source

In recent years, explosive growth of the field of quantum-information science theory and
metrology were the main driving forces behind the development of a novel technological
tool [16, 17] - a controllable source of single photons on demand. Single photons on
demand are an important resource in various areas of the emerging quantum technologies
such as quantum key distribution [17-20] and all-optical quantum information processing
[21]. They are the basic prerequisite for unconditional security in quantum key
distribution protocols [20, 22-24] and a key ingredient for fault tolerant quantum
computing schemes [18, 25, 26].

More recently, there has been an increasing interest in the surface acoustic wave

(SAW)-driven single-photon sources owing to their potential applications in high-speed



quantum communications [8, 27, 28]. In [8], Foden et al proposed that when a SAW
propagates through a two-dimensional (2D) p-i-n junction, see figure 1.3 (a), a series of
traveling quantum dots are formed in the i-region of the junction. Consequently, a
constant stream of electron packets, which can be manipulated by a controlled split gate
voltage, flows from a two-dimensional electron gas (2DEG) channel into a two-
dimensional hole gas (2DHG) channel, where electrons and holes are recombined to
create bursts of optical pulses. By controlling the split gate voltage, one can obtain a
stream of single electrons to generate single photons, see figure 1.3(b). In SAW-driven

single-photon source devices, the key component is a high-quality 2D p-i-n junction.

I=ef Ohmic
contact

split gate

n-type  Split Gate i-type p-type

Figure 1.3 Foden et al. a, Schematic of the single-photon source. b, The
conduction (CB) and valence-band (VB) edge profiles across the n-i-p junction
and recombination when SAW wave propagate through.

1.2 Preview of Fabrication of Lateral p-n junction
1.2.1 Employing the Amphoteric Nature of the Si Dopants on GaAs

Silicon is widely used as an n-type dopant in GaAs growth by molecular beam epitaxy.
However, silicon atoms can be incorporated as acceptors when the substrate is GaAs
(nl1)A-oriented and n<=3 [29, 30] (The notation A or B is used to differentiate the atomic

termination of the polar (N11) surfaces: A is Ga terminated and B is As terminated.).



Moreover, the conduction type can be controlled by adjusting substrate temperature and
V/III flux ratio during the growth. Lateral p-n junctions formed at the intersection of
different surface orientations can be obtained on the patterned substrates [27, 30-32]. The
process to fabricate lateral p-n junction is as follows:

A strips of photoresist was placed on (100) GaAs substrate surface along one of the
<110> directions.

- The pattern was then etched with a crystallographic plane-selective etchant.

- A (100)-(n11)A-(100) step was created.

- Samples were cleaned and loaded into MBE system.

- Silicon-doped GaAs layer was regrown over the pattern substrate.

- A lateral p-n junction is created at the interface between the flat and etched planes see
figure 1.4.

Figure 1.4 Fabrication of lateral p-n junction by employing the
amphoteric nature of the Si dopants on GaAs. N-type doping on
(100) surface and p-type doping on (n11) surface with n <= 3.

Base on this method, Gell et al. in references [27, 31] have fabricated a SAW-
driven photoluminescence device. The authors have integrated a transducer into a lateral
p-n junction, see figure 1.5. The transducer creates SAW wave. The SAW wave drives
electrons through the junction. However, the device fabrication included regrowth process,
many defects may occur. The electroluminescence is not very clear. Therefore, it is

difficult to get further study toward single photon-devices.
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Figure 1.5 Gell et al. Schematic diagram of a device which
integration of a SAW transducer with a lateral p-n junction.

1.2.2 n-type compensation doping of a p-doped heterostructure

In most cases many types of dopants will be present in the resultant doped semiconductor.
If an equal number of donors and acceptors are present in the semiconductor, in this
situation the dopants tend to cancel each other out and the semiconductor almost behaves
intrinsically. This phenomenon is known as compensation, and occurs at the p-n junction
in the vast majority of semiconductor devices. Reuter et al. in references [33, 34] have
utilized n-type compensation doping of a p-doped heterostructure to realize two-
dimensional p-n junctions. The base material for the junction fabrication was a p-
modulation doped GaAs/In,Ga;-,As/Al,Ga,xAs heterostructure which was fabricated by
solid source molecular beam epitaxy. Compensation-doped silicon is carried out by using
focused ion beam implantation. As a result, One side of AlGaAs layer is p-type doped
and another side is n-type doped, as shown in figure 1.6. Therefore, 2DEG and 2DHG
could be simultaneously formed in InGaAs quantum well. It means that two-dimension p-
n junction was created. However, this method introduced high dopant in devices. In
addition, implantation process also makes damage in the crystal. Therefore, non-radiative

recombination is high. This is not suitable for application in single-photon source devices.
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Figurel.6 Schematic presentation of a compensation n-type doping on p-
type modulation doped heterostructures.

1.2.3 Partially Etching a Modulation Doped AlGaAs/GaAs Heterostructures

Kaestner et al. in ref. [35, 36] recently proposed a different design based on vertical p-i-n
modulation-doping scheme in GaAs/AlGaAs heterostructures and showed very promising
results. Figure 1.7 shows their schematic cross-section of junction design. In the as-grown
state, the 2DEG is fully depleted such that the 2DHG is the only conducting layer. And
part of the upper highly doped p-type material is removed by etching, the previously
depleted 2DEG establishes at the lower interface. Thus, a junction between a 2DEG and a
2DHG can be created at the edge of an etched region. By removing doping impurities in
the active layer their scheme is expected to lead to improved optical performance of the
devices by drastically reducing the nonradiative recombination channels. Additionally the

reduced dimensionality should lead to a further reduction in junction area.
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Figurel.7 Schematic cross-section of a quasi-lateral
p-n junction formed by partially etching a modulation
doped heterostructures.

However, because GaAs channel is very thin, surface depletion will strongly
affect the density of carriers and luminescence efficiency in such a structure. In addition,
since confinement and quantization are not good enough especially in forward bias, bulk
signal still occurs in the electroluminescence spectrum. Although GaAs channel was
undoped, but dopants still were very close to channel. Therefore, the electroluminescence

was quite complicated.

1.2.4 Other Methods

Cecchini et al. [4] have proposed a fabrication scheme, which based on a p-type
modulation-doped Al sGagsAs/GaAs heterostructure, see figure 1.8. First, p-type ohmic
contact was deposition. And then the Be-doped AlyosGagsAs layer was completely
removed from a portion of the mesa to obtain an intrinsic region within the QW.
Following the etching procedure, n-type contact was deposited. The n-type contact
introduces donors into the host semiconductor, creating an electron gas within the GaAs
layer below the metal pad, adjacent to the 2DHG. This method is similar with one
reported by Kaestner et al. [35, 36], except that the low bandgap channel was initially
doped p-type via a doped high bandgap layer parallel to the surface. Both of these
methods rely on accurate etching of the doped layers so that the channel itself is neither

destroyed nor fully depleted after completion of the etching process.
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Figure 1.8 Fabrication scheme of a planar p-n junction proposed by Cecchini et al.

The authors in reference [37, 38] have utilized bevel etching technique to
fabricating lateral p—i—n junctions, in similar structures to those described by Kaestner et
al. [35, 36] and Cecchini et al. [4]. A schematic diagram of the InSb/InggsAlg15Sh
quantum well structure after etching is shown in figure 1.9. The levels of p and n doping
and the layer thicknesses were chosen so that in the as-grown state the well is p-type
everywhere. After bevel etching one end of the well remains p-type, as in the unetched
structure, whereas around the point at which sufficient p-dopant is removed a region of
the well becomes n-type, as shown schematically in figure 1.9. Current-voltage
characteristics of the diode shows good rectify behavior. However, device’s dimension is

large and it is difficult to determine position of junction interface.

Bevel etching
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InAlSb 2DEG
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Figure 1.9 Schematic cross-section of a Lateral p-n junction
created by bevel etching

In conclusion, a variety of different approaches for fabricating lateral junctions
have been previously investigated by many groups. However, all these approaches used
complicated techniques and/or required specialist equipment. In addition, highly doped
structures were needed, so high non-radiative recombination is unavoidable. This is not

suitable for application in single-photon source and intrinsic SHE study.



1.3 Our Approach
1.3.1 Induced 2DEG on an Undoped Heterostructure.

Modulation doping in MBE growth is an approved technique to reduce scattering from
ionized dopants, by separating the two-dimensional electron gas (2DEG) from the
(intentional) dopants by an undoped ‘‘spacer’’ layer. However, even with thick (80 nm)
AlGaAs “‘spacer’’ layers, the Coulomb potential from the dopants still causes a randomly
fluctuating background potential strong enough to cause significant scattering at low
carrier densities (smaller than 10 cm™). However, disorder due to this background
potential can be dramatically reduced in undoped heterostructures where an external
electric field electrostatically induces the 2DEG. Harrell et al. [39] have developed a
technique for the fabrication of high-mobility electron gases formed in undoped
GaAs/AlGaAs heterostructures, see figure 1.10 (a). Carrier density in the channel was
manipulated by gate’s bias. Figure 1.10 (b) reported the comparison between the mobility
versus carrier density relationship of an induced 2DEG and that of a doped 2DEG with 80
nm-spacer layer. At high carrier densities, where the scattering is dominated by the
unintentional background impurities and interface roughness, the mobility of the two
devices is similar. However, as the carrier density is reduced the mobility of the doped

device drops sharply, due to increased scattering from the rough background potential.
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Figure 1.10 Harrell et al. (a) Schematic cross-section of a indeced 2DEG on
undoped GaAs/AlGaAs heterostructure. (b) Comparison between the mobility versus
carrier density relationship of an induced 2DEG and that of a doped 2DEG.
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1.3.2 Lateral 2D p-i-n junction on an undoped heterostructure.

To employ the advantage of induced gas, we developed an induced lateral 2D p-i-n diode.
The schematic cross-section of the device is shown in figure 1.11. The two different types
of channels are induced via metal-insulator-semiconductor (MIS) gates. With a negative
voltage applied on the p-gates and a positive voltage applied on the n-gates, both 2DHG
and 2DEG channels can be induced in the GaAs quantum well, so a lateral 2-D p-i-n
diode is created. 2DEG and 2DHG are induced in the left and the right side of the

quantum well, respectively.

n-gate p-gate

L4 4

Insulator Insulator

-Ohmictzcccccgem - -Ohmi

Figure 1.11 Schematic diagram of an induced lateral 2D p-i-n junction.

1.4 Contents of Thesis

In the previous sections, the motivations for developing a fabrication process to create a
lateral 2D p-i-n junction in a totally undoped heterostructures have been detailed, and we
also summary up-to-date, as we known, lateral p-n junction fabrication schemes. In
chapter 2 fabrication process of a lateral 2D p-i-n junction will report in detail. Chapter 3
and chapter 4 contain mask design and experiment results from single-gate and twin-gate
devices, respectively. Finally, conclusions from the work presented are given and the

opportunities for further work are discussed.
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Chapter 2

Device Fabrication Techniques

This chapter contains a description of fabrication techniques of an induced lateral p-i-n
diode in a wholly undoped GaAs/AlGaAs quantum well. The device fabrication deals
with the fabrication techniques used in processing the lateral p-i-n diode. These are
cleaning, patterning, gate dielectric deposition, etching, and metallization. The fabrication
process is summarized with illustrations to explain the sequence of fabrication. One set of
devices deals with single top gate, whereas the second deals with twin gate (top and
surface gates) design. A very brief overview of the fabrication is given to highlight the
differences in design of the lateral 2D p-i-n diode. Further details of these differences are

given in single and twin gate device chapters, respectively.

2.1 Basic Principle of Formation an Induced 2DEG

In general, the 2DEG (or 2DHG) can be electrostatically induced in GaAs/AlgaAs
quantum well by an external electric field, which may be controlled via isolated gate or
Schottky gate. The basic principles underlying the formation of an induced 2DEG (or
2DHG) are illustrated in figure 2.1. The device is analogous to a capacitor; one plate of
the device is connected to ground and the other has a fixed voltage applied to it. In this
device, see figure 2.1, a Schottky gate acts as one plate, the undoped AlGaAs as the
dielectric and the quantum well as the other plate. Electron (hole) gas are induced in

guantum well by the application of a positive (negative) voltage on the Schottky gate.
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Figure 2.1 Schematic diagram of an induced gas

Figure 2.2 illustrates the formation of 2D gas in undoped GaAs/AlGaAs quantum
well with assumed that there is no background doping or surface state. In unbiased
condition, see figure 2.2 (a), Fermi energy is at the midgap energy. There is no extrinsic
carrier in quantum well. The application of the external field causes an offset in the Fermi
energy. When a sufficient positive voltage is applied to bring Fermi energy above the
conduction band, and above the electron energy of ground state in quantum well,
electrons are injected into quantum well from ohmic contact and a 2DEG will form, as
shown in figure 2.2 (b). A 2DHG will create when an enough negative voltage is applied
to take Fermi energy below the valence band, and below hole bound state energy in the

quantum well, see figure 2.2 (c).
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Figure 2.2 Band structure of an induced gas with assuming no surface state and
background doping. (a), unbiased condition; Fermi energy is at the midgap energy.
(b), positive voltage applied; Fermi energy is above the conduction band, a 2DEG
will form. (c), negative voltage applied; Fermi energy is below the valence band, a
2DHG will be induced.
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The ohmic contact and its relationship to the Schottky gate are decisive for
fabrication of induced gas. Making contact to the gate is trivial but making contact to the
channel while remaining isolation from the gate is very difficult. Figure 2.3 (a)
demonstrates the typical “spike” profile of a diffused ohmic contact, as it is often
assumed to be the case. In this case, there is separation between the ohmic contact and
channel under the gate the potential cannot be defined and so the 2D gas will not form.
However, if the diffusion profile can be developed as shown in the figure 2.2 (b) a 2D gas
can be induced.

(a)
Ohmic Undoped AlGaAs
contact Undoped GaAs

-]- 4'.. [« 'I l'
Ohmic Undoped AlGaAs

contact Undoped GaAs

Undoped AlGaAs

Undoped AlGaAs

Figure 2.3 The ohmic contact diffusion profile. (a), a standard diffusion profile is shown;
since this does not reach underneath the gate a 2D gas cannot be form. (b), the channel is
contacted under the gate and so a 2D gas should create.

2.2 Device design
2.2.1 Sample Structure

The layer structure used for lateral junction fabrication is that of a GaAs/AlGaAs
quantum well shown in figure 2.4. The sample was grown on a semi-insulating (100)
GaAs substrate by using a solid-source MBE system. A 400 nm Alg33Gags7AS was grown
on top of a 100 nm GaAs buffer layer, followed by a 10-period GaAs/Aly33Gags7As (3
nm/3 nm) superlattice. A 20 nm GaAs quantum well between two Alg 33Gag 67As barriers
was grown as the conductive channel of the device. Finally, the sample was capped with a
5 nm GaAs layer. All the layers were completely undoped. Here SL was grown in order
to improve device quality of the active layer, such as internal quantum effiency, high
carrier mobility [40-42]. These improvements have been attributed to the capture of
impurities, which could originate from either the substrate or from the AlGaAs epilayers,
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or to automatically smoothing effect by the growth of AlGaAs/GaAs superlattice [40, 43,
44].

5 nm GaAs

300 nm Aly 33 GaggrAs

20 nm GaAs QW

50 nm Al 33 Gag g A8

3 nm Al 33 Gag g As <10
3 nm GaAs

400 nm %.33 G’ﬂﬂﬁ?ﬂkﬂ

100 nm GaAs buffer

5.1 GaAs Substrate

Figure 2.4 Schematic diagram showing GaAs/AlGaAs quantum well
structure that was used to fabricate lateral p-i-n junctions.

2.2.2 Device design

The devices were fabricated in a completely undoped GaAs/AlGaAs quantum well which
is described above. There are two designs for lateral 2D p-i-n junction, as shown in figure
2.5. In principle, two gates will induce 2DEG and 2DHG side by side in the quantum well
under appropriate gate biases. Figure 2.5 (a) shows the schematic cross-section of the
single-gate device design. There are two isolated gate, p-gate and n-gate, in this design.
With a negative voltage applied on the p-gate and a positive voltage applied on the n-gate,
both 2DEG and 2DHG channels can be induced in the GaAs quantum well, so a lateral
2D p-i-n diode is formed. 2DEG and 2DHG are induced in the left and the right side of
the quantum well, respectively. The schematic cross-section of the twin-gate device

design is displayed in figure 2.5 (b). In the twin-gate devices, each gas (2DEG or 2DHG)
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is controlled by two gates, surface gate (SG) and top gate (TG). The top gates, which
overlap the source and the drain through the insulator spacer, control the carriers in the
channel regions next to the source and the drain without having a leakage path between
the gates and the ohmic contacts. Surface gate, which is very close to the channel; provide

a very good control for the carriers in the channel.
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(b) _—> n-1G p-TG <—_

Figure 2.5 Schematic diagram of a lateral 2D p-i-n junction. (a), single-gate
device. (b), twin-gate device.

2.3 Process Flow

The fabrication processing starts with sample cleaning, followed by wet etching to form
the photolithography markers and device isolation patterns. And then the ohmic contact
region was then defined and recessed down to the GaAs channel. Afterwards, the contact

metal was deposited by E-gun evaporation and annealed in nitrogen gas. It further moves
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on to explain the deposition of gate dielectric, formation of metal contacts and the
subsequent lift off processes. Here similarities in fabrication process of all designs of the
devices are highlighted. Finally, emphasis is given to explain the difference in design of
single and twin gate devices.

2.3.1 Mesa Isolation

The process flow explains the sequence of device fabrication. Mesa isolation is carried
out as the very first step after cleaning the substrate. In the Figure 2.6 (a) to (d) the
processes are illustrated. Here cleaning of the sample and resist spinning are shown in (a),
patterning of resist layer using mask aligner is presented in (b), wet etch of AlGaAs/GaAs
using H3PO4:H,0,:H,0 = 3:1:50 solution shown in (c). Here red color has been used for
positive photo-resist Az6112 and the white pattern represents developed resist layer as
shown in (b). Green layer is 20 nm-GaAs layer and gray layer is AIGAsAs layer. Finally
in (d) the resist layer is removed.

e Wet etched pattern \

Patterned photore31st

Figure 2.6 Mesa isolation process

Mesa isolation pattern

2.3.2 Contact Metallization and Thermal Diffusion

Contact’s metal deposition and diffusion are shown in figure 2.7. Here red color has been
used for positive photo-resist Az6112. After mesa isolation, sample was pattern for
selective p and n metal deposition in two separate steps. Each deposition processes (figure
(@) to (e) refer to p-type deposition and (f) to (k) refer to n-type deposition) was followed
by rapid thermal annealing in pure nitrogen gas to diffuse dopant into quantum well

channel. Here in figure 2.7 (k) the cross-section of device isolation patterns, p-type and n-

18



type metals regions are shown. The solid fill blue and purple colors are corresponding for

p- and n- metallization regions. These regions serve as p and n contacts of the diode.

Photoresist layer Photoresist layer

Patterned photoresist l lPatterned photoresist

Dry etched pattern Dry etched pattern

Pd/AuZn metallization Ni/Ge/Au/Ni metallization

Thermal annealed p-ohmic Thermal annealed n-ohmic

Figure 2.7 p-type and n-type contact metallization

2.3.3 Single-Gate Devices

Following the contact’s metallization process, a photosensitive polyimide insulator (SU-8
2000.5, HD Microsystems) was then coated and patterned on the surface and cured for 30
mins at 200 °C in nitrogen, which gave a thickness of about 350 nm, as shown in figure
2.8 (a) — (b). And then, the metal Ti/Au (20 nm/100 nm) was deposited on top of the
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polyimide layer to form the gate by E-gun evaporator, see figure 2.8 (c) — (g). Finally, the
sample was processed for lift-off in acetone (figure 2.8(f)). Here diagonal line pattern
area is illustrated for photosensitive polyimide. The dark yellow color has been used the
insulated gate.

Patterned Photoresist
Polyimide layer

Ti/Au metallization

Patterned Polyimide
\

Photoresist layer

Figure 2.8 Fabrication steps of single-gate devices

2.3.4 Twin-Gate Devices

The initial fabrication process for the twin-gate devices follows the same steps as
explained above up to the figure 2.7 (k). Recess surface gate processes are shown in
figure 2.9 (a) to (d). The recess depth is 150 nm. Figure 2.9 (e) to (f) and (g) to (i) are
illustrated fabrication process for polyimide insulator and top gate, respectively. These
processes are the same as for single-gate devices. It is to be note that one part of top gate
is overlap with ohmic contact and some other is overlap with surface gate, as shown in
figure 2.9 (i). Here diagonal line pattern area is also illustrated for photosensitive
polyimide. The top gates and surface gates both are presented by dark yellow color.
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Figure 2.9 Fabrication steps of the twin-gate devices

2.4 Fabrication Procedures

In the earlier sections, fabrication steps are described, whereas in this section details of

the processes and critical factors affecting the fabrication process are given.
2.4.1 Sample Cleaning

The surface cleaning of GaAs and other semiconductors involves two different aspects.

The first is the removal of contaminants, such as organic compounds and metal ions. The



second is the removal of the native oxide to expose the bare semiconductor for

subsequent processing such as metal contact deposition.

Device substrates require proper cleaning to remove contaminants and residues
from prior process steps. Dust particles may also get on to substrates because of the
sample cleaving process. There are always some organic vapors in the air of a clean room,
and a wafer that has been exposed to them for even a moderate amount of time can
become contaminated. Particulates can also arise as a result of certain fabrication
processes, e.g. wet etching, dry etching, or metallization. Improper cleaning during

fabrication processes may result in unwanted residue for the following fabrication step.

Substrate cleaning is performed using cleaning solutions i.e. acetone and
isopropanol alcohol (IPA) in a proper order. Initially, the sample is soaked in acetone to
remove oil and grease particles. As acetone has a very high evaporation rate, so the
substrate might be left with a layer of contaminated acetone and therefore it requires a
rinse in IPA, which is a powerful solvent for contaminated acetone. During each cleaning
step, the sample is placed in a cleaning solvent such as acetone; in an ultrasonic bath for
three minutes. Finally the substrate is rinsed in D.l water and is dried with a stream of

nitrogen gas.

All the 111-V semiconductors are readily oxidized by atmospheric oxygen, so the
surface of GaAs and other compound semiconductors that have been exposed to air will
be covered by a thin layer of native oxide. This is typically of the order of 1-2 nm after
long-term air exposure. Immersion in either acidic or basic dilute solutions will dissolve
the native oxide. In our some processes such as surface gate, ohmic contact fabrication,
addition cleaning step is required to remove native oxide. The sample is dipped in an 1:10
HCI:H,0 solution in 30s to remove the oxide layer. The HCI/H,O solution will also assist
in the removal of organic and metallic impurities. So it also helps to improve the sample

surface quality for subsequent processing.

2.4.2 Photolithography

Photolithography is the process of transferring geometric shapes on a mask to a light-
sensitive chemical, called photoresist, on the surface of a wafer. The tone of the photo-

resist may be either positive or negative. Use of the photo-resist mainly depends upon the
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mask used to transfer the pattern and the limitation of the fabrication process.
Furthermore, positive and negative photo-resists are used for dark field and light field
masks, respectively. During the fabrication of these devices, we use Az 6112 and Az
5214E photoresist. Az 6112 is positive photoresist, so it is suitable for dry etch process.
Az 5214E has image reversal capability, thus it is suitable for processes that require lift-
off.

* Positive photoresist

In positive photoresist, exposure to the UV light changes the chemical structure of the
photoresist so that it becomes more soluble in the developer. Therefore, exposed resist is

washed away in developer solution and unexposed resist remains on the wafer.
* Negative photoresist

In contracts to positive photoresist, exposure to the UV light causes the negative resist to
become polymerized, and more difficult to dissolve. As a result, exposed resist stays and
the rest of the resist get dissolved in the developer solution. Figure 2.10 Shows

development of positive and negative photoresists.
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Figure 2.10 Development of positive and negative photoresist

* Photolithography process



A typical photolithography process consists of resist coating, mask alignment, exposure,

and development.

- Resist coating: The wafer is covered with photoresist by spin coater. A viscous,
liquid solution of photoresist is dispensed onto the wafer, and the wafer is spun rapidly to
produce a uniformly thick layer. Thickness of the thin resist layer is a function of spin
speed [ ].

- Mask alignment and exposure: Device fabrication involves multiple photolithography
exposures. Therefore, alignment accuracy is important parameter for photolithography.
Alignment markers are used to expose the mask pattern exactly over the substrate pattern.
One the mask pattern is aligned to the substrate design, the photoresist is exposed to high
intensity UV light for a specific time.

- Development: After exposure to UV light, sample was dipped in developer solution in

a particular time.

In our processes, we used both negative (Az 5214E) and positive (AZ 6112)
photoresist. The photolithography process of Az 5214E is as follows:

- Resist coating: a small amount of Az 5214E is applied on sample surface. Substrate is
rotated at 1000 rpm in 10 s and then at 6000 rpm in 45 s.

- Hard bake: sample is baked at 90 °C in 90 s. Thickness of the photoresist layer after
baking is about 1300 nm.

- Exposure: After mask alignment, sample is exposed for 2.8 s.

- Reversal bake: 120 seconds at 120 °C in nitrogen-flow oven. This is the most critical
step.

- Flood exposure: 120 seconds

- Development: Sample is dipped in Az300 developer solution for 40 s, and then rinsed
in D. I. water in 2 minutes.

- Post bake: sample is baked at 120 °C in 120 seconds. This step is optional. The post
bake solidifies the remaining photoresist, to make a more durable protecting layer in
future processes such as, wet etch, dry etch. It also improves adhesion of the photoresist

to the wafer surface, this will reduce undercut in wet etching.
The photolithography process of Az 6112 is as follows:

- Resist coating: Substrate is rotated at 1000 rpm in 10 s and then at 6000 rpm in 45 s.
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- Hard bake: sample is baked at 90 °C in 90 seconds. Thickness of the photoresist layer
after baking is about 1200 nm.

- Exposure: After mask alignment, sample is exposed for 2.4 s.

- Post exposure bake: 90 °C in 60 seconds.

- Development: Sample is dipped in Az300 developer solution for 40 s, and then rinsed
in D. I. water in 2 minutes.

- Post bake: sample is baked at 90 °C in 90s. This step is also optional, as the case of
Az5214E photoresist.

2.4.3 Wet Etching and Dry Etching

Since most of Il1-V devices require the exposure of buried layers for metal contact
formation and/or the formation of mesa isolation, etching will always be a critical part of

their fabrication. There are two etching methods: wet etch and dry etch.

Wet etching is a material removal process that uses liquid chemicals or etchants to
remove materials from a wafer. The specific patterns are defined by masks on the wafer.
Materials that are not protected by the masks are etched away by liquid chemicals. The
mechanism for most of wet etching of GaAs is the oxidation of surface to form Ga and As

oxides, and then these oxides are dissolved by liquid chemicals with bases or acids [45].

In dry etching, plasmas or etchant gasses remove the substrate material. The
reaction that takes place can be done utilizing high kinetic energy of particle beams,
chemical reaction or a combination of both [45]. Both approaches have their own

advantages and disadvantages. Table 2 shows the comparison of wet and dry etching.

Table 2.1 Comparison between wet and dry etching

Wet etching Dry etching

) ) lon Bombardment or
Method Chemical solutions ) )
Chemical reactive

Environment
and Atmosphere, bath Vacuum Chamber

Equipment
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- Low cost, easy to implement | G4 dimensional control

- No surface electric damage  |. Excellent profile control:
Advantages

Many chemistry choices vertical to controlled angle
- Good selectivity for most

materials

- lon-induced surface damage

- Limited dimensional control _ Limit number of chemistries

- Potential of chemical . . .
- Resist erosion can limit
depth

- Hazardous reactant gases

Disadvantages handling hazards
- Wafer contaminations issues

- Vertical profile hard to get - Expensive hardware

- Isotropic

Directionality (Except for etching anisotropic

Crystalline materials)

In mesa isolation process and surface gate recess etching, wet etching was used.
To shadow etch AlGaAs and GaAs, the phosphoric acid family of etchants are prefer
because they product smooth surfaces and can provide control of etch depths at level of
tens of angstroms [46]. In addition, a good non-selective etch for AlGaAs is
H3P0O,4:H,02:H,0 with a 3:1:50 ratio. This chemistry etchs AlGaAs and GaAs at nearly
equal rates of approximately 1.8 nm/s. It is important to note that etching solution can
change composition with passage of time, with a resulting change in their associated etch
rates. In general, etching rate reduces with time. In H3PO4:H,0,:H,0 system, etching rate
varies if the solution is used too soon after it is mixed. After thermal equilibrium (around
one hour), no change in etch rate is observed in next one week [45]. To reproducible

process, it needs to note the age of the solution.

Fabrication of the ohmic contact is the critical step in our processes. Our device
structure is totally undoped, so ohmic dopant need to lateral diffuse into channel to form
self-align structure, as have explained above. Therefore controlling etching profile of the
ohmic contact is important. To get vertical sidewall profile, dry etching was used. Dry
etch processes can provide excellent profile control. The energetic ion bombardment

increases the etch rate on the exposed surface relative to those regions protected by the
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mask, so vertical sidewalls with negligible undercutting are readily achieved. But in dry
etching, the ion bombardment so essential to achieve this advantage simultaneously
damages the near-surface region of wafer. To reduce degradation of electronic properties,
we use an inductively coupled plasma (ICP) RIE system. This system uses two separate
power supplies with one (ICP power) generating the plasma and the second one providing

the RF power that controls the ion bombardment energy.

The ICP-RIE system provides semi-independent control of the plasma chemical
species, both ions and neutrals, and the energy with which the ions hit the wafer surface.
Control over damage can be achieved by low ion energy (i.e., low RF power). Our dry

etch process was done as follow:

- Sample with pattern photoresist on the surface was dipped in 1:10 HCI:H,O solution
in 30 s to remove oxide layer on sample’s surface.

- Sample was loaded into reaction chamber via a load locker chamber.

- Sample surface was treated by Oxygen plasma in 5 s at 20 mTorr background
chamber pressure and RF power of 60 W to remove residual photoresist.

- GaAs/AlGaAs etching process was performed in chamber with SiCls:Ar gas mixture
in the ratio of 24:4 standard cm® per minute (sccm), RF power of 30 W, ICP power of 350
W. The entire process was carried out at 1.5 mTorr background chamber pressure.

Standard etching rate for this receipt is 6.6 nm per second.

It is worth to note that remove of surface oxide layer will improve repeatable
factor for dry etching, especially in shadow etch such as our case. And oxygen plasma
treatment will make etched surface smoother, particularly in the edge of photoresist
pattern. Figure 2.11 shows comparison between dry etch with and without oxygen plasma
treatment. Scanning electron micrograph of samples before and after dry etch without
oxygen plasma treatment are shown in figure 2.11 (a) and (b). We can clearly see in the
figure 2.11 (a) that residual photoresist still remain between photoresist mask and
exposure region. These photoresist cause surface roughness on sample after dry etch, as
shown in figure 2.11 (b). This may further produces spikes in ohmic metal and then
leakage between ohmic contact and top gate occurs. In the contract, with oxygen plasma

treatment sample surface become clean and smooth, as shown in figure 2.11 (c) and (d).
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20.0kV  X20,000 17m SEI 200KV X16,000 14m WD 128mm

SEI 250KV X37000 100nm 2.9mm SEI 250KV X18000 1/m WD 128mm

Figure 2.11 Comparison of dry etching with and without O, plasma treatment

2.4.4 Ohmic Contact Metallization

Metals and semiconductors come into close contact, and physical or chemical bonds are
formed at an interface between them. Such contacts are of two generic types, Schottky
and ohmic. Ohmic contacts are those that follow Ohm’s law that current increases linearly
with applied voltage. Therefore, in ohmic contacts a low barrier to current conduction
exists at the metal/semiconductor interface. Almost metal/semiconductor interfaces have
barriers to mobile carrier. The key to making an ohmic contact is to design these barriers
to be low enough that current can cross the interface by thermionic emission or to be
narrow enough that current can cross the interface by field emission.

Most of the n-ohmic contact to GaAs seems to follow the broad outlines of
general mechanism. The metallurgy of n-ohmic contact formation to GaAs will include
some or all following steps [45]:

- An element of the contact reacts with the GaAs native oxide.
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- An element of the contact reacts with GaAs at low temperature to form a X-GaAs
complex.

- An element of contact diffuses into GaAs mediated by defects creates in step 2 and
dopes GaAs.

- An element of the contact diffuses into GaAs and forms a low bandgap semiconductor
phase.

- Ga outdiffuses from the contact and reacts, usually with Au.

- Elements of the contact react and form their thermodynamically preferred compounds.

- As diffuses from the GaAs to the contact surface where it vaporizes or resides.

GaAs/Ge/Au/Ni is the most common used contact and is n-type ohmic contact. As
describe above, first the Ni reacts with the native oxide. Because the native oxide may
vary unrepeatably due to variation in processing, therefore contact with the Ni will
improve contact morphology. And the Ni also forms intermediate complexes with GaAs.
The important role of intermediate complexes is to disturb the crystal lattice to make way
for diffusion of other atoms and further reactions. The Ge is diffused into GaAs and acts
as dopant. Normally, diffusion of dopants such as Ge into the GaAs requires a
subtitutional-interstitial mechanism where the Ge can diffuse along interstitial sites until
it finds a vacancy in the GaAs lattice. This type of mechanism has high activation energy
and normally occurs at temperatures of 600°C and above. In a GaAs ohmic contact, the
diffusion process is thought to take place at much lower temperatures because of the
driving forces of the Ni-GaAs complex formation and the driving force of the next
reaction which further disturbs the crystal lattice. The diffusion of Ge into GaAs can

occur at temperature between 100°C and 400°C.

The metallurgical reactions shown above are mostly applicable to p-type contacts
and mainly need to be modified by the choice of elements needed for doping the GaAs.
GaAs/AuZn [47] is one of the most commonly utilized p-type contacts. In this contact,
the Au provides the role of a lattice disrupting element. No surface oxide reacting element
is present, so the methods of surface preparation are critical. The Zn takes a role as p-type
dopant in GaAs.

In fabricating device, ohmic metal is deposited by E-gun evaporator at vacuum
pressure 2*10°° mTorr. This machine works with electron beam sources, to vaporize the
metal. After dry etching, sample was dipped in 1:10 HCL:H,O solution to clean sample’s

surface and remove oxide layer. And then samples were loaded into E-gun evaporator
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immediately. The metallization receipt for p-type contact was Pd (40 nm) / AuZn (120
nm). The Pd not only increases adhesion of contact on GaAs surface but also improve
contact’s morphology. The metallization receipt for n-type contact was Ni (5 nm) / Ge
(70 nm) / Au (70 nm) / Ni (35 nm). The thin Ni layer is deposited first to improve surface
smoothness [45, 48]. It is worth to note that deposition rate should keep stable at
reasonable rate. If the rate is too high, surface morphology of contact metal will become
bad. This will lead to high leakage current between the contact and gate. If the rate is too

low, photoresist will expose in metal vapor too long. It will be difficult to properly lift-off.

2.4.5 Lift-off and Thermal Annealing

Lift-off is a process to remove unwanted metal after metal deposition. Lift-off is normally
done by placing the sample in acetone for 20-30 minutes, the pattern photoresist is
dissolved, and then unwanted metal is wept away. In our ohmic contact process, it is
required no undercut in photoresist. Positive photoresist was used. It is possible that some
unwanted metal still remain in the edge photoresist, so spikes may occur at the edge of
metal contact after normal lift-off process. Therefore, the sample is placed in acetone in

an ultrasonic bath for 1 minute after lift-off process to remove any possible spikes.

Samples were annealed afterward in Nitrogen gas. Figure 2.12 shows annealing
profile for the ohmic. Temperature rising time is 20 seconds. p-type and n-type ohmic
contacts were annealed at 420 °C and 450 °C for 2 minutes, respectively. Heater is turned

off afterward. Temperature of sample slowly decreases to the room temperature.

F 3

420 for p
450 forn

T[C]

L

20 time [5] 140

Figure 2.12 Thermal annealing ohmic contact program

30



Here, p-type ohmic was annealed before any further processes. This will improve
yield of p-type ohmic contact. It also worth to note that sample were annealed
immediately after n-type metal lift-off since any delay can lead to oxidization of the
exposed Ni layer which form a rough, black deposit around the edge of the ohmic and

lead to leakage.

2.4.6 Dielectric Layer Deposition

Photosensitive polyimide, Su-8 2000.5 [49], were used as an insulator layer in our devices.
Su-8 2000.5 is a high contrast, epoxy based photoresist. And it is negative photoresist.
Physical properties of the polyimide [49] is shown in the below table.

Table 2.2 Physical properties of polyimide

Adhesion Strength (mPa) Silicon/Glass/Glass & HMDS 38/35/35
Glass Transition Temperature (Tg °C), tan 0 peak 210
Thermal Stability (°C @ 5% wt. loss) 315
Thermal Conductivity (W/mK) 0.3
Coefficient of Thermal Expansion (CTE ppm) 52
Tensile Strength (Mpa) 60
Elongation at break (gb %) 6.5
Young’s Modulus (Gpa) 2.0
Dielectric Constant @ 10MHz 3.2
Water Absorption (% 85°C/85 RH) 0.65

The polyimide process is very sensitive to humidity. Therefore, the process should
be done at low humidity (below 50%). If not, polyimide does not properly form
continuous film. This will result in leakage current between gates and ohmic contacts.

Polyimide deposition and pattern processes were done as follows:

- Resist coating: Substrate is rotated at 500 rpm in 10 s and then at 3000 rpm in 40 s.
- Hard bake: sample is baked at 90°C in 60 s. Thickness of the photoresist layer after
baking is about 500 nm.

- Exposure: After mask alignment, sample is exposed for 5 s.
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- Post exposure bake: 90°C in 90 s.
- Development: Sample is dipped in SU-8 developer solution for 45 s, and then dipped
in isopropyl alcohol (IPA) in 10 s.

Su-8 2000.5 has good mechanical properties. However, our devices need to be
cooled down to low temperature. Therefore, after polyimide patterning curing process
(hard bake) was done. The hard bake step is also useful for annealing any surface cracks
that may be evident after development. Sample was loaded into a furnace where Nitrogen
gas continuously flows. Figure 2.13 shows polyimide curing program. To reduce
possibility of bubble in polyimide and crack in metal/polyimide interface, temperature of
the furnace increased with low rate of 1 °C/min. And then the furnace temperature
remained at 200 °C in 30 mins. Afterward temperature will decrease with rate of 1 °C/min.
Final thickness of polyimide layer is approximately 350 nm.

200 f---

30 mins

i
L

L1, 19%/min

L 4

time [s]

Figure 2.13 Polyimide curing program

2.4.7 Gate Metallization
* Surface gate (Schottky contact)

Schottky contact is the term used to describe metal/semiconductor interfaces that display
rectifying or diode-like behaviour. In our twin-gate devices, we use recessed-gate

structure. Fabrication of the recessed-gate was processed as follows:

- AZ 5214E was deposited and patterned on wafer surface.
- Prior to the recess etch, a surface treatment was done: sample is placed in oxygen

plasma for 5 s to remove monolayers or less of organic material that remains after the
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resist development process. And then sample was dipped into 1:10 HCI:H,O for 30 s
to remove oxide layer. The surface treatment will make the GaAs surface to wet with
chemical etchant promptly, to start the etching without any time delay and to etch at
the rate expected without roughening. Therefore, etched surface will be smooth; this is
good for subsequent processes.

- Sample was etched down 150 nm by 1:3:50 H,0,:H3PO4:H,0 solution. As a result,
the channel is 150 nm below the surface.

- Sample is immediately loaded into E-gun evaporator chamber. 20 nm/80 nm Ti/Au
was afterward deposited.

- Lift-off process.
* Top gate

Top gate metal of 20 nm/100 nm Ti/Au was also deposited by E-gun evaporator. It should
be noted that oxygen plasma treatment to remove residual resist cannot be done, because
oxygen plasma will etch polyimide. Therefore, development time of resist was added 10s

to make the surface cleaner.
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Chapter 3

Single-Gate Devices

In this chapter two-dimensional lateral p-i-n junction devices with single-gate design are
described. These devices were based on MIS-architecture. Mask design is described,
followed by a description of the device’s electrical and optoelectronic properties
including current-voltage (I-V) characteristics, optical characteristics. In the end of this

chapter, we will discuss about yield and failure reasons of fabrication of the devices.

3. 1 Mask Design

Mask design for single-gate device is shown in figure 3.1. The figure 3.1(b) is an enlarge
center region of the device. Mesa isolation etching is in white color. Purple and green
colors present for n-type and p-type ohmic pads, respectively. Gate pads are in dark
yellow color. The distance between two gates is 5.0 um. The length of both gates is 120
pum, and the width is 7.5 um. Part of the gate overlaps with ohmic contact with polyimide

in-between.

(b)

{ P-contact

. N-contact

Figure 3.1 Mask design for single-gate devices
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3. 2 Principle of Device Operation

The top view of a finished device is shown in figure 3.2 (a). The upper half is the p-
channel device and the lower half is the n-channel device. The fabricated device has a
length of 120 um and a width of 7.5 um for both 2DEG and 2DHG channels. The spacing
between the n-gate and the p-gate, that is the length of i region, is 5 um. Unlike in &-
doped structures, in induced devices the 2D gas only forms when a threshold inducing
voltage in reached electrons/holes are pulled from the n/p type ohmic contacts by a biased
gate in a principle analogous to that of enhancement mode MOSFETSs. With a negative
(positive) voltage applied on the p-gate (n-gate) of the p-channel (n-channel) device, the
2D hole (electron) gases in the p-channel (n-channel) can be electrically induced. By
measuring the conductance between the two p-ohmic (n-ohmic) contacts, we can
determine the threshold voltage of the p-channel (n-channel) devices. Figure 3.2 (b)
shows the schematic cross-section of device. 2DEG and 2DHG are induced in the left and

the right side of the quantum well, respectively.
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N\ iBS Cap ;

Figure 3.2 (a) Optical microscopy image of the finished devices, (b) schematic
cross-section of the devices

The schematic energy band diagram at equilibrium along the channel of the 2D p-
i-n diode is shown in figure 3.3. E1, (dark yellow dashed line) and E1, (purple dashed line)
are the ground state energies for the electrons and holes, respectively, Er is the Fermi
level in the quantum well, and Egq is the GaAs band gap. Using an infinitely deep quantum
well approximation, the built-in voltage Vy,; of the lateral p-n junction is given by [50].

Th%Ngp n Th?Nsy, , m2h? muy+my,

eVbi = Eg + (31)

my, mpy 2d? mpymyy,’

where Ng, and Ns, are the area densities of electrons and holes in the 2DEG and 2DHG,
respectively, d is the width of the quantum well, and m, and m, are the effective electron
and hole masses, respectively. Ns, and Ng, are functions of gate voltage. In a
GaAs/AlGaAs quantum well (m, = 0.067 mo, m, = 0.48 my, and Eg = 1.515 eV at 1.5 K),
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we can approximate Ny, = Ng, = 10™* cm™ With the quantum well width d = 20 nm, the
built-in voltage is estimated to be Vy,; = 1.535 V at 77 K. The built-in potential eVy; of the

lateral 2D junction is larger than the band gap Eg.

E
' 2DEG-region 1-region 2DHG-region

Figure 3.3 Schematic energy band diagram at equilibrium along the channel of
the 2D p-i-n diode. Ei, (dark yellow dashed line) and E;, (purple dashed line)
are ground state of electron and hole, respectively.

3.3 Electrical Characteristics
3.3.1 Single Channel

To create a lateral 2D p-i-n junction, 2DEG and 2DHG have to be induced in the same
device. Therefore, firstly we have to investigate the induced condition for one channel.
Single channel is a MIS-structure. But the sample is totally undoped, so normally no
carrier in the channel. By increasing gate bias (more positive for n-channel and more
negative for p-channel), Fermi level of channel will shift into conduction band (for n-
channel) or valence band for p-channel.

The device was mounted on a ceramic holder and wire-bonded, and then placed in
a low-temperature tank for electrical measurement. The device was cooling in the dark.
The schematic of the measurement setup for the 2DEG channel is shows in the inset of
figure 3.4. Current-voltage (I-V) characteristics of devices were measured with a Keithley
2602A Dual-channel System SourceMeter Instrument. In figure 3.4, we show the drain
current versus gate voltage curve for the n-channel device measured at 77 K and the

drain-source voltage Vg of 200 mV. The n-channel device turned on at a threshold
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voltage of +3.5 V. To ensure that the insulator layer is working well, the gate current Igy,

was monitored at the same time. The leakage current Ig, is less than 1.5 nA up to 4.0 V,

see the figure 3.4.
2.1 | 80
J II -
1.8} Van _l,_ Ve 470

an

Figure 3.4 Current — voltage characteristics of 2DEG at temperature of 77 K and
bias of Vgs = 200 mV between n-drain and n-source. The solid line is the drain
current and the dashed line is the gate leakage current. The inset shows a schematic
diagram of the measurement setup for the 2DEG channel.

Similarly, the electrical characteristics of the p-channel device were measured
with a negative gate bias. The schematic of the measurement setup for the 2DHG channel
is shows in the inset of figure 3.5. The drain versus gate voltage of the p-channel is shown
in figure 3.5. The threshold voltage of the p-channel device is about -1.25 V. The gate
leakage current Iq, was less than 1.5 nA with the bias up to -2 V. Because of the presence
of negative charges on the GaAs/polyimide interface [51, 52], the threshold voltage of the
n-channel and p-channel shifts towards more positive values. Therefore, the threshold of
the p-channel is smaller than that of the n-channel. In fact, the threshold voltages of the p-
and n-device depend on the measurement condition, because the interface charges change

over long periods and when the device is illuminated.
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Figure 3.5 Current — voltage characteristics of 2DHG at temperature of 77 K and
bias of Vg = 200 mV between p-drain and p-source. The solid line is the drain
current and the dashed line is the gate leakage current. The inset shows a schematic
diagram of the measurement setup for the 2DHG channel.

3.3.2 Current — Voltage Characteristics of the Single-Gate Diode

By biasing the n- and p-channel devices above their threshold voltages, the electrical
characteristics of the p-i-n device were then measured with the setup schematically shown
in the inset of the figure 3.6. The measurement was carried out at 1.5 K in a helium
continuous-flow cryostat. The gate voltage of the p-channel device Vg, was set at -3 V
and that of the n-channel device Vg, at +5 V. The current flows between the p-channel
and the n-channel Iy, was measured as a function of the voltage applied between the p and
n ohmic contacts V. In the measurement setup, the gate voltages for the N channel were
measured relative to the source (the ohmic contact on the left), and the voltage of the P
gates were measured relative to the drain (the ohmic contact on the right). So with this
setup, the channel condition for both the N channel and the P channel remains the same

when Vp, is changed. Note that the current I,y in figure 3.6 was plotted both in the linear
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and logarithmic scales for clarity. One can see clearly the rectifying behavior with a turn-
on voltage of 1.53 V. This is in agreement with the theoretical calculation of the built-in
voltage Vi = 1.535 V [50]. The turn-on voltage of the p-i-n diode, however, slightly
depends on the gate voltage applied to the n-gate and the p-gate. From the band energy
diagram in figure 3.3 and the built-in voltage Vy,; (shown above), we can see that the turn-
on voltage is approximately at the band gap energy and depends on the carrier densities in
2DEG and 2DHG. The higher the gate bias (positive for the n gate and negative for the p
gate) is, the higher the built-in potential is and, therefore, the higher the turn-on voltage is.
The current of the diode can go up to hundreds of pA. In the reverse bias, the leakage

current is below 1 nA up to -2 V.
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Figure 3.6 Current — voltage characteristics of the lateral 2D p-i-n diode at
temperature of 1.5 K with p-gate and n-gate biasing at Vg, = -3 V and Vg, = +5 V,
respectively. Vpn is the operation voltage of the diode. The inset shows a schematic
diagram of the measurement setup for the lateral 2D p-i-n junction.
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3.4 Optical Characteristics

The electroluminescence (EL) emission of the p-i-n diode measured at 1.5 K is shown in
figure 3.7. The device was measured under gate voltages of Vg, =7 V and Vg, = -7 V,
and a forward current 1, = 200 pA. There are two peaks in the EL spectra. The peak at
1.529 eV (811 nm) with the full-width at half-maximum of 4.4 meV is, we believe, from
the ground state emission of the 20 nm GaAs/AlGaAs quantum well. The results are in
good agreement with the theoretical calculation. Using the infinite-well approximation,
the ground state of electrons in the quantum well E;, = 0.014 eV and the ground state of
holes in the quantum well E;, = 0.002 eV. Otherwise, the band gap energy of GaAs at 1.5
Kis 1.517 eV. Therefore, the energy of ground state excitons of the quantum well can be
estimated to be approximately 1.533 eV (809 nm). The small peak at 831 nm is probably
from the acceptor level in the quantum well. The positions of the peaks are independent
of the diode current. The electroluminescence emission spectra of our devices are stable
and much cleaner than those of previously reported lateral 2D junctions [4, 7, 27, 53]

which is important for using the device for further studies and applications.
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Figure3.7 Electroluminescence spectra of the lateral 2D p-i-n diode at temperature of
1.5 K with p-gate and n-gate biasing at Vg, = -7 V and Vg, = +7 V, respectively, and
a forward current 1, = 200 pA.

Furthermore, to confirm that the light was indeed emitted from the 2D p-i-n junction,
EL intensities were measured as a function of position with a spatial resolution of 10 pm.
The device was inserted into the micro-photoluminescence (p-PL) system, which is
shown in figure 3.8. The stage can be controlled by using a Newport Universal Motion
Controller ESP 300 with a step resolution of 0.5 um. Thus, a spectrum of the diode is
captured by Princeton camera ST-133 for each position of the device. All system was

controlled automatically by labview program.
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Figure 3.9 shows the contour plot of the integrated spectral intensity versus position.
The scanned area is 225 x 30 pm?. The device was measured with I, = 100 pA, Vg, = -5
V, and Vg, = +5 V at 77 K. From the result, one can clearly see that the emitted light is
indeed from the junction area (in the middle between the dashed guide lines), but close to
the two sides of the device. The reason for such distribution is because the lowest
resistive path is near the two sides. Additionally, the emitted light coming from the right
corner is much stronger than that coming from the left corner. This is possibly attributed
to the asymmetric gate geometry [see figure 3.2 (a)] and the resistance difference of the

ohmic contacts.
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Figure 3.9 Contour plot of integrated spectrum intensity at temperature T = 77 K,
gate bias Vg = -5V, Vg = +5 V and forward current I, = 100 pA.

3.5 The Yield of n-channel and p-channel

The yield of the induced 2DEG and the induced 2DHG are approximately 60% and 80%,
respectively. The yield of the induced 2DHG is higher than that of the induced 2DEG.
This is possibly due to p-type ohmic contacts are smoother than n-type ohmic contacts. In
addition, AuZn/GaAs contact lacks the low-temperature lattice disrupting constituents
common to n-type GaAs contacts [45]. There are several main causes of failure. One of
these is leakage. The most common leakage is between the gate metal and the ohmic
contact. This leakage occurs as soon as any voltage is applied. There is a main reason that
lead to this leakage: spikes in the ohmic contact surface. To reduce possibility of spikes,

ohmic metal deposition should keep stable at a reasonable rate, and lift-off and thermal

44



annealing processes should immediately done after sample was unloaded from the

chamber.

Another reason for failure of the device can occur during processing of polyimide
layer. This process is sensitive to humidity. The first and most obvious of these is that
under high humidity conditions the polyimide does not form a continuous film on the
sample. This problem has been improved somewhat by the addition of several steps to
reduce the humidity locally. Between each processing step the samples are kept in a
vacuum box with silica gel. Another problem, possibly occurred in curing of polyimide, is
crack on the polyimide surface. Therefore, we should keep temperature increasing and

decreasing rate during curing low.

A third reason for failure is ohmic contact recess. As has been explained above,
the diffusion profile for the ohmic contact is critical. To induced 2DEG or 2DHG,
diffusion profile has to well extend into quantum well. Therefore, recess etched depth
should be down to quantum well. In Our sample (quantum well is 305 nm below the

surface), if etching depth is above or 40 nm below the quantum well, 2D gas cannot form.

A fourth reason for failure, involved with the measurement of these devices,
should be mentioned. It should be appreciated that the measurement of these devices is
different from that of doped samples in several ways. The first is that a gate voltage will
always have to be applied to induce a 2D gas. Also the voltage required to form a 2D gas
are far in excess of voltages typically used on doped gas. Therefore it has been found that
the devices appear to have leakage problems when in fact it is the electrical contacts to
the devices, via the probe, that are at fault. The devices should also be cooled in the dark.

This prevents the devices from turning on, possibly due to charging effects.

3.6 Disadvantages of Single-Gate Structure

We have developed a relatively simple method to fabricate high-quality lateral 2D p-i-n
junctions. By using the MIS structure, 2DEG and 2DHG can be induced side by side in a
completely undoped GaAs/AlGaAs quantum well. Our results show that the device is
promising for applications in SAW-driven single-photon sources and probing the intrinsic
spin Hall effect in low-dimensional systems by optical means. However, the gate control

of the carriers in the quantum well is not very efficient because of the distant gate from
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the channel. As a result, the two top gates on the insulator could not be put too close to
each other. This directly affects the carrier recombination in the i region. To solve this
problem, we developed the present twin-gate structure, whose cross-section was shown in
figure 2.5 (b) of the previous chapter. The surface gates provide a very good control for
the carriers in the channel and at the same time can be put very close to each other. The
top gates, which overlap the source and the drain through the insulator spacer, control the
carriers in the channel regions next to the source and the drain without having a leakage
path between the gates and the ohmic contacts. The characteristics of the devices will be

reported in the next chapter.
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Chapter 4

Twin-Gate Devices

In this chapter two-dimensional lateral p-i-n junction devices with twin-gate design are
described. These devices were based on MIS-architecture hybrid with Schottky-gate
structure. Mask design is described, followed by a description of the device’s electrical
and optoelectronic properties including current-voltage (I-V) characteristics, optical

characteristics.

4.1 Mask Design

Figure 4.1 shows the mask design for twin-gate devices. The figure 4.1 (b) is an enlarged
center region of the device. Mesa isolation etching is in white color. Purple and green
colors present for n-type and p-type ohmic pads, respectively. Top gate metal is in dark
yellow color. Two n-type ohmic contacts are in purple color and two p-type ohmic
contacts are in green color. Surface gate metal is in blue color. The polyimide layer has
two rectangular holes at two sides of polyimide layer to make pad contact to surface gate.
The distance between two surface gates is 2.0 um. The length of the surface gate is 10 um,
and the width is 7.5 um. Top gate (TG) overlaps part of the surface gate (SG) and part of

ohmic contacts with polyimide in-between.
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Figure 4.1 Mask design for twin-gate devices

In the previous chapter, we have discussed a lateral p-i-n diode using a single-
gated MIS structure. But the gate control of the carriers in the quantum well is not very
efficient because of the distant gate from the channel. As a result, the two top gates on the
insulator could not be put too close to each other. This directly affects the carrier
recombination in the i region. To solve this problem, we developed the present twin gate
structure, which was first introduced by Harrell et al. [39]. The surface gates provide a
very good control for the carriers in the channel and at the same time can be put very
close to each other. The top gates, which overlap the source and the drain through the
insulator spacer, control the carriers in the channel regions next to the source and the

drain without having a leakage path between the gates and the ohmic contacts.

4.2 Principle of Device Operation

Figure 4.2 (a) shows the schematic cross-section of device. Recessed surface gates are
fabricated on AlGaAs and at the distance 150 nm from GaAs quantum well channel.
2DEG and 2DHG are induced in the left and the right side of the quantum well under

appropriate gate biases, respectively. The top view of a finished device is shown in figure
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4.2 (b). The upper half is the p-channel device and the lower half is the n-channel device.
The fabricated device has a length of 10 um and a width of 7.5 um for both 2DEG and
2DHG channels. The distance between the n-SG and the p-SG, that is the length of i

region, is 2 um. Dark blue is polyimide. The devices are normally off because the epitaxy
layers are totally undoped.
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\

+

Figure 4.2 (a) Schematic cross-section of the devices. (b) Optical microscopy
image of the finished device.

In our device layout, the n-SG and the p-SG are placed side by side with 2 pum
spacing; see figure 4.1(b). With a negative voltage applied on the p-gates (SG and TG)
and a positive voltage applied on the n-gates (SG and TG), both 2DHG and 2DEG
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channels can be induced in the GaAs quantum well, so a lateral 2-D p-i-n diode is created.

The operation of the devices is almost the same as the operation of the single-gate devices.

4.3 Electrical Characteristics
4.3.1 Single Channel

The device was mounted on a ceramic holder and wire-bonded, and then placed in a
helium continuous-flow cryostat for electrical measurement. The device was cooled down
to 4 K in the dark. The schematic of the measurement setup for the 2DHG and 2DHG
channel is shows in figure 4.3. This setup is similar to that used for the single-gate
devices with addition of a voltage source for surface gate. Current-voltage (I-V)
characteristics of devices were measured with a Keithley 2602A Dual-channel System

SourceMeter Instrument.

T Ve + V.

I — |
e

=
\ Insulator

N

Figure 4.3 The schematic of the measurement setup for the 2DHG and 2DHG
channel. Vig (VPigor Vg in text) and Vsg (VPsg0r V' in text) are top gate and
surface biases, respectively.

Figure 4.4 shows the drain current versus p-TG voltage (denoted as V*y,) curve for
the p-channel with the drain-source (two p-type Ohmic contacts) voltage, Vg, set at 500
mV. The two different curves correspond to two different p-SG voltages of -0.4 V and -
0.6 V. The p-TG threshold voltage is -0.8 V, which stays constant for the two p-SG
voltages. The transconductance is higher for VP, = -0.6V as expected because more
carriers are induced in the channel. The same measurements were performed for n-

channel of the devices. The inset of figure 4.4 shows the drain current versus n-TG
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voltage curve of the n-channel with n-SG voltage V"sy = 0.9 V and the drain-source (two
n-type Ohmic contacts) voltage Vg¢s of 500 mV. The threshold voltage of the n-TG is 3.2
V. The higher threshold voltage of the n-channel is probably due to the surface state
pinning at the insulator/semiconductor interface [18].
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— Vi =-06V
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Figure 4.5 Current — voltage characteristics of 2DEG and 2DHG with bias between
two Ohmic Vg4s = 500 mV at temperature of 4 K. Current — TG voltage characteristics
of 2DHG with different SG voltages, -0.4 V (dashed line) and -0.6 V (solid line). The
inset shows current — TG voltage characteristics of 2DEG.

Figure 4.5 shows the drain current versus p-SG voltage VP, for the p-channel at
V¢s = 500 mV. Different curves correspond to different p-TG voltages. The p-SG
threshold voltage is -0.2 V. The saturation current is higher for higher VP, because the
series resistance between the channel and the source Ohmic contact is reduced when VP
increases. The lg- V'sq curve for the n-channel with V% = 6 V and Vg = 500 mV is
shown in the inset of figure 4.5. The threshold voltage of the n-SG is 0.5 V.
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Figure 4.5 Current — voltage characteristics of 2DEG and 2DHG with bias between
two Ohmic Vgs = 500 mV at temperature of 4 K. Current — SG voltage characteristics
of 2DHG with different TG voltages, -0.8 V (solid line), -1.0 V (dot line), and -1.2 V
(dashed line). The inset shows current — SG voltage characteristics of 2DEG channel.

The gate leakage currents versus top gate voltage are presented in figure 4.6.
Leakage currents to gates were in scale of the system limit, about 100 pA. Therefore, the
stability of the induced carriers is pretty good. The leakage of n-channel is more stable

than that p-channel, this possibly due to lower threshold voltage of p-channel.
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Figure 4.6 Gate leakage currents versus top gate voltage. (a)l"y and Iy, are
leakage currents of n-type ohmic side top gate and surface gate. (b) 1"y and
Iy are leakage currents of p-type ohmic side top gate and surface gate.
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4.3.2 Current-voltage Characteristics of the Twin-Gate Diode

Measurement electrical characteristics of the twin-gate devices are similarity to that of the
single-gate devices. By biasing the n- and p-channel devices above their threshold
voltages, the electrical characteristics of the p-i-n device were then measured. The
measurement configuration is shown in the inset of figure 4.7. The p-TG bias V" and p-
SG bias VP of the p-channel device were set at -3 V and -0.6 V respectively and those of
the n-channel device were V" = +6 V and Vg = +0.9 V. The current flow between the
p-channel and the n-channel, denoted as I,,, was measured as a function of the voltage
applied between the p and n ohmic contacts Vp, see inset of figure 4.7. In the
measurement setup, the gate voltages for the N channel were measured relative to the
source (the ohmic contact on the left), and the voltage of the P gates were measured
relative to the drain (the ohmic contact on the right). So with this setup, the channel
condition for both the N channel and the P channel remains the same when Vy, is changed.
The current I,y in figure 4.7 is plotted both in the linear and logarithmic scales for clarity.
One can see clearly the rectifying behavior with turn-on voltages of 1.73 V. Very good
exponential behaviour was observed all the way down to the measurement limit. The
current of the diode can go up to hundreds of microamperes. Two kinks occur in the 1-V
curve at Vp, = 1.48 and 1.70 V. The kink position slightly changes with the surface gate
bias. Thus, they could be attributed to the potential barriers for hole at p-i junction and for
electron at the n-i junction. However, further investigations are needed to address this

issue.
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Figure 4.7 Linear and logarithmic current — voltage characteristics of the lateral 2-
D p-i-n diode at temperature of 4 K with p-TG and n-TG biased at VP = -3 V and
V% = +6 V, respectively, and p-SG and n-SG biased at VP; = -0.6 V and V's; =
+0.9 V, respectively. Vp, is the operation voltage of the diode. The inset shows
measurement configuration.

Figure 4.8 shows the gate leakage currents versus the diode bias Vp,. We can see
clearly that the gate leakage currents are very small. The leakage currents slightly
increase when the diode bias is near threshold voltage. In fact, the gate leakage currents
versus the diode voltage Vp, curves, however, change from device to device. But, the

leakage currents remain very small in comparison with the diode current.
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Figure 4.8 Gate leakage currents versus the diode bias V. at temperature of 4 K
with p-TG and n-TG biased at V’y = -3 V and V"4 = +6 V, respectively, and p-
SG and n-SG biased at VPs; = -0.6 V and Vg = +0.9 V, respectively. Vy, is the
operation voltage of the diode.

4.4 Optical Characteristics
4.4.1 Electroluminescence Spectrum

Electroluminescence of the devices was measured in micro-photoluminescence system
(micro-PL), as shown in figure 3.8 of the previous chapter. The electroluminescence (EL)
emission of the p-i-n diode measured at 4 K is shown in figure. 4.8. The device was
measured under the surface gate voltages of V"sy = +0.9 V and Vs; = -0.6 V, and the top
gate voltages of V"yy = 6 VV and VP = -3 V, and the junction voltage from Vp, = 1.6 V to
2.0 V with step of 0.05 V. The inset of figure 4.8 shows the measure photoluminescence
(PL) of the sample. We clearly observe two peaks in the PL spectra at 1.5205 eV (815.5
nm) and 1.5239 eV (813.7 nm). The intensity ratio of the two PL peaks remains constant
when the excitation power changes. Thus, the two peaks observed here are most likely
due to the roughness of the quantum well interfaces [54]. There are also two peaks at
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1.5174 eV (817.5 nm) and 1.5207 eV (815.4 nm) in the EL spectra. The peaks have a 0.4
meV redshift when the junction bias Vy, increases from 1.6 V to 2.0 V. Full width at half
maximum of the 1.5205 eV peak changes from 1.2 to 2.2 meV, and that of the other peak
from 1.2 to 3 meV when V,,, increases from 1.6 V to 2.0 V. The narrow linewidths of the
peaks demonstrate that the 2-D channel is of high-quality, which is essential for further

applications such as electrically-driven single photon sources.
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Figure 4.9 Electroluminescence spectra of the lateral 2D p-i-n diode at temperature
of 4 K with with p-TG and n-TG biasing at V?, = -3 V and V" = +6 V, respectively
and p-SG and n-SG biasing at VP, = -0.6 V and Vs = +0.9 V, respectively and Vpn
from 1.6 V to 2.0 V with step 0.05 V. Inset shows photoluminescence spectrum at 4 K.
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4.4.2 External quantum efficiency

Figure 4.9 shows the integrated intensity of the EL spectra (black curve with square

symbol) against the junction bias Vp,. Light intensity increases linearly with diode

voltage Vpn.
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Figure 4.10 Light integrated intensity versus forward bias voltage of the lateral 2D
p-i-n diode measured at the same condition. Inset shows the light integrated
intensity (black curve with triangle symbol) and external efficiency (blue curve with
round symbol) versus the diode current.

We can estimate the external quantum efficiency of the diode by assuming that
internal quantum efficiency is 100%. The Transmission and reflection parameters for

micro-PL system are as follows:

- CCD quantum efficiency at wavelength 817 nm: 13 = 93%

- Reflectivity of mirror: 95%, we use three mirrors, so 12 = 0.95*0.95*0.95
- Reflectivity of grating at wavelength 817 nm: n3 = 85%

- Transmissivity of the windows: 14 = 90%
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- Transmissivity of the objective and the lens at wavelength 817 nm: ns = 75%
- NA of the objective: 0.5 so the collection efficiency of the objective is ng = 33%

Therefore, external efficiency of the device is:

N L
_ pi on 4.1
Mext = 3 anansnsne! e (4.1)

Where N is the photon count measured by the CCD.

Inset of figure 4.9 shows the integrated intensity of the EL spectra (black curve
with triangle symbol) and external efficiency (blue curve with round symbol) versus the
diode current lp,. At low currents, lp, < 5.0 pA, after an initial set back, the light intensity
rises sharply with current. At higher currents, I,, > 5.0 pA (after the diode turns on, Vp, >
1.73 V), the light intensity increases with current at a constant rate. However, the slope of
L-1 curve is much smaller in comparison to low injection currents. The result can be
explained as follows. At low currents, radiative recombination mostly happens in the i-
region. But at high currents, electrons are injected into the p-region under p-SG and holes
are injected into the n-region under n-SG. So, as a result, part of the radiation is blocked
by the gate metal. Consequently, light collection efficiency decreases. This can be seen in
the external efficiency curve in inset of figure 4.10. With the increasing forward current
l,n from 0.0 pA to 5.0 YA, the external quantum efficiency increases to a maximum of
0.003 %, then it drops dramatically for Ip, > 5.0 pA (after the diode turn on, Vp, > 1.73 V).

This problem could be avoided by using semi-transparent metal gate.

4.5 The Yield of n-channel and p-channel

The yield of the induced 2DEG and the induced 2DHG are approximately 50% and 70%,
respectively. So the yield of the lateral p-i-n junction is about 35%. The yield of the twin-
gate devices is lower than that of the single-gate devices, because there is extra leakage
path (between the surface gate and top gate, ohmic contacts) in the twin-gate devices. In
addition, the more processes twin-gate devices needed, higher probability of process

related failure occurs.
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Chapter 5

Summary and Future Work

5.1 Summary

The main results of this thesis are summarized as follows:

- We have developed a relatively simple method to fabricate high-quality lateral 2D p-i-
n junction. Our devices show better optical characteristics in comparison with the
previous reports. We used standard processing technology to fabricate the devices, so it
could be employ to fabricate the devices on other material.

- By using MIS-structure, 2DEG and 2DHG can be induced side by side to form a p-i-n
junction. Single-channel 2DEG or 2DHG were induced at threshold bias of 3.5 V and -
1.25 V, respectively. This illustrates the reliability and simplicity of the ohmic contact
fabrication method that only utilized conventional dry etch and E-gun vapor deposition.
The current — voltage of the diode shows clear rectifying behavior with turn-on voltages
of 1.53 V. Main peak of EL spectrum is in good agreement with the theoretical estimate
of ground state energy of 20-nm GaAs/AlGaAs quantum well.

- By using twin-gate structure (surface gate and top gate), the lateral p-i-n junction has
also successfully fabrication. The surface gates provide a very good control for the
carriers in the channel and at the same time can be put very close to each other. The top
gates, which overlap the source and the drain through the insulator spacer, control the
carriers in the channel regions next to the source and the drain without having a leakage
path between the gates and the ohmic contacts. Therefore, the devices show better
characteristics. Full width at haft maximum of EL peak is about 1.2 meV to 3 meV. The
narrow linewidths of the peaks demonstrate that the 2-D channel is of high-quality, which

is essential for further applications such as electrically-driven single photon sources.

5.2 Future Work

We have demonstrated that 2DEG and 2DHG can be induced simultaneously in a same
structure and can place closed together to limitation of lithography process (nanometer

scale with ebeam lithography). In addition, the devices were fabricated in undoped
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structure; so the 2D channel is of high-quality. Therefore, the devices can integrate with
other devices to create new devices for different applications such as realization of
electrical driven single-photon source device, intrinsic Spin Hall Effect study... Some
ideas are given here for future work to look into further possibilities available with the

lateral p-i-n junction architecture.

5.2.1 Single-Electron Pump Driven Single-Photon Source

Recently, Kaestner et al. [55] and Fletcher et al. [56] have successfully fabricated a stable
single-electron pump on a 2DEG GaAs/AlGaAs heterostructure. Figure 5.1 (a) shows the

principle operation of a single electron pump proposed by Fletcher et al. [56]
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Figure 5.1 (a) Schematic electrical connections. Electrons are pumped from left to

right. (c) Potential profile during the pumping cycle (offset vertically): (i) loading,
(i) back-tunneling, (iii) trapping, and (iv) ejection.

||}—|

Their pumps use a dynamically formed quantum dot defined in a two-dimensional
electron gas (2DEG) AlGaAs/GaAs heterostructure by two surface gates (yellow color in
the figure 5.1 (a) above). Electron will be pumped from left to right. The gates cross an
etch-defined wire terminated with Ohmic electrical contacts. The bias applied to the
entrance gate (left) is a ac voltage added to constant voltage V1 while the exit gate (right)
is held at constant voltage Vg,. Pump operation is illustrated in figure 5.1 (b): (i) When
the entrance barrier is in the lowest position, Electrons from the source reservoir (left) are
loaded into a quantum dot formed in the space between the gates. (ii) As the entrance
barrier rising, some initially trapped electrons tunnel back to the source. (iii) The number
of electrons being trapped in every cycle is the same and depends on Vg; and Ve (iv)

When the entrance barrier is high enough, trapped Electrons are forced over the exit
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barrier into the drain lead, producing a quantized current in an external circuit. By

adjusting the values of Vg; and Vgp, single-electron pump per cycle can be achieved.

We propose a single-electron pump driven single-photon source device, as shown
in figure 5.2. The single-electron pump is fabricated on the i-region of the lateral p-i-n
junction. Thus, single hot electron can be pumped into 2DHG region and then single
photon emitted as electron-hole recombination occurs. In this aspect, high repetition-rate

and electrically-driven single photon source could be realized in coming years.
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Figure 5.2 Schematic of a single-photon source driven by single-electron pump device.
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Appendix -1

Process

a Insolation

Clean the substrate

Details

Acetone, IPA and DI

water

Conditions

3 minutes each in

ultrasonic tub

2 | Spin resist Az6112 positive PR 6000 RPM for 45 seconds
3 | Hard bake Hot plate 90 seconds at 90°C
_ Photolithography makers
Photolithography 1 |
4 & Device isolation 2.4 seconds
exposure
patterns
5 | Post exposure bake Hot plate 60 seconds 90°C
40 seconds in the developer
6 | Development Az300 developer )
and 90 seconds in DI water
7 Blow dry with nitrogen gun
2 minutes at 120 °C to
harden the photoresist and
8 | Hard bake Hot plate improve adhesion of the
photoresist to the wafer
surface
1:3:50 H202:H3PO4:H20 .
_ 220 seconds, etching depth
9 | Wetetch solution. 1.8 nm per
about 400 nm.
second rate
10 | Remove PR Acetone
1 Clean the substrate & Acetone, IPA and DI 2 minutes each in
blow dry water ultrasonic tub
p-type ohmic contacts ‘
12 | Spin resist Az6112 positive PR 6000 RPM for 45 seconds
13 | Hard bake Hot plate 90 seconds at 90°C
Photolithograph Photolithography makers
14 Jrapy : p Y 2.4 seconds
exposure & p-type ohmic patterns
15 | Post exposure bake Hot plate 60 seconds 90°C

69



No

Process

Details

Conditions

16

Development

Az300 developer

40 seconds in the developer
and 90 seconds in DI water

17 | Blow dry with nitrogen gun
18 | Surface oxide remove 1:10 HCI:H,0 solution 30 seconds
19 | Blow dry with nitrogen gun
5 seconds at 20 mTorr
20 | Remove residual PR Oxygen plasma pressure and RF power of
60 W
\ : ) 55 seconds with RF power
SiCl4:Ar with ratio of
of 30 W, ICP power of 350
21 | Dryetch 24:4 sccm, background )
W. Etching rate about 6.6
pressure 1.5 mTorr
nm/s
Surface oxide remove
22 | (immediately loaded 1:10 HCI:H,0 solution 30 seconds
into chamber afterward)
. Pd (40 nm), AuzZn (120 E-gun evaporator at
23 | Metal deposition 6
nm) pressure of 2*10™ mTorr
Approximately from 20 to
24 | Lift-off Acetone 30 minutes for good lift-
off.
Clean the substrate ) )
) Acetone & DI water 1 minute each in
25 | (post lift-off) & blow )
ultrasonic tub
dry
_ 2 minutes at 420°C in
26 | Thermal annealing RTA ]
nitrogen gas flow
Clean the substrate ) )
) Acetone & DI water 1 minute each in
27 | (post lift-off) & blow )
ultrasonic tub
dry
n-type ohmic contacts

28

Spin resist

Az6112 positive PR

6000 RPM for 45 seconds
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No Process Details Conditions
29 | Hard bake Hot plate 90 seconds at 90°C
Photolithograph Photolithography makers
30 Jrapny : p Y 2.4 seconds
exposure & n-type ohmic patterns
31 | Post exposure bake Hot plate 60 seconds at 90°C
40 seconds in the developer
32 | Development Az300 developer ]
and 90 seconds in DI water
33 | Blow dry with nitrogen gun
34 | Surface oxide remove 1:10 HCI:H,0 solution 30 seconds
35 | Blow dry with nitrogen gun
5 seconds at 20 mTorr
36 | Remove residual PR Oxygen plasma pressure and RF power of
60 W
. _ } 55 seconds with RF power
SiCl4:Ar with ratio of
of 30 W, ICP power of 350
37 | Dry etch 24:4 sccm, background _
W. Etching rate about 6.6
pressure 1.5 mTorr
nm/s
Surface oxide remove
38 | (immediately loaded 1:10 HCI:H,0 solution 30 seconds
into chamber afterward)
Ni (5 nm), Ge (70 nm),
y ) E-gun evaporator at
39 | Metal deposition Au (70 nm) & Ni (35 6
pressure of 2*10™ mTorr
nm)
Lift-off (immediately Approximately from 20 to
40 | after unload from the Acetone 30 minutes for good lift-
chamber) off.
Clean the substrate ) )
) Acetone & DI water 1 minute each in
41 | (post lift-off) & blow )
ultrasonic tub
dry
_ 2 minutes at 450°C in
42 | Thermal annealing RTA

nitrogen gas flow
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No Process Details Conditions

Clean the substrate
43 | (post lift-off) & blow

Acetone & DI water 1 minute each in

ultrasonic tub

dry
Surface gate Process
44 | Spin resist Az5214E negative PR 6000 RPM for 45 seconds
45 | Hard bake Hot plate 90 seconds at 90 °C
Photolithograph Photolithography makers
46 grapny arapny 2.8 seconds
exposure & Surface-gate patterns
47 | Image reversal bake Nitrogen gas oven 120 seconds at 120 °C
48 | Flood exposure 13.8 seconds
40 seconds in the developer
49 | Development Az300 developer ]
and 90 seconds in DI water
50 | Blowdry with nitrogen gun
2 minutes at 120 °C to
harden the photoresist and
51 | Hard bake Hot plate improve adhesion of the
photoresist to the wafer
surface
1:3:50 H202:H3PO4:H20 .
_ 90 seconds. Etching depth
52 | Gate recess solution. 1.8 nm per

about 150 nm.
second rate

Blow dry (immediately

53 | loaded into chamber with nitrogen gun
afterward)
Surface gate ) E-gun evaporator at
54 o Ti (20 nm) & Au (80 nm) 6
metallization pressure of 2*10™ mTorr
Approximately from 20 to
55 | Lift-off Acetone 30 minutes for good lift-
off.
Clean the substrate )
Acetone & DI water 30 seconds each in

56 | (post lift-off) & blow
dry

ultrasonic tub
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No Process Details Conditions
Insulator layer process
_ _ 2 minutes at 120 °C if
57 | Dehydration bake Nitrogen gas oven S
humidity is above 50%
58 | Spin resist Polyimide Su8-2000.5 3000 RPM for 40 seconds
59 | Hard bake Hot plate 60 seconds at 90 °C
Photolithography Photolithography makers
60 ] _ 5 seconds
exposure & isolation layer patterns
61 | Post exposure bake Hot plate 90 seconds at 90 °C
45 seconds in the developer
62 | Development Az300 developer )
and 10 seconds in IPA
63 | Blow dry with nitrogen gun
i 30 minutes at 200 °C with
_ Furnace with nitrogen _ )
64 | Curing - temperature increasing and
ow
decreasing rate of 1 °C/min
Top gate process ‘
65 | Spin resist Az5214E negative PR 6000 RPM for 45 seconds
66 | Hard bake Hot plate 90 seconds at 90 °C
Photolithography Photolithography makers
67 2.8 seconds
exposure & Top-gate patterns
68 | Image reversal bake Nitrogen gas oven 120 seconds at 120 °C
69 | Flood exposure 13.8 seconds
40 + 10 seconds in the
70 | Development Az300 developer developer and 90 seconds
in DI water
71 | Blow dry with nitrogen gun
o ) E-gun evaporator at
72 | Top-gate metallization | Ti (20 nm) & Au (100 nm) 6
pressure of 2*10™ mTorr
Approximately from 20 to
73 | Lift-off Acetone 30 minutes for good lift-
off.
24 Clean the substrate Acetone & DI water 30 seconds each in
& blow dry ultrasonic tub
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