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ABSTRACT

Realizing lateral p-n junction is a critical technique to fabricate electronic and optic devices.
Recently, lateral p-n junctions were achieved by ex-situ doping on thin film or in-situ doping of
vertical nanowire (NW). However, fabricating lateral junctions on thin film are less effective due
to the difficulties in defining abrupt junction geometry and escaping physical damages from the
post-doping process. Utilizing monolithically grown lateral p-n junction vertical NW also has
problem because the as-grown NWs are not compatible with conventional planar device
processing.

In this thesis research, arrays of lateral p-n junction planar GaAs NW diodes grown by
selective lateral epitaxy (SLE) mechanism was developed to overcome the limitations of current
lateral p-n junctions in thin films and vertical NWs. Size and position controlled array of lateral
p-n junction planar GaAs NWs were monolithically grown on semi-insulating GaAs (100)
substrate using metal-organic chemical vapor deposition (MOCVD). The realization of lateral p-
n junction diodes was confirmed by measuring two terminal 1-V characteristics of the devices.
The device was turned on at 1.2 V of diode voltage, and the 10° of rectification ratio and 2.18 of
ideality factor were measured. The forward-biased current scales with the number of contacted
NWs. Finally, the doping concentration modulation capability on SLE grown planar p-n NWs

were verified.
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CHAPTER 1- INTRODUCTION

The p-n junction is a fundamental building-block for general semiconductor electrical and
optical devices, such as transistors, laser diodes, light emitting diodes (LEDs), and solar cells.
Generally, p-n junctions are created in a vertical structure through either by diffusing the gas,
liquid or solid phase of each type of doping sources on the substrate sequentially in a thermal
furnace or by implanting charged doping ions directly into the targeted substrate. Recently, the
alternative p-n junction geometry — lateral p-n junction — has been widely investigated due to its
geometric potentials, such as reducing junction capacitance by shrinking junction area and
enhancing junction isolation by realizing co-planar metal contacts on the semi-insulating
substrates [1]. In addition, the lateral junction geometry is necessarily desirable for specific
devices such as surface acoustic wave (SAW) single photon emitters [2, 3], laterally defined
optoelectronic devices on photonic integrated circuits [4-6] , and the circuit structure consists of
the combination of field-effect and bipolar junction transistors (BiCMOS) [7].

However, fabricating lateral p-n junction is much more complicated and less economical
than making vertical p-n junctions. Especially, conventional post-doping processes, such as
thermal diffusion or ion implantation, are less affordable to the lateral junction because the
inherent junction geometry easily causes a non-abrupt junction profile and gives physical
damages on the targeted samples respectively. To overcome the undesired factors of ex-situ
lateral p-n junction doping processes, techniques for in-situ growth of the lateral p-n junction,
such as realizing lateral GaAs p-n junctions through molecular bean epitaxy (MBE) on a

patterned GaAs (100) substrate using a surface facet dependent doping characteristic [8] and



fabricating a lateral p-n AlGaAs layer by in-situ focused ion molecular beam epitaxy (FIMBE)
[9], have been proposed. However, the introduced methods still have limitations in applications
to the conventional electronic and optic devices fabrication due to the difficulties in controlling
the independent carrier (n and p) concentration and position, and the requirement of high-cost
processing steps.

One alternative technique to achieve a semiconductor p-n junction is to utilize the
semiconductor nanowires (SNWs) grown by the vapor-liquid-solid (VLS) mechanism [10].
During the VLS NW growth, doping sources can be easily introduced and switched to create p-n
junctions along the axis and radius of the NW, and, recently, VLS grown GaAs lateral p-n
junction NW diodes were introduced [11]. However, such VLS NWs are typically grown in the
out-of-plane directions and share the common limitation as vertical p-n junctions. In order to
utilize vertically grown NWs into conventional planar device fabrication platforms, researchers
have given effort to transfer as grown vertical NWs on foreign substrate laterally, but the process
is extremely complicated to control the position and orientation of NWs on a large scale [12-14].
Therefore, the investigation of a novel way to achieve size and position controlled epitaxially

grown lateral p-n junction NW is required.



CHAPTER 2 - VLS GROWTH OF NW

2.1 VLS growth of vertical 111-V NWs

SNWs have been widely researched as a novel one-dimensional (1D) material due to its
unique electrical, optical and mechanical characteristics [15, 16]. Among the SNWs, particularly,
the 111-V compound semiconductor NWs have been garnering attentions because of their
significant material properties such as, direct band gap, relative high carrier mobility than
conventional group IV semiconductor materials, energy-band engineering capability, and
realization of axial and radial heterostructures [17, 18]. Generally, SNWs can be synthesized by
either a top-down method or a bottom-up process. Among the NW fabrication mechanisms,
bottom-up grown NW has advantages of being free from the generating surface defects caused
by chemical or mechanical etching steps in top-down nanowire fabrication steps. The most
commonly researched bottom-up I111-V NW growth is the vapor-liquid-solid (VLS) mechanism
using metal-organic chemical vapor deposition (MOCVD) which can easily realize
heterostructure NWSs and control the doping concentration during NW growth [19, 20].

Typically, metal seed particles are used to provoke the VLS NW growth process [21]. The
vapor phase of group Il and V precursors are introduced into the MOCVD chamber under the
certain NW growth conditions (chamber pressure and temperature), and then the seed particles
form a liquid alloy. When the vapor phase sources are further introduced into the alloy, the
particle reaches the supersaturation point, and the solid-phase source precipitates out to form a
crystalline NW structure. In the VLS NW growth process, the diameter of NW is controlled by

the size of the seed particles, while the length of NW is governed by modulating growth time.



Generally, the growth direction of NW is determined by the surface free energy at the interface
between the seed particle and SNW, and the (111) and (111)B facets occupy the smallest surface
energy with the group 1V and I11-V compound semiconductor, respectively [22, 23]. Therefore,
group 1V SNWs tend to be grown out-of-plane along the <111> crystal direction, while I11-V
SNWs are grown toward the <111>B direction on (100) or (110) substrate, and the typical VLS
growth of <111>B GaAs NW growth on GaAs (100) substrate using an Au seed particle is
illustrated in Figure 2.1. As already mentioned in Chapter 1, these vertically grown NWs cannot
be directly applied to the electronic devices via conventional planar processes due to their
inherent out-of-plane geometry. Therefore, the additional post NW growth processing, such as
removing as-grown NWs from the substrate and transferring removed NW on the foreign

substrate are required as described in Figure 2.2.
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Figure 2.1: VLS growth of <111>B GaAs NW on GaAs (100) substrate. (a) Au particle is
deposited on the GaAs (100) substrate. (b) The vapor-phase trimethyl-gallium (TMGa) and
arsine (AsHs;) precursors are then introduced, and the gold particle forms a liquid eutectic alloy
with indium at a certain growth temperature. (¢) When the particle reaches the supersaturation
point, the solid-phase GaAs NW is formed.



(a) (b) (©)

Figure 2.2: Vertical VLS grown NWs transferring process. (a) Vertical NWs are grown on the
original host substrate. (b) As-grown NWs are detached from the substrate by sonication in
solution. (c) Removed NWs are randomly dispersed on the foreign substrate.

2.2 VLS growth of selective lateral epitaxy (SLE) 111-V NWs

2.2.1 SLE GaAs NWs on GaAs (100), GaAs (110)

To overcome the limitations in utilizing out-of-plane grown NWs to electrical and optical
devices, our group has recently developed a condition for growing Au-assisted SLE planar GaAs
NWs on GaAs (100) and GaAs (110) substrates using MOCVD [24, 25]. Here, we define the
epitaxially grown planar NW as a SLE of NW because NW crystal growth occurs at a much
faster rate at particular sites where gold seeds exist, and the in-plane NWs are grown epitaxially
in a lateral direction on the substrate. Figure 2.3 shows the different directional growth of GaAs
NWs under different growth temperatures on GaAs (100) and (110) substrates. When the growth
temperature is lower than 430 °C, GaAs NWs are grown along the <111>B direction (Figure
2.3a), which is the traditional growth direction of IllI-V NWs. However, when the growth

temperature is increased to 460 °C, the NWs epitaxially attached to the substrate and self-aligned
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Figure 2.3: GaAs NWs grown on GaAs (100) and GaAs (110) substrates. (a) Most of GaAs NWs
are grown along <111>B directions ( [-111], [1-11] ) on GaAs (100) substrate at 420 °C. (b) At
460 °C, GaAs NWs are epitaxially grown on the GaAs (100) substrate along <110> directions
([-110], [2-10] ). (c) On the GaAs (110) substrate, planar GaAs NWs are grown along [-100] at
480 °C. Images were reproduced from Reference [24, 25].



SLE GaAs NWs grow along either the [-110] or [1-10] direction (Figure 2.3b) [24]. On the GaAs
(110) substrate, planar NWs are grown unidirectional along the [-100] direction under optimized
SLE growth conditions (Figure 2.3c) [25]. The low-magnification TEM image of a planar NW
(Figure 2.4a) clearly shows that the entire NW is perfectly attached and grown along the [1-10]
direction, and the high-resolution TEM (HR-TEM) image (Figure 2.4b) indicates that the SLE
grown NW does not have misfit dislocations with only a small number of stacking faults defect
density [24] . By observing self-aligned bidirectional NW growth on GaAs (100) substrate and
on GaAs (110) substrates, the growth directions of SLE NWs were hypothesized to be the
projection of the <111>B grown vertical NWs on the surface of the substrate [25], and the

assumption is illustrated in Figure 2.5.

GaAs (100)

substrate

Figure 2.4: TEM images of SLE GaAs NW grown on GaAs (100) substrate. (a) Low-
magnification TEM image of GaAs NW grown along [1-10] direction. Darker contrast of Au
seed particle was depicted at the tip of NW. (b) HR-TEM image of SLE GaAs NW indicates that
the NW is epitaxially attached on the GaAs (100) substrate without showing dislocations. Images
were reproduced from Reference [24].



(a) (b)

Wi <1118 A58 SRR
\ 35.3°
a- m— — : my)
[1-10]  GaAs (100)  [-110] GaAs (110) [-100]

Figure 2.5: Illustration of the growth direction of SLE GaAs NWs on GaAs (100) and GaAs (110)
substrates. (a) On the GaAs (100) substrate, planar NWs are grown bidirectional along the [1-10]
and [-110] directions which are the vector projection of <111>B directions on the substrate. (b)
On the GaAs (110) substrate, only one <111>B direction is available, so the planar NWs are
grown unidirectional along surface projection of <111>B direction ( [-100] ).

2.2.2 SLE InAs NWs on InAs (100)

GaAs NWs have several limitations when utilizing them they in electric and photonic
devices because of their inherent material characteristics, such as the existence of a relatively
large number of surface-states density and mid-energy band gap Fermi-level pinning
characteristic which hinders the realization of n-type Ohmic contacts [26]. InAs is one of the
most desirable n-type channel materials which can substitute GaAs, because of its small effective
mass, higher electron mobility [27] and its conduction band Fermi-level pinning ability with n-
type metal contacts which offers advantages in realizing n-type Ohmic contacts [28].

Recently, our group found the growth conditions of SLE InAs NWs, and realized the growth
of planar InAs NW on InAs (100) substrate. The growth of SLE InAs planar NWs was
performed in the AIXTRON AIX 200/4 MOCVD reactor. The 50 nm diameter of Au colloids
was randomly dispersed on the InAs (100) substrate after applying a poly-L-lysine (PLL) to give
adhesion between metal particles and the wafer. The Au seeds-deposited samples were placed
into the MOCVD chamber and the reactor temperature was ramped up to the NW growth
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temperature (400-420 °C) under a constant AsHs flowing condition (3.71 x 10 mol/min). When
the system reached the NW growth temperature, the AsH; molar flow rate was reduced to 3.13 x
10" mol/min and then trimethyl-Indium (TMIn) was introduced. Four different amounts of TMIn
(50, 80, 110 and 170 sccm) were introduced to see the changes of NW morphology depending on
the /111 molar ratios.

Figure 2.6 shows the scanning electron microscopy (SEM) images of InAs NWs grown
under four different V/III ratios (39.1, 24.5, 17.8, and 11.5). At the lowest V/III ratio (Figure
2.6a), every NW is grown in-plane on the substrate along [-110] and [1-10] directions, and the
growth trend is identical with previously researched SLE GaAs NWs on GaAs (100) substrates
[29]. At the V/III ratio, NWSs are grown with tapered structure due to prevalence of the vapor-
solid-solid (VSS) growth on the side facets of the NW [30-32]. After increasing the V/III ratios
to 17.8 and 24.5 (Figure 2.6b, Figure 2.6c), the VSS side-wall growth of NW disappears, while
NWs start to grow along out-of-plane directions. When the V/I11 ratio is further increased to 39.1
(Figure 2.6d), planar NWs begin to grow again along the [-1-10] and [110] directions (<111>B
projected directions), which are perpendicular to the GaAs SLE NWs on GaAs (100) and InAs
NWs grown under lower V/III ratio. Particularly, at this V/III ratio, the NWs do not show any

tapered side-wall morphology.



Figure 2.6: SEM images of InAs NWs grown on InAs (100) substrate under different /111 ratios.
(@) At 11.5 of V/III ratio, 100% yield of tapered planar NWs are grown along [-110] and [1-10]
directions. (b), (c) At higher /111 ratios (17.8, 24.5), NWs grow along out-of-plane directions. (d)
When the V/I1II ratio reaches to 39.1, non-tapered planar NWs are synthesized along the [-1-10]
and [110] directions.

2.2.3 Heterostructure SLE InAs NWs on GaAs (100)

To directly apply epitaxially grown InAs planar nanowires to electronic and photonic
devices, the NWs have to be grown on semi-insulating substrates. However, a semi-insulating
InAs wafers does not exist, so we need to grow planar InAs NWs on a lattice mismatched,
foreign semi-insulating substrate such as GaAs, InP or Si. However, growing heteroepitaxy SLE
NWs is challenging due to relatively large lattice mismatch that exists between InAs and semi-
insulating foreign substrates [33]. Our group has been trying to grow SLE InAs NWs on foreign
semi-insulating substrates, and recently, self-aligned SLE InAs NWs were successfully grown on
semi-insulating GaAs (100) substrate beyond the presence of ~7% of lattice mismatch between

two different materials.
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To grow heterostructure planar SLE InAs NWSs, Au seed particles (5 nm diameter) were
randomly dispersed on the semi-insulating GaAs (100) substrate by evaporating Au colloid
solution at 100 °C. Au nanoparticles-distributed samples were loaded to the MOCVD chamber
and heated at 625 °C for ten minutes under the presence of AsH; flow (50 sccm) to desorb the
native oxide layer on the samples. After the annealing session, the chamber temperature was
lowered to the growth temperature and TMIn was introduced under constant 7 sccm AsHz flow
condition. To investigate the relationship between NW morphologies and NW growth conditions
(growth temperature, V/III ratio), NWs growth temperatures and TMIn flow were engineered
from 350 °C to 420 °C and 20 to 130 sccm (30 — 196 V/IIl molar ratios), respectively. The size
of seed particles varies from 15 nm to 100 nm due to the random merging of neighboring Au

colloids during the annealing process.

The vyield, growth direction and morphology of InAs NWs are strongly dependent on the
growth temperature and diameter of the NWs as shown in Figure 2.7. At 420 °C (Figure 2.7a),
the InAs NWs cannot grow on the GaAs surface, but InAs parasitic thin film is grown on the
entire surface of substrate regardless of the diameter of NWs. When the growth temperature is
reduced to 380 °C (Figure 2.7b), planar NWs starts appear but most of NWs are wiggled without
showing aligned growth directions, and lifted up from the substrate at the middle of growth. At
the further decreased growth temperature (350 °C), self-aligned straight non-tapered planar InAs
NWs, the diameters of which are smaller than 70 nm, grow along <111>B projected [-1-10] and
[110] directions. The reason for the absence of in-plane NWs at higher temperatures can be
assumed that the larger number of InAs parasitic islands — which are less observable at lower
temperatures — on the surface hinder the growth of planar NWs. The size-dependent SLE NWs

characteristic implies that critical limited width of SLE NW existed on the lattice mismatched
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substrate like the existence of critical thin film growth thickness on lattice mismatched materials

[34].

The growth rate study regarding the diameter of NW is illustrated at Figure 2.8. When the
diameters of NW are 18 nm (Figure 2.8a) and 57 nm (Figure 2.8b), the corresponding length of
NWSs are 7.45 um and 3.51 um, respectively. Further investigation to find the relationship
between the diameter of NW and the length of NW was performed, and it was verified that the
length of the NWs increases with decreasing their diameter. Shown in Figure 2.9a are cross-
sectional high-resolution transmission electron microscopy (HR-TEM) images of an SLE InAs
NWs with 12 nm of thickness grown on a GaAs (100) substrate. The specific locations of GaAs
substrate, INAs NW, Au seed and protective platinum (Pt) layer are separated by white dashes.
Figure 2.9b shows an HR-TEM image obtained at the interface of the planar InAs NW and the
underlying GaAs (100) substrate. The NW and substrate interface is depicted by the two dashed
white arrows. The HR-TEM confirmed that the heteroepitaxially grown SLE planar NWs have
high crystalline quality without any stacking faults. A high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) is shown in Figure 2.9¢c while Figure 2.9d
shows quantified elemental counts of In, Ga, As, Au, and Pt obtained through an energy-
dispersive X-ray spectroscopy (EDXS) line-scan along the location of the black dotted line in
Figure 2.9c. Coincident with the contrast variations in Figure 2.9c, the line-scan data in Figure
2.9d confirms the presence of an InAs NW at the region between markers A and B where A is
the interface between GaAs substrate and InAs NW, and B is the interface between InAs NW

and Au tip [35].
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Figure 2.7: SEM images of heteroepitaxially grown SLE InAs NWs on semi-insulating GaAs
(100) substrate. (a) Only parasitic thin film is grown all over the surface at 420 °C. (b) At 380 °C,
partially planar NWs grow along random directions. (c) Planar NWs (indicated by red arrows)
grow along [-1-10] and [110] directions. Inset shows magnified image of non-tapered planar SLE

InAs NW.
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Figure 2.8: SEM images of planar InAs NWs with (a) 18 nm and (b) 57 nm diameter. The
lengths of NW are measured to 7.43 pum (diameter of 18 nm) and 3.51 um (diameter of 57 nm),
respectively. (c) The plot of the NW diameter vs. NW length shows that the length of NW
increases with decreasing diameter.
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Figure 2.9: (a) HR-TEM image of SLE InAs planar NW. NW is epitaxially grown on GaAs (100)
substrate. The Au seed is located at the tip of the NW. (b) High-magnified HR-TEM image at the
interface between InAs NW and GaAs substrate. High crystal quality NW which is free from
stacking faults is observed. (c) HAADF image of InAs NW. The black dot arrow indicates the
EDXS line scan region at the GaAs substrate/InAs NW (A), InAs NW/Au seed (B), and the Au
seed/Pt layer (C). (d) EDXS line-scan profile corresponding to the black arrow indicated at (c)
confirms the existence of heteroepitaxially grown InAs NW. Reproduced from Reference [6].

15



CHAPTER 3 - DOPING OF NW

3.1 Doping of vertical NWs

Controlling the conductivity of NW is a critical issue for fabricating NW-based electrical or
optical devices. Until now, variety of n- or p-type doped group 1V NWs [36—38], 1I-V NWs [39,
40] and a related optical device [40] and electronic devices [41, 42] have been studied. To
achieve n-type doped Si NWs, phosphine (PH3) is introduced, while silane (SiH4) or disilane
(Si2He) is supplied during the 111-V NW growth process. For the p-type group IV and 1H1-NWs,
generally, diborane (B.Hg) and diethylzinc (DEZn) are used respectively. However, most of
generally researched doped NWs are grown vertically, so the NWs were not compatible with

planar device fabrication steps.

In addition to the geometrical problem of conventional out-of-plane grown n-doped NWs,
the incorporation tendency of dopant in the VLS NW growth system causes non-uniform doping
distribution on the NWs. Figure 3.1a illustrates the two types of crystal growth (VLS and VS
growth) which occur during the NW growth process [43]. Through the VLS mechanism, the
precursors and doping sources are incorporated into the alloy droplets, and then dopants diffuse
via liquid-solid interface to dope the NWs uniformly along their axial growth direction. Another
doping pathway is through vapor-solid (VS) deposition: vapor phase dopants do not dissolve into
the liquid alloy seed but are directly deposited on the side wall of NW, resulting in radial growth
rather than axial growth of the doping profile on NW. This VS growth is undesirable because the
side-wall deposition induces non-uniform doping distribution along the growth direction and
degrades the device performances. Figure 3.1b, ¢ shows the atom probe tomography (APT)

results of phosphorus (P) — doped n-type Germanium (Ge) NW [43]. Figure 3.1b shows APT of
16



top-to-end cross-sectional distribution of dopant atoms while the side cut cross-sectional atomic
distributions are illustrated at Figure 3.1c. The P and Ge atoms are depicted as gray dots and blue
dots, respectively, and the APT results confirm that the VS deposition is prevalent during the

NW growth process.
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Figure 3.1: (a) Schematic of two kinds of dopant incorporation pathways. Through the VLS
mechanism (i), dopants are dissolved into the liquid alloy and placed along the core of NW. (ii)
Dopant directly deposited on the surface of NW by VS growth mechanism. (b) End-on view
APT image of P doped Ge NW. P atoms (gray dots) are concentrated at the surface of NW due to
the VS growth. (c) Side cross-section APT image of identical NW shown in Figure 3.1b.
Significant VS radial growth doping profile is shown on tapered NW. Reproduced from
Reference [14].

3.2 Doping of SLE grown planar GaAs NW
The one way to solve the geometrical limitation from using vertically grown doped NW is to

grow doped SLE grown planar NWSs, and Zn-doped SLE grown planar GaAs NW was
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researched [44]. To grow Zn-doped planar GaAs NWs, 250-nm Au colloids were randomly
scattered on the semi-insulating GaAs (100) substrate. The sample was loaded into the MOCVD
chamber and TMGa and DEZn sources were introduced under the constant AsH3 flowing
condition at 460 °C. Unlike previously studied un-doped GaAs planar NWs, at the Zn/Ga gas
molar ratio of 5.9 x 10-4, the periodic corrugations are detected over the planar GaAs NW as
shown in Figure 3.2a. After further increasing the Zn/Ga ratio, planar NWs start to grow in the
out-of-plane direction without maintaining crystal structures. By inspecting a bright-field TEM
image of Zn-doped NW (3.2b) and the selected-area electron diffraction pattern (3.2c), it is
verified that the twinning planes which correspond to the corrugations exist along the [110] axis
of NW. The conductivity of Zn-doped GaAs planar NW is tested by two-terminal electrical
measurement (Figure 3.3) after depositing p-type contact metals on the NW, and the linear I-V

curve confirms the electrical activity of p-type NW.

Figure 3.2: (a) Tilted-view SEM image of the same Zn-doped GaAs NW, highlighting the
corrugated faceting structure. (b) TEM image of a p-type segment of a planar GaAs NW with red
arrows pointing at the lateral twins. (c) Selected-area electron diffraction pattern indicates that
the twin boundary exists along the [110] axis. Reproduced from Reference [44].
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Figure 3.3: Two terminal I-V curves of Zn-doped planar NW. Linear Ohmic characteristic
confirms that the NW can achieve conductivity from the in-situ doping process. Reproduced
from Reference [44].

Multiple p-n junctions of GaAs NWs were also studied by using Si2H6 and DEZn as n-type
and p-type doping sources, respectively. The general growth conditions of multi-junction planar
GaAs NW, such as growth temperature, growth pressure and V/IIl gas molar flow ratio were
identical to the previously studied Zn-doped NW process. To realize n-p-n-p-n-p lateral junctions,
three different amounts of Si2H6 (8, 20 and 400 sccm) and DEZn (0.5, 1.0 and 1.6 sccm) were
introduced by turns under a constant TMGa and AsH3 flowing condition. The Si/Ga molar flow
ratios were 3.05 x 10, 1.525 x 10" and 3.05 x 10°%, while Zn/Ga ratios were 2.61 x 10'3, 5.21 x
10 and 8.34 x 107, respectively. Figure 3.4 shows plan-view SEM images of a multi p-n
junction planar GaAs NWs with MOCVD precursor flow variations superimposed as red (TMGa,
AsH3), green (Si2H6), and blue(DEZn) curves. Periodic corrugations are shown only at the Zn-

doped (p-type) segments due to the formation of twin planes. In the same way as the Zn-doped
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planar GaAs NW research, planar NW takes off at the middle of growth under a high Zn/Ga gas

molar flow ratio (8.34 x 107).

Normalized precursor tlow

-----------------------------------------------------------------------

___________________

Figure 3.4: Tilted-view SEM image of n-p-n-p-n-p multi-junction GaAs NW grown on GaAs
(100) substrate. Corresponding normalized precursor gas flow is plotted above the NW SEM
image. Insets show the Zn-doped periodic corrugated p-type segments.
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CHAPTER 4 —- MONOLITHICALLY GROWN ARRAYS OF LATERAL
P-N JUNCTION GAAS NW DIODES

4.1 Device fabrication

To overcome the limitations in using conventional vertical geometry p-n junctions and
lateral p-n junction of vertically grown NWs (detailed in Chapter 1), for the first time,
monolithically grown arrays of lateral p-n junction GaAs NW diodes was realized. Owing to the
self-aligned growth characteristic of SLE GaAs NW, the positon of NW can be easily engineered
by controlling the location of Au seed nanoparticles [24]. To grow an array of p-n junction GaAs
NWs, an array of Au nanoparticles was deposited on the semi-insulating GaAs (100) substrate by
electron-beam lithography (EBL) patterning. Au was deposited on the EBL dot patterns using an
electron-beam evaporation system. The diameter of NW can be controlled by engineering the
diameter of the EBL circular pattern and height of Au thin film which determines the volume of
Au pillar, because, during the annealing session of NW growth step, the pillar becomes a sphere

and its diameter determines the diameter of VLS grown NW.

The entire device fabrication steps are illustrated at Figure 4.1. In the study, 65 nm thickness
of Au metal deposited on 400 nm diameter EBL patterned circular opening to grow ~250 nm
diameter of NWs. The Au EBL patterned sample was loaded into the AIXTRON AIX 200/4
MOCVD reactor and the chamber was heated to 625 °C, stayed at that temperature for 10 min
under a 50 sccm of AsHs (2.23 x 10°° mol/min) flowing condition to desorb a native oxide layer
on the substrate. After finishing the annealing session, the reactor temperature dropped to NW
growth temperature (460 °C) and the AsH3 flow was reduced to 15 sccm (6.71 x 10™* mol/min).

To grow an n-type segment of GaAs NW, 10 sccm of TMGa (1.17 x 10™* mol/min) and 400 sccm
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(a) | (b)

(©) N @

Figure 4.1: Array of lateral p-n junction GaAs NW diodes fabrications. (a) Deposit Au on EBL
patterned semi-insulating GaAs (100). (b) Si-doped n-type segment of NW was grown. (c) Zn-
doped p-type portion of GaAs NW was grown. P-type regions of NW were covered by PR
patterns. (d) Parasitic thin film was etched by H,SO, : H,0, : H,0O (1 : 8: 340 ) solution. (e) PR
pads on p-type region were removed, and n-type contacts (Ge/Au/Ni/Au) were deposited. (f)
After annealing n-type contacts, p-type contacts (Ti/Au) were evaporated.
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of SioHs (3.57 x 10° mol/min) sources were simultaneously introduced for 17 s.
After finishing the growth of n-type NW, Si,Hg was abruptly switched off and 1.6 sccm of DEZn
(9.78 x 107 mol/min) immediately introduced for 17 s under the constant AsHz, TMGa flowing
circumstance to grow a p-type segment of NW. The corresponding Si/Ga and Zn/Ga molar flow
ratios were 3.05 x 10 and 8.34 x 107, respectively. To remove possibly grown parasitic thin
film on the substrate, the grown sample was etched with a 1:8:340 (H,SO,4:H,0,:H,0) solution
for 8 s. Before removing the parasitic thin film, p-type NW regions were protected by AZ5214
photo-resist (PR) patterns in order to achieve better Ohmic contact by preserving a highly Zn-
doped region from the wet etching process. The PR patterns which cover p-type regions were
removed by acetone washing, and then 20 x 20 pm? patterns were opened on the n-type contact
regions by an optical lithography process. Next, 1 minute oxygen (O>) plasma treatment and 30 s
of 1:1 (HCI:H,0) solution wet etching were performed to remove the PR residue and native
oxide layer on the opened areas. A stack of n-type metal contacts (Ge/Au/Ni/Au) were deposited
by electron beam evaporator, and the metal stacks were alloyed by 15 s of annealing step at
400 °C. The third optical lithography was performed to open p-type contact regions, and then the
stack of p-type metal (Ti/Au) contacts were evaporated on the opened area to complete the

device fabrication.

4.2 Results and discussion

4.2.1 Two terminal 1-V characteristic of p-n diodes

Figure 4.2a shows the SEM image of the array of lateral p-n junction SLE grown GaAs
planar NW diodes. Individual diodes are highlighted by the white dashed boxes. The locations of
NW were well controlled by the EBL process, and p-n GaAs NWs were grown along the same
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direction in the particular region. The high-magnified SEM image of a single p-n diode is
illustrated in Figure 4.2b. Then 20 x 20 um? of n-type and p-type metal contacts were deposited
at a distance of ~4.8 um. Two terminal I-V characteristics of diodes were measured by a
Keithley 4200 semiconductor parameter analyzer, and the results are shown in Figure 4.3. The
diode voltage (Vp) was sweeped from -2 V to 2 V to measure the diode current (Ip). The diode
was turned on 1.2 V of forward bias, and the 10° of relatively high rectification ratio was
detected (Figure 4.3a). The semi-log I-V plot measured at + 2 V of Vp, range is shown in Figure
4.3b. By measuring the slope of the I-V curve at the forward biased linear region, a relatively
high ideality factor (2.18) was extracted due to the large number of surface states which generate
an amount of recombination current [45]. The high ideality factor of GaAs NW diodes can be

improved by applying surface passivation on the NWs to reduce surface states [45].

p-type n-type
contact contact

Figure 4.2: (a) SEM image of SLE grown single p-n junction planar GaAs NW diode arrays.
Single diodes are marked in the white boxes. (b) High-magnified single p-n diode.
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Figure 4.3: (a) Two terminal I-V characteristic of a p-n diode. Ip was measured from -2V to 2V,
and the diode turned on at 1.2 V. (b) Semi-log I-V curve of the diode. Ideality factor of 2.18 was
extracted by measuring the linear slope of the I-V curve at ~ 1 V.

4.2.2 1-V characteristics depend on the doping concentration

Table 4.1: Doping conditions of three different p-n GaAs NW diodes

SizHs DEZn
Device 1 40 sccm (Si/Ga=3.05 x 107%) 1.6 sccm (Zn/Ga=8.34 x 107°)
Device 2 400 sccm (Si/Ga=3.05 x 10°7) 1.6 sccm (Zn/Ga=8.34 x 107°)
Device 3 400 sccm (Si/Ga=3.05 x 10°) 1.0 sccm (Zn/Ga=5.21 x 107)

To see the doping concentration modulation capability of monolithically grown lateral p-n
junction planar GaAs, I-V characteristics of three differently doped (Table 4.1) diodes were
comparatively studied (Figure 4.4). When the n-type dopant gas flow rate was reduced from 400
sccm (Device 2) to 40 sccm (Device 1) while keeping the DEZn flow at 1.6 sccm constantly, the

forward current magnitude at 2 VV was reduced by 17 times (85 pA to 15 pA). However, the
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diode did not show any rectifying performance after reducing the Zn/Ga molar flow ratio from

8.34 x 107 (Device 2) to 5.21 x 10 (Device 3).

90p T T Y T
80y | = Si/Ga=3.05E-2, Zn/Ga=8.34E-003
1| = = =Si/Ga=3.05E-3, Zn/Ga=8.34E-003
70u - Si/Ga=3.05E-2, Zn/Ga=5.21E-003
60 1
p— h
<L 50u-
e
E -
> 40 -
= ]
= 30|J-.
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0 - k& 3 & 3§ & ¢ k& ¢ k8 & & ¢
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2 -1 0 1 2

Voltage(V)

Figure 4.4: Two terminal I-V characteristics of p-n GaAs NW diodes under different doping
conditions. By reducing the Si/Ga ratio from 3.05 x 107 (red line) to 3.05 x 10 (blue dashed
line), the forward Ip was also reduced at the same value of Vp. When the Zn/Ga was reduced
from 8.34 x 10 (red line) to 5.21 x 10°®, the diode was not turned on until Vp of 2 V.

4.2.3 1-V characteristics depend on the number of NWs between contacts

The linearity regarding the number of NWs is a critical requirement to utilize NW-based electric

and optical devices. Linearity of I-V characteristics depends on the number of GaAs nanowires
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between two terminal contacts is shown in Figure 4.5. The magnitude of Ip at forward bias

linearly increases by increasing the number of NWs. This indicates that the parasitic thin film on

the substrate was successfully removed by acid solution etching process, so the diode behavior is

realized only through NWs.
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Figure 4.5: 1-V characteristics of SLE-grown p-n junction GaAs NWs depend on the number of
NWs connected between two metal contacts. The forward-biased current scales with the number
of contacted NWs, as seen for 1 (red), 2 (blue dash), and 3 (green dash) NWs. Correlated SEM
images of single p-n diodes are indicated.
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CHAPTER 5 - FUTURE WORK

5.1 SLE grown planar I111-V NW based tunnel field-effect transistors (TFETS)

TFET is one of the most promising novel field-effect transistor FETs which can overcome
the limitations in scaling down the conventional transistors' subthreshold swing (SS) and can
provide improved short channel effect (SCE) as well as high lon/logr ratio by using a band-to-
band-tunneling (BTBT) mechanism [46]. Among the device structures of TFET, NW-based
TFET is desirable due to its capability of realizing multi-gate geometry and heterostructure band-
line up interface which increase the tunneling possibility and tunneling current [47, 48], and
recently, the simulation [49] as well as the experimental research [50] of vertical NW TFETs

were introduced.

The monolithically p-n doped SLE planar GaAs NWs growth technique can be directly
applied to the fabrication of planar NW TFETs, and we are proposing 2D fabrication-platform
array-based NW tri-gate TFET as a future research area. The suggested array-based SLE grown
planar GaAs NW TFET fabrication steps are showing in Figure 5.1. First, the array of Au seed
particles will be deposited on the semi-insulating GaAs (100) substrate through EBL patterning.
After loading the sample into the MOCVD chamber the lateral p+-i-n+ junction NW will be
grown. During the growth of the NW, AsH3, TMGa and Si,Hg will be introduced simultaneously
to grow an n-type segment of NW. After finishing growth of the n-type NW, Si,Hg is abruptly
switched off to grow the intrinsic part of the NW. Finally, DEZn will be supplied for growing a
p-type segment of NW. After the growth of p-i-n GaAs NW, the parasitic thin film on the sample
will be removed by the digital etching process (HCL wet etching process after 1 min of O,

plasma treatment). Next, a high-k dielectric atomic layer deposition (ALD) will be performed on
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the entire substrate, and the three individual lithography and metal deposition processes will be

performed to form source, drain and gate metal contacts.

\ [
o ey 3 N
| ) s SizH,
a EBL patterned Gold seeds TMGa 2 12Fe

= | | &
i-GaAs NW
“Hﬁ High-k
igh
==y f dielectric
p-GaAs NW n-GaAs NW
—HEX
5 | | S

: < Semi-insulati
Semi-insulatis < ok

Figure 5.1: Fabrication steps of a suggested array of planar GaAs NW TFET. (a) Array of Au
dots is deposited on the GaAs (100) substrate by EBL patterning. (b) SioHs will be supplied to
grow an n-type segment of NW. (¢) AsH3; and TMGa are introduced without flowing any dopant
sources to grow intrinsic GaAs NW. (d) After growing intrinsic NW, DEZn will be introduced to
grow p-type segment of NW. (e) High-k dielectric is deposited on the surface using ALD. (f)
Source, drain and gate metal contacts will be deposited.
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The expected band diagrams of TFET in each gate biasing conditions are shown in Figure
5.2. In the 0 V gate biasing condition (Figure 5.2a), an electrical channel cannot be formed due
to the energy barriers formed between n-type/intrinsic and p-type/intrinsic interfaces. Under the
positive gate biasing condition (Figure 5.2b), electrons can tunnel from the p+ segment of NW to
the intrinsic channel. With negative gate voltage bias (Figure 5.2c), carriers in the n+ region can

tunnel into the intrinsic channel region.

Figure 5.2: Band diagram of planar NW TFET under three different gate bias conditions. (a) At
the 0 V gate bias condition, carriers located at the n+ or p+ regions cannot tunnel into the
intrinsic channel region. (b) Under the positive gate bias, carriers at the p+ region can tunnel into
the empty states in the n+ region. (c) At the negative gate bias condition, carriers located at the
n+ region can tunnel into the p+ region.
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