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CHAPTER 1

Introduction

The study in this thesis covers extensive research on the fabrication and
characterization of nanostructures especially on self-running droplets. A lot of works
related to self-running droplets have been conducted using molecular beam epitaxy
(MBE) machine. The fundamental understanding of running droplet mechanism and
characteristics are explained which could significantly improve the understanding of
droplet growth based design.

The first chapter presents several general topics, which will be explained in

details in further chapters.

1.1 Nanotechnology and Nanostructures

Nanotechnology is one of the research disciplines which study the material in
nanometer (nm) size. Nanotechnology have been developing in various independent
research fields, e.g., physics, biology, and medical science. In term of physics of solid
state study, the nano-sized materials are commonly called nanostructures. In addition,
the material can be called nanostructures when at least one length scale in it is less
than or equal to 100 nm. For example, if we have a box, then one side of the box has
to be less than or equal to 100 nm, while the others side can be infinite. There are
many kind of nanostructures which already known e.g., quantum wells, quantum
wires, and quantum dots, many of which formed from metallic droplets.

Figure 1.1 shows various length scales and physical shape of matters,
including nanostructures. The smallest unit of matter that defines the chemical
element is an atom. Furthermore, 100 times larger than atom, there is quantum dot
(QD) structures which were discovered at the first time in 1981 by Ekimov et al [1].
QD stuctures are still under research for their ultimate applications, for example, in
high conversion efficiency intermediate band solar cells (IBSCs) [2]. Further structure,
having length ten times longer than QD, there is nanowire (NW) structrure. The
fabrication process of nanowire uses droplets as growth catalyst in the so-called
vapor-liquid-solid (VLS) growth [3]. The diamater of nanowire is equal to droplet
catalyst diameter, around 100 nm, making them one kind of nanostructures. The last



structure on which this thesis will focuss, is running Ga droplets. In 2009, Tersoff et
al. [4] reported a new droplet dynamics on semiconductor surface. They observed
running Ga droplets from Langmuir evaporation of GaAs (001). The diameter and
height of running Ga droplet are about 1.9 um [5] and 1.4 um [6], respectively,
making running Ga droplet cannot be categorized as nanostructures. However in other
running metallic droplet/semiconductor substrates, Au/Si, running Au droplets have
found with diameter as small as 20 nm [7] and putting them into the category of
nanostructures. So running droplet studies are classified as nano- and

microtechnology.

Running Ga

Atom Quantum Dot Nanowire Droplet Hair

0.1 nm 1nm 10 nm 100nm 1 um 10 pm 100 pm

Figure 1.1 Overview of the length scales of physical nanostructures.

1.2 Droplet and Self-Running Properties

Droplets can be used for a lot of functions. In solar cell technology, droplets
have been used as efficient anti-reflection coating [8]; they also improve the solar cell
energy conversion via surface plasmons [9]. In droplet epitaxy, droplets are principal
starting material, e.g., in the fabrication of intersublevel infrared photodetector with
strain-free GaAs QDs [10] and single photon emitter [11]. Versatile functions of
droplet has led to a resurgence of droplet dynamics studies including running droplets.

There are several studies on the running Ga droplets. Hilner et al. [12]
investigated the self-running Ga droplets on GaP (111)B. They reported that the
running mechanism is associated with nanoscale rouger step stimulation. This
mechanism is different from Ga droplets on GaAs (001), which is associated with
chemical potentils [4]. In addition, Kanjanachuchai et al. [13] investigated langmuir
evaporation of GaAs (111) A and B surfaces. For GaAs (111)B, the running
characteristic is similar to GaAs (001). This similarity may suggest that they have the



same driving force i.e., derive from chemical potentials. In contrast, in GaAs (111)A,
the running directions for sliding and sticking droplets are directed by subsurface
dislocation and crystallographic etching, respectively. The running mechanism of
droplets that still controversial on various systems can be more understood if more
running droplet studies are conducted.

The previous described studies are mainly conducted by in situ observation
under a low-energy electron microscope (LEEM). The limited number of LEEM
machine, causing some group to experiment using commonly available molecular
beam epitaxy (MBE) [5, 6]. However, the realization of running droplets on MBE
requires optimization and tricks because MBE is mainly used for deposition, not

microscopy.

1.3 Objectives

The objectives of this study are to develop a reliable procedure for the
synthesis of self-running Ga droplets in MBE, to do droplet I-V characterization, and
to manipulate the migration of self-running Ga droplet in LEEM.

1.4 Outline

This thesis is organized as follows: droplets formation, self-running droplet
mechanism and control are reviewed in chapter 2. The fundamental parameters to
achieve self-running droplets are also presented. Chapter 3 shows experimental details
of running droplets fabrication and characterization. The key results—reliable
synthesis of self-running Ga droplets in MBE, droplet |-V characterization, and
manipulation of the migration of self-running Ga droplets in LEEM—are presented in

chapter 4. Finally, the summary and outlook are given in chapter 5.



CHAPTER 2

Backgrounds

Self-running droplets formation based on the Langmuir evaporation of
substrate are reviewed in this chapter. Fundamental parameters to achieve self-
running droplets are presented which explain why the running droplets phenomenon
in semiconductor surface was more lately introduced than the other systems. The
droplet force imbalance due to surface chemical potentials are reviewed to describe
the running droplet mechanism. Droplet dynamics are explained in term of running
trails, secondary droplets, wettability, and control. Finally, the manipulation of
running droplet migration using cross-hatch patterns (CHPs) and the theory of metal-

semiconductor (MS) junction are presented.

2.1 Forming Ga Droplets on GaAs Surface

Forming Ga droplets on GaAs surface is relatively a simple process. Droplets
can be formed from evaporation of free surface or so-called Langmuir evaporation.
Langmuir evaporation of GaAs above 585 °C, will readily induce the decomposition;
the GaAs substances are broken down into As vapor and liquid metallic Ga.
Decomposition happens due to a large different of vapor pressure between group Il
(Ga) and group V (As) that generates the sublimation of group V material and
condensation of group Il material into the droplets. Through decomposition, the
clustering of Ga droplets can be formed on GaAs surface [14]. The important
parameters of those droplets are density and size.

The density and size of droplets have been able to be adjusted by
photolithography and wet chemical etching technique as explained by Li et al [15].
They characterize the sample by wet etching before Langmuir evaporation. The
sample is covered by photoresist and etched by H3POs: H202: H2O (3:1:100). After
chemical etching, the trench areas become etched areas while the strip top areas
become un-etched areas. Then the sample is sublimated in Riber-32P solid-source
MBE machine. After quenching the sample to room temperature, scanning electron
microscopy (SEM) analysis is conducted. Figure 2.1 shows the disparity between the
trench and strip top of the post-annealed sample. In the trench areas, the density of Ga



droplets is one order of magnitude higher than those on the strip top areas. However,
the average size of the Ga droplets on the strip top areas is much larger than those on
the trench areas. This experiment shows the ability of droplet density and size control

using pre-patterned surface.

Figure 2.1 SEM images of the formation of Ga droplets on GaAs surface at the
interface between the trench and strip areas [15].

Droplet density and size control may as well be done by real-time controlling
the sample temperature [16]. Figure 2.2 shows the real-time observation of GaAs in
photoemission electron microscopy (PEEM) during sublimation. In this experiment,
in the beginning, the sample temperature is raised to above the critical temperature,
the so-called congruent evaporation temperature T.. Above T, due to a large
difference of vapor pressure between Ga and As, As evaporates more rapidly than Ga,
leading to condensation of Ga into droplets. The higher the temperature above T¢, the
larger the size of Ga droplets since more Ga material incorporates to the droplets. The
density of droplets also increases because Ga favor to accumulate on the surface.
Subsequently, the sample temperature was then reduced below T¢ as shown in Figure
2.2(a). The temperature cooling below T¢ induces Ga droplets to shrink and disappear.
The Ga droplet, marked with 1, is the largest observed and the latest disappeared
droplet. Then, the sample temperature is gradually raised to 620 °C, causing the
droplet marked with 1 reappear in the same position. This condition is stable with no
other appearing droplet for temperature between 620 and 625 °C as shown in Figures
2.2(c) and 2.2(d). Upon the temperature rising to 635 °C, the second droplet, marked
with 2, reappears in accordance to the previous position before the droplet disappears

as shown on Figure 2.2(e). After several minutes, the others droplets appear with only



one new droplet appears at new position which marked by a triangle sign as shown in
Figure 2.2(f). Hence, in this experiment, Tersoff et al. [16] have demonstrated some

success in controlling the nucleation positions of Ga droplets on GaAs (001).

350C

Figure 2.2 PEEM images of Ga droplets on GaAs (001) during the sublimation
process [16].

2.2 Fundamental Requirement Parameters for Running Droplets

Running droplets were observed in various systems for about a century [17-
19], but the first observation of running droplets on semiconductor surface was only
lately discovered in 2009, using LEEM. The running mechanism requires stringent
control of parameters which limits the observation in readily available system, i.e.,
MBE. Two important parameters in running droplets realization are pressure and
temperature.

2.2.1 Pressure

To achieve self-running droplets during Langmuir evaporation, the system
pressure has to be kept under ultra-high vacuum (UHV) condition. UHV condition is
the condition when the system pressure is below 107 Pa or 10°° Torr. Otherwise, if the
pressure is between 10 and 10° Torr, the scanning electron microscopy (SEM)



vacuum chamber pressure, Langmuir evaporation will cause droplet etching, resulting
in micro-scale holes on the sample surface [20].

Figure 2.3 demonstrated the formation process of micro-scale holes on GaAs
(001) when the sample is sublimated in the SEM vacuum chamber. The residual
oxygen in the chamber act as an etching catalyst by reacting with the Ga and resulting

in the formation of Ga oxide or Ga,O as shown from chemical reaction:
Ga203 + 4 GaAs — 3 Ga2O1+ 2 Asz? (2.1)

The size of holes is much bigger and deeper than the holes created by Ga-triggered
nanodrill process [21]. The presence of oxide is obviously supporting the chemical

drilling process to be more effective.
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Figure 2.3 Schematic diagram of the occurrence of micro-scale holes on GaAs (001)

surface due to the thermal etching process [20].

2.2.2 Temperature

The second fundamental parameter is temperature. Sample temperature must
be increased above Tcto stimulate running droplets. However, the temperature must
not be too low or high otherwise under- and over-decomposition, respectively, will
result. Droplets are not formed in under decomposition, while the high density
droplets due to late stage coalescence are formed in over-decomposition [14]. Both
conditions yield no running droplets. Hence to produce running droplets, sample
temperature must be optimized because it directly affects the droplet running force
from surface chemical potential. The relation between temperature and surface

checimal potential are explained in Section 2.3.



2.3 Surface Chemical Potential Towards Running Droplets
The chronology of self-running Ga droplets on GaAs (001) is shown in Figure

2.4. The GaAs surface condition is related to the surface Ga chemical potential ( £ )
and the surface Ga liquidus chemical potential (£ ). In Langmuir evaporation below
Te, M, establishes condition where Ga and As evaporate at the same rates so that the

GaAs surface remains flat. Above T, K is higher than £ ; As evaporates more

rapidly than Ga, resulting in Ga droplets (3D structures) formation.
The schematic cross section of a Ga droplet is shown in Figures 2.4(a) and

2.4(b). The surface free energy associated with surface chemical potential and
liquidus chemical potential are } and 7, respectively. The relation between

these potentials and the net droplet driving force is given by [4]

Ftot = (7vs(s) _7vs(l))d T a(l' _Tc)zd (22)

where F, is the net force vector, d is the diameter of the droplet, T is the sample

temperature, and & is the coefficient of dynamic and kinetic properties of the surface.
In immobile droplet, the net force is equal to zero; the net force has equal value
around the perimeter as shown in Figure 2.4(a). While in mobile droplets, Figures

2.4(b) and 2.4(c), 7. is larger than 7, ; the net force is greater than zero, causing

the droplet displacement [4].

Figure 2.4 Schematic diagram of the self-running Ga droplets on GaAs (001) [4].
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Figure 2.5 (a) Time-lapse images of running Ga droplets at various temperatures:
below (left), within (center), and above (right) T. (b) Temperature vs

average droplet velocity of the self-running Ga droplets on GaAs (001)
[4].
The following mathematical model is taken from the Supplementary Information to

Tersoff’s original paper [4] showed the correlation between (T —TC)2 and the droplet

velocity U . The linear damping mathematical model is
F=co (2.3)

The force vector and damping coefficient are represented as F and C, respectively.

With an assumption that the stick-slip motion of Ga droplets as the time-average

motion and a damped response to Fy,,. Fi,; consist s of the Ga droplets force due to

surface chemical potential (F) and an effective friction opposite to the droplets motion
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direction (F;). Thus, the velocities include the Ga droplet velocity () and the

velocity due to friction (v, ). Expanding Equation (2.3), so we get
For =C(+0y) (2.4)

which includes the effective friction term into the model. Afterwards with the
assumption of damping and friction arise from the droplet perimeter, it is scalable
with the diameter (d ). Combination of Equation (2.2) and (2.4) results the relation
between droplet velocity and temperature

O ~ma(T-T)" -V, (2.5)

where M is the mobility or the inverse damping coefficient (1/ C ). The Ga droplet

velocity becomes zero when (T-T)’<v,/(ma). From Equation (2.5), we may also

conclude that the velocity of Ga droplets is proportional to (T—TC)Z. As the (F—TC)2

term rises, the droplet velocity will also increase.

Figure 2.5 shows the experimental result clarifying Equation (2.5). T is in
between 615 °C and 635 °C where droplets immobile in this temperature range.
Above and below T¢, we have seen the non-zero droplet velocity, which indicates that
the motion of Ga droplets occurs not only above T¢, but also below T¢ as shown in
Figure 2.5(b). However, to get mobile droplet at temperature below T, the
temperature must first increases above T to create a Ga-rich surface and allow the Ga
droplet formation. In addition, during running, the droplet size is seen to grow above

Tc and shrink below Tcas shown in Figure 2.5(a).

2.4 Running Droplet Dynamics

This part explains the dynamics of running droplets. Of particular interests are
the running trails [6], the critical size of the droplets [5], secondary droplets [22], and

coalescence events [23].
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2.4.1 Running Trails and Critical Size

The running droplet trails are shown in Figure 2.6. The trails noticeably in the
form of nano-terraces as a result of the stick-slip motion of Ga droplets. The stick-slip
motion of Ga droplets is a periodic local etching interaction between Ga droplets and
GaAs (001) surface. As reported by Hilner et al [12], Ga droplets motion is associated
with the surface morphology of surface in front of the droplets. During the slip state,
the droplets move to rougher areas; the surface friction increases due to the buried
areas. With the increase in friction, the droplets reach the stick state until reaching the
ordering of crystal structure underneath. After that, the droplets return to the slip state
and move to the newer rough areas. This process happens periodically, creating stick-

slip motion and the observation of running trails as shown in Figure 2.6.

droplet

Figure 2.6 Nano terraces running trails as a result of stick-slip motion of Ga droplets
on GaAs (001) [6].

In addition, to be mobile, the droplet must reach a critical size because Fo: is
categorized as a size-dependant parameter; the bigger the droplets, the higher the total
force vector or F,;. At a sublimation temperature of 680 °C, Wu et al. [5] observed

Ga droplets start to move after reaching an average critical diameter of 1.9 um.

2.4.2 Secondary Droplets

Figure 2.7 shows the observation of secondary droplet which exists because of
the non-uniform evaporation rate along the primary droplet running trails. The high
evaporation rate in the edge of primary running trail induces the formation of
secondary droplet. The secondary droplet which has a diameter less than 0.5 pm will
remain on the edge of trail as shown in Figure 2.7(a). Over time, the secondary

droplet is growing up, until the secondary droplet reach diameter 0.5 pm; they will
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start to move away from the primary droplets trail along [1-10] crystal orientation as
shown in Figures 2.7(b) and 2.7(c). Afterwards when the size of secondary droplet
reaches a diameter of about 2 pm, they behave like a primary droplet, turning into
[110] as shown in Figure 2.7(d).

110\
(a) “\"\/y\\'\“\ (b)

S secondary

droplet
£500nm

Figure 2.7 The evolution of secondary droplet during self-running Ga droplets on
GaAs (001) [22].

2.4.3 Droplets Wettability and Coalescence

Two last droplet dynamics are the droplets wettability and coalescence event.
Wettability is the tendency of liquid droplets to conserve contact with a solid surface.
Wettability is characterized by adhesive and cohesive forces between droplets and
solid surface; adhesive and cohesive forces cause droplets to spread along the surface
and evolve up (avoiding contact with surface), respectively. A liquid droplet
spreading on the surface without absorption of droplet by the surface is known as
inert/ non-reactive wetting. On the other hand, a liquid droplet influenced with
absorption by the surface is known as reactive wetting. Droplet in semiconductor is
the reactive wetting system which affects droplet coalescence dynamic.

Figure 2.8(a) demonstrates the coalescence of two droplets in non-reactive
system while the force balance of a single non-reactive droplet is shown in (b). The
mathematical model of corresponding single non-reactive droplet follows Young’s

equation as given in Equation (2.6):
Vs =Vis = Vu cos g (2.6)

where 7,75, and 7, are the surface tensions of vapor-solid, liquid-solid, and vapor-

liquid interface, respectively. The contact angle, & , will be reduced during the

collision state since the centre of mass are moving to the neck region.
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Figure 2.8 The models compare the droplet coalescence of non-reactive system (a, b)
and the Ga droplets during self-running Ga droplets on GaAs (001) (c, d)
[23].

Figure 2.8(c) illustrates the coalescence of two droplets in reactive system
while the force balance of a single reactive droplet is shown in Figure 2.8(d). The
mathematical model of a single reactive droplet follows the Young’s equation with a
small modification. Introducing new contact angles, o and ¢ , the force
equilibriums are not only in the horizontal but also in the vertical. Using Neumann’s
triangle method [24], it can be shown that the relations between surface tensions and

the three contact angles are

Vv T2 COS@+ 7y, €050 =0 (2.7)
Vs COS@+ 7, +7, €080 =0 (2.8)
Vs COSO +y,, COs@+y,, =0 (2.9)

where @+ @+ is 27 . Then, deriving three homogenous equations of surface

tensions vs contact angles, Equations (2.7 — 2.9), the ratio of tensions depends only on

the ratio of contact angles as

7vs — 7v| — 7/Is (210)
sin@ sing sino
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In addition, the bigger droplet intends to absorb the small droplet, because the center
of mass during the coalescence event is located in the center of the larger of the two

droplets.

2.5 Running Droplets on Various Semiconductor Surfaces

Recent studies discover that the running droplets occur not only on GaAs (001)
but also on various surfaces: GaAs (111)A and B [13], InP [25], InAs and InSb [26,
27].

2.5.1 Ga Droplets on GaAs (111)A and (111)B

Running droplets on GaAs (111)B are similar to those on GaAs (001). The
major different is that the GaAs (001) have a higher T than the GaAs (111)B,
resulting the droplets speed on the GaAs (001) slower than those on the GaAs (111)B
in accordance with Equation (2.5).

For (111)A, the droplets nucleation and trail profiles are very different from
GaAs (111)B and (001) due to the etching nature of zincblende semiconductors [28,
29]. In zincblende semiconductors, under thermal and chemical etchings, the droplet
base is inverted pyramid as a result of etched edge dislocation lines. The droplet base
shape influences the droplets nucleation and the running trail as shown in Figure 2.9.

Primary Secondary c
droplet droplets 1.A ( )

friangular etch pits

Figure 2.9 The schematic of droplets nucleation and triangular running trails on GaAs
(111)A [13].

Figure 2.9(c) shows the schematic diagram of Ga droplets nucleation and running on
GaAs (111)A. After nucleation, the primary droplet breaks up into three secondary

droplets as observed from post-annealed SEM image in Figure 2.9(a). In the early
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stage of the secondary droplets running, the running directions are partially guided by
the edge dislocations; they move away from primary etch pit in the normal side
direction, producing triangular trails due to the inverted pyramid downward etching
and the forward motion of Ga droplet. The droplet shapes also cycle between

triangular and circular during stick-slip motion.

2.5.2 In Droplets on InAs (111)B and InP

Apart from running Ga droplets, running In droplets on InAs (111)B and InP
have been reported by Mandl et al. [27] and Kanjanachuchai et al. [25], respectively.
Mandl et al show the Langmuir evaporation of InAs (111)B with and without SiOx
layer. The result showed that the running In droplets only occur on the clean surface
(InAs (111)B without SiOx layer) as shown in Figure 2.9. There is not much
information that can be elaborated from this experiments, until Kanjanachuchai et al.
reported running In droplets on three different planes of InP: the (001), (111)A and B
which qualitatively explains the running In droplets dynamics.

Figure 2.10 LEEM images showing (a) running In droplets on InAs (111)B without
SiOx layer and (b) immobile In droplets on InAs (111)B with SiOx layer
underneath [27].

Figure 2.11 shows time-lapse captured LEEM images of running In droplets
on InP (001), (111)A and B. From the three different planes observations, running In
droplets share one similarity: they are breakup before start to move.
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Figure 2.11 Time-lapse LEEM images showing breakup behaviour of running In
droplets on InP (a) (001), (b) (111)A, and (c) (111)B surfaces [25].

This can be explained through a spreading liquid droplet on a solid surface [30]

Equation as

FiL HUR
hy

(2.11)

where F, is the viscos force, 4 is the droplet’s viscosity, R is the droplet base radius,

U is the contact line velocity or dR/dt, and n, is the droplet height. Equation (2.11)

shows that the viscos force F,, the force that counteracted the droplet spreading force,
is proportional to the droplet’s viscosity /. Hence, the higher the x, the more the
tendency of droplet to spread on the surface. u is temperature-dependant that can be

approximated by
10,0 (1 11%) =—a, + 22
0gyo(pl ) =—2, + S (2.12)

where ,uo is 1 mPa s, T is the absolute temperature (K), & (-) and d, (K) is the
coefficients from the reference viscosity table [31]. We can compare 4 of the In and

the Ga droplets, to understand the origin of the In droplets breaking up characteristics.
Putting the active temperature Ta of InP (001) and GaAs (001) where the droplets are
mobile into Equation (2.12), Ta (£ ) are approximated to be 369 °C (1.15 mPa s) and
630 °C (0.60 mPa s) for the In and the Ga droplets, respectively. In droplets receive

about two times greater £ than Ga droplets, resulting In droplets more sticky and

easily to break up than Ga droplets.
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Besides the breaking up characteristics, the running directions of In droplets in
three different planes are also interesting to explore. Figure 2.12 shows the SEM
images of post-annealed InP (001), (111)A, and (111)B. For InP (001), the directions
of running In droplets are similar to the running Ga droplets on GaAs (001). The
primary In droplets, marked as m in Figure 2.12(a), run toward [110] or [-1-10] with
approximately equal probabilities; from the trail’s path of the secondary In droplet,
marked as n in Figure 2.12(a), the secondary In droplet that reaches a critical diameter
will run away along [1-10], and overtime they make a turning to [110] or [-1-10]. The
commonalities between the InP (001) and the GaAs (001) suggest that the driving

force on both systems are from the similar origin i.e., the surface chemical potential.

ngp o°’e

formol o

Figure 2.12 Re-colored SEM images exhibiting running In droplets on InP (a) (001),
(b) (111)A, and (c) (111)B. The scale bars are 2 um [25].

The In (111)A droplets characteristic is much different from the Ga (111)A
droplets. The observation of triangular pits on GaAs (111)A vanishes on the InP
(111)A. The mobile In (111)A droplets are circular and start to move at a critical
diameter of 0.7 pum, similar to those in the In (001) [25]. The primary In (111)A
droplets move along [01-1] direction, as shown in Figure 2.12(b), marked as m,
following with the secondary In (111)A droplets formation on the edge of trail due to
the non-uniformities of evaporation rate. The secondary In (111)A droplets, marked
as n, are seen to move out from the trail at approximately 45° from the [01-1].

The In (111)B droplets are seen to move in a random direction as shown in
Figure 2.12(c), marked as m. The droplet revolves for more than 10 pm, possibly due
to the imbalance of the droplet’s forces direction. Two droplet’s forces responsible for

the directionality of droplets are called a diffusion force along diffusion barrier



18

orientation (Fy ) and a drift force resulted from spatial variation of A 1z (Fy) as

illustrated in Figure 2.13.
In an immobile droplet, Figure 2.13(a), surrounded by the uniform surfaces,

resulting the neutralization of Fj. While in a mobile droplet surrounded by the
chemically-, thermally-, or otherwise-induced non-uniform surfaces, causing the

magnitude of Fy, is greater than Fy; . Then as illustrated in Figure 2.13(b), the

mobile droplet moves toward the direction of the maximum force F, (shown as

dashed red arrows).

(a) 4 Fgr  |(b)
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Figure 2.13 The models showing the roles of a diffusion related force (Fy ) and a

drift related force (Fy) on In droplets that (a) immobile and mobile: (b)

straight, (c) nonstraight, (d) on InP (001), and (e) on InP 111(A) [25].

For In (111)B, as illustrated in Figure 2.13(c), the directionless motion may be

caused by the magnitude of Fy (shown as solid blue arrows) much smaller than F,,.

But Fy is dominant on primary In droplets (marked as m in Figure 2.13) for In (001)

and (111)A, causing the motion along diffusion barrier direction.
For the secondary In droplets directions (marked as n in Figure 2.13) are
different between InAs (001) and (111)A. In figure 2.13(d), secondary In (001)
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droplet is seen to move perpendicular from the primary droplet trail and to turn into
diffusion barrier direction [-1-10], possibly because Fuy is stronger than F,. In
contrary, in figure 2.13(e), secondary In (111)A droplet are observed to move 45°

away from the primary droplet trail, indicating that || Fyi [l F. Il

2.5.3 In Droplets on InAs and InSb (111)B

The running characteristics of In droplets vary widely amongst the different
systems i.e., In droplets on InP, InAs (111)B, and InSb (111)B. The breaking up
behaviour of In droplets on InP is absent in InAs (111)B. In droplets on InSb (111)B
also exhibit different characteristic; they nucleate in the triangular pits similar to Ga
(111)A droplets. Even in the same system, InAs (111)B, the different Langmuir
evaporation preparations may result in the different droplets characteristic: the
directionless motion and the motion toward [-12-1] of In (111)B droplets are
generated from a fast ramping annealing [27] and a very slow ramping annealing [26],
respectively.

Other important of droplets despite the running characteristics, is the running
controls. The running controls of the metallic droplets on the semiconductor surfaces
(reactive droplets) are relatively new design and the creations are more complicated
due to the reactive wetting system as explained in Section 2.4.3. While on their
counterparts, the liquid droplets on the solid surfaces (nonreactive droplets), the
running controls are already established that consist mainly of the droplet’s speed and
direction controls, achieved by creating a resource of controller e.g., magnetic fields
[32], lateral vibration [33], gravity [34], and thermal gradient [35]. However,
Kanjanachuchai et al. [26] recently proposed a method using a dislocation network for
guiding the direction of running reactive droplets.

From the Langmuir evaporation of an unintentionally stressing InAs (111)B,
the direction control of droplets is obtained by two scenarios: a single (shown in
Figure 2.14(a)) and multiples (shown in Figures 2.14(b) and 2.14(c)) of line
dislocation-droplet interaction. In Figure 2.14(a), the line dislocation, marked as L1,
fully guides the first droplet, marked as D1, to run toward [10-1]. Although not all
droplets can be guided by L1; the second droplet, marked as D2, is partially guided by
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L1. During guided-running, the droplet D2 runs toward [10-1] and gains momentum,
and then after achieving critical momentum, it turn into [-12-1], the majority direction

of droplets.

A

Figure 2.14 (a) DIC image showing a single line dislocation and In droplets
interaction (b) SEM image showing multiples line dislocations and an
In droplet interaction (c) trajectory of a guided In droplet on the post-
sublimated InAs (111)B surface [26].

Figures 2.14(b) and 2.14(c) show the interaction between multiple line
dislocations (marked as L3 and L5) and a single In (111)B droplet. These two line
dislocations are seen as effective guidance, blocking the droplet to run across the

intersection, marked as multiplication (x) sign in Figure 2.14(b).
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Figure 2.15 (a) The model showing a running liquid droplet approaches a dislocation
line buried at depth h. Simulated cross-sectional stress distribution of (b)
oyy, (€) 6z aty =0 and x = -1 (d) simulated surface stress distribution for

h=1pumandh=0.5 um [26].

The droplet-dislocation line interaction can be modelled using Eshelby's
technique for determining the stress and strain in the buried dislocation, as previously
used by Andrews et al. [36] for modelling the cross-hatch strain fields. A running
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droplet with running force Fy approaches a dislocation line and experiences a local
force Fs as shown in Figure 2.15(a). Fs occurs due to the surface stress ¢ from buried
dislocation line which is composed by the perpendicular (oyy) and the parallel (cyzz)
components.

The surface stress components can be calculated by considering the pure edge

dislocation as
b = bxex + byey (213)

where b is the Burger vector, ey is the x unit vector, and ey is the y unit vector. While

the mathematical expressions for the surface stress tensor of any position (X,y) are [36]

v __ Gb, {y[(x+h)2—y2]+y(7h2—6hx—x2+y2)+4 h30=h)* —y* }
Y 27@-v) ([(x+h)* +y°T’ [(x=h)* +y*T* [(x=h)*+ Yy’
(2.14)
o Gb, {(x+ h[(x+h)? +y*]  h®+h®x=5h(x* + y*) + x(3x* + y*)

7 2z@-v) | [(x+h)? +y?T [(x—h)* +y*]?
oy h* —2h®x — x* —6h2y22 + y24 ;L 2h(x3+3xy2)} (2.15)
[(x=h)"+y"]
o = Gb,yv [2y(5h® —6hx+x* +y?) 2y (2.16)
Y 27z(l-v) [(x—h)* +y*]° [(x+h)* +y*]*

and. b Gb,v { 2(x + h) _2[h3—h2x+x(x2+y2)—h(x2+3y2)]} 2.17)

% T 22—v) | [(x+h)Z + y?] [(x—h)? +y*]

where the shear modulus G and the Poisson’s ratio v are the coefficients of the elastic
isotropic solid medium e.g., in room temperature, v for InAs (111) is 0.362 [37]. The

burger vector, used for simulation in Figures 2.15(b), 2.15(c), and 2.15(d) is
2v2
b= (5 be, +be, (2.18)

according to the 70.5° intersection angle between a {111}c slip plane and the InAs
(111) surface. The simulations in Figures 2.15(b), 2.15(c), and 2.15(d) are then
generated, showing the surface and the cross-sectional stress distributions of the InAs

(111) where the numerical ¢ values are in the unit of 103G.
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The simulation results show that the degree of droplet and dislocation (Fyand
Fs) interaction relies on the surface step AX which mean relies also on the depth of
buried dislocation h. Figure 2.15(d) shows the surface stress o distribution for h = 1
pm and h = 0.5 um where ¢ falls on maximum value at y = 0, and then decreases to
zero for further areas. Wherein the reduced h results in the increasing of ¢ (and the
corresponding force Fs) and the decreasing of influenced range.

The running characteristics of reactive droplets on the buried dislocation
surface can be qualitatively explained. When the droplets at areas far away from
dislocation; they will run toward the majority direction because the only dominant
force is Fy, regardless of Fs. Fs appears within a distance of y<2h-3h, which are close
enough from the dislocation. Upon the appearing of Fs, the direction of running
droplets follows the vector sum of Fyand Fo.

Fu is proportional to droplet diameter d according to Equation (2.2), whereas
Fs is inversely proportional to h, so that the droplet-dislocation interactions are
summarized as follows: (1) small droplets, having a low F,, approach shallow
dislocations (high Fs) are fully guided by the dislocation since the droplets do not
have enough energy to run accros the dislocation (barrier). (2) small droplets
approach deep dislocations (low Fs) are partially guided (deflected slighlty) or even
cross over the barrier. (3) Big droplets, having a high F, approach deep dislocations
will cross over the dislocation because F is much greater than Fs. The last, (4) Big
droplets approach shallow dislocations possibly be fully guided or cross over the
barrier [26].

2.6 InGaAs Cross-Hatch Patterns as Guiding Layer

One of the objectives of this thesis is controlled manipulation of droplets
direction using cross-hatch patterns (CHPs). CHPs have been used for various
templates e.g., nanoholes [38] and quantum dots [39, 40], while in this thesis CHPs
are used as template for guiding running Ga droplets.

Similar to the dislocations on InAs (111)B by stressing sample at high
temperatures [26, 28] which is described in Section 2.5.3, CHPs also consist of buried
dislocations, regardless of the formation by heteroepitaxy and the readily known

properties [41, 42]. This part explains the theory and the characteristics underlying the



23

dislocations formation of CHPs, while the cross-sectional and the growth details of
this structure are presented in Section 3.1.5.

CHPs are formed due to strain relaxation, similar to QDs: the nature of the two
crystals with different lattice constant coupling [43]. However, to grow CHPs instead
of QDs, the degree of mismatch (strain) € must to be low (<2%) [44]. ¢ is calculated

by

(2.18)

where @ is the lattice constant of strained layer and @, is the lattice constant of

unstrained layer (substrate) [45]. Three growth modes are obtained from the different
¢ and the layer thickness (H): Frank-van de Merwe (FM), Stranski-Krastanov (SK),
and Volmer-Weber (VW) [46]. The FM mode is a 2 dimensional (2D) layer-by-layer
growth where the mismatch ¢ is less than 10%, whilst the SK mode is a 3 dimensional
(3D) growth where ¢ is in between 5% and 15%. However, in SK mode, there is still
possible to grow a 2D structures the so-called wetting layer (WL) before the 3D
structures occur at H above the critical value (Hc). For the VW mode, ¢ is sufficiently
high to make the formation of 3D structures without the WL.

Figure 2.16 shows the schematic diagram of CHPs formation. For the growth
of CHPs, ¢ is mantained in the mode ranges of 2D layer-by-layer growth using the
FM mode [40]. The heteroepitaxy growth of two slightly lattice-mismatched crystals
(strained layer and substrate) results in the point defect due to the missing row of
atomic ordering. When the strained layer thickness exceeds Hc, the strain relaxation
occurs, after that misfit dislocations (MDs) will form. The further growth of strained
layer increases the strain energy and creates the propagating of dislocation toward the
strained layer surface, creating the surface step or cross-hatch patterns in the atomic
force microscope representation [41, 44].

The well-known CHPs formation is in the heteroepitaxy of InxGa;-xAs on flat
(001) GaAs surface, where x is the In molar fraction. For this thesis, the CHPs that is
used as guiding layer for running droplets is Ino.2Gao.sAs/GaAs with the strained layer
thickness of 25 nm. Since the mismatch ¢ between Ing2GaogAs and GaAs is 1.4% [47],

below 2%, the growth occurs in the 2D layer-by-layer mode. The strain between the
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two structures is relaxed by the formation of 60° MDs, resulting in the formation of

CHPs along [110] and [-110] directions.
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Figure 2.16 The schematic diagram showing the formation of CHPs [44].

Figure 2.17 shows ECCI image and linescans of a 25 nm Ino2Gao.sAs grown
on GaAs (001) surface. Surface steps (undulations) of CHPs serve as a guidance to
manipulate running droplets direction. The magnitude of undulation lines along [110]
and [-110] is observed to be 1 um, which is sufficient to interact with droplet that

tipically etch about 100 nm of the GaAs surface [6].

‘ (b)

Figure 2.17 (a) Electron channelling contrast imaging (ECCI) of a 25 nm Ing.2GaosAs.
ECCI linescans of a 25 nm Ino 2Gao gAs, taken across the (b) [110] and (c)
[-110]. The axes scales of b and c are in um [42].

2.7 Metal-Semiconductor (MS) Junction

Droplet on semiconductor surface is a metal-semiconductor (MS) junction
which characteristics are similar to the characteristics of p—n diode, light emitting

diode (LED), and solar cells. The MS junction can be either rectifying or non-
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rectifying. The rectifying forms a Schottky barrier and the non-rectifying forms an
ohmic contact.

The classification of MS junction to be a Schottky barrier or an ohmic contact
depend on the Schottky barrier height ®s. When ®g is sufficiently higher than the
thermal energy kgT, the semiconductor bends near the metal, and the MS junction
behaves as Schottky barrier. Whereas in a lower ®g, the semiconductor is not bends,
and the MS junction behaves as ohmic contact.

Figure 2.18 shows a band diagram of n-type Schottky diode, where ®go is the
ideal barrier height, Vi is the built-in voltage, Ec is the conduction band, Ey is the
valence band, Ef is the Fermi level, and Es is the intrinsic Fermi level. In the
semiconductor region, the band bends downward and the conduction band is closer to
the Fermi level because the metal and the semiconductor share the equilibrium level.
The work function—the minimum energy required to remove an electron from the
surface—of the metal is higher than that of the semiconductor. Therefore, before
equilibrium, the electron flows from the semiconductor to the metal, increasing the
the built-in potential of the semiconductor.

Figure 2.18 Energy band diagram of an n-type Schottky diode, adapted from Neamen,
D.A. and B. Pevzner [48]

The Schottky barrier height ®g can be obtained from current-voltage (I-V) and
capacitance-voltage (C-V) methods with an assumption of homogeneous system [49].
For an I-V method, the junction current I is measured as a function of the applied bias

voltage Vb and the relation is
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| = Isa{exp (%j —1} (2.19)

and the reverse saturation current lsa iS
.. = AA*T 2 exp[-D% /(Ko T)] (2.20)

where A is the junction area, A* is the Richardson’s constant, and T is temperature. lsat
and the ideality factor n can be calculated from the semi-logarithmic plot of Vy vs
dark current lgark. Dark 1-V measurement ensures the absent of series and shunt
resistances [50]. The ideality factor measures the closeness of a device characteristics
to the ideal diode. The ideality factor is also a powerful indicator to describe the
recombination in a device. For an ideal device (n=1), the recombination occurs by
band-to-band recombination, but for a non-ideal device (n=2), the recombination
occurs by defects in the depletion region. In a real device, both recombinations take
place, so typical values of the ideality factor are between 1 and 2 [51].

For C-V method, the junction capacitance C (typically = 100kHz) is measured
as a function of V,. The measurement is conducted in reverse bias for reducing the
influence of in-phase current. After plotting the inverse of C vs Vy, flat-band voltage

is calculated by a linear extrapolation to the voltage axis. ®g Of an n-type MS is
%n =6V, +eV, +k;T (2.21)

where eVbi is the built-in voltage and €V, is the difference between the conduction

band E¢ and fermi energy Es level of the semiconductor [52].
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CHAPTER 3

Experimental Details

This chapter explains the details of samples fabrication and characterization
which are divided into 6 Sections. Section 3.1 explains about molecular beam epitaxy
(MBE) experiments. Section 3.2 presents about reflection high-electron energy
diffraction (RHEED) observation for the surface reconstruction. Section 3.3 explains
about a low-energy electron microscopy (LEEM). Section 3.4 explains the details of
ex situ analyses using differential interference contrast (DIC) microscopy, atomic
force microscopy (AFM), and scanning electron microscopy (SEM). Section 3.5
presents about the selective Ga droplets etching by a chemical solution. Finally,
Section 3.6 explains about sharp tungsten (W) tip fabrication and droplet I-V

characterization.

3.1 Molecular Beam Epitaxy (MBE) Experiments
3.1.1 The MBE Machine

Just as the name suggests MBE is a type of epitaxial crystal growth using
beams of elements. The word epitaxy is adopted from Greek word epis and taxis,
which mean to over and order, respectively. Thus, MBE is the growth of an ordered
layer over another existing layer or the so-called deposition, using beams of elements.
However, in this thesis, the works use MBE not for deposition growth but for
decomposition growth.

All samples were sublimated using Riber’s 32P solid-source MBE. This
machine is equipped with three chambers: introduction, transfer and growth chamber.
Figure 3.1(a) shows the MBE’s growth chamber sketch. Effusion cells with the pure
of group Il and V materials (In, Al, Ga, P, and Ass) produce the molecular beams.
The molecular beams are generated by evaporating the materials under UHV which
the temperatures controlled by feedback from thermocouples reading. The UHV
creates the mean free path of beams very smooth with allow the beams to reach the
sample surface with minimum collisions. Flux of the beams towards the sample

surface can be turned on/ off by controlling the tantalum shutters in front of the cells.
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The beam flux rates as a function of cell temperatures are calibrated using
RHEED. RHEED also play important roles as surface reconstruction tool
distinguishing between flat and rough surfaces. RHEED imaging system consists of

an electron gun, a fluorescent screen, and a CCD camera connected to a computer.
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Figure 3.1 (a) Top-view sketch of Riber’s 32P growth chamber (b) Side-view picture
of Chulalongkorn’s MBE growth chamber.

3.1.2 Samples Preparation

All samples are scribed from epi-ready GaAs (001) substrates and are attached
to molybloc using indium (In) glue. Afterwards, the sample is loaded to introduction
chamber and baked at 450 °C for one hour under UHV to get rid of the water (H20)
contamination. The sample then transferred to growth chamber and additional baking
made at 580 °C to desorb the oxide layer.
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3.1.3 Producing Self-Running Ga Droplets

MBE is not designed for microscopy; RHEED patterns which lack of real-
space imaging capability, leading to under- or over-decomposition and make it
difficult to get running Ga droplets. Moreover, in our observations, there is no
information of RHEED pattern for running droplets due to RHEED pattern
disappearance because of the um size of droplets that absorb, scatter, or reflect the
electron beam from the RHEED gun. To solve the inability to see surface condition in
MBE, Jesson et al. [53] proposed a method by installing 111-V source cells on low-
energy electron microscopy (LEEM); they also can reproduce running droplets in this
machine. However, we also found a simple applicable procedure in common MBE for
producing running Ga droplets. In this procedure, primary surface indicator is
RHEED and rough sample temperature indicator uses thermocouple reading. The

procedure establishment requires six samples as shown in Figure 3.2.
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Figure 3.2 Temperature profiles of samples used for establishing self-running Ga

droplets procedure in MBE.

Starting from ramping up the temperature from 100 °C to 580 °C with a rate of
30 °C/ min. Sequentially, in the temperature range between 580 °C and until the first
appearance of streaky patterns (where the progress stops for sample 1), the ramping
up rate decreases to 10 °C/ min. The temperature stops at streaky pattern for 30 min,
to allow oxides desorption process. After that, the temperature increases with a rate of

1 °C/ min until the streaky patterns turn into chevron patterns (where the progress
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stops for sample 2). In addition, the PID program of temperature is halted when the
system pressure exceeds 5.5 x 10° Torr. After quenching samples 1 and 2, the
surfaces are analyzed ex situ using AFM.

Reproducible running Ga droplets can be formed in MBE by registering
RHEED chevron patterns and applying profiles with corrected temperature. The
temperature To indicates where the chevron pattern appears, and was then used in
samples 3-6 as the reference temperature. Temperature of sample 3 is ramped from To
to To+ 20 °C at a rate of 0.3 °C/min and then sublimated for 30 min. This slow
ramping rate was used for all samples to avoid quick decomposition and alllows
density control [25]. Temperature of samples 4 and 5 are ramped from To to To+ 10
°C and To+ 5 °C and then sublimated for 60 and 90 min, respectively. Temperature
of sample 6 at first rises to To + 5 °C, to make a Ga-rich surface that allows Ga
droplets nucleation, afterwards it directly decline to To —30 °C and maintained
constant for 75 min. After each sublimation, the temperature decreases 100 °C by
switching off the power supply of heater. Samples 3-6 are analyzed ex situ using an
AFM, a differential interference contrast (DIC) microscopy, and a scanning electron
microscopy (SEM).

3.1.4 Samples for Selective Ga Droplets Etching and Droplet I-V Characterization

Before obtaining the procedure to reproducible produces running Ga droplets
in MBE as explained in Section 3.1.3, we got many over-decomposition samples: the
surface is dominated by large size-droplets without running trails.

The over-decomposition samples can be used for selective Ga droplet etching
and droplet I-V characterizations. Selective Ga droplets etching is used to determine
the etch pit geometry underneath the droplet and to ensure the formation of Ga droplet.
While the droplet |-V characterization is used to acquire the electrical properties of
droplet—a droplet on semiconductor surface may have some similarities to a diode.

These experiments use samples 7 and 8: the chemical solution testing of
selective Ga droplets etching uses sample 7 while samples 8 is used for droplet I-V
characterization because the droplets are big enough to be probed by sharp tungsten
(W) tip.
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Samples 7 and 8 are sublimated with the following procedure. The ramping up
temperature from 100 °C until the thermal oxide desorption temperature of these
samples is similar to those of samples 1-6. After 10 min of thermal oxide desorption,
the temperature of samples increases to the sublimation temperature. For sample 7,
the temperature increases to 680 at a rate of 5 °C/ min and kept constant for 10 min.
For sample 8, the temperature increases to 680 °C at a rate of 1 °C/ min and kept

constant for 10 min.

3.1.5 Samples for Manipulation of Self-Running Ga Droplets Migration using CHPs

Figure 3.3 shows the schematic diagram of samples in this experiment. A
GaAs sacrificed layer with thickness i is grown on top of an Ino2Gao.sAs CHPs layer.
Samples 9 and 10 with i of 100 nm and 300 nm, respectively, were grown. The
detailed steps for samples growth are as follows. After 10 min of oxide desorption, a
100 nm buffer layer is grown to flatten the surface using a growth rate of 0.6 ML/s at
580 °C. After that, the substrate temperature is ramped down to 500 °C and a 25 nm
Ino2GaogAs is grown as guiding layer for running droplets. Subsequently, a 20
seconds growth interruption and a GaAs sacrificed layer growth for respective i were
carried out. After the growth process, the system pressure is above 5 x 10° Torr—too
high for performing sublimation—substrate temperature then decreased to 100 °C by
switching off the power supply of heater and the sample is transferred to the
introduction chamber.

running running CHP’s misfit
trail Ga droplet surface step dislocation

\"\Q /
GaAs sacrificed layer \/\ \/\/ I i
25 nm Ing,GaggAs ! X

\

l\ ¥
100 nm GaAs Buffer

GaAs (001) substrate

Figure 3.3 Cross-sectional schematic diagram of running Ga droplets on cross-hatch

patterns.
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On the next day, the pressure decreases below 5 x 10° Torr; the sample is
returned back to the growth chamber and the sublimation is performed. Samples 9 and
10 are sublimated in MBE with the following procedure. Sample 9 is sublimated at
685 °C for 10 min by ramping the temperature from 100 °C to 685 °C at a rate of 5
°C/ min. Sample 10 is sublimated at 695 °C for 10 min by ramping the temperature
from 100 °C to 695 °C at a rate of 4 °C/ min. In both samples, we cannot find the
chevron patterns—which always found in samples 1 to 6—the droplets formation is
estimated through the dissappearing of RHEED patterns. After each sublimation, the
temperature of these samples are cooled down to 100 °C by switching off the power
supply of heater. Samples 9 and 10 were re-sublimated on LEEM to observe the

running droplets in real-time and -space.

3.2 In situ RHEED Pattern Observation

The in situ surface analysis of MBE experiments are obtained from RHEED
which schematic representation is shown in Figure 3.4. A 15-18 keV focused electron
beam is directed towards the sample at grazing angle for about 1°. The electron
energy only allows the beam to penetrate through the first few atomic layers as same
as 2 dimensional (2D) gratings, resulting the diffraction pattern. In the opposite
position, a fluorescent screen displays the diffraction pattern. The displayed pattern on

fluorescent screen is a reciprocal space representation of the sample surface.

RHEED
screen

electron beam

Figure 3.4 Schematic representation of a RHEED adopted from Barron, 2011 [54].

RHEED can distinguish two surface conditions: the flat and three dimensional

surfaces which are indicated by the streaky, and spotty or chevron patterns,
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respectively. Although the disadvantages of RHEED is not implying the size and

density of three dimension structures [55].

3.3 Low-Energy Electron Microscopy (LEEM)

A low-energy/ photo-emission electron microscope (LEEM/ PEEM) is a single
real-time and -space imaging system that utilizes two difference energy sources to
characterize samples.

The schematic diagram of a low-energy/ photo-emission electron microscope
(LEEM/ PEEM) is shown in Figure 3.5(b). In LEEM mode, A typically 20 keV
collimated electron beam from electron gun is focused by illumination optics. The
beam is then 60° deflected using a prism optic beam separator and directed to sample
surface in UHV chamber. After that, the reflected electron beam re-enters beam
separator, 60° re-deflected, and directed to imaging parts which consist of an imaging
optics, an energy analyzer, a projection lens system, and a camera. In PEEM mode,
the light source is just changed to UV or X-ray light source which can be produced
from synchrotron radiation source. This light beam is directed towards the sample
which excite, afterwards the emission from sample is deflected by beam separator to
the imaging energy analyzer. The imaging analyzer also provides important data such

as chemical bonding state and valence energy levels of the sample surface.
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Figure 3.5 (a) Elmitec’s low-energy/ photo-emission electron microscope (LEEM/
PEEM) 11l system adopted from synchrotron light research institute
(SLRI), Thailand [56] (b) Schematic diagram of a LEEM/ PEEM

adopted from okinawa institute of science and technology [57].
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LEEM images sample with backscattered electrons that can give parameters
for many contrast mechanism such as mirror electron microscopy (MEM), phase
contrast, and diffraction contrast modes. In MEM mode, the image contrast is
obtained through the electric field difference at sample surface [58]. When the
sample’s voltage smaller than the electron source voltage, the electron beam is fully
reflected in the field above the sample surface before the beam can reach the surface
region. The beam moves slowly which is easily influenced by the temporal and spatial
variations of electric field.

PEEM uses photo-emitted electrons method that also provides important
information about the local surface environment of the sample. For example, in UV
photoemission electron microscopy (UVPEEM) mode, we can get the information
about spatial maps of work function of sample surface. This information could be
used to distinguish material composition.

The detailed samples preparation and sublimation in LEEM are as follows.
The pre-MBE grown samples of that in Section 3.1.5 are scribed intoa 1 cm x 1 cm
shape and mounted onto the sample holder. The sample is loaded and pumped down
in the airlock chamber. After that, the sample is transferred to the preparation
chamber and baked at around 300 °C overnight to remove H>O while the base
pressure and a maximum pressure are kept below 2 x 102 Torr and 7 x 10° Torr,
respectively. On the next day, the sample is introduced to the UHV chamber.
Subsequently the surface is imaged with LEEM in the MEM mode and the surface
oxide layer is removed by slowly ramping the sample to 580 °C by slowly increasing
the filament current lt. The sample temperature is measured by a calibrated
thermocouple and pyrometer. After a 10-min oxide removal, the temperature is slowly
ramped while the surface is imaged and video recorded in real time. The system base
pressure is kept below 5 x 10° Torr throughout the sublimation. After sublimation, I

is gradually decreased to zero; the sample is then removed from the UHV chamber.

3.4 Microscopy

There are three well-known microscopy techniques such as an optical, a
scanning probe, and an electron beam microscopy. Figure 3.6 shows the measuring

resolution comparison among several microscopy techniques e.g., optical: an optical
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interference microscopy (OIM), a scanning confocal microscopy (SCM); scanning
probe: an atomic force microscopy (AFM), a scanning tunneling microscopy (STM),
a scanning stylus microscopy (SSM); and electron beam: a scanning electron
microscopy (SEM).

Figure 3.6 The comparison among several microscopy techniques [59].

The ex situ analyses of running droplet samples use three microscopy
techniques such as an OIM, an AFM, and a SEM that are explained in this Section.
Each of these techniques has merits and demerits. In terms of scan speed, an OIM and
a SEM are faster scan speed and larger scan area than an AFM. A SEM is also
equipped with the X-rays energy dispersive spectroscopy (EDS) for the chemical
analysis tool. Although in terms of vertical and horizontal resolution, an AFM can
provides the best details.

3.4.1 Differential Interference Contrast (DIC) Microscopy

Georges Nomarski has introduced DIC microscope about 1950s. The basic
principle of a DIC microscopy makes use of interference between two light beams to
form an image as illustrated in Figure 3.7. At first, a light source (1) generates a light
beam, which is transformed into plane-polarized light by a polarizer (2). After that, a
half-mirror (3) reflects the polarized beam into a bi-refringent prism (4). A bi-
refringent prism separates the polarized beam into two partial beams directed towards

the sample surface (6). These two beams are reflected by the sample towards a wave
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plate (7a) and an analyzer (7); if the sample surface is flat, these beams will travel in
the same time, but if there is a small step (Ah), one of these beams has to travel 2*Ah

longer. Finally, this information is then processed to form image.
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Figure 3.7 Cross-sectional schematic diagram of a DIC microscope [60].

3.4.2 Atomic Force Microscope (AFM)

In 1986, G. Binnig et al. [61] invented the rough ideas of AFM from
modification of STM using the ultra small tip at the end of a cantilever as a sensitive
sensor reaching the regime of interatomic force between atoms. Martin et al. [62]
enhances the sensor system with vibrating cantilever and laser beam.

The working principle of AFM is shown in Figure 3.8(b). The sample is
placed in a moving piezo-actuator while the cantilever tip is scanning the surface. The
tip movement on the rough surface creates the change of reflection angle. The change
of reflection angle is measured by a laser beam and a photo detector. The reflection

angle information at each point is sent to a computer to construct the final image.
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Figure 3.8 (a) A Seiko’s SPA 400 AFM (b) The basic principle of AFM [63].

There are three imaging modes in AFM: contact, tapping, and non-contact
modes. In the contact mode, the used force is repulsive as the cantilever tip is
continuously touching the surface; the advantages are fast scan speed and good for
rough surface. However during scanning, there is a possibility of the tip to damage the
soft sample. In the tapping mode, the used force comes from the resonance frequency
as the cantilever is not continuously touching the surface. The cantilever tip is
swinging and touching the surface. An advantage of this mode is the capability to
create high resolution images from easily damaged sample. In the non-contact mode,
the cantilever tip is not touching the sample surface; the tip is just oscillating above
the adsorbed fluid layer. The merit of this mode is very low force that has given to the
surface. Hence it can extend the tip lifetime and avoid the damage to the surface.

The grown running Ga droplets samples were measured using a Seiko’s SPA
400 AFM as shown in Figure 3.8(a). The AFM operates in the tapping mode. The
scan parameters are as follows: scan speed is 0.5 Hz, lgain iS 0.4, Pgain iS 0.2, Again IS 2,
and Sgain is 2 for the optimum of image results. The AFM image analyses are
conducted using ImageJ [64] and WSXM [65].
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3.4.3 Scanning Electron Microscope and X-rays Energy Dispersive Spectroscopy
(SEM and EDS)

The basic principle of a SEM is to hit the small surface area with a collimated

electron beam and to form an image using the reflected electron (secondary electron)

beam [66] as illustrated in Figure 3.9.
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Figure 3.9 SEM layout and function [67].

In a vacuum chamber, an electron gun produces an electron beam at the top of
microscope, afterwards the beam travel through a vertical path towards the sample.
Before hitting the sample, the beam alignment uses set of electromagnetic lenses and
coils: condenser lenses, deflection coils, final lenses control the spot size, the
scanning (direction), and focus of the beam, respectively. After the beam hits the
sample, some electrons are scattered, absorbed and transmitted. A detector collects
secondary electrons and X-rays which are emitted from the sample. The secondary
electron information at each point is sent to a computer for constructing the final
image. While the X-rays emission spectrum is processed for the elemental analysis of
sample surface or so-called energy dispersive spectroscopy (EDS) [68].

We used a JEOL’s JSM-5410LV SEM for imaging the samples. We
bombarded the sample with electron beam at accelerating voltage of 15 kV. The

sample is imaged several times in low and high magnifications typically from 1000 to
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10,000 times. After sample imaging, the elemental analysis is conducted using EDS
system attached to the SEM.

3.5 Selective Ga Droplets Etching

The selective Ga droplets etching uses commercial 37 % hydrochloric acid
(HCI) together with deionized water for dilution. The detailed chemical mixing is
presented in Appendix.

Sample 7 is subject to selective Ga droplets etching using two different
chemical concentrations; this sample is scribed into a 0.5 cm x 0.5 c¢cm so that the
surface condition before and after etching can be easily compared. The chemical
etching recipes are as follows. At first, the scribed sample was dipped in a HCI:H20
(1:5) solution which is adopted from Elborg, et al [69]—without stirring—for 30 min.
With this etching, the Ga droplets are not completely etched away so the scribed
sample is re-etched with the second recipe: the scribed sample was dipped in a
HCI:H20 (1:2) solution—with stirring—for 15 min. After etching, the sample was
rinsed in deionized water. Subsequently, the surfaces before and after etching are

compared using a DIC microscopy.

3.6 Sharp Tungsten (W) Tip Fabrication and Droplet I-V Characterization

The droplet fabrication is conducted under UHV, ensuring the cleanliness and
the purity of MS junction. So the I-V and C-V measurements will show the results that
closer to “the true value”. By this measurement set-up, Equation (2.10) and (2.11)
from Section 2.6 can be examined and proven.

The electrical measurements on small areas using sharp tip has been
conducted since 1950s. Shockley et al. [70] measured the I-V characteristic of a type
A transistor using this technique. In droplet electrical characterization, we used a
sharp W tip for microcontact, touching the Ga droplet.

The fabrication of W tip as exemplified by Figure 3.10(a) uses electrochemical
etching mechanism. The experimental set-up is as follows. The anode (working
electrode) is a W wire and the cathode (counter electrode) is a piece of copper (Cu);
they are placed apart to avoid the Hx gas bubbles from cathode disturbing the W

etching. A 2 M KOH solution serves as the electrolyte—the detailed solution
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preparation is given in Appendix. The W wire is need to be placed in the
perpendicular direction to the electrolyte using a static holder to avoid the irregular
shape of tip after etching. The W wire is about 6 cm in length, 0.05 cm in diameter,
and it immersed at about 0.5 cm below the KOH surface. The W wire and the counter
electrode are connected to an Advantest TR6143 DC voltage current source/ monitor
that is used to generate the bias voltage and to monitor the current that pass through
the electrodes. The electronic control is manual using the ON/ OFF button on the DC

voltage source.

(a) DC Voltage Source

Applied Voltage ON
[ ’ 7 VDC y
W wi
i Current OFF
KOH
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Figure 3.10 The schematic diagrams showing (a) the experimental tip-
electrochemical etching station and (b) the dynamic of electrochemical

etching.

The detailed chemical reactions and experimental procedure of the W wire
electrochemical etching are as follows. The chemical reaction of KOH and water
mixing is

KOH¢) + H200) — K (ag) + OH'ag) +H20¢) (3.1)

After reaching equilibrium, the mixing of KOH and water results the solvated ions:
the K* ions and the OH" ions which conduct electricity troughout the solution.
Afterwards, when the electrochemical etching station is ready, the voltage

source is turned-on and the static bias voltage is adjusted—in our case, we use 7 VDC.



41

Immediately after the bias voltage is applied to the electrodes, the electrochemical
etching reaction starts.

During etching, only the OH" ions take part in the reactions while the K* ions
just “look on”—sometimes referred to as spectator ions [71]—because the OH" ion
has an oxidation potential of 0.401 V [72] which is higher (more positive) than that of
the K™ ion: about -2.931 V [73]. The oxidation potential measures the tendency of a
chemical to acquire electrons, so that the chemical species with a higher oxidation
potential is likely to take part in an electron-transfer reactions e.g., oxidation-
reduction: the electrochemical etching reactions. Hence, the underlying chemical

reactions of electrochemical W etching are [74]

cathode: 6H20() + 66" — 3Hz(g) + 60H (ag) (3.2)
anode: W(s) + 80H (ag) — WO (aq) + 4H20¢) + 6" (3.3)
W(s) + 20H (ag) + 2H200) — WO}~ ag) + 3Hz2(g) (3.4)

The current decreases linearly with time during etching because the resistance
of the W wire increases when the area of the W wire in the electrolyte decreases. At a
certain cut-off time—about 10 min in our case—the W wire eventually breaks at a
neck region near the KOH surface of which the etching is formed as illustrated in
Figure 3.10(b). Afterwards, the current rapidly drops and the voltage is quickly
switched off. After etching, the W wire was thoroughly rinsed in deionized water.

Without further cleansing, the W wire is ready for droplet I-V characterization.

&

sharp
Wtip\

e

droplet

GaAs (001) substrate

Figure 3.11 The schematic diagram showing droplet I-V characterization using sharp

W tip as microcontact touching droplet surface.
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The detailed set-up of the droplet I-V characterization is shown in Figure 3.11.
The sharp W tip is touching the metallic Ga droplet and the backside contact is using
an aluminum foil. The Cu wire connects the W tip, the voltage source/ pA meter, and
the backside contact, forming the closed-circuit connection. A HP 4140 B DC voltage
source applies bias voltage at a selective range and step: (-0.7 to 0.7) V and 0.01 V,
while it is also taking current measurements at each bias voltage points. Afterwards, a
computer equipped with NI LabVIEW software collects and process these data. We
perform the 1-V measurement twice: under optical microscope (OM) light illumination
and in the dark (dark 1-V).
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CHAPTER 4

Results and Discussion

This chapter reports the key results of the experiments which are divided into
five Sections. Section 4.1 presents reliable synthesis of self-running Ga droplets on
GaAs (001), providing the alternative growth design in MBE. Section 4.2 and 4.3
explain the chemical constituent analysis and selective Ga droplets etching,
respectively. Section 4.4 presents the W tip fabrication and the preliminary results of
droplet I-V characterization, giving basic understanding of metal-semiconductor (MS)
junction. Finally, Section 4.5 explains the manipulation of self-running Ga droplets

migration.

4.1 Reliable Synthesis of Self-Running Ga Droplets in MBE

The first step of producing self-running Ga droplets in MBE is the reference
condition establishment. Samples 1 and 2 establish the reference condition where all
samples undergo the surface condition of these samples. Sample 1 shows the thermal
oxides desorption stage, whereas sample 2 shows the chevron patterns—the critical
stage patterns.

The second step, we register the temperature when the chevron patterns appear
and use this temperature as referenced temperature To to make reliable formation of
running Ga droplets. We sublimate samples 3 to 6 according to To and temperature
profiles as described in Figure 3.2. Running Ga droplets are reliably produced in all

these samples.

4.1.1 Thermal Oxide Desorption

In general, the oxides desorption of GaAs occurs twice: desorption of (1) very
volatile As-oxides and (2) Ga-oxides. As-oxides evaporate at a lower temperature
than Ga-oxides. For sample temperature~300 °C, the As-oxides desorption occur and

the underlying reaction is [75, 76]

As;03 + 2 GaAs — Ga03 + 2 Asp or Asa? 4.2)
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When the sample temperature further increases to~500 °C, the Ga-oxides desorption

takes place and the another reaction appears [75, 76]

Ga203 + 4 Ga — 3 Ga,01 (4.2)

Theoretical temperature of thermal oxides desorption is ~ 580 °C [77, 78],
although the thermocouple temperature reading of 6 samples varies between 550 °C
and 591 °C under this condition due to the thermocouple uncertainty. For sample 1,
thermal oxides desorption is observed at 591 °C, which is directly known from the
broadening of RHEED spots into the streaky patterns as shown in Figures 4.1(a) and
4.1(b). The streaky patterns indicate the mass transport of Ga-oxides according to
reaction (4.2) which also create the surface corrugation as seen from the ex situ AFM
image in Figure 4.1(c). In this stage, the root mean square (RMS) roughness is about
5.67 nm.

Sample 1 (591 °C)

Figure 4.1 (a) The streaky patterns taken from the [1-10] azimuth and (b) the
extracted pattern from the (00) diffraction index during thermal oxides
dexorption. (c) The AFM image reveals surface corrugation at this stage.

4.1.2 Chevron Patterns

After 30 min of thermal oxides desorption, the sample temperature increases
while the RHEED patterns get shorter as shown in Figure 4.2(d). Until the patterns
completely change into the chevron patterns at a certain thermocouple temperature,
hereinafter referred to as To, which varies between 611 °C and 640 °C for 5 samples.

Figures 4.2(a) and 4.2(b) show when the chevron patterns appear in sample 2,
at To = 611 °C. The shape of these patterns are similar to those of QDs growth
patterns [55], indicating the initial stage of 3D structure formation. AFM image in
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Figure 4.2(b) reveals that these patterns correspond to the surface grains formation
with RMS roughness of about 8.96 nm.

The difference between the observed chevron patterns in QDs growth and
Langmuir evaporation is as follows. For QDs growth, the chevron patterns indicate
the strain relaxation of the lattice-mismatched crystals. Whilst for Langmuir
evaporation, the patterns show the initial stage of nanoscale droplets formation. On
the Ga-rich surface, Ga adatoms are very mobile [79] and they merge to form the

droplets.

After 15 min
at 611 °C

v

Figure 4.2 (a) The chevron patterns taken from the [1-10] azimuth and (b) the
extracted pattern from the (00) diffraction index. (c) AFM image shows
nanoscale droplets formation at this stage. (d) RHEED patterns evolution

during sublimation of sample 2 extracted from the (00) diffraction index.

The further increase of sample temperature results in the RHEED pattern’s
decay and disappearance. The origin of RHEED pattern disappearance is expected
from the nucleation of liquid phase Ga droplets which make the diffused RHEED
beam as seen previously in the droplet-epitaxial QDs growth [80]. In addition, the
typical diameter and height of running Ga droplet are about 1.9 um [5] and 1.4 um [6],
respectively, then the droplet may blocks, absorbs, or scatters the electron beam from

RHEED so that the beam is not properly hitting the fluorescent screen.
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4.1.3 Running Ga Droplets

Although RHEED do not provide surface information during sublimation,
running Ga droplets can still be produced using the sublimation according to To.
Samples 3 to 6 use Toas reference for sublimation where the temperature profiles are
shown in Figure 3.2.

Sample 3 is sublimated at the highest temperature of To +20 °C but for the
shortest duration of 30 min. After quenching the sample, DIC images are taken
showing the non-uniform surface morphology as indicated in Figure 4.3. Figure 4.3(a)
shows the distribution of small running Ga droplets while Figure 4.3(c) shows the
majority of immobile big droplets. These indicate the different stages of non-
congruent evaporation on the surfaces: the small droplets correspond to earlier stage

than the big droplets, caused by temperature non-uniformity [81].
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Figure 4.3 (a) The DIC image of sample 3 showing running Ga droplets on GaAs in
the cold zone areas with (b) the corresponding size histogram of droplets
differ remarkably from (c) the DIC image in the hot zone areas with (d)

the corresponding size histogram of droplets.
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The non-uniformity is reasonable since sample 3 is not well-prepared as the
unevenness of In glue backside creates non-uniform thermal contact. By viewing the
front surface and againts the backside of sample, it is clearly visible that the gray
surface areas are occupied by large light-scattering droplets while the aligned
backside is having much In glue. Good thermal contact is obtained in these areas,
hereafter referred to as “hot zones”. The shiny surface areas are occupied by small
droplets while the aligned backside is almost In glue-free. Poor thermal contact is
obtained in these areas, hereafter referred to as “cold zones”.

The surface morphologies of the cold zones and the hot zones were obviously
different. Figures 4.3(a) and 4.3(b) show the DIC images of the cold zones and the
corresponding size histogram of droplets, respectively. Apparently the droplets have
been running during sublimation as the running trails are visible. The running trails
reveal that the droplets run along [110] or [-1-10] directions with approximately equal
probabilities, in good agreements with previous studies [4, 13]. The running droplets
in the cold zones are the first generation or primary droplets, with diameter ranging
from 2 pm to 3.5 um, supporting the 1.9-pum critical size previously reported by Wu et
al [5].

Figures 4.3(c) and 4.3(d) show the DIC image of the hot zones and the
corresponding size histogram of droplets, respectively. It can be seen the existence of
two types of droplets: the primary droplets having a diameter in the range of about 2.4
to 4 um and the secondary droplets having a diameter as small as 0.5 pm. The surface
indicates the late stage coalescence growth [82] which has been reported on various
I11-V surfaces e.g., InP [83] and GaAs [14] before the first reported self-running
phenomenon [4]. The running trails are not formed, possibly because the
simultaneous formation of droplets on the surface results in high density droplets and
the scarcity of space for the running droplets. The simultaneous formation of droplets
is caused by the rapid decomposition: the sample is sublimated either at a temperature
that too high or too fast ramping rate [25]. A droplet grows and reaches critical size
which depending on the surrounding of its occurrence, may be mobile or immobile.
Figure 4.3(c) shows the mobile (marked 1) and immobile (marked 2) droplets. The

immobile droplet is surrounded by the boundaries (denoted as dashed lines),
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restricting its motion. In contrast, the droplets in the cold zones and the mobile droplet
in Figure 4.3(c) are free from the boundaries; they move around with ease.

The typical shape of the mobile and the immobile droplets are different:
circular for the mobile and rectangular for the immobile droplets. The origin of
rectangular shape is from the confining of contact line along £[110] and +[1-10] on
GaAs (001) surface during the sticking state [22]. In the slipping state, contact line
less confined by the {111} planes, the droplets get more circular, suggesting the same
behaviour with liquid droplet in surface grooves [84, 85]. The droplet shape cycles

between circular and rectangular during stick-slip motion as reported by Shorlin et al.
[14].
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Figure 4.4 (a, b, ¢, and d) the AFM images of sample 3 showing post-coalescence
events between two running droplets with (e) the correspoding AFM line-
scanning profiles.

In the areas between the hot and cold zones of sample 3, hereafter referred to
as “intermediate zones”, we observe coalescence of running droplets as shown in
Figure 4.4. The existence of two running trails nearby big droplets (shown as 1, 2, 3,
and 4) indicates two droplets that have undergone coalescence and merged into one
big droplet. For example, droplet 1 Figure 4.4(a) is the result of coalescence of two
droplets that previously occupied the adjacent running trails (marked with arrows D1
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and D2). These two droplets move toward each other and reactively coalesce into
droplet 1. We expect the similar chronology for the formation of droplets 2, 3, and 4.

Droplets coalescence occurs in a reactive system, as clearly illustrated in
Figure 4.4(d) (the dashed-lines box). Before a coalescence, a droplet occupies the etch
pit, marked as D3, and a droplet occupies the position m. The droplet in the m position
possibly larger than the droplet in the D3 position, so that during a coalescence, the
droplet in the D3 is detached from the pit and merged to form one larger droplet in the
m position, this is in accordance with the theory of reactive wetting in Section 2.4.3.
After coalescence, the droplet size and height increase where the observed post-
coalescence height of droplets varies between 475 nm and 720 nm as shown in Figure
4.4(e).

Samples 4 and 5 are sublimated at To+ 10 °C and To + 5 °C, for 60 and 90 min,
respectively. After quenching the samples, DIC images are taken; its showing the

uniform formation of running droplets in the both samples because the backside In

glue is uniformly distributed.
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Figure 4.5 (a) the DIC image showing the surface morphology of sample 4 with (b)
the corresponding size histogram of droplets.

The surface morphologies of samples 4 and 5 are relatively similar: full of
small, secondary Ga droplets, as shown in Figure 4.5 and 4.6. However, the running
trails also exist in both samples, indicating that the droplets have been running during
sublimation. The majority of the running trails is created from the running of primary
droplets where the largest diameter of these droplets is approximately 4.5 um for

sample 4 and 7.5 pm for sample 5.



50

The size of primary droplets in sample 5 is larger than those in sample 4. This
may happen because sample 5 is subject to longer (15 min) sublimation than sample 4
despite being sublimated at a slightly lower (5 °C) temperature. The 5 °C difference is
within the uncertainty of registering To from sample to sample.
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Figure 4.6 (a) the DIC image showing the surface morphology of sample 5 (b) with

the corresponding size histogram of droplets.

The histograms of samples 4 and 5 show that the droplets grow according to
Ostwald rippening theory [86]: larger Ga droplets grow at the expenses of smaller Ga
droplets. As can be seen, the medium-sized Ga droplets (2-4 um) of sample 5 are less

than that of sample 4.
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Figure 4.7 (a) the DIC image showing the surface morphology of sample 6 with (b)
the corresponding size histogram of droplets.

Sample 6 is sublimated at the lowest temperature of To— 30 °C but for the
longest duration of 75 min. The DIC image of sample 6 after quenching is shown in

Figure 4.7(a). In contrast to samples 4 and 5, the surface morphology of sample 6 is
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primarily occupied by medium-sized Ga droplets (2-4 pum) with a smaller number of
small, secondary droplets (< 1.5 um). The apparent decrease in the number of
secondary droplets is possibly associated with droplets shrinking as the temperature
decreases to To— 30 °C. We already know that droplets tend to shrink while dwelling
at a temperature below T¢ from Section 2.3. Thus, one might conclude that To— 30 °C
is lower than Tc. In addition, at a temperature of To— 30 °C, the estimated average
droplet velocity is 10-15 pm/hour (this velocity was obtained from dividing the

distance traveled (the average of trails) by the sublimation duration).

4.2 Chemical Constituent Analysis

Besides the surface morphology, there is also important information about the
chemical constituents of the post-sublimated sample, which is studied using Energy
Dispersive Spectroscopy (EDS) in a SEM microscope.
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Figure 4.8 (a) the SEM image showing gallium droplets on GaAs (001); EDS point
analysis locations indicated by the plus (+) and the multiplication (x) signs
in the corresponding SEM image. The elemental composition results of
indicated locations (b and c) are presented.
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A 15 kV electron beam is bombarded to the sample at a selected locations
marked with plus (+) and multiplication (x) signs as shown in Figure 4.8(a). EDS
spectra extracted from these locations are shown in Figures 4.8(b) and 4.8(c). The
droplet, marked with +, contains of Ga for about 100 %, indicating it is purely liquid
metallic Ga. Whereas the flat surface, marked with x, contains of 21 % As and 79 %

Ga, indicating the surface is not perfectly smooth as much portion of As evaporates.

4.3 Selective Ga droplets Etching

The selective etching can also examines whether the droplets are formed from
liquid Ga. If the droplets are disappeared, one can sure that the droplets are Ga,
otherwise they are not Ga.

Surface morphology of sample 7 before the chemical etching is shown in
Figure 4.9(a). The surface is populated by large and small Ga droplets which is the

characteristic of late-stage coalescene [14].

Figure 4.9 The DIC images showing surface morphology of sample 7 (a) before
selective etching (b) after 30 min selective etching in a HCI:H2O (1:5)
solution—without stirring (c) after 15 min re-etched in a HCI:H.O (1:2)

solution—with stirring.
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Surface morphology of sample 7 after the etching in a HCI:H20O (1:5) is shown
in Figure 4.9(b). The Ga droplets are not completely removed, however the Ga
droplets have become smaller relative to the size before the etching. As illustrated by
circle in Figure 4.9(b), a Ga droplet was previously fulfill the etch pit; this droplet size
is reduced by half, leaving a half-fresh exposed pit. The incomplete etching of Ga
droplets using this recipe may be caused by two possibilities: (1) the recipe source [69]
IS not mention about the initial concentration of HCl—possibly have a higher
concentration—so that it is difficult to reproduce the recipe only using HCI and water
ratio, or (2) the chemical reaction does not perfectly conducted because the solution is
not stirred during the etching. Therefore, for the second recipe, we improve by
increasing the concentration and stirring the solution.

Surface morphology of sample 7 after the etching in a HCI:HO (1:2) is
shown in Figure 4.9(c). Almost the entire Ga droplets are removed from the surface
with only negligibly amount of GaAs was etched in this solution. The second etching
creates the curved etch pits which are in agreements with the droplets shape. The
recipe appears to work well and may be used in further selective Ga droplets studies.
With this recipe, the initial concentration of HCI and the mixing treatment are already

known, so the etching can be repeated accordingly.

4.4 Droplet I-V Characterization

This part explains the preliminary results of droplet I-V characterization,
which is divided into two sections. Section 4.4.1 explains the sharp W tip fabrication
result and the tip-droplet alignment. Section 4.4.2 reports droplet 1-V curves and

analyses.

4.4.1 Sharp W Tip Fabrication

Figure 4.10 shows a succesfull electrochemically etched W tip with sharp
curvature (diameter~l pm): small enough to touch the primary Ga droplets that
typically have diameters of (2-4) um.

To get a successful etched W tip, one must consider the following factors
during the etching. First, after the W wire drop-off from the tip, the DC voltage source

must be immediately turned off to prevent a prolonged etching. Because the etching
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reaction still occurs despite the W wire drop-off, so if the voltage source is not turned
off, the sharp end of the W tip will also be etched, resulting in the blunt tip as reported
in many previous tip etching studies [74, 87, 88].

Figure 4.10 The DIC images showing sharp W tip fabricated by the electrochemical

etching (left) together with the magnified scale image of curvature
(right).

Second, the etching station must be placed in a vibration-free table, otherwise
the irregular shape of tip as exemplified by Figure 4.11(a) will be obtained. This tip is
unintentionally exposed to a vibration during the etching until the immersion depth

changes and results that wavy shape.

Figure 4.11 The irregular shapes of tip due to (a) the vibration and (b) the non-
perpendicular contact between the W wire and the electrolyte.

Third, the W wire must be placed perpendicular to the electrolyte surface. If
the W wire is not perpendicularly with the electrolyte surface, the asymmetric shape
of tip will result as shown in Figure 4.11(b). However, finding a good immersion
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arrangement between the W wire and the electrolyte surface is not easy. One trick is
to use the short W wire (not exceeds 6 cm), so that easy to control the immersion
angle. The successful etched W tip is then used for a microcontact, touching the Ga
droplet. The tip is placed in a linear stage, allowing precisely controlled and targeted
tip movements. The alignment of this tip and a Ga droplet is shown in Figure 4.12.
The tip easily reaches the Ga droplet with diamater >2 um, despite sometimes the Ga
droplet—Iliquid at room temperature—clings to the tip. To clean the sticky Ga from
the tip, we wipe the tip using acetone. Once the alignment is completed, the I-V

measurement can be initiated.

Figure 4.12 The DIC image showing the alignment of a sharp W tip and a Ga droplet

in sample 8.

4.4.2 Droplet I-V curves

The 1-V curves of a Ga droplet in GaAs (001) as exemplified by Figure 4.13
can be treated similar to those of a solar cell, containing important parameters such as
the open circuit voltage (Voc) and the short circuit current (Jsc). The open circuit
voltage is the voltage when there is no current passing through the junction (J=0) and
the short circuit current is the current in the 0 impedance (V=0).

For the dark I-V curve (-A- signs), Voc and Jsc fall about 0 but for the under
optical microscope (OM) light 1-V curve (-o- signs), they fall at non-zero values: Vocis
0.07 V and Jscis -7.616 mA/cm?. The illumination of OM light creates the shifting of
I-V curve into the fourth-quadrant—the working region of a solar cell. Assuming this

droplet-semiconductor junction is a solar cell, under OM light illumination it
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generates the maximum power Prax 0f about 0.146 mW/cm? at the maximum power
point (0.03 V, -4.866 mA/cm?) as marked with arrow in Figure 4.13.
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Figure 4.13 The dark and under optical microscope (OM) light I-V curves from the
measurement of a Ga droplet on GaAs (001) in sample 8 with linear

scale.

The 1-V curve with linear scale can not provide the important MS junction
parameters, e.g., the reverse saturation current and the ideality factor. To extract these
parameters, the plot of logio(l) vs V (the semi-logarithmic plot) is used; it also
effectively expand the scale for small currents.

Figure 4.14(a) shows the semi-logarithmic plot of dark I-V curve of Figure
4.13. The negative current on the third-quadrant can not plotted as log-scale, therefore
it values are normalized and transferred to the second-quadrant.

In the first-quadrant, the semi-logarithmic plot can be separated into three
different regions: region 1, region 2, and region 3. Region 1—where the leakage
currents and the depletion region recombination are dominant—is the non-linear
region at low forward bias voltages. Region 2—where the band-to-band

recombination is dominant—is the ideal diode region and the semi-log plot
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characteristic is linear. Region 3 is the non-linear region due to the current limitation

by the series resistance [89].
The device characteristic is determined through trend-line estimation in region
2 from dark I-V curve. Figure 4.14(a) shows the trend-line (red line) of dark I-V curve

in the first-quadrant.
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Figure 4.14 The semi-logarithmic plots of (a) dark and (b) under OM light I-V curves
of Figure 4.13.

From Excel we found that the equation approximation that fit to the data is
I=Aexp®”, where A=0.0477 nA and «=27.585. While from the mathematical model in
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(2.19), when V > 50-100 mV the -1 term is negligibly small, so the equation can be

| = Isat{exp(%ﬂ (4.1)

Equation (4.1) is in conformity with the Excel approximation and thus we must obtain

reduced into

lsat ~ 4 = 0.0477 A (4.2)
N = 7585 (4.3)
nkT

Our measurement is conducted in room temperature, where kT/g—the thermal
voltage— is approximately 25.85 mV [90]. Thus we get n = 1.39, which is within the
range for real devices.

In the second-quadrant, the MS junction is reverse biased and the current
decreases exponentially with the voltage. The current is eventually saturated at
approximately 0.4 nA.

Figure 4.14 (b) shows the semi-logarithmic plot of 1-V curve under OM light
illumination. The I-V curves of dark and under OM illumination differ in two main
aspects. First, with the same voltage range, in the first-quadrant, the curve more
straight and the region 3 is absent. Second, the short circuit current was shifted to the
higher voltage value.

In summary, the I-V measurements exhibit the potential of the electrical
properties of droplet on semiconductor surface that needs to be explored further. For
example, to obtain the Schottky barrier height, the temperature dependence
measurement must be conducted [91] and the measurements of the other systems—
e.g., In droplet on InAs or Ga droplet on GaSb—will provide the valuable

informations.

4.5 Manipulation of Self-Running Ga Droplets Migration

Apart from the electrical properties, in two experiments, to manipulate self-
running Ga droplets migration, CHPs are grown underneath the GaAs sacrificed layer
as described in Section 3.1.5. The sublimation results of these samples are presented

in this Section.
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4.5.1 Manipulation of Droplets Migration in MBE

Surface morphology of sample 9 after sublimation in MBE is shown in Figure
4.15. We clearly found the formation of CHPs as marked with dashed lines in Figure
4.15(b). The interesting results are the formation of Ga droplets and the running
direction of droplets in this sample.

We found the ordering formation of Ga droplets as shown in Figure 4.15(a).
Ga droplets form along strain-relaxed sites, in good agreements with the previous
study of controlled Ga droplets nucleation by strain distribution [92]. Some of these
Ga droplets already run, while others just form.

The Ga droplets run in two distinct directions: along [-110] for those on strain-
relaxed sites and [110] or [-1-10] for those on the edge of sample. The DIC image
from the edge of sample is taken from the exposed areas—occured due to the sample
scribing—for confirmation of running direction without the effect of strain-relaxed
sites that should follows the previous studies[4-6, 22]—along [110] or [-1-10].
Droplet 2 in Figure 4.15(c) run along [110], leaving a running trail of about 4 pum. In
contrast, above strain-relaxed sites, droplet 1 in Figure 4.15(a) runs along [-110],
leaving a longer trail of about 8 um. In addition, the direction of droplet 3 in Figure
4.15(b) deviates about 25° from [-110] to [-1-10].

Figure 4.15 The DIC images showing self-running Ga droplets on a 100 nm
GaAs(001) grown above 25 nm Ino2GaosAs CHPs that (a) run along [-
1101, (b) one droplet run in a deviated direction, and (c) run along [110]
and [-1-10] at exposed region in the edge of sample. The scale bars are

10 pm.
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Surface morphology of sample 10 after sublimation in MBE is shown in
Figure 4.16. The CHPs are not clearly seen in this sample, possibly because the GaAs
sacrificed layer is too thick.

The Ga droplets run relatively similar to those of sample sample 9 with more
clear turning evidences. Droplet 1 in Figure 4.16(a) runs along [110] about 7 pum
before finally turns about 65° to [1-10]. Figure 4.16(b) shows the distinct running
directions of two droplets in one frame: droplet 2 and 3 run along [-1-10] and [1-10],
respectively. In addition, the direction of droplet 4 deviates about 25° from [110] to [-
110] as shown in Figure 4.16(c).

Figure 4.16 The DIC images showing self-running Ga droplets on a 300 nm
GaAs(001) grown above 25 nm Ino2Gao.sAs CHPs that (a) run and turn,
(b) droplets run in two different directions, and (c) a droplet runs non-

straightly. The scale bars are 10 um.

Our observation proves the possibility of manipulation of droplet running
migration, however to really prove the hypothesis, the sample must be real-time
imaged in LEEM. After sublimation in MBE, surface of samples 9 and 10 still having
enough space for droplet to run. Therefore, the sublimation was continued in LEEM

as further shown in Section 4.5.2.



61

4.5.2 Manipulation of Droplets Migration in LEEM

This Sections reports the results of samples sublimation in LEEM which are
divided into two Subsections. Subsection 4.5.2.1 shows the real-time oxides
desorption and Subsection 4.5.2.2 presents the running Ga droplets realization.

4.5.2.1 Real-Time Thermal Oxides Desorption

We already know that thermal desorption of native oxides layer on GaAs
occurs twice from Section 4.1.1 but we do not really know the real-time surface
condition of sample in MBE. In LEEM, we can not clearly see the As oxides
desorption due to the gas phase of As oxides, however we can clearly see the Ga
oxides desorption as shown in Figure 4.17. This section only show the Ga oxides
desorption of sample 9 since sample 10 undergoes the similar condition during the

oxides desorption.

529°C
— 5 pm

Figure 4.17 The MEM images of Ga oxides desorption of sample 9 in LEEM.



62

A Ga droplet—resulted from MBE sublimation—appears as a black circle
surrounded by the oxide layer that appears as a bright circle, marked with arrow in
Figure 4.17(a). CHPs are also vaguely visible as marked with dashed lines in Figure
4.17(a).

The oxides layer desorption starts from the Ga droplet. As the temperature
increases to 525 °C, the bright circle grows bigger and the residual gas analyzer (RGA)
reading of Ga increases. Ga is difficult to evaporate at ~500 °C, excepts in the form of
molecules—e.g., 3Ga>0 or Gax03 [75]. So the increasing of RGA reading for Ga is
attributed to the desorption of native Ga oxides. Afterward, at temperature of about
529 °C, the bright circle becomes dimmer and eventually disappears as shown in
Figure 4.17(e) and 4.17(f). The RGA reading of Ga also decreases, indicating the end
of the Ga oxides desorption. In addition, temperature difference between the latter—
the point where Ga oxides completely removed—in Figure 4.17(f) and the former—
the starting point of the Ga oxides removal—in Figure 4.17(a) of oxides desorption is
approximately 30 °C, proving the usage of Ga oxides desorption at 610 °C (30 °C
above the theoritical oxides desorption temperature) is effective for removing the Ga
oxides [93, 94].

An equivalent result has been reported for the thermal native oxides
desorption on GaP surface: the oxides removal starts from a defect on the surface [95].
The shape of oxide layer during desorption depends on the shape of structure on the
surface. In the former result of GaP surface, the layer appears as a long line instead of

bright circle as in our sample.

4.5.2.2 Sublimation in LEEM

After thermal desorption of native oxides layer, the increasing of temperature
brings the surface to a non-congruent evaporation stage at T. of about 630 °C as
shown in Figure 4.18(a). In this stage, Ga droplets start to nucleate and clusterize on
the surface. They grow bigger when the temperature further increases above Te.

After reaching a critical size that is similar to the previous study about 2 pm
[5], the droplets start to run as shown in Figure 4.18(c). Next to allow the droplets run
further without any new droplet formation, the temperature was held at 637 °C for

several minutes as shown in Figures 4.18(d) to 4.18(f). Surprisingly, of the many
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observed running droplets, there were no droplets turning as previously seen in Figure
4.15—CHPs are also somehow disappeared from the surface. The droplets just run

along one majority direction, which is unknown during in situ LEEM imaging.

b

a

630 °C 632 °C

— S5 pm

Figure 4.18 The sublimation of sample 9 in LEEM.

In contrast to sample 9, sample 10 shows the turnings of Ga droplets upon
sublimation between T¢ and T¢+20 °C—in this experiment, Tc is ~640 °C. Figure 4.19
shows MEM snapshots of two droplets that make a turning during sublimation of
sample 10.

Figure 4.19(a) captures the movements of droplet 1 for about 33 min. At first,
the droplet move toward a majority direction which is possibly along the [110] or [-1-
10]. After 2 min running, it stops running onto this direction and starts to run sideway.
Finally, it makes another sideway turn and runs towards the reverse initial direction
(U-turn). From the trail length, the average speed of droplet 1 is about 0.45 pm/min.

Figure 4.19(b) captures the movements of droplet 2 for about 42 min.

Analogous to droplet 1, droplet 2 initially run toward a majority direction. After 36
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running, it starts to make 45°-turn and finally runs further at this direction for about 6

min. From the trail length, the average speed of droplet 2 is much slower droplet 1

about 0.21 pm/min.

™ e47°C| ™ e45°C| T
1?1:30 g:so .

esrec | _ estec| . esiec|  esiec 652°C
30;31 | N 36:07 | L 38:37| L 40:37| ¢ 42:37

30
Figure 4.19 Time-lapse of MEM snapshots during sublimation of sample 10 showing

Ga droplet that makes a (a) U-turn and (b) 45°-turn. The time at the

bottom is in min:sec, relative to the left-most image.

To know the exact direction of droplets and to study the surface morphology

of samples 9 and 10, each sample is imaged ex situ by DIC microscopy.

4.5.3 Ex-situ DIC analyses

Figure 4.20 shows the post-sublimated surface morphology of sample 9. It can
be inferred that the droplets run along [110] or [-1-10] and the CHPs are somehow
disappeared from the surface. In addition, there is no evidence of droplets turning as

previously seen in Figure 4.15.

Figure 4.20 The DIC image showing surface morphology of sample 9 after
sublimation in LEEM.
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The absent of droplet turning is attributed to two possibilities. First, CHPs are
not really formed underneath the GaAs sacrificed layer or the sublimation makes the
disappeared CHPs. Second, the Ga droplets are too big and the dislocations are too
deep so that the droplets easily cross over the dislocations as previously explained in
Section 2.5.3.

Figure 4.21 shows the post-sublimated surface morphology of sample 10. In
contrast to sample 9, the surface is populated by running Ga droplets with almost
random directions. Droplet 1 in Figure 4.21 runs toward [110] while only few microns
from this droplet, droplet 2 runs toward [-110]. In addition, we also observe the
turning and the directionless movements of droplets as shown in droplets 3 and 4,

respectively.

Figure 4.21 The DIC image showing surface morphology of sample 9 after
sublimation in LEEM.

Figure 4.22 shows four turnings of Ga droplets in sample 10: (a) two
successive sideway turns (b) a U-turn following by a sideway turn, (c) a sideway turn
following by sharp V-turn, and (d) a 110°-turn. These turnings are kinematically
impossible, except there is any disturbance on the GaAs surface.

The latter under DIC microcope, we reveal large Ga-rich regions underneath
GaAs surface, indicating Ga spits occur during growth. There is no evidence of CHPs,
however Ga spits result in the formation of defects [96-98] and may vary the surface
properties as well—e.qg., chemical or physical properties.

As we have shown in Section 2.5.2, when a droplet surrounded by the
chemically-, thermally-, or otherwise-induced non-uniform surfaces, the two
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directionality responsible forces of droplet: Fy; and F, will be imbalance. The

droplet will run toward the maximum force F.

Figure 4.22 The DIC images showing turnings of Ga droplet in sample 9. The scale
bars are 10 pm.

For the explanation of these turning droplets, at some areas of GaAs Fn is
stronger than Fgirr, causing the droplet runs out of the diffusion barrier direction.
While at some areas Fn is weaker than Fgitr, SO that the droplet runs back along the
diffusion barrier direction.

For the sideway turn: at first Fqifr is dominant toward [-1-10] until the droplet
reaches the area marked with 1 in Figure 4.22(a) and Fn becomes stronger than Fuit,
causing the droplet run along [-110]. For the U-turn as exemplified by markers 2 and
3 in Figure 4.22(b): initially at 2, Fmtoward [1-10] is stronger than Fitr toward [110]
and finally at 3, Fuitr toward reverse initial direction of [-1-10] is dominant. For the
sharp V-turn: at first Fqitris dominant toward [-1-10] until the droplet reaches the area
marked with 4 in Figure 4.22(c) and and Fmn becomes dominant.

In summary, regardless of the absent of CHPs, we still have shown striking
results about manipulation of running Ga droplets migration on GaAs (001). For the
first time, we showed that Ga droplets on GaAs (001) not only runs in the [110] or [-

1-10] as previously reported [4-6, 22] but also in others direction dictated by F and

I:d rift:
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CHAPTER 5

Summary and Outlook

A simple procedure to produce self-running Ga droplets on GaAs (001) in
MBE has been rigorously discussed through a series of experiments. The procedure
relies on the observation of RHEED patterns and registration of a reference
temperature used in the subsequent sublimation conditions.

The three stages of RHEED pattern evolution may be explained as follows.
The first RHEED pattern observed is a broad, streaky pattern where the underlying
cause is thermal desorption of native oxides; the AFM image shows the surface
corrugation at this stage. At the reference temperature To, the second RHEED pattern
appears as a chevron pattern and the AFM image shows the nanoscale Ga droplets
formation. Above To, the RHEED pattern decay and disappear where the underlying
cause is the formation of liquid phase Ga droplets, diffusing the electron beam from
the RHEED gun [80, 99].

After that, the procedure applies the sublimation temperature and time around
To to obtain self-running Ga droplets. The procedure successfully produces self-
running Ga droplets in the tested samples with four different temperature profiles. The
procedure also explains the mechanism for reducing the number of secondary droplets
by keeping the temperature above To momentarily and then sublimated below To.

The procedure may have technological advantages and open up new studies
for droplet-based growth in MBE. With the procedure, self-running Ga droplets can
be routinely realized and combined with other processes such as Stranki-Krastanov or
droplet epitaxy, creating many new nanoelectronic structures and device architectures.

The selective Ga droplets etching, the fabrication of sharp W tip, and the I-V
characterization have been reported. For the selective Ga droplets etching, 15 min
etching in a HCI:H20 (1:2) solution—with stirring—was found to effectively remove
the Ga droplets while only negligibly amount of GaAs was etched. This recipe may be
useful for further Ga droplet removal studies. For the fabrication of sharp W tip, a tip
diameter as small as 1 um can be obtained using electrochemical etching reaction.

This tip not only can be used for 1-V characterization but also for other purposes e.g.,
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as a probe of surface microscopy and microscopic tweezers. For the I-V
characterization, the electrical properties of Ga droplet on GaAs surface follow a
Schottky characteristic. This result is useful as initial study of droplet electrical
properties that needs to be explored further. For example, to obtain the Schottky
barrier height, the temperature dependent measurement must be conducted and the
measurements of the other systems—e.g., In droplet on InAs or Ga droplet on GaSh—
will provide a comparison information. In addition, the emission spectrum of light
from Ga droplet on GaAs surface is also important and should be measured.

A manipulation of running Ga droplets migration on GaAs (001) has been
presented by combining the MBE based growth and the real time sublimation in
LEEM. The manipulation of running Ga droplets can be improved by ensuring the
formation of CHPs underneath GaAs sacrificial layer to obtain controlled running
direction. The directions of droplets in our experiments are only partially controlled
since the CHPs are not properly formed as a result of Ga spitting during the growth of
the CHPs layer.
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The Chemical Preparations

The following is a procedure of the chemical solution preparations required
throughout the electrochemical W tip and the selective Ga droplets etchings.
Calculation of molar solution and directions of mixing are given so that the user can

prepare the solution from a different starting grade of commercial chemicals.

1. The electrochemical W tip etching

Preparation of a 2 M Potassium Hydroxide (KOH) adopted from Ekvall et al. [100]
Molar mass: 56 gram/ mol

The SDRL lab uses 46% KOH (assumption: 46 gram is KOH and 54 gram is H20)
Density of 46% KOH is approximately 2.04 gram/ mL

Equation to get concentration (M) of KOH is

mrotar | 2€nSity (A1)
Thus,
[fogmem KoM 1| [ 10| [22497%] - 0167 mol/ mL = 16.7 M (A.2)

Calculation of the water needed to dilute the solution

The dilution formula is

M;V; = M;V; (A.3)
Where Mi; is the initial concentration (M), Viis the initial volume of solution (L), Mt is
the final concentration (M), and Vi is the final volume of solution (L). Therefore, in

this case, Mj is 16.7 M and M¢ is 2 M. If Vi is 0.1 L, then V: is 0.8 L. Thus, the water
needed to dilute the solution is (0.8-0.1) L =0.7 L.

Direction

Dissolve 100 mL of 46% KOH with 700 mL of deionized water (H20).

2. The selective Ga droplets etching

Preparation of a HCI:H»O (1:5) solution, recipe adopted from Elborg, et al. [69]
Add 10 mL of 37% HCI to 50 mL of deionized water (H20).

Preparation of a HCI:H.0 (1:2) solution

Add 10 mL of 37% HCI to 20 mL of deionized water (H20).
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