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Abstract

In this thesis, low-temperature grown polycrystalline III-V materials are in-
vestigated for their potential as channel materials for devices located in the
back-end-of-line (BEOL) of integrated circuits. The key aims of this thesis
are to demonstrate high carrier mobility I1I-V materials grown at low temper-
atures on silicon/amorphous substrates, and to fabricate functional transistor
devices using these polycrystalline/amorphous III-V films as channel mate-
rials. There are very few reports of low temperature grown polycrystalline
ITI-V materials available in the literature and so this thesis is well placed to

add substantial knowledge to the field.

Both an n-type (InAs) and a p-type (GaSb) material are investigated. The
poly ITI-V films are grown on Si/SiOs, glass, or Semi-Insulating (SI) GaAs
substrates. For the intended implementation in the BEOL, it is necessary to
stick to a restrained thermal budget, with maximum temperatures generally
being <500°C. Growth of III-V materials on silicon substrates is an impor-
tant step towards their integration with silicon-based electronics. Growth at
these reduced temperatures and on amorphous substrates such as SiOy are
large challenges to overcome while maintaining a reasonable carrier mobility.
It is also important to develop n- and p-type options so that these materials
can be implemented in low-power Complementary Metal Oxide Semiconduc-

tor (CMOS) type architectures.
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Material properties of the films as grown are explored through Scanning
Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Transmission
Electron Microscopy (TEM) and Cross-sectional Transmission Electron Mi-
croscopy (XTEM), and Hall Effect measurements. The Hall Effect measure-
ments indicate that both of these materials have high carrier concentrations
independent of intentional doping or a high-temperature dopant activation
step and display high carrier mobilities despite their polycrystalline or amor-
phous nature. Electron mobility values in polycrystalline InAs are found to
be 100 cm?/Vs at room temperature for InAs grown directly on a glass sub-
strate, and values reaching 155 cm?/Vs for a heterostructure including the
polycrystalline InAs film. Hole mobilities in the polycrystalline GaSb films
are found to be up to 66 cm?/Vs for a film grown directly on SiO, and 299
cm?/Vs for a film grown directly on ST GaAs. An amorphous GaSbh layer
which is part of a heterostructure on SiO, is found to have a hole mobility of
9.1 cm?/Vs. These results are compared against those found in the literature
and found to exceed many, while being competitive with those that are grown
at higher temperatures, on crystalline substrates, or to greater thicknesses.
All of these are self-imposed limits to keep the material growth suitable for
devices in the BEOL, so to be competitive with mobilities obtained without
these limitations is a very important and positive result. Development of
both n- and p-type semiconductor options is a vital component of this field

of research and the p-type mobilities reported in this thesis compare partic-
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ularly well with those reported in the literature.

Junctionless transistor devices are fabricated, with full processing steps de-
scribed. Both n- and p-type functional devices are demonstrated, and anal-
ysis of the device characteristics is performed to determine limiting factors
and mechanisms at play. Analysis is performed on the devices at different
stages of the device processing to understand the effect on the semiconduct-
ing material. The highest Ion/Iopr values are achieved at -50°C for both
types of devices, with 10* achieved for n-type devices, and 550 achieved for
p-type devices. These results are compared against those found in the liter-
ature. Recommendations for future implementation of these materials into
high-performance devices are made based on the results generated in this
thesis. This includes the recommendation to grow thicker films and develop
a Chemical Mechanical Polishing (CMP) process to thin them back down,
ideally creating a thinner yet more continuous film, and to conduct some

systematic studies of the gate stack process for the transistor devices.

Low-temperature grown polycrystalline and amorphous materials show great
potential as high carrier mobility materials which can be implemented into
silicon-based electronics in the BEOL where a low thermal budget is required

for device processing.



Chapter 1

Introduction

1.1 Background and Motivation

Eighteen years after the invention of the transistor (for which John Bardeen,
Walter Brattain, and William Schockley were awarded the Nobel prize in
physics, 1956), Gordon Moore made his bold prediction that the number of
transistors in an integrated circuit would double every year (later revised
to every two years). This prediction, known as Moore’s Law, held true for
many years, with advances in the technology being made almost exclusively
through dimensional scaling of the components. Dennard scaling mathemat-
ically described the factors for different device and circuit parameters [1].
Now the definition of Moore’s law has been made somewhat more ambiguous
to facilitate the concept of “more Moore”, and Dennard scaling has become

mostly obsolete [2]. Figure 1.1 shows the historical trend in number of tran-
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Figure 1.1: Historical trend for number of transistors per chip [3] (adapted
from Nature with reuse license 5576901298181) and recent data from proces-
sors designed by industry leading companies.

sistors per chip from circa 1980 to 2010 [3], followed by data from 2010 to
2021 for several industry leading companies. The data shows a linear trend

on a log scale, which is in agreement with Gordon Moore’s consistent dou-

bling prediction.

As dimensional scaling of components began to reach fundamental limits,

innovations were made to push these limits further down the road and con-
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tinue the exponential increase in the number of transistors per chip as shown
in Figure 1.1. These innovations included strained silicon channels to increase
carrier mobility, high-x gate oxides to replace SiO,, and re-introducing metal
gate contacts. Implementation of these new technologies mitigated effects
such as mobility deterioration due to higher fields in the transistor channel,
and excessive leakage through the gate stack [4]. It has been shown that
strained silicon can achieve an improvement over bulk Si of around 2x for
electron mobility and up to 10x for hole mobility [5], while high-+ dielectrics

can reduce the gate leakage by around 6 orders of magnitude [6].

Short channel effects have also become impossible to ignore as the source
to drain separation reduces below 100nm. Short channel effects occur when
the depletion regions associated with the area under the source and drain
encroach upon the channel to an extent where the gate no longer fully con-
trols the channel. This manifests itself in two main ways: Drain-Induced
Barrier Lowering (DIBL), whereby the threshold voltage is decreased by an
increasing drain voltage, and the degradation of the subthreshold slope. Both
of these increase the leakage from a device [3]. Figure 1.2 shows how these
effects manifest in the Ip-Vg and Ip-Vp characteristics of a device [7], where
Ip is the current measured at the drain, Vg is the voltage measured at the
gate, Vp is the voltage measured at the drain, Vy is the threshold voltage,
and DIBL is drain induced barrier lowering. These effects can be alleviated

to some degree by novel device structures which implement a multi-gate ar-
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Figure 1.2: Manifestation of short channel effects/DIBL in device character-
istics [7] ©)2012 IEEE.

chitecture [3, 4].

Power consumption of devices in an Integrated Circuit (IC) is an increasingly
important issue to overcome [8], especially with increasing device density on

chip. There are two components of a device’s power consumption:

1. Active power consumption

2. Subthreshold power consumption

The equations governing these components are shown below [9].
Pyt =C-V?pp - f (1.1.1)

Where P, is the active power consumption of the device, C is the load
capacitance, Vpp is the supply voltage, and f is the operation frequency.

Here we can see that a reduction in supply voltage will decrease the active

10
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power consumption greatly due to the squared term.

Psub = VDD . IOFF (112)

Where Py, is the subthreshold power consumption of the device, Vpp is
the supply voltage, and Ippp is the OFF-state current. Here, we see again
that reduction of the supply voltage will still cause a reduction in the power
consumption. Igpr should also be well controlled, and shows that a steep
subthreshold slope is important for high performance Metal Oxide Semicon-

ductor Field Effect Transistor (MOSFET) technology.

There are also system level difficulties which must be overcome in mod-
ern computing. Namely, the latency and power losses introduced through
the separation of logic and memory components, and the long bus lengths
between them. Figure 1.3 shows the traditional von Neumann architecture,
which implements this separation [10], where I is current, R is resistance,
P is power, p is resistivity, L is bus length, A is area, and CPU is central
processing unit. The equations in the image show the relationship of bus
length to the power dissipation. Clearly, a reduction in bus length will not

only improve latency, but also decrease power dissipation.

If components continue to be implemented in a 2D plane, bus lengths be-

tween devices will not be improved upon. A possible method to bypass this

11
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Figure 1.3: Traditional von Neumann architecture schematic.

issue is 3D integration of active components. There are a number of ways to
achieve this structure; however, this thesis will focus on what is commonly
referred to as monolithic or sequential integration, where the different compo-
nents are grown/fabricated one after the other on the same wafer. Figure 1.4
shows a variety of approaches to achieving monolithic 3D integration. Figure
1.4a shows Complementary Metal Oxide Semiconductor (CMOS) over CMOS
achieved through wafer bonding [11], Figure 1.4b shows n-type Metal Oxide
Semiconductor (n-MOS) over p-type Metal Oxide Semiconductor (p-MOS)
[12], while Figure 1.4c shows logic and memory embedded in the back-end-of-
line (BEOL) [13]. There are positives associated with each method; however,

these often involve novel procedures and fabrication methods, which would

12
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require an overhaul of current set up in an industrial environment. The
method depicted in Figure 1.4c¢ allows for conventional fabrication processes
of deposition and etching to be maintained, before planarization and fabrica-
tion of the BEOL embedded devices. This approach avoids the need for large
area wafer to wafer bonding. However, this upper layer must be fabricated
under conditions compatible with this “above IC” level i.e., at lower tem-
peratures than many steps in conventional semiconductor processing usually
require, such as epitaxial regrowth (typically around 600°C) and dopant ac-

tivation (up to 1000°C).

During conventional IC fabrication, many steps require higher temperatures
than are compatible with the lower thermal budget required for BEOL inte-
gration (usually <500°C). At these lower temperatures, it is difficult to create
high quality, consistent, and dependable devices [14]. In this thesis, materials
which do not require intentional doping, and therefore no high-temperature
dopant activation step, are explored as options for devices integrated into

the BEOL. Here, these are polycrystalline and amorphous III-V thin films.

13
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Figure 1.4: 3D integration examples involving (a) CMOS over CMOS by
wafer bonding [11] (©)2016 IEEE, (b) n-MOS over p-MOS [12] (©)2017 IEEE,

and (c) embedding of active components in BEOL [13]. "
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1.2 1III-V Materials

1.2.1 Why III-Vs?

IT1-V materials have long been investigated as a replacement channel material
for traditional silicon electronics. III-Vs have the potential to achieve high
performance devices with high ON-currents and switching speed at lower
operating voltages due to their significantly higher carrier mobilities when
compared to silicon [15, 16]. This is hugely beneficial for future technologies
due to the emergence of power constrained scaling [8]. Table 1.1 shows some
parameters of commonly used III-V materials compared to silicon. While
ITI-V materials exhibit improved electron mobility, they still suffer from a
disparity between n- and p-type mobilities, with varying degrees of severity.
Some offer similar or improved hole mobilities to silicon, a key challenge for
next generation materials, as p-type technologies lag the development of their

n-type counterparts.

In this thesis, polycrystalline and amorphous III-V materials are investi-
gated, as they can be grown within parameters suitable for BEOL integration
in silicon-based electronics i.e., low-temperature growth (<500°C) on silicon
substrates. Figure 1.5 shows a schematic representation of different levels of
crystallinity in a material. The main difference is the extent of periodicity in
the film. A fully crystalline sample (Figure 1.5a) will have long range period-

icity throughout the entire film, a polycrystalline sample ( Figure 1.5b) will
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Material Electron Mo- | Hole Mobil- | Ratio of n to | Band
bility [em?/Vs] | ity [em?/Vs] | p Mobility | Gap [eV]

Si 1,400 450 3.1 1.12

InP 5,400 200 27 1.34
GaAs 8,500 400 21.3 1.42
IHO.47G30.53AS 14,000 300 46 0.75
InAs 40,000 500 80 0.35
GaSb 3,000 1,000 3 0.72
InSb 77,000 850 91 0.17
GaN 1,000 200 5 3.2

Table 1.1: Electrical properties of silicon and commonly used I1I-V materials
[17].

have shorter range periodicity within the crystal “grains” present in the film,
and an amorphous sample (Figure 1.5¢) will lack periodicity entirely. It is
clear from this structure that there are additional factors affecting properties
and performance in polycrystalline films when compared to a crystalline one,
including grain size and effects at grain boundaries [18-20]. Properties such
as carrier mobility are generally degraded as crystallinity is lost. For this
reason, III-Vs are promising candidates for polycrystalline and amorphous
films with acceptable mobilities, as their initial bulk crystalline value are rel-

atively high.

Polycrystalline and amorphous materials are also of interest for use in flexible
electronics, which are usually formed on substrates which are not compatible
with high-temperature processes [21-23]. This creates a need for balancing

low-temperature processes with the quality of the electrical characteristics,
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Figure 1.5: Schematic representation of (a) crystalline, (b) polycrystalline,
and (¢) amorphous materials.
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which tend to be poor [24]. The grain boundary properties of polycrystalline
materials can sometimes be favourable, however, due to the nature of poly-
crystalline materials, there can be excessive variation from one device to
another, which is only exacerbated by the continuing trend of device minia-
turization. For this reason, amorphous materials may be preferable, however
they exhibit a greater deterioration in some key performance indicators such

as carrier mobility [25].

To replace silicon in commercial consumer electronics, a new technology
which requires a large overhaul in processing methods will have to repre-
sent a larger improvement on the current state of the art, as well as tangible
proof of further generations with additional significant improvements in the
near future [15]. Otherwise, the necessary investment would not be justi-
fied. To achieve this stipulation, ITI-V materials must overcome a number of

fundamental challenges, outlined in Sections 1.2.2 and 1.2.3.

1.2.2 1III-V Material Substrates

As is evident from Tables 1.2 and 1.3, the most commonly chosen substrates
for I11-V film growth are III-V wafers. For commercial consumer electronics,
this represents a significant increase in cost, which is generally incompati-
ble with the market [16]. This is stark contrast to silicon, which is avail-
able at relatively low cost, and in the large wafer sizes used in commercial

large-scale production. It is most likely that III-V materials will not replace
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silicon entirely, but be integrated alongside silicon-based electronics, mean-
ing growth on silicon substrates is an important step towards commercial
viability [26, 27]. III-V wafers are commonly used as substrates for I1I-V
materials, as these materials generally have a large lattice offset with silicon,
as well as a higher thermal expansion coefficient. This causes difficulty in
forming a high-quality III-V film with low defect density on silicon, which is

the ubiquitous substrate in modern electronics [16].

The lattice mismatch between III-V materials and the substrate causes thread-
ing dislocations in the material which can extend all the way to the surface
of the film, and misfit dislocations at the interface of the film and the sub-
strate [28]. The difference in thermal expansion coefficients can cause tensile
strain in the III-V film as it cools post growth, causing the emergence of
edge dislocations [29, 30]. Lattice mismatch issues have been mitigated to
some degree in the literature using buffer or nucleation layers directly on the
substrate prior to semiconductor deposition [28, 29, 31, 32|, or novel growth
mechanisms such as core-shell nano-pillars [33, 34]. A buffer layer method
can also be employed to alleviate the issue of growing polar materials e.g.
GaSb on non-polar silicon [35-38]. However, all of these methods ultimately

require additional steps during the growth process.

A key aim of this thesis is to demonstrate polycrystalline and amorphous

IT1-V materials, grown on amorphous/silicon substrates, which possess high
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carrier mobilities.

1.2.3 Fermi Level Pinning and Gate Stack Engineering
Native Oxide Removal and Surface Passivation

The next large challenge for integration of I1I-V materials is the engineering
of a suitable gate stack for high performance devices. These devices will
be required to avoid the use of metal to channel Schottky barrier contacts,
as these result in large gate leakage [26], and instead implement the high-
r/metal contact stack found in modern high performance silicon devices.
The native oxides of III-V materials are not suitable for use as gate oxides,
unlike silicon’s native oxide, due to instability, high levels of defects, and a
non-abrupt, rough interface [39]. The interaction of the III-V surface with
oxygen results in Fermi level pinning at the surface as the defective interface
between the I1I-V material and its oxide forms. Fermi level pinning restricts
the ability to move the Fermi level through the band gap at the III-V /oxide
surface using the gate voltage, thereby limiting the transistor functionality.

This issue must be approached using two steps:

1. The removal of the III-V native oxide and passivation of the resulting

surface.

2. The selection and deposition of a suitable high-quality gate oxide.

The goal of this is to form a gate stack with a III-V /high-x/metal contact

formation, with minimal interface defects and electrically active defects in
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the high-x oxide.

Removal of the surface oxide and passivation of the resulting surface can
be achieved in many ways. Surface treatment/passivation can be performed
ex- or in-situ in relation to where the oxide deposition will be carried out.
In-situ is preferable as the regrowth of oxides on the III-V surface is rapid on
re-exposure to air. Some of the most common methods employed to remove
native oxides/passivate the III-V surface are sulfurization [40], nitridation
[41-43], phosphor passivation [44], and HCI [45, 46]. Sulfurization is the
method used in this thesis, and so will be discussed in more detail. Fig-
ure 1.6 shows Cross-sectional Transmission Electron Microscopy (XTEM)
images of the interface of InGaAs with HfO, deposited by Atomic Layer De-
position (ALD) [47] which has undergone a sulfurization treatment at range
of temperatures using either HyS or an aqueous solution of (NHy)2S. While
an interfacial layer is present in all samples, compared to the sample with no
treatment in Figure 1.6a, the rest of the samples exhibit a reduced interfacial
layer thickness. The HfO, layer thickness is also found to be closer to the

nominal value when a surface treatment is employed.
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Figure 1.6: XTEM images of the interface between InGaAs and ALD de-
posited HfOy where the InGaAs has received (a) no treatment, (b) HaS at
350°C, (c) HaS at 200°C, (d) HsS at 50°C, and (e) (NHy)2S [47] (reused from
Journal of Applied Physics with reuse license 5576901485460).

An aqueous solution of (NHy),S is often used to achieve sulfurization [47—
52]. The (NHy)2S solution etches the native oxides and sulfurizes the surface
of the III-V film; however, the parameters of the surface treatment should
be carefully controlled as the etching mechanism which removes the native
oxides on the surface can continue etching and damage the film beneath.
An etching or roughening of the surface will have a negative effect on the
resulting devices due to a less ideal interface between the semiconductor and
the gate oxide, causing scattering and a reduction in carrier mobility in the
devices [48]. This roughening or etching effect can be mitigated through di-

lution of the (NHy)2S solution to achieve the optimal level of sulfurization,
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which will protect the surface [49]. Ammonium sulphide treatment is nor-
mally performed ex-situ, with the sample being moved into the tool where
the gate oxide will be deposited afterwards. It has been shown that increased
time between the surface treatment and the deposition of the oxide is not
favourable for the electrical characteristics of the resultant device, however,
under 10mins appears to still yield good results, as inferred from capacitance-
voltage characterisation [48]. Sulfurization can also be achieved using a HyS

exposure, which is possible to implement ex- or in-situ [47, 53-56].

The ALD process itself can be used to remove native oxides on the III-V
surface while depositing a suitable gate dielectric. ALD deposition of Al,O3
using a Trimethyl Aluminium (TMA) precursor has been shown to have a
self-cleaning effect on the III-V surface [57, 58]. However, this appears to
be limited to the removal of a few monolayers of native oxide, and so must
not be relied on exclusively [59, 60]. If III-V devices are to be effectively
scaled, they will also require a higher-x gate dielectric than Al,O3. This can
be achieved by growing a thin layer of AlyOg3, followed by a high-x dielectric
such as HfO, [61-64]. Al,Oj also acts as a barrier for diffusion, improving the
quality of the oxide which is deposited on top [65]. This effect is favourable
as it is an in-situ technique, and can be combined with an ex-situ technique

to achieve superior results.
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Gate Metal Choice for Junctionless Transistors

In this thesis, the polycrystalline/amorphous I1I-V materials are implemented
in junctionless transistor device architectures. This device architecture is well
placed to utilize the conductivity of the high mobility polycrystalline/amorphous
IT1-V films. These devices are turned off through depletion of the channel.
Full depletion of the channel can be achieved at zero bias by engineering the
workfunction difference between the semiconducting channel and the gate
metal [66]. Figure 1.7 shows the band bending which occurs when a metal,
an oxide, and a semiconductor are brought together from being separate to
constituting a Metal-Oxide Semiconductor (MOS) structure. To deplete the
channel at zero bias, the workfunction of the metal should be picked based

on the workfunction of the semiconductor and also the majority carrier type.

Figure 1.7 shows the band bending case for a p-type semiconductor. Here
we see that if the p-type film is to be depleted, a metal with a smaller value
workfunction than the semiconductor should be chosen. This will result in
movement of electrons from the metal into the semiconductor, effectively
depleting it of holes and turning off the transistor. For an n-type semicon-
ductor, this will be the opposite, requiring a metal which has a larger value
workfunction than that of the semiconductor, so that the electrons will move

from the semiconductor into the metal, depleting the channel of electrons.

This workfunction engineering of course has some practical limitations during
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Figure 1.7: Band bending in MOS structure.

fabrication. These include:

1. Tt is difficult to accurately determine the workfunction of the semicon-
ductor, especially considering the polycrystalline nature of the films in

this thesis.

2. Most metals display a range of workfunction values depending on a

number of factors, including deposition method.

3. Practically, we are not able to choose any metal. We are limited by

those available in the lab, and those that will not react with the surface.

However, these difficulties can be overcome to some extent, as the gate volt-
age can also be used to deplete the channel if full depletion has not occurred

after the gate metal has been deposited.

Annealing

After the gate stack has been designed and fabricated, the properties may

not be exactly as desired. These properties can be seen to occur even in
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devices where the ITI-V surface is considered unpinned. It is found to be due
to defects (border traps) in the oxide layer, interface traps between the I1I-V
channel and the oxide, and gap states which occur either in the channel or
at the interface [67, 68]. Border traps in the ALD deposited gate oxide are
defined by a volume density rather than the areal density of interface traps,
and can cause tunnelling between carriers in the III-V channel and the trap
states in the oxide. They can be identified by their large range of time con-
stants, a weak temperature dependence [69], and the presence of frequency
dispersion in the accumulation capacitance of MOS structures. Device char-
acteristics can be further improved by annealing, which addresses to various

extents the issues mentioned here.

The effects and benefits of a Forming Gas Anneal (FGA) have been exten-
sively studied in the literature for gate stacks consisting of a III-V channel
with an Al,O3 gate oxide [70-78]. Figure 1.8 shows how a FGA effects the
transfer and output characteristics of a device [70]. The FGA is very effec-
tive at removing border traps in the oxide, and also removes some of the
influence of interface traps between the oxide and the channel and the gap
states in the bulk of the I1I-V semiconductor which are responsible for carrier
generation/recombination in the channel [67]. The efficacy of other anneal
methods such as Ho/Ar [79], Ny or Hy [78, 80], high pressure Hy [81], and
vacuum annealing [82] have also been demonstrated for improving electrical

performance of devices due to gate stack optimization.
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Figure 1.8: (a) Output and (b) transfer characteristics for two InGaAs
nanowire transistors with and without FGA [70] (reused from Applied
Physics Letters with reuse license 5576910086647).

A key aim of this thesis is to implement these methods for gate stack fabrica-
tion to produce functional transistor devices with polycrystalline/amorphous

III-V channel materials.

1.2.4 Alternatives to III-V Materials

While this thesis focuses on the benefits and implementation of III-V mate-
rials, it is important to note that there are other avenues of research ongoing
in an attempt to provide alternative materials which can be grown at low
temperatures. 2D materials are perhaps the most prolific alternative studied

in the literature and so will be discussed briefly here.
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2D Materials

2D materials is an umbrella term referring to a large range of materials where
one of their dimensions confined to one layer. This described 2D structure
can result in properties and tunability that are not observed in the corre-

sponding bulk material [83].

Graphene largely instigated the substantial research interest in 2D mate-
rials. The van der Waals forces holding together the carbon layers in a
graphene sheet are relatively weak, allowing single layers to be exfoliated
[84]. These layers exhibit many favourable properties including exceptional
thermal and electrical conductivity and carrier mobility, coupled with me-
chanical strength. These properties are due to the overlapping sp? hybrid
orbital bonds which delocalize over the graphene sheet [85]. Despite these
positive attributes, graphene is also characterised by a zero bandgap, which

makes it impractical for use in transistor devices as described in this thesis.

2D Transition Metal Dichalcogenides (TMD) materials show more potential
for use in transistors and related devices. TMDs exhibit a bandgap which
is tunable with thickness, along with other distinctive electrical and optical
properties which arise from quantum confinement and surface effects as the
materials transition from 3D to 2D [86]. TMDs also offer huge variation in
composition in the form MX, (where M represents the transition metal and

X represents a chalcogen), each one offering its own unique properties. Some
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of the most studied examples of TMDs in the literature include MoS, [87-90]

and PtSeqy [91-94].

The weakness of 2D materials stems from the difficulty in performing large
area growth. Most studies consist of growth of the material with subsequent
transfer to another substrate for further studies [95]. To truly become a vi-

able option for use in consumer electronics, this difficulty must be addressed.

1.3 Current State of the Art

To effectively assess the advancements and contributions made through the
work presented in this thesis, it is necessary to compare the results to results
from the literature. As there is not a large abundance of work on polycrys-
talline/amorphous III-V materials in the literature, there are crystalline I1I-V
materials and other low temperature grown materials included in this col-
lection of data from the literature. This should be considered when directly

comparing the materials to each other.

1.3.1 III-V Transistors

The two I1I-V materials implemented in this thesis are InAs and GaSb. The

native hole concentration in GaSb is found to originate from anti-site defects
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[96]. InAs exhibits a high electron density due to a 2D electron gas present
on the surface of the semiconductor [97]. This 2D electron gas is different to
the normal semiconductor considered in traditional semiconductor physics.
Therefore, it is useful to know that there are no fundamental problems with
producing functional InAs based transistors. Tables 1.2 and 1.3 present re-
sults for III-V based transistors, including InAs and GaSb, showing that
functional devices using these materials are fundamentally achievable. Many
different types of transistor type are demonstrated, including Nanowire (NW)
Field Effect Transistor (FET), Semiconductor-on-Insulator (XOI) FET, Tun-
nelling Field Effect Transistor (TFET), buried channel structures, Quantum

Well (QW) devices, and finFETs.

Tables 1.2 and 1.3 shows that the performance and characteristics of transis-
tors fabricated using I1I-V materials are widely variable, depending strongly
on the type of transistor architecture and the substrate. It is clear that in
general, both the ON- and OFF-current densities can be improved upon. In
particular, the p-type III-V transistors in Table 1.3 are not very impressive in
Ion/lorr values. This is expected, as in most technologies, the p-type com-
ponents lag the development of their n-type counterparts. It is important to
emphasise that the III-V channel materials presented in Tables 1.2 and 1.3

are crystalline materials with growth temperature typically >500°C.
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III-V Ion Iorr Ion/Iorr | SS Transistor | Growth Year | Institution| Reference

Material | (pA/pm) (pA/pm (mV /dec) Type Substrate

InAs 33 0.002 1x10? - NW FET | AlGaSb 2018 | Kyung Hee 98]
University

InAs 60 0.002 1x10* 72 XOI FET | GaSb 2013 | University [99]
of Cal-
ifornia,
Berkley

InAs 0.2 0.001 100 190 XOI AIGASH 2011 | University [100]

TFET of Cal-

ifornia,
Berkley

InAs/ In- | 330 0.1 1000 85 Vertical Si 2017 | Lund Uni- [101]

GaAs MOSFET versity

InAs/ In-|10.3 0.001 1x10* 48 NW TFET | InAs 2017 | Lund Uni- [102]

GaAsSh/ versity

GaSb

InAs 30 0.003 1x10* 126 NW nFET | GeOl 2015 | National [103]
Univer-
sity of
Singapore

InGaAs 50 5x107° 1x10° 86 TFET InP 2010 | University [104]
of Texas

InGaAs 0.7 9x107 1x10° 57 TFET InP 2017 | University [105]
of Tokyo

GaAsSb/ | 0.002 3x10°° 1000 - Vertical InP 2019 | University [106]

InGaAs TFET of Tokyo

InGaAs/ 6 6x10° 1x10° 107 Buried InP 2011 | University [107]

InAs/ Channel of Texas

InGaAs MOSFET

InP 0.02 5x10F 4x10° 70 MOSFET | InP 2019 | University [108]
of Califor-
nia

InAs 0.6 80 133 90 MOSFET | InP 2018 | University [109]
of Califor-
nia

Ing7GagsAs| 10 0.001 1x10? 114 QW InP 2015 | Penn State [110]
University

InAs 10 5x107 2x10% | 87 QW InP 2015 | Penn State [110]
University

InAs 10 710 1.5x10" | 92 Dual QW | InP 2015 | Penn State [110]
University

InAs 40 0.02 2000 148 FinFET InAs 2016 | TSMC, [111]
Leuven

InAs - - 2x107 84 nMOS Si0, 2012 | University [112]
of Cal-
ifornia,
Berkley

InAs 0.2 0.002 100 - nMOSFET | InAs 2014 | University [113]
of Tokyo

Table 1.2: Examples of functional n-type III-V based transistors from the
literature.
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I11-V Ion Iorr Ion/Iorr | SS Transistor | Growth Year | Institution| Reference

Material | (pA/pm) (uA/um (mV /dec) Type Substrate

GaSb 20 0.03 700 224 NW MOS- | InAs 2020 | Lund Uni- [114]

FET versity

InGaSbh 100 2 50 260 finFET GaAs 2017 | MIT [115]

GaSb 10 0.002 5000 188 NW pFET | GeOl 2015 | National [103]
Univer-
sity of
Singapore

GaSb 20 0.02 1000 - pMOSFET | GaSh 2014 | National [116]
Tsing Hua
University

InGaSb - - 100 156 pMOS Si09 2012 | University [112]
of Cal-
ifornia,
Berkley

GaSb 0.2 0.002 100 - pMOSFET | InAs 2014 | The Uni- [113]
versity  of
Tokyo

Table 1.3: Examples of functional p-type III-V based transistors from the
literature.

1.3.2 Mobility of Low Temperature Grown Materials

Mobility is one of the most important parameters of a semiconducting ma-
terial, as it determines how it will perform in a field effect device. A high
mobility inreases the drive current and can also be utilised to reduce the sup-
ply voltage to operate at lower fields without compromising on performance

[117]. This in turn would reduce the power dissipation [8].

Growth of high quality semiconducting materials with high mobility is usu-
ally performed at temperatures which are incompatible with the low thermal
budget necessary for BEOL integration. The BEOL thermal budget limit is
typically below 550°C [118]. This is also due to optimization of the carrier
concentration which involves doping and dopant activation. Figures 1.9 and

1.10 show the hole and electron room temperature Hall mobility vs their max-

32



Introduction

imum temperature experienced during the growth process. In later chapters
where the mobility of the studied materials are extracted, they will be added
to these graphs as benchmarking. It should be remembered when looking at
these graphs that the films are grown on different substrates and to different
thicknesses than the samples examined in this thesis. Any of these differences

will be discussed in more detail when comparing to the films in this thesis.

It is clear from these graphs that low temperature grown p-type materials
suffer from lower carrier mobilities than their n-type counterparts. It is noted
from these graphs that there are very few reports of low temperature grown
polycrystalline ITI-V materials. There are two reports of InAs and poly In-
GaAs, and the single paper on poly GaSb was grown around 750°C; however,
none of these papers fabricate devices using the films. The combination of
relatively high electron and hole mobility combined with the very limited
published literature was the motivation for this study exploring the electron
and hole mobility in low temperature grown III-V materials on amorphous

substrates, and taking the grown films through to full device structures.
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1.4 Thesis Outline

This thesis covers analysis and characterisation of III-V thin films, along with

fabrication and analysis of transistor test devices.

Chapter 2 covers the properties of polycrystalline InAs thin films grown by
Metalorganic Vapour Phase Epitaxy (MOVPE) on glass and Si/SiOs sub-
strates, where the growth temperature is 475°C. This includes a study of the
microstructure of the films using Transmission Electron Microscopy (TEM)
and an investigation of the electronic properties of the InAs thin films using

current-voltage analysis and variable temperature Hall effect measurements.

Chapter 3 covers the fabrication and analysis of transistor test devices fabri-
cated using the InAs films studied in Chapter 2. Device fabrication process
is described and current-voltage measurement results are presented. The
factors limiting the Ion/Iopr ratio are investigated, and advice for future

implementation of this material into device structures is given.

Chapter 4 covers the properties of polycrystalline and amorphous GaSb thin
films grown by MOVPE on Si/SiO, and Semi-Insulating (SI) GaAs substrates
at 475°C. The structural properties of the films are studied through Scanning
Electron Microscopy (SEM) and XTEM analysis, while the transport proper-

ties are investigated through Hall effect measurements at room and variable

35



Introduction

temperature. Level of crystallinity is determined through X-Ray Diffraction

(XRD) measurements.

Chapter 5 covers the fabrication and analysis of transistor test devices fabri-
cated using the polycrystalline and amorphous GaSb films studied in Chapter
4. The fabrication process steps are described and the resulting devices are

measured and their results presented.
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Chapter 2

Low-Temperature Grown
Polycrystalline Indium

Arsenide

This chapter is adapted from the following conference presentation and jour-

nal publications:

e A. Curran, E. Secco, A. Pescaglini, A. Gocalinska, E. Mura, K.
Thomas, R. Nagle, I. M. Povey, E. Pelucchi, C. O’'Dwyer, P. K. Hurley,
and F. Gity, Investigating Polycrystalline III-V Thin Films as Channel
Materials for “Above IC” Logic and Memory Applications, presented at
ECS AiMES Conference, 2nd October 2018, Cancun, Mexico, abstract
DOI: 10.1149/ma2018-02/34/1165.
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2.1 Abstract

Polycrystalline indium arsenide (poly InAs) thin films grown at 475°C by
Metalorganic Vapour Phase Epitaxy (MOVPE) are explored as possible can-
didates for low temperature grown semiconducting materials. Structural and
transport properties of the films are reported, with electron mobilities of 100
cm?/Vs achieved at room temperature, and values reaching 155 cm?/ Vs for a
heterostructure including the polycrystalline InAs film. Temperature depen-
dent Hall effect measurements are performed to find the dominant limiting
factor of mobility in the film. Surface treatments are tested in preparation

for device fabrication.

2.2 Introduction

Low temperature grown (<500°C) semiconducting materials have garnered

much attention in recent years for a number of applications such as flexi-
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ble/wearable electronics, display technologies, and back-end-of-line (BEOL)
integration. For these applications, high temperature processing may not
be compatible with the substrate type, or previously deposited layers [1].
During conventional device processing, dopant activation is often the highest
temperature step, indicating a need for semiconducting materials which do
not require high temperature dopant activation. Several different materials
are being explored for these purposes, including InGaZnO [2], InSnO [3], and

2D materials [4, 5].

InAs is known to exhibit a high surface electron density in the absence of
any intentional doping. This 2D electron gas on the surface of crystalline
InAs has been postulated to originate from In adatoms and adsorption of
H adatoms [6]. The 2D electron gas reported for crystalline InAs suggests
that polycrystalline InAs may be a potential candidate for low temperature
processing. Further to this, if a dopant is required, n- and p-type dopant
activation energies in InAs are very low (0.02 eV for Si and 0.01 eV for Zn,
which are n- and p-type dopants respectively), and as a consequence, dopant
activation can occur during growth without the need for a subsequent high
temperature dopant activation step [7]. III-V materials have the added bene-
fit of higher carrier velocities than Si. In InAs electron mobilities are >40,000
cm?/Vs, resulting in the potential to allow for a decrease in operating voltage

without compromising switching speed [8].
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It has been shown that poly InAs can be grown at low temperatures on
amorphous substrates (SiO, and glass), and through Zn doping, can even
achieve p-type mobilities of >5 cm?/Vs, with no optimization [9]. This is an
important consideration if this material is to be implemented in lower-power
friendly Complementary Metal Oxide Semiconductor (CMOS) architectures
in the future. In this chapter we investigate whether low temperature grown
(max temperature <500°C) poly InAs also exhibits a high electron density
on the surface without intentional doping. In addition, the dominant mech-
anism limiting the carrier mobility is investigated, and the effect of surface

treatments on the contact resistivity of poly InAs is studied.

2.3 Experimental

Growth of III-V films described in this section was carried out by mem-
bers of the Epitaxy and Physics of Nanostructures group in Tyndall. Poly
InAs films (nominally 10-100 nm thick) were grown by MOVPE on corning
“smartphone grade” glass and Si/SiO, substrates at 475°C, using In droplets
as nucleation sites. Precursors used were Trimethyl Indium (TMIn) and ar-
sine (AsHj3). For selected samples, a polycrystalline GaAs buffer layer was
added to form a GaAs/InAs heterostructure. The same “droplet epitaxy”
technique was employed (see 2.1), using Trimethyl Gallium (TMGa) or Tri-
ethyl Gallium (TEGa) and arsine precursors. For samples containing zinc or

phosphorus, Diethyl Zinc (DEZn) or phosphine (PHj3) precursors were used.
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AFM was also carried out by members of the Epitaxy and Physics of Nanos-
tructures group in Tyndall. Measurements were performed using a Veeco
Multimode V AFM in tapping/non-contact mode in air and at room tem-

perature.

SEM images were taken using an FEI Quanta 650 FEG SEM. The elemen-
tal composition of the films was studied through Energy-Dispersive X-Ray
(EDX) analysis, using an Oxford Instruments X-Max EDX. This was per-
formed while the sample was in the SEM vacuum chamber, allowing for
elemental chemical analysis of the film. Samples were prepared for Cross-
sectional Transmission Electron Microscopy (XTEM) using a Dual Beam
Focussed Ion Beam (FIB) Helios NanoLab 600i. Carbon and platinum pro-
tective layers were deposited before the lamella was removed and thinned to

<200 nm thickness. TEM analysis was performed using a JEOL JEM-2100.

Hall effect measurements presented in this chapter were performed at room
temperature unless otherwise stated and were measured on a LakeShore
Model 8404 AC/DC Hall effect measurement system. Samples for Hall effect
measurements were 1x1 cm? and were cut from the centre of the substrates
loaded for film growth to avoid any growth on the edge of the sample caus-
ing conduction through the substrate. The back of each sample was tested

with a multimeter to confirm that the substrate was not contributing to con-
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duction. The van der Pauw configuration was used for these measurements.
A detailed description of the Hall Effect measurement system and method
can be found in Appendix A. Hall effect measurement results were obtained
for one piece of each sample and so no statistical data can be presented for

measured mobilities and carrier concentrations.

To test the efficacy of a variety of surface treatments, wet dips in a vari-
ety of chemicals were performed before deposition of metal contacts through
metal evaporation. FElectrical characteristics were measured using a semi-
conductor device parameter analyser Agilent B1500, and a semi-automatic

Cascade probe station.

2.4 Results and Discussion

2.4.1 InAs Material Properties

A range of InAs film thicknesses (10-100 nm) were grown on SiO and glass
to study the properties of the InAs film. Using a nominally 25 nm film, the
expected polycrystalline nature of the InAs film was confirmed by XTEM,
and EDX analysis was used to confirm that the composition of the lamella
used for imaging was InAs. Figure 2.1 shows a schematic representation of
the “droplet epitaxy” growth process employed by the Epitaxy and Physics
of Nanostructures group in Tyndall. In Figure 2.1, a heterostructure growth

is shown. For the InAs films directly on insulator, the process is the same,
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with the exception of the GaAs step.
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Figure 2.1: Schematic representation of the “droplet epitaxy” growth process.

Figure 2.2 shows a cross-section of the nominally 25 nm film, with lamella
thickness of <200 nm. The poly InAs film appears continuous, with some
local areas where the film does not have complete closure, possibly resulting
in the difference in contrast seen towards the right-hand side of Figure 2.2a.
There is also a contrast difference in the area between the substrate and the
InAs film. The area shown in Figure 2.2b was used to determine the average
thickness of the film as deposited. The maximum and minimum thicknesses
were 55.5 nm and 40.9 nm respectively, with the average thickness deter-
mined to be 49.5 nm, with a standard deviation of 4.6 nm. Grain size can
be determined from the XTEM image, and is seen to be in the order of 10s

of nanometres.

Despite the film not being entirely uniform in the cross-sectional image of
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the TEM lamella, it was possible to measure an electron mobility of 100
cm?/Vs at room temperature, suggesting that there are percolation paths
present in the 3D geometry. Figure 2.2¢ shows the temperature dependence
of the carrier mobility and concentration in poly InAs, determined by Hall
effect measurements over a temperature range of 125-400 K. As expected,
the majority carrier type is electrons. The carrier mobility in the poly InAs
film is seen to be almost independent of temperature. This is unlike what is
usually seen in bulk crystalline InAs, where the electron mobility decreases
with temperature [10]. Based on the Matthiessen Rule [11], the equation

governing total mobility can be expressed as:

1 1 1 1 1
— = —+— = (2.4.1)
HT Hphon HQ Hsr Hgb

This equation indicates the different factors which can limit the total mobility

of a film:

1. phonon scattering (ttpnon)
2. Coulomb interactions (1q)
3. surface roughness (fis)

4. thermionic emission over grain boundaries (i)

As surface roughness is the only factor of the three which is not strongly
temperature dependent [12], we can conclude that this is the dominant factor

limiting carrier mobility in the poly InAs film.
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Figure 2.2: (a&b) XTEM images of nominally 25 nm poly InAs film grown at
475°C directly on a glass substrate. (c) Temperature dependent Hall effect
measurements of 25 nm poly InAs film on glass. Measurements taken in AC
mode, with magnetic field of 0.6 T

It is well known that the mobility of polycrystalline silicon is limited by grain

boundary scattering. It is observed that a poly silicon film with lower doping
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shows an increase in mobility with temperature (due to thermionic emission
over potential grain boundaries), while a poly silicon film with higher dop-
ing shows a decrease in mobility with temperature (phonon limited) as the
grain boundary defects are saturated and the potential barrier at the grain
boundary regions tends to zero [13]. If the unintentionally doped poly InAs
described in this chapter behaved in the same way, we would expect the mo-
bility to increase with temperature at the higher temperature range as the
potential barrier is removed and the mobility becomes phonon limited. How-
ever, we do not observe this, as due to our high electron concentration (and
smaller bandgap than silicon) the grain boundaries are saturated and the
dominant factor limiting the mobility is surface roughness, with the mobility
remaining relatively constant over the entire measurement range of temper-

atures as a result.

Figure 2.3 shows AFM results for the film whose results are shown in Figure
2.2. When looking at the heights presented in the Figures, it is important to
remember that the zero they are measured from may not be from the sub-
strate. This means that the height is not the total thickness of the film and
should only be taken as an indicator of the variation over the area measured.
This explains why the peak in frequency (i.e. how often the height is recorded
during the scan, normalised) vs height in Figure 2.3b is at a lower value than
the average thickness determined using the XTEM image in Figure 2.2b.

While AFM is a useful technique and gave good topographical information,
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it was not as useful as a combination of SEM and XTEM in determining
actual thickness of the film and continuity. For this reason, SEM and XTEM
results are mainly focussed on for film morphology analysis in the rest of this

thesis.

Efforts were made to improve the quality of the poly InAs thin films with a
view to implementation in transistor test devices. The benefits of deposit-
ing a poly GaAs layer prior to poly InAs such as minimizing roughness and
improving continuity have been discussed at length in previous publications
by the Nanomaterials and Devices group and the Epitaxy and Physics of
Nanostructures group [9]. These benefits are evident from the Hall effect
measurement results shown in Table 2.1, as the nominally 10 nm poly InAs
film grown directly on a glass substrate was not capable of being measured
using the Hall effect apparatus because it lacked sufficient continuity to ob-
tain reliable data (whereas the 10nm film with GaAs buffer layer could be

measured). This was due to two factors:

1. The lack of continuity and variation over the area of the sample meant
that when the geometry averaging step of the measurement was reached,
the difference between each geometry was too great for the average

value to accurately represent the film.

2. The lack of continuity also causes a high resistance film, which needs

large lead voltages (up to 100 V) to push even a very low current
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Figure 2.3: (a) Plot of one line taken during an AFM scan of the 25 nm InAs
on glass, and (b) a plot of height vs frequency.
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through the film (in the range 1 nA-1 pA). When only a low current
can be used, it is difficult to obtain a reasonable separation of the
charges in the film, meaning that the Hall voltage is low (the Hall
voltage is proportional to the applied current), and the measurement

is not reliable.

When a 25 nm poly GaAs buffer layer was deposited prior to 10 nm poly InAs
growth, the continuity was improved, allowing for determination of carrier
mobility and concentration through Hall effect measurements. It is noted
that a contribution to the carrier concentration and mobility from the 25 nm
GaAs buffer layer can be discarded, as this layer measured in isolation yields

a carrier concentration of 10'® cm™ and an electron mobility of 0.14 cm’ /Vs.

Film Details Carrier Mobility | Carrier Concen-
(cm?/Vs) tration (cm3)
25nm InAs 73 7.0x10%%
2bnm GaAs + 10nm InAs | 29 9.6x10*®
25nm GaAs + 25nm InAs | 155 8.0x10*®

Table 2.1: Room temperature Hall effect measurement results of poly InAs
films of 10 nm or 25 nm nominal thickness, with or without prior 25nm poly
GaAs buffer layer, grown on glass.

Figure 2.4 shows XTEM images of 25 nm poly GaAs + 25 nm poly InAs
film on glass, with InAs directly on glass as a comparison, further highlight-
ing the benefits of the heterostructure formation. Figure 2.4a shows greater

uniformity than that possessed by the nominally 25 nm film in Figure 2.2a,
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where both scale bars are 200 nm. Figure 2.4b was used to calculate the
average thickness of the two layers of the heterostructure. The poly GaAs
buffer layer was found to have an average thickness of 30 nm, with a standard
deviation of 3.6 nm, while the poly InAs layer was found to have an average

thickness of 26 nm, with a standard deviation of 9.8 nm.

As these films were intended for use in a junctionless transistor architecture
[14], there was concern that the carrier concentrations measured in the InAs
film (Table 2.1) would be too high to allow the full depletion of the chan-
nel, which is necessary to turn off the transistor [15]. For this reason, Zn
was incorporated as a p-type dopant into the poly InAs film during growth.
This Zn incorporation effectively modulated the carrier concentration in the
poly InAs thin films by 3 orders of magnitude with no significant reduction
in mobility evident. Table 2 shows Hall effect measurement results of poly
GaAs + Zn-doped poly InAs(P) with varying InAs thicknesses (10-100 nm
nominal thicknesses). Phosphorus was included as a surfactant during the
growth process. Interestingly these poly InAs films showed the traditionally
expected scaling of sheet carrier concentration with thickness, meaning that
there was not exclusively a surface charge present as had been seen in the

literature, but also a contribution from a bulk charge in the poly InAs film.
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Figure 2.4: XTEM images of (a&b) 25 nm poly GaAs + 25 nm poly InAs
on glass (where the red line indicates position of the interface), and (c) 25
nm poly InAs directly on glass.
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Film Thick- | Carrier Mobil- | Carrier Conc | Sheet Carrier
ness (nm) ity (cm?/Vs) | (cm™) Conc (cm2)
10 24.6 2.5x1010 2.5x1010

25 61.6 5.22x10'6 1.3x10M"

100 103.4 4.6x10'6 4.5x10M"

Table 2.2: Room temperature Hall effect measurement results of poly GaAs
+ Zn-doped InAs(P) grown on SiOs.

2.4.2 Surface Treatments

As discussed in Section 1.2.3, exposure of InAs to air is expected to result
in oxide formation on the surface, and subsequent Fermi level pinning. Un-
like silicon’s native oxide, III-V counterparts are not suitable for use as gate
oxides, and so must be removed to allow for suitable gate oxide deposition.
The effect of a number of surface treatments designed to remove native ox-
ides and /or passivate the InAs surface prior to metal contact deposition were
studied. Post treatment properties were extracted from circular Transmis-
sion Line Measurement (¢TLM) results, and presented in Figure 2.5. The
process of extracting the data is explained in greater detail in Appendix B.
The ¢TLM test structure design is shown in Figure 2.5a, where the blue areas
represent the contact metal. A Buffered Oxide Etch (BOE) treatment caused
the specific contact resistance to increase compared to a sample which had
received no treatment. Treatment with HCI achieved a clear improvement
in electrical characteristics, however a combination of BOE/HCI/(NHy),S
resulted in consistently superior electrical results compared to those of the

sample which received no treatment, and the samples which received BOE or
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HCI treatments in isolation. The value of specific contact resistance obtained
for the sample which received the BOE/HCI/(NH,),S, 1.78x1078 Q-cm?, is
an acceptable specific contact resistance even for commercial devices. The
high carrier concentration of the films is a major reason for this, along with
a contribution from the relative roughness of the film, which effectively in-

creases the area of the contact.

Taking figures from the Hall results for a 25 nm poly InAs film directly on a
glass substrate in Table 2.1, mobility is 73 cm?/Vs and carrier concentration

is 7x10'® cm™. Therefore, resistivity should be equal to:

1 1 1
Resistivity = — = 242
esistivity = — q-,u-n+q-73-(7-1018) ( )

Here o represents the conductivity of the semiconductor, ¢ is electronic
charge, p is carrier mobility, and n is carrier concentration. This comes
out to be 0.01 Q-cm, which is in good agreement with the results shown in
Figure 2.5e. These results are from large area (Hall) and small area (¢TLM)
techniques, so this agreement is a strong verification of results, fabrication,
and testing methods. These results also show that the nature of the surface
of the polycrystalline InAs film can be changed drastically using wet chemical
surface treatments which do not affect the bulk properties. The methods of
surface treatment and the effects on the III-V surface are discussed in Section

1.2.3.
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Figure 2.5: (a) Schematic ¢TLM structure layout from which electrical mea-
surements were taken. (b) Specific contact resistance, (c) sheet resistivity,
(d) transfer length, and (e) resistivity for a 25 nm poly InAs film which re-
ceived each of the surface treatments, and a reference sample which received
no surface treatment.
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2.5 Benchmarking

Figure 2.6 shows the graph included in Section 1.3.2, with the films from
this chapter included as comparison. The polycrystalline InAs compares
relatively favourably to other published works shown here. The two poly-
crystalline examples with higher mobilities - InAs [16] and InGaAs [17] - are
both also grown on amorphous or plastic substrates, however they are much
thicker than the films grown in this work (>1 pm). From the results for
polycrystalline InAs in this Chapter, it is clear that the mobility is depen-
dent on thickness, and it is possible to achieve higher mobilities in thicker
films. For device applications, thinner films are more favourable. The three
BiyOySe results with higher mobilities than this work [18-20], are from the
same group and are all grown on a crystalline substrate. It is easier to grow
a high quality film on a crystalline substrate rather than the amorphous
substrates demonstrated in this chapter. For potential implementation, it
is important to be able to grow films on a Si/SiOy substrate, as this is the

ubiquitous substrate in modern electronics.

2.6 Conclusions

We have shown the ability of low temperature grown (below 500°C) poly
InAs thin films to achieve remarkable electron mobilities when measured at
room temperature (approx. 100cm?/Vs). A room temperature Hall mobility

of 155cm?/Vs was achieved for a heterostructure consisting of 25 nm poly
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GaAs + 25 nm poly InAs on glass (Table 2.1) exceeds reported Hall mobility
values of many other low temperature grown thin film materials, including
polycrystalline silicon [29], Hf-doped In,Os [25], ITO [26], and ZnO [27,
28]. Temperature dependent Hall effect measurements determined that the
limiting factor of the mobility in the poly InAs film is surface roughness.
The effect of a number of surface treatments on the contact resistance and
a number of other parameters were studied. These films show potential as

high electron mobility materials for use in transistor type devices.
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3.1 Abstract

Poly InAs films described in Chapter 2 are explored as a low temperature n-
channel semiconductor material in a Metal Oxide Semiconductor Field Effect
Transistor (MOSFET) structure. Test structures fabricated with an Al,Oj
top-gate dielectric show that transistor-type behaviour is possible when poly
InAs films are implemented as the channel material. A maximum Ion/Iopr
1.3x10* is achieved at -50°C, and Ion/Iopr =363 at room temperature for
back-gated devices. Factors limiting the Ion/Iopr ratio are investigated, and
different device structures are explored as solutions, including dual-gated
and buried-channel architectures. Recommendations are made for the future

implementation of poly InAs.

3.2 Introduction

As described in Section 1.1, there is an ever-increasing need for low temper-
ature grown materials which can be used as channel materials in transistor-
type devices. The poly InAs films were optimized for use in a junctionless
transistor architecture using Zn counter-doping to reduce the carrier concen-
tration [1]. Junctionless transistors are a favourable architecture in the era
of ultra-scaling, as they do not require an extreme doping gradient under the
source and drain contacts leading into the channel [2]. However, there are

many considerations that must be put into the careful design of these devices.
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In this chapter we investigate the properties of these devices and compare
them to those found in the literature. Although a 2D electron gas marks a
departure from traditional transistor physics, functional InAs thin film tran-
sistors have been demonstrated through a process of bonding crystalline InAs
to a silicon substrate [3, 4]. Direct growth on a silicon substrate will mark
an important step towards poly InAs based devices which can be integrated

in the back-end-of-line (BEOL).

3.3 Experimental

Top-gated transistor test devices were fabricated, utilizing the poly InAs
films as their channel material. Patterning of contacts was achieved using
photolithography. Source/drain contact metal Au(14 nm):Ge(14 nm):Au(14
nm): Ni(11 nm):Au(200 nm) was deposited by e-beam evaporation, and de-
fined using a standard lift-off process. The definition of the channel and
source/drain regions was performed using a wet etch of 20:1 C¢H;O7:H204
(etch rate >2 nm/s). Surface passivation was achieved using a 10 min dip
in room temperature 10% (NH,4)2S [5]. Following the surface treatment,
15 nm Al,O3 gate dielectric was deposited by ALD using Trimethyl Alu-
minium (TMA) precursor and H,O, followed by 200 nm palladium (Pd)
gate contact, deposited by e-beam evaporation. FElectrical characteristics
of the devices, both at room temperature and variable temperatures, were

extracted using a semiconductor device parameter analyser Agilent B1500,
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and a semi-automatic Cascade probe station. Electrical results for devices
presented in the chapter were chosen as they either represented the “best”
results achieved, or were devices capable of being measured on multiple sam-

ples to allow for comparison.

Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) was per-

formed, and the results analysed, in Intel Ireland.

3.4 Results and Discussion

3.4.1 Top-Gated Poly InAs Junctionless Transistors

Top-gated transistor test devices were fabricated using a heterostructure con-
sisting of 25 nm poly GaAs + 10 nm Zn-doped poly InAs(P) as the channel
material. As mentioned previously, phosphorus was included as a surfac-
tant during the growth process. Figure 3.1a shows a schematic of the film
structure taken through the gate stack, and Figure 3.1b shows a schematic
plan-view representation of the device structures fabricated, where L, is the
length of the channel, L, is the length of the gate, and W, is the width of

the channel.

Based on previous research [5], it was decided to omit BOE and HCI treat-
ments (described in Section 2.4.2) prior to gate oxide deposition during top-

gated transistor device fabrication and proceed with (NHy).S alone. Am-
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(a) (b) L,
<~
200nm Pd gate contact
15nm Al,O, gate oxide .h ) -
10nm Zn-doped poly InAs(P)
e Len
Glass Substrate SiO,

Figure 3.1: (a) Schematic cross-section of the film structure in the channel
region of the device, and (b) plan-view of device layout.

monium sulfide has been shown to remove InAs surface oxides, however it
can have deleterious effects, damaging the patterns previously etched, and
forming an undercut. These effects are mitigated through the sulfurization of
the surface by the (NHy)sS itself, and dilution of the (NHy)2S solution before
use [6]. For this reason, a 10 min dip in a 10% (NHy)2S solution was used
as the surface treatment of the poly InAs film [5]. Following the etching of
the GaAs/InAs to form the active area of the device, and surface treatment,
the Al,O3 top oxide was formed by ALD. The ALD process is also reported
to be effective for reducing or removing native oxides present on the III-V

surface [7].

Electrical characterisation was performed on the top-gated transistor test
devices, These are presented in Figure 3.2, where L, is the channel length,
W is the channel width, Ly, is the length of the gate, Vg is the voltage as

measured at the gate, Ipg is the current as measured at the drain, and Vpg
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is the voltage as measured at the drain. Output characteristics, Figure 3.2a,
show classical transistor behaviour with clear linear and saturation regions
whose onset vary with Vgg. Transfer characteristics are shown in Figure 3.2b.
The clockwise hysteresis observed in the transfer characteristics, see Figure
3.2, originates from trapping and de-trapping of electrons in the Al,O3 gate
oxide. It is evident that the drain-source current can be modulated using
the gate voltage, and Ion/Iorr of 90 is achieved at room temperature. The
threshold voltage for this device was determined by extrapolation from the
maximum transconductance and is found to be -2.16 V. Field effect mobility

is calculated using the transconductance from:

w
gm = f M Cox : VDS (341)

where g, is the transconductance, W is the width of the channel, L is the
length of the channel, p is the carrier mobility, C,y is the oxide capacitance
and Vpg is the voltage measured at the drain. The total resistance (Vpg/Ips)
is extracted as a function of Vgg. From the resistance and channel dimen-
sions, resistivity, and hence conductivity, is calculated. Using the formula for

conductivity the carrier concentration can be calculated:
o=n-p4-q (3.4.2)

where o is the conductivity, n is the carrier concentration, p is the carrier

mobility and q is the electronic charge. As the parameters from which it is
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extracted are functions of Vg (the voltage as measured at the gate), carrier

concentration is also Vgg dependent.

Carrier mobility and concentration values for this film were measured through
Hall effect measurements prior to device processing and were found to be 18
cm?/Vs and 7.7x10% cm™, respectively. Field effect mobility, Figure 3.2c,
peaks at around 7 cm?/Vs, exhibiting a reduction in mobility compared to
the Hall effect measurements, as expected for the transistor structure. The
carrier concentration, Figure 3.2d, is in excess of the 7.7x10'® cm™ deter-
mined from Hall analysis. The increase in the electron concentration is con-
sistent with the observation from other works that ALD deposited Al,Os3,
prior to any post deposition annealing, exhibits a net positive fixed oxide
charge density for film thickness values above 5 nm. Based on values previ-
ously reported [8], the 15 nm Al,O3 would exhibit an equivalent net positive
charge density of around 5.5x10'? cm™ at the InAs/Al,O3 interface. The cor-
responding electrostatically induced negative charge in the InAs of 5.5x10'2

2 is equivalent to 5.5x10'® ¢cm™ based on the nominal thickness of the

cm’
10 nm poly InAs film. This is consistent with the levels of channel charge

determined for the InAs transistor around the threshold voltage.

While the drain-source current values above the threshold voltage are in
good agreement with Hall mobility value prior to device processing, the

OFF-state current limits the Ion/Iopr ratio of the device. The origin of
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Figure 3.2: (a) Device output and (b) transfer characteristics at room tem-
perature. (c) Field-effect mobility, and (d) carrier concentration extracted
from transconductance. The device dimensions and bias conditions are shown
in the inset of each figure.

102



Polycrystalline InAs MOSFETs

the OFF-state current was investigated by varying the substrate and InAs
parameters. Transistor test devices with Si/SiOs or glass substrates, and the
presence/absence of a poly GaAs buffer layer were tested to rule out either of
these variables as detrimental to the Ion/Iopr ratio. All the samples shown
in Figure 3.3 exhibited comparable values of: gate modulation, hysteresis
in the transfer characteristics, and a Ion/Iopr ratio when measured at room
temperature. This ruled out the substrate and parasitic conductance through

the GaAs buffer layer as the cause of the high OFF-state current.

Temperature dependent current-voltage measurements were performed to
gain further understanding of the physical process limiting the Ion/lorr ratio.
Results are presented for InAs channel transistors. Schematic cross-section
of each sample is shown with the corresponding variation of Ipy, Iorr, and
Ion/lorr with temperature in Figure 3.4. From these results, it is noted that
the Ion/Iopr ratio is much more temperature dependent for the sample with
a poly GaAs buffer layer than that without, with the higher values for each

being >250 and around 10 respectively.

When components of the Ion/Iopr ratio are separated out, the difference
in the final ratio is seen to be due to a lower Igpp for the sample with a poly
GaAs buffer layer. Ioy is comparable in both samples and is not observed to
be strongly temperature dependent. One possible explanation for this is po-

tential Ga incorporation into the poly InAs channel during growth, widening
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Figure 3.3: Transfer characteristics of (a) 25 nm GaAs + 25nm Zn-doped
InAs(P) on a Si/SiO,, (b) 25 nm Zn-doped InAs(P) grown directly on glass,
and (c) 25 nm Zn-doped InAs directly on Si/SiOs. Structures through the
channel region are shown beside each transfer characteristic.
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Figure 3.4: Ion, lorr, and Ion/Iopr for (a) 25 nm GaAs + 25 nm Zn-doped
InAs(P), and (b) 25 nm Zn-doped poly InAs on glass. Schematics of the
sample taken through the gate stack are shown beside the corresponding
results.
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the energy gap due to the larger bandgap of GaAs (1.4 eV) compared to InAs
(0.36 eV), and thereby allowing a lower Iopr to be achieved. The presence
of a low level of Ga in the InAs channel was confirmed through TOF-SIMS.
The results of this analysis are shown in Figure 3.5. During TOF-SIMS, an
elemental depth profile of a number of different elements was generated. It
was known that due to the roughness of the film, the nominal thickness would
differ somewhat from the actual thickness. Using the nominal thicknesses as
a rough guide (as seen in Cross-sectional Transmission Electron Microscopy
(XTEM) images e.g. Fig 2.4 the actual thickness of the layers differs from
the nominal thickness), and looking at the depth profile of each element, the
approximate depth of each layer was determined (marked by blue lines in the
images). There is a sharp drop-off in the level of In present at the level which
was assigned as the interface between InAs and GaAs. Arsenic (Figure 3.5¢)
peaks throughout the two layers, and the peak of the In (Figure 3.5b) has
relatively sharp drop-offs on either side, whereas Ga (Figure 3.5a)levels peak
somewhat into the depth region assigned to InAs. Importantly, it is clear
that there is an overlap in the peaks of Ga and In, indicating mixing of of

InAs and GaAs at the interface.

3.4.2 Dual-Gated Poly InAs Junctionless Transistors

Both of the nominally 25 nm films shown in Figure 3.4 failed to achieve
similarly high room temperature Ion/Iopr ratios as the 10 nm films shown

in Figure 3.2. It has been shown that In diffusion into the SiO, layer can
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Figure 3.5: TOF-SIMS results showing level of (a) Ga, (b) In, and (c) As vs
depth from the surface, taken from sample shown in 3.4a.
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Figure 3.6: TOF-SIMS results showing the depth profile of In in a sample
consisting of 25 nm Zn-doped InAs(P) directly on an Si/SiO, substrate.

occur during growth at certain temperatures [9]. This could create a con-
ductive path outside the control of the gate; however, this possibility was
ruled out due to the lower temperatures used during the growth compared
to the cited paper (the paper studies film growth temperatures in the range
of 800-1000°C), and the TOF-SIMS results for the sample pictured in Figure
3.3, which are shown in Figure 3.6. These results show no evidence of In

diffusion into the SiO, layer.

The theoretical maximum depletion width vs carrier concentration is shown
in Figure 3.7, and the equation used is shown in the inset. For the carrier
concentrations present in these films, the maximum depletion width is com-

parable to the nominal thicknesses of the InAs films. However, from the

108



Polycrystalline InAs MOSFETs

[ | 4. &5k -T -V

60 B Yp,max= j qz N n;/ |
£
£

- a0 -
£

a |

=

20+ .

'ﬁ\..__.
ol " |
1017 1018 1019 1020

Carrier Concentration (cm)

Figure 3.7: Maximum depletion width vs carrier concentration for InAs films.

Inset: equation used for plotting.

XTEM images (see Figure 2.2 in Chapter 2) we know that the actual thick-

ness can be greater than the nominal thickness. From Figure 3.2, we also

know that the carrier concentration is strongly field dependent and increases

by around 2 orders of magnitude over the gate bias range of -2 V to +5 V

(10'8-10).

Based on the information in Figure 3.7 and the decrease in Ion/Iopr with

increasing InAs film thickness, the possibility that the channel was not being

fully depleted was investigated. If the InAs layer is not fully depleted, this

would leave a resistive conduction path at the InAs/substrate or InAs/GaAs

interface, which is not modulated by the top-gate voltage. Figure 3.8a shows
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the Iopr dependence on channel length for the 25 nm Zn-doped InAs sample
on glass. The Igpr vs L relationship shows a slope close to -1, implying a 1/L
relationship, which would be expected for a resistor. The Iopp proportional
to 1/L is also obtained for the 25 nm Zn-doped InAs(P) with a GaAs buffer
layer. As can be seen from the device architecture shown in Figure 3.1b, the
ratio of gate length to channel length can be varied. Measurements were con-
ducted over a range of gate lengths with fixed channel length and width to
determine how efficiently the gate was controlling the channel. Results from
the sample consisting of 25 nm Zn-doped InAs(P) grown directly on glass,
shown in Figure 3.4b, are plotted in Figure 3.8b. This figure shows that the
greater the proportion of the channel that is gated, the greater the Iox/lorr
ratio, with both Ion and Ippr components being affected. However, when
the entirety of the channel is gated, i.e., both Lg, and Lgae =50 pm, Iopr
is still significantly higher than expected for this film. Due to this, and the
resistor-like behaviour in Figure 3.8a, it can be concluded that the channel

is not being entirely depleted.

For this reason, it was decided to fabricate and test dual gated devices. This
structure should, in theory, double the maximum depletion width possible,
potentially alleviating the incomplete depletion of the total channel thick-
ness. As the films were grown directly on the substrate, it was necessary
to select a film which had been grown on SiOs and did not have a GaAs

buffer layer, so that back-gating through the substrate could be achieved. A
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Figure 3.8: (a) Iopr dependence on channel length for 25 nm InAs grown
directly on glass, with Vpg values shown (Vgs = 5V). (b) Ion, lorr, and
Ion/lorr vs gate length for the same sample (Vps = 1V, Iox Vgs =5V,
lorr Vs = -5V). Note: the channel length (Lg,) is the separation between
the source and drain contacts and the gate length is the width of the gate
metal (see Figure 3.1b).
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25 nm Zn-doped InAs film on Si/SiO, was chosen as the Zn doping reduces
the carrier concentration in the film, which is favourable for depletion of the
channel. Table 3.1 shows the Hall effect measurement results from the film
chosen for dual gated device fabrication. It is clear that the Zn-doping has
decreased the carrier concentration in the film by over an order of magnitude
when compared to the concentrations shown in Table 2.1. This is beneficial

for achieving full depletion of the channel.

Film Mobility (cm?/Vs) | Carrier Conc (cm™®) | Resistivity (Q2- cm)
25nm Zn-doped InAs 83.3 3.56x1017 0.21

Table 3.1: Hall effect measurement results of 25 nm Zn-doped InAs on SiOs.

Figure 3.9a shows back-gated transfer characteristics of the InAs sample,
prior to any surface treatments or oxide deposition, measured at room tem-
perature. These measurements resulted in a Ion/Iopr ratio around 3-4 times
higher than the sample shown in Figure 3.3c. When comparing the measure-
ments taken with the same Vpg, it’s evident that this increase is due to a
lower Iopp, with the Ion being relatively comparable. This could be because
this sample did not yet have a top oxide, the deposition of which results in
an increase in carrier concentration, making it more difficult to deplete the
channel. However, if this were the case, it would be expected to display a
higher Ioy also. It has been shown that mobility decreases with an increase
in carrier concentration in bulk InAs [10]. As there were no major changes

in growth procedure between the two films, this could explain the difference
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Figure 3.9: (a) Transfer characteristics of 25 nm Zn-doped InAs film on
Si/Si0,. (b) Ion, lorr, and Ion/Iopr taken from the same measurements.

in results. There is a large clockwise hysteresis present in all of the mea-
surements which is indicative of electron trapping and de-trapping. For the
samples shown in Figure 3.3, electron trapping and de-trapping in the Al,O3
was deemed to be responsible for the observed hysteresis. Here, the sam-
ple has not received a surface treatment or gate dielectric deposition. The
hysteresis is also much larger than in the samples shown in Figure 3.3, sug-
gesting that the mechanism of electron trapping and de-trapping is different.
It is likely happening at the surface where native oxides are present. These
are removed during the surface treatment, and so this effect would not be
prominent in the samples which have received the surface treatment. Figure
3.9b shows the Ion/Iopr ratios at different Vpg, with the two components

separated out.
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Figure 3.10: Output characteristics of 25 nm Zn-doped InAs film on Si/SiO,.

Back-gated output characteristics for the InAs film are shown in Figure 3.10.
These results show similar “classical transistor” behaviour to the top-gated

results shown in Figure 3.2a.

Temperature dependent back-gated measurements were also carried out on
the sample whose results are shown in Figure 3.9. The sample showed a simi-
lar pattern as to that shown in Figure 3.4, whereby Ipy is minimally affected
by temperature, Iopr is strongly affected by temperature, and Ion/lopr de-
creases with increasing temperature. This sample again showed a large im-
provement on the Iox/Iorr values previously seen, reaching up to 1.3x10%
at -50°C. This improvement is mainly seen in the Iopp, implying once again

that the greater carrier concentration caused by deposition of the gate oxide

114



Polycrystalline InAs MOSFETs

(a) (b)
6 T T T T T
10 F L, = 10um . .
W, = 5um 10°fF @& —e—o—0 2«0
107 f Vps = 50mV, ; " —— |y
107°F —O—lorr
2 108 ¢ 2 . —E—lon/lorr 11x10*
o < 10°F
a a
— 10°F Temperature: ] -_— )
-50 10 9 3 i 5)(103
—-30
100} 10, 100
—10 ~—n
—30 /B J0
10-11 1 1 1 L 1 10-11 1 1 L 1
-40 -20 0 20 40 -60 -40 -20 0 20 40
Vgs (V) Temperature (°C)

Figure 3.11: (a) Transfer characteristics of 25 nm Zn-doped InAs film on
Si/SiO9 at variable temperatures. (b) Ion, lorr, and Ion/Iopr taken from
the same measurements.

is detrimental to the OFF-current of these devices.

As with the previous top-gated InAs transistors, described in Section 3.4.1, a
10 minute dip in 10% (NH,),S was performed before deposition of the 20 nm
Al;O3 gate dielectric by ALD. An annealing step was carried out to improve
the properties of the gate oxide and the interface between the oxide and the

channel. Based on previous research [11], a 30 minute Forming Gas Anneal

(FGA) at 300°C was chosen.

Figure 3.12 shows the results of dual gating the Zn-doped InAs channel at

room temperature. Figure 3.12a shows the transfer characteristics when the
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top gate is swept from +5 V to -6 V, with the back gate being held at a
constant potential indicated by the legend. It is clear that the large hystere-
sis present in the transfer characteristics in Figure 3.9 before top-gating has
been significantly reduced, confirming that it is a result of trapping and de-
trapping in the native oxide formed at the top InAs surface. The Ion/Iorr
ratio is comparable to that prior to top-gating, however it is achieved over a
much smaller range of gate voltage. For devices with the same dimensions
(see Table 3.2 for summary) the OFF-state current has been reduced from
5.14x10* pA/um for back-gate only to 1.12x10% pA/um with both gates.
However, the ON-state current has also been reduced from 0.19 pA/pm to
0.019 pA/um. This could be partly due to the workfunction of the gate
metal depleting the channel of carriers, however, it is more likely due to the
fact that when the back gate is swept it electrostatically dopes the source
and drain regions, reducing the contact resistance and allowing for a higher
ON-current. From Figure 3.12b, it can be seen that the potential at which
the back gate is held has a large influence on the transfer characteristics,

particularly the OFF-state current.

The measurements were performed in the manner described above due to
the nature of the oxides on each side of the channel. For a typical dual-gated
structure, both gates would have a specifically designed gate stack, however,
while the top-gate in these devices is specifically designed, the back-gate is

contacted through the substrate and the thicker SiO, oxide acts as the gate
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Figure 3.12: (a) Transfer characteristics of 25 nm Zn-doped InAs film on
Si/SiO, with back gate potential shown in inset. (b) Ion, Iorr, and Ion/Iopr
taken from the same measurements and shown vs back gate potential. Ipx
was taken at a top gate voltage of +5 V and Ippr was taken at a top gate
voltage of -6 V. Output characteristics with (c) a constant back-gate voltage
of OV and (d) a constant top-gate voltage of 2 V. Device dimensions are

shown in inset.
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Figure 3.13: Transfer characteristics of 25 nm Zn-doped InAs film on Si/SiO,
channel device with different ratios of back-gate to top-gate voltage.

dielectric. Further measurements were performed with a more typical set
up of shorting both gates, however a ratio was implemented to allow the
back-gate to be swept over a wider range at the same time as the top-gate
sweep. Figure 3.13 shows the resulting transfer characteristics for a device
with different ratios of the gate voltages included for comparison. It is clear
that a wider sweep of the back gate along with the top-gate voltage is the
optimal condition for higher Iox/lopr ratios, with the OFF-current being
particularly affected by the back-gate sweep range. The highest Ion/Iorr
ratio, 100, is achieved when the back-gate is swept 5x the range of the top-
gate. The transfer characteristics still display a clockwise hysteresis, albeit

significantly reduced compared to the back-gate only results in Figure 3.9a.
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A device with different dimensions than the back-gated results was chosen
for Figure 3.12 and 3.13 as these gave the best Ion/Iorr values, however a
direct comparison of the same devices (dimensions the same as results shown
in Figure 3.9) pre and post top gating and with shorted gates can be seen
in Table 3.2. A subthreshold swing value is not presented for the shorted
gates measurement as there are two sweeps of different ranges for the gate
voltage against which this value could be calculated. Transfer characteristics
measured at -50°C are also presented for comparison purposes. Here we see
that the back-gate only measurement prior to top-gating maintains about an
order of magnitude improvement on the Ion/Iopr value compared to any of
the top-gated results. The improved values for the back-gate only are seen to
be mainly due to a lower Iopr value. This would likely be easier to achieve
prior to top gating as the Al,O3 gate dielectric induces a higher electron

density in the InAs channel, making it more difficult to deplete.

Gating Temp (OC) ION (uA/,um) IOFF (uA/,um) ION/IOFF SS (mV/dec)
Back-gated RT 0.19 5.14x104 363 10896
Dual-gated RT 0.091 6.43x107° 14 4347

Shorted Gates RT 0.46 6.68x103 69 -
Back-gated -50 0.23 4.06x10°° 1.3x10% 4166
Shorted Gates -50 0.48 1.7x10* 2.83x10° -

Table 3.2: Transfer characteristics data for 25 nm Zn-doped InAs film on
Si/SiOy pre and post top gating. Device dimensions are Lg, = 10 pym, Wy,
= 5 pm, and Lgye = 4 pm.

An attempt at fabricating and measuring InAs buried channel devices is

discussed in Appendix C.

119



Polycrystalline InAs MOSFETs

3.5 Benchmarking

Table 3.3 shows a selection of the devices fabricated and measured in this
chapter compared to devices demonstrated in the literature. When making
this comparison it is important to remember that the materials in this chap-
ter are polycrystalline and grown on amorphous substrates. All the other
reports are for crystalline InAs channels. As discussed in Section 1.2.1, there
are additional factors affecting the performance and adding to the defect
density for polycrysatlline materials when compared to crystalline, including
grain size/orientation and effects at the grain boundaries [12-14]. The ta-
ble highlights the following effects of moving from a crystalline channel to a

polycrystalline InAs channel formed on SiO, or glass below 500°C:

1. A degradation in the subthreshold slope resulting from an increased
density of interface and oxide defects and defects within the energy
gap of the InAs. Note that for our samples the oxides are also thicker,

with degrades the subthreshold slope via the equation:

(3.5.1)

q Cox

S:k_T.ln10.<1+M)

For this reason, the subthreshold figures in Table 3.3 are presented as
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SS-Coy to allow for a more accurate comparison.

2. A reduction of the ON current due to the reduced mobility compared

to crystalline InAs.

3. Comparable OFF state currents can be achieved.

3.6 Conclusions

Surface treatments and device processing methods were developed, resulting
in functional top-gated transistor test structures based on the polycrystalline
InAs thin films. Through temperature dependent measurements, it was found
that Iopp limits the final Ion/Iopr ratio. The OFF-state current originates
from incomplete depletion of the full InAs layer thickness, indicating the use
of thinner poly InAs films, combined with planarization techniques should
be used to maximise the performance of this semiconductor channel for ap-
plications where the thermal budget is restricted. Dual-gating managed to
achieve better electrostatic control of the channel, seen by the improvement in
subthreshold swing. A device where both gates have well engineered stacks
will achieve the greatest control. Finally, it is noted that there is consid-
erable scope for III-V heterostructure designs in conjunction with the low
temperature grown poly InAs thin films to optimise the device performance
for applications including flexible wearable electronics, display technologies,

and back-end-of-line integration.
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1I1-V L Ton Von | Iorr Vorr | Vps | Ion/Iorr SS~COx(ﬁ Device Growth Year | Ref
Material | (um) | (pA/pm) (V) (nA/pm) (V) (V) - 10°%) Type Substrate
InAs 74 33 5 0.002 -1 0.5 1x10T |- NW AlGaSb 2018 | [15]
FET
InAs 7.2 60 0.4 0.002 |-0.5 |05 1x10* [ 14 XOI GaSbh 2013 | [4]
FET
TnAs 2.5 0.2 1 0.001 -0.1 0.1 100 1.62 XOI AIGASDH 2011 | [16]
TFET
InAs/ Tn- [0.26 | 330 0.8 0.1 -0.4 05 1000 ]9.59 Vertical |Si 2017 | [17]
GaAs MOS-
FET
InAs/In- | 0.25 [10.3 0.3 0.001 -0.1 0.3 1x10* 1.1 NW InAs 2017 | [18]
GaAsSb/ TFET
GaSb
InAs 0.02 |30 1 0.003 -0.75 10.05 1x10T [2.01 NW GeOI 2015 | [19]
nFET
InGaAs |0.1 50 2 0.005 |-0.5 ]0.05 1x10% [ 2.47 TFET InP 2010 | [20]
InGaAs | 100 |0.7 0.8 9x10" -0.2 ]0.1 1x10° [17.9 TFET InP 2017 | [21]
GaAsSb/ | 0.5 0.002 1 3x10° [-1 0.05 1000 - Vertical | InP 2019 | [22]
InGaAs TFET
InGaAs/ | 50 6 1 6x10°% [-0.25 |0.05 1x10° 1.07 Buried InP 2011 | [23]
InAs/ Channel
InGaAs MOS-
FET
InP 1 20 0 5x10° |2 0.23 4x10° | 3.03 MOSFET] InP 2019 | [24]
TnAs 0.03 |80 0.6 0.6 -0.2 |05 133 5.84 MOSFET] InP 2018 | [25]
Ing7Gags | 2 10 0.5 0.001 -0.2 ] 0.05 1x10* | 4.66 QW InP 2015 | [26]
As
InAs 2 10 05 |5x107 |02 |0.05 | 2x10%7 |3.55 QW npP 2015 | [20]
InAs 2 10 0.5 7107 [-0.2 0.05 1.5x10% | 3.76 Dual InP 2015 | [26]
QW
TnAs 1 40 0.5 0.02 -0.5 0.5 2000 5.76 FinFET | InAs 2016 | [27]
InAs 2.85 |- 1 - 0 1 2x107 1.64 nMOS Si09 2012 | 28]
TnAs 50 0.2 2 0.002 -1.5 0.05 100 - nMOS TnAs 2014 ] [29]
GaAs + |5 0.074 5 8.3x107%[ -5 0.05 90 11.4 Top- Glass 2018 | This
10nm Gate Work
Zn- Junc-
InAs(P) tionless
25nm 10 0.19 40 5.14x107F-40 0.05 363 43.4 Back- Si0, 2021 | This
poly gate Work
Zn-InAs Junc-
tionless
25nm 35 0.019 5 1.12x10T-6 0.05 167 8.36 Dual- Si0y 2022 | This
poly Gate Work
Zn-InAs Junc-
tionless

Table 3.3: Examples of functional n-type III-V based transistors from the
literature with results from this chapter included for comparison.

122



Bibliography

1]

J.-P. Colinge, A. Kranti, R. Yan, C.-W. Lee, I. Ferain, R. Yu, N. D.
Akhavan, and P. Razavi, “Junctionless nanowire transistor (JNT): Prop-
erties and design guidelines,” Solid-State Electronics, vol. 65, pp. 33-37,
2011.

J.-P. Colinge, C.-W. Lee, A. Afzalian, N. D. Akhavan, R. Yan, I. Ferain,
P. Razavi, B. O’Neill, A. Blake, M. White, et al., “Nanowire transistors
without junctions,” Nature nanotechnology, vol. 5, no. 3, pp. 225229,
2010.

S.-H. Kim, M. Yokoyama, R. Nakane, O. Ichikawa, T. Osada, M. Hata,
M. Takenaka, and S. Takagi, “High performance tri-gate extremely thin-
body InAs-On-Insulator MOSFETs with high short channel effect im-
munity and Vi, tunability,” IFEFE Transactions on FElectron Devices,

vol. 61, no. 5, pp. 1354-1360, 2014.

K. Takei, R. Kapadia, H. Fang, E. Plis, S. Krishna, and A. Javey, “High

quality interfaces of InAs-on-insulator field-effect transistors with ZrO,

123



Bibliography

gate dielectrics,” Applied Physics Letters, vol. 102, no. 15, p. 153513,
2013.

E. O’Connor, B. Brennan, V. Djara, K. Cherkaoui, S. Monaghan, S. B.
Newcomb, R. Contreras, M. Milojevic, G. Hughes, M. E. Pemble, et al.,
“A systematic study of (NHy)oS passivation (22%, 10%, 5%, or 1%)
on the interface properties of the Al;O3/Ing53Gag47As/InP system for
n-type and p-type Ings3Gag 47 As epitaxial layers,” Journal of Applied
Physics, vol. 109, no. 2, p. 024101, 2011.

A. Gin, Y. Wei, A. Hood, A. Bajowala, V. Yazdanpanah, M. Razeghi,
and M. Tidrow, “Ammonium sulfide passivation of type-II InAs/GaSb

superlattice photodiodes,” Applied physics letters, vol. 84, no. 12,
pp. 2037-2039, 2004.

S. Monaghan, A. O’Mahony, K. Cherkaoui, E. O’Connor, 1. Povey,
M. Nolan, D. O’Connell, M. Pemble, P. Hurley, G. Provenzano, et al.,
“Electrical analysis of three-stage passivated Ings3GagsrAs capacitors
with varying HfO, thicknesses and incorporating an Al,O3 interface
control layer,” Journal of Vacuum Science € Technology B, Nanotech-

nology and Microelectronics: Materials, Processing, Measurement, and

Phenomena, vol. 29, no. 1, p. 01A807, 2011.

P. K. Hurley, E. O’Connor, V. Djara, S. Monaghan, I. M. Povey, R. D.
Long, B. Sheehan, J. Lin, P. C. McIntyre, B. Brennan, et al., “The char-

acterization and passivation of fixed oxide charges and interface states

124



Bibliography

[10]

[12]

[13]

in the Al,O3/InGaAs MOS system,” IEEE Transactions on Device and
Materials Reliability, vol. 13, no. 4, pp. 429-443, 2013.

S. Solmi, A. Parisini, M. Bersani, D. Giubertoni, V. Soncini,
G. Carnevale, A. Benvenuti, and A. Marmiroli, “Investigation on in-

7

dium diffusion in silicon,” Journal of applied physics, vol. 92, no. 3,

pp. 1361-1366, 2002.

V. Karataev, M. Milvidskii, N. Rytova, and V. Fistul, “Compensation in
n-type InAs,” Soviet Physics-Semiconductors, vol. 11, no. 9, pp. 1009—
1011, 1977.

V. Djara, K. Cherkaoui, M. Schmidt, S. Monaghan, E. O’Connor, 1. M.
Povey, D. O’Connell, M. E. Pemble, and P. K. Hurley, “Impact of form-
ing gas annealing on the performance of surface-channel Ing53Gag47As
MOSFETSs with an ALD Al,O3 gate dielectric,” IEFE transactions on

electron devices, vol. 59, no. 4, p. 1084, 2012.

G. Harbeke, Polycrystalline Semiconductors: Physical Properties and
Applications: Proceedings of the International School of Materials Sci-
ence and Technology at the Ettore Majorana Centre, Erice, Italy, July
1-15, 198/, vol. 57. Springer Science & Business Media, 2012.

V. Snejdar and J. Jerhot, “Electrical conductivity of polycrystalline

semiconductors,” Thin Solid Films, vol. 37, no. 3, pp. 303-316, 1976.

125



Bibliography

[14]

[16]

[19]

F. Greuter and G. Blatter, “Electrical properties of grain boundaries in
polycrystalline compound semiconductors,” Semiconductor Science and

Technology, vol. 5, no. 2, p. 111, 1990.

S. H. Lee, S.-H. Shin, M. Madsen, K. Takei, J. Nah, and M. H. Lee,
“A soft lithographic approach to fabricate InAs nanowire field-effect

transistors,” Scientific Reports, vol. 8, no. 1, pp. 1-6, 2018.

A. C. Ford, C. W. Yeung, S. Chuang, H. S. Kim, E. Plis, S. Krishna,
C. Hu, and A. Javey, “Ultrathin body InAs tunneling field-effect transis-
tors on Si substrates,” Applied Physics Letters, vol. 98, no. 11, p. 113105,
2011.

O.-P. Kilpi, J. Svensson, J. Wu, A. R. Persson, R. Wallenberg, E. Lind,
and L.-E. Wernersson, “Vertical InAs/InGaAs heterostructure metal—
oxide—semiconductor field-effect transistors on Si,” Nano letters, vol. 17,

no. 10, pp. 60066010, 2017.

E. Memisevic, M. Hellenbrand, E. Lind, A. R. Persson, S. Sant,
A. Schenk, J. Svensson, R. Wallenberg, and L.-E. Wernersson, “In-
dividual defects in InAs/InGaAsSb/GaSb nanowire tunnel field-effect
transistors operating below 60 mV /decade,” Nano letters, vol. 17, no. 7,

pp. 43734380, 2017.

K.-H. Goh, K.-H. Tan, S. Yadav, S.-F. Yoon, G. Liang, X. Gong, Y .-C.
Yeo, et al., “Gate-all-around CMOS (InAs n-FET and GaSb p-FET)

126



Bibliography

[20]

[21]

[22]

[23]

based on vertically-stacked nanowires on a Si platform, enabled by
extremely-thin buffer layer technology and common gate stack and con-
tact modules,” in 2015 IEEE International Electron Devices Meeting

(IEDM), pp. 15-4, IEEE, 2015.

H. Zhao, Y. Chen, Y. Wang, F. Zhou, F. Xue, and J. Lee, “Ing7Gag3As
tunneling field-effect transistors with an I, of 50 pA/um and a sub-
threshold swing of 86 mV/dec using HfO, gate oxide,” IEEE Electron

Device Letters, vol. 31, no. 12, pp. 1392-1394, 2010.

D.-H. Ahn, S.-H. Yoon, M. Takenaka, and S. Takagi, “Effects of
HfO,/Al,05 gate stacks on electrical performance of planar In,Gay As
tunneling field-effect transistors,” Applied Physics Ezpress, vol. 10, no. 8,
p.- 084201, 2017.

T. Gotow, M. Mitsuhara, T. Hoshi, H. Sugiyama, M. Takenaka, and
S. Takagi, “Performance enhancement of p-GaAsg 51Sbg.49/Ing 53Gag 47As
hetero-junction vertical tunneling field-effect transistors with abrupt

source impurity profile,” Journal of Applied Physics, vol. 126, no. 21,
p. 214502, 2019.

F. Xue, H. Zhao, Y.-T. Chen, Y. Wang, F. Zhou, and J. C. Lee, “InAs
inserted InGaAs buried channel metal-oxide-semiconductor field-effect-

transistors with atomic-layer-deposited gate dielectric,” Applied Physics
Letters, vol. 98, no. 8, p. 082106, 2011.

127



Bibliography

[24]

[27]

28]

[29]

H.-Y. Tseng, Y. Fang, S. Zhong, and M. J. Rodwell, “InP MOSFETSs
exhibiting record 70 mV /dec subthreshold swing,” in 2019 Device Re-
search Conference (DRC), pp. 183-184, IEEE, 2019.

J. Wu, Y. Fang, B. Markman, H.-Y. Tseng, and M. J. Rodwell,
“Lg=30nm InAs channel MOSFETSs exhibiting fn.x=410 GHz and
f1+=357 GHz,” IEEFE FElectron Device Letters, vol. 39, no. 4, pp. 472—
475, 2018.

A. V. Thathachary, N. Agrawal, K. Bhuwalka, M. Cantoro, Y. Heo,
G. Lavallee, S. Maeda, and S. Datta, “Indium arsenide (InAs) single
and dual quantum-well heterostructure FinFETSs,” in 2015 Symposium

on VLSI Technology (VLSI Technology), pp. T208-T209, IEEE, 2015.

R. Oxland, X. Li, S. Chang, S. Wang, T. Vasen, P. Ramvall,
R. Contreras-Guerrero, J. Rojas-Ramirez, M. Holland, G. Doornbos,
et al., “InAs FinFETs with Hg,=20 nm fabricated using a top—down
etch process,” IEEE Electron Device Letters, vol. 37, no. 3, pp. 261-264,

2016.

J. Nah, H. Fang, C. Wang, K. Takei, M. H. Lee, E. Plis, S. Krishna, and
A. Javey, “III-V complementary metal-oxide—semiconductor electronics

on silicon substrates,” Nano letters, vol. 12, no. 7, pp. 3592-3595, 2012.

M. Yokoyama, H. Yokoyama, M. Takenaka, and S. Takagi, “III-V single
structure CMOS by using ultrathin body InAs/GaSb-OI channels on

128



Bibliography

Si,” in 2014 Symposium on VLSI Technology (VLSI-Technology): Digest
of Technical Papers, pp. 1-2, IEEE, 2014.

129



Chapter 4

Low-Temperature Grown
Polycrystalline Gallium

Antimonide

This chapter is adapted from the following conference presentation and jour-

nal publications:

1. A. Curran, F. Gity, A. Gocalinska, E. Mura, R. E. Nagle, M. Schmidt,
B. Sheehan, E. Pelucchi, C. O’Dwyer, P. K. Hurley, Investigating the
Structural and Electronic Properties of Polycrystalline GaSb Thin Films
Grown on SiOs, poster presented at 50th IEEE Semiconductor Inter-

face Specialists Conference, December 2019, San Diego, USA.

2. A. Curran, F. Gity, A. Gocalinska, E. Mura, R. E. Nagle, M. Schmidt,

130



Low-Temperature Grown Polycrystalline Gallium Antimonide

B. Sheehan, E. Pelucchi, C. O’'Dwyer, P. K. Hurley, High Hole Mobility
Polycrystalline GaSb Thin Films, Cyrstals 11(11), 2021.

3. A. Gocalinska, A. Pescaglini, E. Secco, E. Mura, K. Thomas, A. Cur-
ran, F. Gity, R. Nagle, M. Schmidt, P. P. Michalowski, P. K. Hurley,
I. Povey, E. Pelucchi, Next generation low temperature polycrystalline
materials for above IC electronics. High mobility n- and p-type III-V
metalorganic vapour phase epitaxy thin films on amorphous substrates,

Journal of Physics: Photonics 2(2), 2020.

Author contributions:

A. Curran - experimental planning, Hall analysis, Transmission Electron
Microscopy (TEM) analysis, device fabrication, electrical characterisation
A. Gocalinska - ITI-V film growth

M. Schmidt - TEM imaging

R. E. Nagle - Scanning Electron Microscopy (SEM) imaging

B. Sheehan - TEM analysis

I. M. Povey - Atomic Layer Deposition (ALD) oxide growth

E. Pelucchi - concept, design of experiment

C. O’Dwyer - analysis, supervision

P. K. Hurley - analysis, design of experiment, concept, supervision

F. Gity - concept, design of experiment, device processing, supervision

131



Low-Temperature Grown Polycrystalline Gallium Antimonide

4.1 Abstract

In this chapter, we report on structural and electronic properties of poly-
crystalline GaSb films (50-250 nm) deposited on p* Si/SiOy by Metalorganic
Vapour Phase Epitaxy (MOVPE) at 475°C. GaSb films grown on Semi-
Insulating (SI) GaAs substrates are included as comparative samples. In
all cases, the unintentionally doped GaSb is p-type, with hole concentrations
in the range of 2x10'6-2x10'" cm™. Exceptional hole mobilities are measured
for poly GaSb on SiO; in the range of 9-66 cm?/Vs, exceeding reported val-
ues of many other low temperature grown semiconductors. Mobility of 9.1
cm?/Vs is achieved for an amorphous GaSb layer in a poly GaAs/amorphous
GaSb heterostructure. Mechanisms limiting the mobility in the GaSb thin
films are investigated. Low temperature grown GaSb films demonstrate po-

tential for implementation in p-channel devices for above IC implementation.

4.2 Introduction

Since the invention of the transistor, advancements in the technology have
almost exclusively been achieved through dimensional scaling of components.
As described in Section 1.1, 3D integration has emerged as a path towards
increasing transistor density and decreasing power consumption and latency
without being solely dependent on dimensional scaling [1, 2]. In this thesis

we explore materials designed for heterogeneous integration architectures,
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which must conform to certain standards, including a low thermal budget.

There has been success reported in the literature in achieving low temper-
ature grown materials with high electron mobilities, including metal oxides
3, 4], metal oxide heterojunctions [5], and 2D materials [6, 7]. However, if
these materials are to be implemented in Complementary Metal Oxide Semi-
conductor (CMOS) architectures, p-type counterparts must be developed.
While metal oxides have many options for n- and p-type semiconductors,
low temperature grown p-type options do not exhibit impressive hole mobil-
ities [8]. Organic semiconductors also provide some p-type options, however,

for a number of reasons, they also do not possess high mobilities [9].

In this chapter, we investigate low temperature (<500°C) grown poly and
amorphous GaSb thin films. All the films are found to be p-type, and no
intentional doping or dopant activation is required, thereby allowing us to
circumvent this traditionally high-temperature step. The native hole concen-
tration in GaSb is found to originate from Ga vacancies and anti-site defects
[10]. Antimony-containing compounds possess the highest bulk mobilities of
all I1I-Vs, and a bulk hole mobility which is double that of silicon (Table
1.1). For CMOS configurations, dimensions of the n-type and p-type compo-
nents are proportional to the n- and p-type mobilities. GaSb has a relatively
low n- to p-type ratio compared to other materials (Table 1.1), making it

an attractive candidate for these types of applications [11]. Growing polar
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GaSb on non-polar SiOs has traditionally proven difficult [12], but a MOVPE

“droplet epitaxy” method has been shown to work [13].

4.3 Experimental

Growth of ITI-V films described in this section was carried out by members
of the Epitaxy and Physics of Nanostructures group in Tyndall. Poly GaSb
thin films were grown by MOVPE at 475°C using droplets of either GaAs or
GaSb as nucleation sites. The precursors used were Ga(CsHs)s, Sb(CHs)s
and AsHj. In samples where a GaAs buffer layer was added to the structure,
AsHj3 was also used as the arsenic source. Doping with Zn was achieved
using a Diethyl Zinc (DEZn) precursor with varying fluxes (mol min'). Cor-
responding Zn/IIl growth ratios are given for any samples in the text for
which Zn doping was implemented. For each deposition, an Si/SiOy sub-

strate was loaded, along with a SI GaAs reference substrate.

SEM images were taken using an FEI Quanta 650 FEG SEM. Samples were
prepared for Cross-sectional Transmission Electron Microscopy (XTEM) us-
ing a Dual Beam Focussed Ion Beam (FIB) FEI Helios NanoLab 600i. Plat-
inum protective layers were deposited, with or without a prior carbon layer,
before the lamella was removed and thinned to <200 nm thickness. TEM

analysis was performed using a JEOL JEM-2100.
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Hall effect measurements presented in this chapter were performed at room
temperature unless otherwise stated, and were measured on a LakeShore
Model 8404 AC/DC Hall effect measurement system. Samples for Hall effect
measurements were 1 cm x 1 cm and a van der Pauw configuration was used.
A detailed description of the Hall Effect measurement system and method
can be found in Appendix A. Hall effect measurement results were obtained
for one piece of each sample and so no statistical data can be presented for

measured mobilities and carrier concentrations.

4.4 Results and Discussion

4.4.1 Structural and Electronic Properties at Room

Temperature

First, different nominal thicknesses of poly GaSb films were investigated for
morphology, actual thickness, and continuity. The growth process was car-
ried out in the same manner as the schematic representation shown in Figure
2.1, except using the precursors described in Section 4.3. Figures 4.1a-c show
SEM images of poly GaSb films of 50, 150 and 250 nm nominal thickness,
grown on SiOs. It is clear from Figure 4.1a that the nominally 50 nm film
on Si0y is not uniform across the area shown in the image, with some ar-
eas which appear to be gaps to oxide. The prevalence of gaps to oxide is

visible in the wider view XTEM image in Figure 4.2. Both the nominally
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150 nm (Figure 4.1b), and 250 nm (Figure 4.1c) poly GaSb films on SiO,
show a similar morphology, consisting of a relatively even layer, followed by
nanowire-like growth. For the 150 nm sample, the “continuous” layer is thin-
ner, and appears less uniform than that of the 250 nm sample. The green text
in both Figure 4.1b and ¢ show measurements taken during SEM imaging,
which can be used to estimate the difference in dimensions between the films.
One of the measurements allow the estimation of the oxide thickness which
is found to be approximately 110 nm. A measurement of the “continuous”
layer for both films shows 154 nm for the 250 nm film and 114 nm for the
150 nm film, however, this is only one measurement per film so should be
taken as representative only. The measurement of the nanowire-like growths
shows similar dimensions in both films at around 600-700 nm. The forma-
tions present on the surface of the 50 nm sample in Figure 4.1a appear to
be individual, elongated crystallites. These are also present on the surface of
the more continuous 150 and 250 nm samples in Figures 4.1a and b, where

the domed tops indicate a “pulled up” growth method [13].

Figure 4.1d shows a reference sample of 50 nm GaSb on a SI GaAs sub-
strate. For device applications, thinner and smoother films are preferable.
Using SEM images, there is a visual reduction in roughness observable be-
tween the 50 nm sample on SiO, and 50 nm GaSb on the SI GaAs substrate.
An attempt to emulate this effect on the SiOy substrate was made by de-

positing a poly GaAs buffer layer prior to GaSb growth. Figures 4.1e-f show
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samples where this method was used on an SiO; and SI GaAs substrate
respectively. Implementation of the poly GaAs buffer layer shows a clear
improvement in uniformity and continuity for the poly GaSh layer on both

substrates.

The elemental makeup of the nominally 50 nm film on SiO, was investigated
using Scanning Transmission Electron Microscopy (STEM) and Energy-Dispersive
X-Ray (EDX), shown in Figure 4.3. The area where EDX analysis was per-
formed is indicated by an orange box in Figure 4.3a. It is evident that Ga
and Sb are distributed throughout the film as would be expected (see Figure
4.3b-c), however there is also clearly As present at the substrate surface, and
some distance into the film (approx. 30 nm), (see Figure 4.3d). This likely
originated from GaAs droplets used during the nucleation step of the growth

procedure.

Room temperature Hall effect measurement results for samples on the sil-
icon substrate are shown in Table 4.1. The nominally 250 nm GaSb film on
SiO, returns an impressive hole mobility of 66.5 cm?/Vs which far exceeds
reported values for oxide semiconductors [8, 14], and 2D materials [15, 16]
grown at <500°C on amorphous substrates. There is not a significant differ-
ence between hole mobility results for 50 nm and 150 nm films (24.2 and 22.9
cm?/Vs respectively), suggesting that complete film continuity is achieved

somewhere between the nominally 150 and 250 nm thicknesses. Table 4.2
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1pm

Figure 4.1: SEM images of (a) 50 nm GaSb on SiO,, (b) 150 nm GaSb on
SiOs, (c¢) 250 nm GaSb on SiO,, (d) 50 nm GaSb on SI GaAs, (e) 50 nm
GaAs + 50 nm GaSb on SiOq, and (f) 50 nm GaAs + 50 nm GaSb on SI
GaAs. All scale bars are 1 ym.
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Figure 4.2: XTEM image of a larger area of the 50 nm GaSb on Si/SiO,
lamella.

Figure 4.3: (a) STEM image of nominally 50 nm poly GaSb on SiOy. EDX
analysis showing presence of (b) Ga-L, (¢) Sb-L, and (d) As-K.
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shows the room temperature Hall effect results for the corresponding sam-
ples in Table 4.1, but on a SI GaAs substrate. The samples grown on the SI
GaAs substrates display higher mobilities than any of the samples grown on
Si/SiOs. This is expected, as on the crystalline GaAs substrate traditional
epitaxy can occur during film growth, resulting in a higher quality film. For
the films on GaAs, the mobility increases with thickness, without the large
jump in mobility seen between the 150 and 250 nm films on SiO,, which was

also seen as an indication of the onset of continuity.

Interestingly, despite the visual improvement in uniformity and continuity
for the film on SiO, with a GaAs buffer layer, Figure 4.1e, compared to
the sample without, Figure 4.1a, the carrier mobility is reduced from 24.2
cm?/Vs for the sample without the poly GaAs buffer layer to 9.1 cm?/Vs for

the same film with a 50 nm GaAs buffer layer (Table 4.1).

GaSb Thickness | Mobility Carrier Sheet Carrier
(nm) (cm?/Vs) Conc (cm™?) | Conc (cm™?)
50 24.2 1.98x1010 9.92x101°

150 22.9 2.17x107 3.26x10'2

250 66.5 1.84x10%" 4.6x10"

50 (+50nm GaAs) | 9.1 1.37x10%" 1.65x10*?

Table 4.1: Room-temperature Hall effect measurement results of GaSb on
Si0s.

To investigate this surprising result, and to gain further knowledge of the

actual thickness and structure of other films, XTEM was performed. Figure
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GaSb Thickness | Mobility Carrier Sheet Carrier
(nm) (cm?/Vs) Conc (cm™3) | Conc (cm™2)
50 76.8 8.54x10%7 4.27x10%?

150 172 3.9x10'" 5.92x101?

250 293.2 1.17x10"7 2.92x101?

50 (+50nm GaAs) | 218.57 3.3x10'" 1.65x1012

Table 4.2: Room-temperature Hall effect measurement results of GaSbh on
GaAs.

4.4a shows a representative area of the nominally 50 nm film on SiOy. The
XTEM images confirmed the polycrystalline nature of the GaSb film on the
substrate; however, it is evident that there is a lack of continuity in the area
of the lamella shown in the image. Taking Hall mobility results from this
film into account (Table 4.1) it is reasonable to assume that there are 3D
percolation paths present in this film, allowing for carrier transport. 250 nm
GaSbh on SiOs, Figure 4.4b, is also confirmed to be polycrystalline. From the
cross section, the continuous layer seen in the SEM images is also evident,
along with the subsequent nanowire-like growth. For the 250 nm GaSb film,
the average thickness of the continuous portion of the film was calculated
using the area shown in Figure 4.4 and found to be 124 nm, with a standard

deviation of 56.6 nm.

Figure 4.4c¢ shows the 50 nm GaAs + 50 nm GaSb on SiOy which exhib-
ited reduced mobility (Table 4.1). The XTEM image shows that while the
initial nominally 50 nm GaAs layer is polycrystalline, the subsequent nom-

inally 50 nm GaSb does not display a polycrystalline nature, and in fact
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appears to be amorphous. This would explain the drop in mobility between
the film without the GaAs layer which is polycrystalline, and the film with
the GaAs layer which is amorphous. The STEM image, Figure 4.4d, gives a
wider view of the overall topography of the two layers. The GaAs layer has a
saw-tooth shape consistent with {111} facets [17], while the amorphous GaSh
layer fills in the facets, and has an overall smoothing effect. This amorphiza-
tion which occurs only when the GaSbh is grown on a poly GaAs layer could
be due to the lattice mismatch between the two crystal structures, which is
7.8% [18]. EDX analysis was used while in STEM mode to confirm that the
elemental make-up of the two layers in the heterostructure was as expected.
The sampled areas and their respective spectrums are shown in Figure 4.5.
The copper peaks evident in both spectra result from the TEM grid which

holds the lamella in the chamber.
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Figure 4.4: XTEM images of (a) 50 nm GaSb on SiO,, (b) 250 nm GaSb on
SiOq, and (c) 50 nm GaAs + 50 nm GaSb on SiOy. (d) STEM image of 50
nm GaAs + 50 nm GaSb on SiO,.

To determine if the amorphous GaSb observed was a true result, or if the
layer had been amorphized during preparation for TEM with a FIB (which
uses a gallium beam), X-Ray Diffraction (XRD) analysis was performed on
part of the sample which had not gone through preparation on the FIB.
Figure 4.6 shows the resulting spectrum compared against two other sam-
ples. GaAs peaks from the buffer layer are intense and indicate a film which
is polycrystalline in nature with regions of good quality crystalline GaAs.

Some weak peaks could be associated with GaSb, suggesting there may be
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Figure 4.5: EDX analysis on layers of heterostructure on SiO,
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Figure 4.6: XRD of 50 nm GaAs + 50 nm GaSb on SiO,, 50 nm GaSb on
SiO,, and 50 nm GaAs + 50 nm GaSb on GaAs.

very small regions with some amount of crystallinity. However, the dominant
phase of the GaSb layer is amorphous, confirming the results from XTEM.
XRD was also carried out on samples consisting of 50 nm GaSb on SiO, and
50 nm GaAs + 50 nm GaSb on SI GaAs. Both samples show strong peaks
for crystalline GaSb phases. This showed that it was not the thickness of
the amorphous layer causing an inability to detect GaSh, as the 50 nm GaSb
directly on SiOs is a similar thickness and less uniform. It also demonstrated
that the substrate was important, as the same heterostructure on SI GaAs

did not produce an amorphous layer of GaSb.

Another attempt to improve surface roughness and increase the film unifor-
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mity, especially at lower thicknesses, was made by using a surfactant during
the film growth. Zn is a p-type dopant in GaSh and has been shown to affect
the surface morphology of films when it is implemented in the growth process
[19]. This method was used in conjunction with a poly GaAs buffer layer,
which had already been shown to have a smoothing effect on the grown films.
All films consist of a 50 nm GaAs + 50 nm GaSb heterostructure, where the
Zn incorporation in the GaSb layer varies. A range of Zn fluxes were studied,
with SEM images of the resulting films with their respective Zn/Ga growth
ratios shown in Figure 4.7. While the film with the lowest Zn/Ga ratio of
0.025, Figure 4.7b, shows a reduction in surface roughness compared to the
film with no Zn incorporation, Figure 4.7b, as the Zn/Ga ratio increases,
Figures 4.7c-d, the surface begins to become roughened. This was thought
to be because of the competing effects of the DEZn and Trimethyl Anti-
monide (TMSb) [13] (which has a similar effect in arsenides [20]) inhibiting

the deposition of the film.

Room temperature Hall effect measurements were performed on the films
containing Zn. Results of these measurements are shown in Table 4.3. When
Zn was introduced, the carrier concentration increased by around 2 orders of
magnitude, as was expected due to its p-type dopant nature. As the carrier
concentration of the films increased, the carrier mobility decreased. In bulk
GaSb, the hole mobility is shown to drop by 3x when the hole concentration

increases by two orders of magnitude, as seen in these films [21]. The sample
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Figure 4.7: SEM images of 50 nm GaAs + 50 nm GaSb heterostructures on
SiOq with (a) no Zn, and Zn/Ga ratios of (b) 0.025, (c) 0.25, and (d) 2.5.
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which had a Zn/Ga ratio of 2.5 was extremely difficult to measure using the
Hall effect apparatus as a satisfactory Hall voltage could not be achieved
(see A for detailed description). The related Hall mobility and other results
shown for this particular sample in Table 4.3 should be taken as indicative

only, and are included only to show the observed trend.

Zn/Ga | Mobility | Carrier Conc | Sheet Carrier | Hall Voltage
Ratio | (cm?/Vs) | (cm™3) Conc (cm™2) | (V)

0 9.1 1.37x10%" 1.65x10" 6.45x10~*
0.025 3.88 4.19x10'" 2.09x10"? 2.54x10~4
0.25 4.04 1.89x10" 9.46x10"? 8.98x107°

2.5 0.7 1.77x10" 8.87x10" 7.78x107°

Table 4.3: Room temperature Hall effect measurement results for 50 nm
GaAs + 50 nm GaSb films with varying Zn incorporation.

4.4.2 Temperature Dependent Properties

Temperature dependent Hall effect results require repeated measurements at
a variety of temperatures. From room temperature measurements, it had
been observed that repeated electrical measurement induced an increase in
the resistivity of the GaSb films. Figure 4.8 illustrates this effect for a 50 nm
film directly on SiOy (Figure 4.8a) and a 250 nm film (Figure 4.8b) directly
on SiO,. The fact that the effect is much more pronounced for the 50 nm film
is consistent with the effect occurring due to changes in the density of fixed
charge and/or interface states in the native oxide on the GaSb surface and

at the GaSb/native oxide interface. The 50 nm film has a greater proportion
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Figure 4.8: Repeated resistivity measurements of (a) 50 nm GaSb and (b)
250 nm GaSb on a Si/SiO, substrate. Excitation current is shown in inset.

of surface to bulk compared to the 250 nm film. Different excitation currents
were used for the resistivity measurements, with their values being shown in

the inset of Figure 4.8.

It was thought that this effect could mask the temperature dependent re-
sults, as the resistance measurement is used for the mobility calculation. For
this reason, the temperature dependent measurements were done in a loop,
so that the decreasing and increasing direction can be compared. Figure
4.9 shows this measurement for the 250 nm film. It is clear that the mea-
surements on the decreasing and increasing direction are very similar. It is
reasonable to assume from this measurement that the effect of temperature

masks the effect of repeated measurements for this film.
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Figure 4.9: Resistivity vs Temperature for 250 nm GaSb on Si/SiOs. Inset
lists stage of measurement in order they were performed.

To understand the mechanisms and limitations of the hole mobility in the
poly GaSb films, temperature dependent Hall effect measurements were per-
formed on nominally 250 nm GaSb films on SiO; and SI GaAs, along with
the 50 nm GaAs + 50 nm GaSb on SiOs; sample. The resultant plots are
shown in Figure 4.10. It is evident from the data that the dominant scat-
tering mechanism limiting the mobility is different for GaSb grown directly
on a SI GaAs substrate (Figure 4.10a), than for GaSb grown directly on a
SiOy substrate (Figure 4.10b). For GaSb on a SI GaAs substrate (Figure
4.10a), mobility decreases and carrier concentration increases as tempera-

ture increases. This observation is consistent with phonon scattering [22].
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Figure 4.10: Carrier mobility and concentration of (a) 250 nm GaSb on a
SI GaAs substrate, (b) 250 nm GaSb on a Si/SiO, substrate, and (¢) 50 nm
GaAs + 50 nm GaSb on a Si/SiO, substrate.

For GaSb grown directly on SiO, (Figure 4.10b), and for the 50 nm GaAs +
50 nm GaSb heterostructure (Figure 4.10c), both carrier mobility and con-
centration increase with increasing temperature. This could be related to

thermionic emission over grain boundary potential barriers [23], or Coulom-

bic scattering [24].
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Further analysis was performed on the temperature dependent results of the
250 nm GaSb on SiOy and 50 nm GaAs + 50 nm GaSb on SiO,, where the
exact mechanism limiting the mobility was not as clearly obvious as the 250
nm GaSb film on SI GaAs. The 250 nm GaSb film on SiO5 shows an initially
linear region and then begins to turn over at higher temperatures, transition-
ing into another region with a different limiting mechanism. The following
equation shows the temperature dependence of Coulombic scattering limited

mobility:

_30-V2rm- e a? - (KT)%?
fdist = Naisi - €3+ f2- Ap - y/m

(4.4.1)

where € is the dielectric constant, a is the distance between centres, k is the
Boltzmann constant, Ny is the concentration of dislocations, f is the occu-
pation rate of the centres, Ap is the Debye screening length, e is the electronic
charge, and m is the effective mass [25]. From this equation, we can see that
Coulombic scattering limited mobility should increase with a slope of 3/2 as
temperature increases on a log, log scale. This is close to the experimental
value of 1.57 which is observed for 250 nm GaSb on SiO, between 200 and
280 K, Figure 4.11a. The observation that the mobility begins to turn over
in Figure 4.10b and tends towards a negative slope as temperature contin-
ues to increase is consistent with previous observation in the literature [24].

This transition is due to the mobility becoming phonon scattering limited at
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higher temperatures.

Figure 4.11b shows the natural log of the conductivity obtained from the
Hall effect measurement plotted against T-'/* for the sample comprised of 50
nm GaAs + 50 nm GaSb on a Si/SiOy substrate. This results in a linear
plot, which is consistent with 3D variable range hopping limited mobility.

Mott’s Law [26] shows the following relationship:

1/4
Inoc = A — <%) (4.4.2)

From this equation, we can see that the slope of the In conductivity vs T-/4
graph should be equal to To/4. This yields a value for Ty of 4.3x10% K, which
is similar to previously reported values for amorphous Germanium [27] and

poly-Si [28]. Ty is defined as:

Ty = R (4.4.3)

where g(u) is the density of states at the Fermi level, a is the localization of
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Figure 4.11: (a) log, log plot of mobility vs temperature for 250nm GaSb on
Si/SiOs,, and (b) natural log of conductivity vs T-/4 for 50 nm GaAs + 50

nm GaSb on SiOs.

the states near the Fermi level, and f is a numerical coefficient [29]. Vari-
able range hopping occurs when the temperature is sufficiently low enough
that the resistances between neighbouring states become greater than far-
away states which exist in a narrow energy band near the Fermi level. As

the temperature decreases, the average hopping distance increases with T-1/4

129].

The results presented in this section show that the dominant mechanism lim-
iting the mobility in GaSb films depends on the level of crystallinity present
in the film. The crystalline SI GaAs substrate allows for traditional epitaxy

to take place to some extent, resulting in a relatively high level of crystallinity
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in the film. The films grown directly on SiOy are fully polycrystalline, while
the film with a GaAs buffer layer on SiOs is amorphous. Each of the films
described has a different level of crystallinity, and also a different mechanism

limiting the mobility.

4.5 Benchmarking

Figure 4.12 shows the graph included in Section 1.3.2, with the films from this
chapter included as comparison. The polycrystalline and amorphous GaSb
films from this work compare favourably to the films found in the literature,
especially taking into account the amorphous substrate half of the samples
are grown on. The two amorphous films of CuSnl [30] and Cul [31] have
lower mobilities than the amorphous film presented here, though they are
also grown at lower temperature. The poly GaSb comparison from literature
[32] shows a high mobility on a glass substrate, however involves higher
growth temperatures, and the films are thicker, at around 1,000 nm. From
our results, we can see that mobility increases substantially with thickness

(Tables 4.1 and 4.2).

4.6 Conclusions

We have demonstrated high hole mobility polycrystalline (66.5 cm?/Vs) and

amorphous (9.1 cm?/Vs) GaSb grown on amorphous substrates. The hole
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Figure 4.12: Results from polycrystalline and amorphous GaSb films in this
work compared to results from the literature [16, 30-43].
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mobility of 9.1 cm?/Vs obtained for the amorphous GaSb as part of a GaAs/GaSh
heterostructure exceeds previously reported hole mobilities for amorphous
semiconductors on amorphous substrates [30, 31, 44]|. Factors limiting the
hole mobility in the GaSb films were investigated through temperature de-
pendent Hall effect measurements. The dominant limiting factor was found
to vary depending on the substrate and presence/absence of a GaAs buffer
layer. For GaSb directly on GaAs, the mobility was phonon limited, GaSb
directly on SiOs had a Coulomb scattering limited mobility, and the amor-
phous GaSb film with a GaAs buffer layer on SiO, displayed a mobility which
was variable range hopping limited. Both the polycrystalline and the amor-
phous GaSb films studied in this chapter show promising potential as high
hole mobility semiconductor materials grown below 500°C, compatible with

back-end-of-line (BEOL) integration.
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5.1 Abstract

Low temperature grown (<500°C) polycrystalline (poly) GaSb is implemented
as a channel material in transistor test devices. Three samples are studied in
detail, with channel materials consisting of poly GaSb with nominal thickness
of 50, 150 and 250 nm. Full processing steps are developed and described.
The transistor test devices are studied at different stages of the processing to
understand the effect on the transistor characteristics. The highest Ion/Iopr
ratio for any of the devices is achieved for 50 nm GaSb on SiO,, reaching a
value of 205 at room temperature and 550 at -50°C. Top-gated transistors

were formed using a 20nm Al,O3 gate dielectric and a Pd gate metal contact.

5.2 Introduction

The need for low temperature grown materials, and particularly p-type ma-
terials, for monolithic 3D integration has been discussed in detail in Section
1.1 and Section 4.2. In this chapter we attempt to fabricate and characterise
devices made utilising the polycrystalline and amorphous p-type GaSb films

which have previously been characterised in Chapter 4.
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GaSbh shows promise for p-type devices due to its high hole mobilities. High
mobility materials have the potential to replace silicon in traditional devices,
thereby lowering the supply voltage required without making sacrifices else-
where e.g., Ion/Iopr ratios. Power density on chip is one of the greatest
problems encountered with aggressive dimensional scaling of devices, but
also one which could be mitigated through a reduction in the supply voltage

[1], as power dissipation on chip is proportional to the supply voltage.

GaSb p-type channel MOSFETSs have been demonstrated in the literature
[2-5]. Growing polar GaSb on amorphous and non-polar SiO, is a difficult
task, but one that must be overcome if I1I-V materials are to be economically
viable for consumer electronics, due to the higher costs associated with I1I-V
substrates [6]. Of the demonstrations in the literature referenced above, two
are grown on silicon substrates, and only one on SiOs [2]. In the case of [2],
the GaSb nanowires were grown by a Chemical Vapour Deposition (CVD)
process at 670°C and were subsequently drop cast onto a silicon substrate
with 600nm of SiOy. When these GaSb nanowire MOSFETSs were measured,
the transfer characteristics exhibited Ion/Iopr values <2 at room tempera-

ture, and temperatures <42 K were required for Ion/Iopr values >10%.

Junctionless transistor architectures are implemented for the GaSb devices

in this chapter. This device design is advantageous for modern electronics as
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the source and drain regions do not require doping gradients into the channel.
With decreasing device dimensions, this doping gradient becomes steeper and
more challenging to engineer [7]. With traditional doping methods, the av-
erage doping concentration can be precisely controlled; however, this cannot
be said for the location of the atoms themselves. As dimensions of the device
decreases, the uncertainty of the position of the dopant atoms becomes sig-
nificant [1]. In a junctionless transistor, the workfunction of the gate metal
and the gate voltage are exploited to deplete the channel of carriers [8] and

yield a nominally OFF device.

5.3 Experimental

The poly GaSb films were grown by Metalorganic Vapour Phase Epitaxy
(MOVPE) as described in Section 4.3. Junctionless transistor devices were
fabricated by first patterning and depositing source and drain metal contacts
(10 nm Ti: 200 nm Au). Next the channel region was defined and isolated
using a wet etch of ITHNO3:3CgHgO7. A surface treatment consisting of a 5
minute dip in (NHy)2S was used prior to 20 nm Al,O3 gate dielectric deposi-
tion by ALD. Top-gating was achieved through photolithography patterning,
40 nm Pd deposition by metal evaporation, and a standard lift-off procedure.
Figure 5.1 shows a schematic representation of the resulting transistor device

layout.
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Figure 5.1: Schematic of junctionless transistor device layout.

Device characteristics were measured on a Cascade semi-automatic prober at
room temperature or variable temperatures using an Agilent B1500 device
parameter analyser. FElectrical results for devices presented in the chapter
were chosen as they either represented the “best” results achieved, or were
devices capable of being measured on multiple samples to allow for compar-

1son.

5.4 Results and Discussion

5.4.1 cTLM Results

Hall measurement results for the GaSb films used for the transistors dis-
cussed in this chapter are presented in Section 4.4.1. The sheet resistivity
determined through Hall effect measurements involves a relatively large area
sample (1 cm x 1 ¢cm piece) when compared to the devices to be fabricated
(um x pum). There is considerable non-uniformity in the poly GaSb films over

smaller areas (Figure 4.1), and so it was important to check whether these
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Figure 5.2: Schematic of ¢TLM structure layout.

large area measurements held true over dimensions more closely resembling
the devices which were to be fabricated. To achieve this, circular Trans-
mission Line Measurement (¢TLM) structures were fabricated on the GaSb
films, a schematic of this structure is shown in Figure 5.2 where the blue
areas represent Ti:Au metal contacts. A detailed description of how these
sheet resistivities were extracted can be found in Appendix B. The results
are shown in Table 5.1. It is evident from Table 5.1 that the figures for sheet
resistivity found through Hall effect measurements and ¢TLM measurements
are in impressive agreement. This agreement between large area (Hall effect)
and small area (cTLM) methods provides evidence that the techniques of
extracting this data are reliable, and that the sample has not been adversely

affected during the processing steps necessary to fabricate these structures.

Interestingly, the 50 nm GaSb sample on the substrate provided by an in-
dustry partner for this project could not have its values determined through
cTLM. This was because the GaSb lacked sufficient continuity to produce
the trend needed for calculating the parameters of the film. However, a 50

nm GaSb sample grown on a Si/SiOs substrate produced in Tyndall could
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be measured and have its parameters extracted using this technique. The
substrate produced in Tyndall has a thinner oxide than the substrates pro-
vided by industry (85 nm thermally grown oxide for the Tyndall substrate
versus an approximately 110 nm thick oxide for the industry substrate). This
observation follows from the previous findings in Chapter 4, that the sub-
strate has a strong influence on the quality and properties of the GaSb film.
This particular result was discovered after device processing on the 50 nm
sample on the industry silicon substrate had been completed, and as the 150
nm and 250 nm samples are grown on this substrate also, for the purpose
of comparison, this sample is used for the device results presented in this
section (excluding ¢TLM results for 50 nm GaSb in Table 5.1 and Table 5.3).
Results from the devices fabricated with the 50 nm GaSb on the Tyndall

silicon substrate are presented in Section 5.4.3 for completeness.

The specific contact resistivity is also presented in Table 5.1, and these values
follow the trend of the resistivity in the films themselves, with higher levels of
sheet resistivity resulting in larger values for specific contact resistivity. The
values for specific contact resistivity are quite high compared to what would
be acceptable in an industry context, however these values could probably be
improved by a treatment to remove the native oxides on the surface before
depositing the metal contacts, as was shown for the InAs films in Section

2.4.2.
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Film Details cTLM: p.| cTLM: Sheet | Hall: Sheet
(Q-cm?) Res (£2/sq) Res (2/sq)
50nm GaSb on SiOy/Si | 0.85 2.08x10° 2.6x10°
150nm GaSb on SiO,/Si | 0.033 8.27x10* 8.37x10%
250nm GaSb on SiO,/Si | 0.027 2.19x10% 1.9x10*

GaAs + GaSb on SiOy/Si | 0.05 4.56x10° 4.17x10°
150nm GaSb on GaAs 0.024 7.36x10° 6.13x10°
250nm GaSb on GaAs | 0.0016 5.48x103 6.56x10°
GaAs + GaSb on GaAs | 0.006 1.29x10% 1.73x10*

Table 5.1: Comparison of resistivity data extracted from ¢TLM and Hall
effect measurements.

5.4.2 Back-gated Device Results

Source/drain metal contacts were deposited, and the channel region was de-
fined using photolithography followed by a wet etch consisting of 1THNO3:3C4HgO~
[9]. This wet etch was tested on un-patterned pieces of the samples to de-
termine the ideal duration of the etch. This was necessary as the etch was
designed for crystalline GaSb, rather than polycrystalline or amorphous ones
studied here. An etch which is selective to certain crystal orientations will
still etch laterally to some degree in these films. Time periods from 30 s to 2
minutes were tested and Energy-Dispersive X-Ray (EDX) was performed to
check if there was GaSb still present on the surface. It was found that the
minimum time necessary for GaSb to not be detected on the surface was 1
minute, and this duration was selected to minimise the lateral etching of the
channel region which would result in narrowing of the channel compared to

the intended and labelled dimensions.
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When the channels were defined, it was possible to back-gate some of the
structures grown on the silicon substrate. This was not possible for any of
the samples with a GaAs buffer layer, as this proved too resistive to back-gate
through. Figure 5.3 shows the IV characteristics of three samples which were
capable of being back-gated. From Figure 5.3, it is clear that the thicker the
film, the harder it is to deplete and effectively turn off the transistor. This re-
sults in the 50 nm GaSb film having the highest room temperature Iox/lopr
at 205. The 50 nm GaSbh devices showed significant variation across the area
of the sample (approx 1 cm?) that was not evident for the 150 or 250 nm sam-
ples. This was expected due to the non-uniformity observed in Figure ?7a.
While the 50 nm GaSb film had the highest Ion/Iorr, the absolute value of
the ON-current is not particularly high at around 0.1nA/pm. The 250 nm
GaSb film device, Figure 5.3c, has the lowest Ion/Iorr ratio, however it has
the highest Ion of all the devices at >1.2 pA. This is important to consider
as through top-gating with a thinner oxide and a specifically selected gate
metal, depletion of the channel can be improved, thereby improving the Iopp
value, however the Igy value is dependent on the intrinsic properties of the
film and cannot be so easily altered. The 150 nm film device, Figure 5.3b,
has neither a particularly impressive Iony nor Ionx/Iopr ratio. Figure 5.3d
shows the values for Ioy and Iopr vs channel thickness. It is clear from this
plot that Iopp is much more dependent on film thickness than Ioy. The anti-
clockwise hysteresis present in all of the transfer characteristics is indicative

of hole trapping. The charge trapping for all the devices in Figure 5.3 was
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found to be in the range of 5-6.5x10'% cm™.

The back-gated output characteristics of the same samples as shown in Fig-
ure 5.3 are shown in Figure 5.4. The 50 nm GaSb sample, Figure 5.4a, shows
some saturation as would be expected for classical transistor behaviour. Nei-
ther of the 150 or 250 nm samples show any saturation despite the large range
of the Vpg sweep. This behaviour could be mitigated through top-gating.
The relatively linear nature of the Ipg-Vpg curves for the 150 nm and 250

nm samples indicated relatively good ohmic behaviour of the Ti:Au contacts

to the GaSb channel.

The GaSb surface is expected to form native oxides when left exposed to
air. These oxides can result in Fermi level pinning at the surface, making it
difficult to modulate the Fermi level using the gate voltage. To mitigate this,
IT1-V semiconductors should receive a surface treatment/passivation and de-
position of a suitable gate oxide before a gate contact is put down. Based
on previous research [10], it was decided to perform a surface treatment with
a 1% solution of (NHy)2S before ALD of the gate dielectric, 20 nm Al;Os.
There was some concern that due to the polycrystalline or amorphous nature
of the films, the slight etching effect of the surface treatment may significantly
change the properties and thickness of the film or change the dimensions of
the channel regions. For this reason, test pieces of the sample were dipped

into the solution for different durations, and then checked under the SEM
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Figure 5.3: Back-gated IV characteristics of transistors with a channel ma-
terial of (a) 50 nm, (b) 150 nm, and (c) 250 nm GaSb on Si/SiO,. (d) The

values for Ion and Iopp vs nominal film thickness for each sample.
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Figure 5.4: Ipg-Vpg output curves for devices with GaSb channel thickness
of (a) 50 nm, (b) 150 nm, and (c) 250 nm.
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for changes in structure/composition when compared to a reference piece. It

was decided that a 5-minute dip in the solution was the optimal duration.

Back-gated transfer characteristics were measured before and after oxide
deposition and are shown in Figure 5.5. There was some variation in the
measured current values across all the samples analysed, so examples which
represent the majority of the measurements for each sample are shown in Fig-
ure 5.5. Considering firstly the 50 nm sample (Figure 5.5a), the Ioy is slightly
increased. The dramatic effect of the top Al,O3 layer is the reduction in the
Ion/Iorr ratio, which is a result of a consistently higher Igpp following the
Al;O3 deposition. The other significant observation is that following the top
oxide deposition there is a dramatic reduction in the Ipg vs Vg hysteresis.
The 150 nm and 250 nm samples showed generally similar results, with both
Ion and I increasing compared to the prior measurements and a reduction
in the Ipg vs Vgg hysteresis. Considering the increase in Igy following the
Al;O3 deposition, this was an unexpected result as usually the Al;O3 oxide
deposited by ALD will have a net positive charge for film thickness values
larger than 5 nm, which would induce a negative charge in the channel [11].
For a p-channel device, this would mean a reduction in carrier concentration,
which should cause a reduction in conductivity. This experimental observa-
tion indicates that for the 20nm Al,O3 deposition on the poly GaSb, the net
oxide charge is negative. Considering the marked reduction in device hys-

teresis after the top oxide formation, this suggests that the trapping causing
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the hysteresis was occuring at the channel surface and was mitigated by the
surface treatment. The anti-clockwise hysteresis present prior to the oxide
deposition was indicative of hole trapping, reducing the conductivity on the

backward sweep.

Temperature dependent transfer characteristics were measured on the 50 nm
sample before and after surface treatment and oxide deposition are shown in
Figure 5.6. The reduction in hysteresis and Iox/Iopr ratio between Figure
5.6a and Figure 5.6b is evident at every temperature. In Figure 5.6¢ the pre
surface treatment and oxide deposition sample reaches the highest Ion/lopr
ratio seen in the GaSb devices thus far, 550 at -50°C. This ratio decreases
continually as temperature increases. Igpr is much more strongly temper-
ature dependent than Ipy. Figure 5.6d shows that post surface treatment
and oxide deposition, the strong dependence on temperature is absent. Ioyn
and Iopp continually increase with temperature increasing, except for one
outlier at 30°C. There is not a clear trend of Iox /Iorr with temperature post
oxide deposition. This indicates that different mechanisms are controlling
the current at ON and OFF states post-oxide as compared to pre-oxide. The
activation energy of the OFF-current changes from 1.98eV prior to oxide de-

position to 0.5eV post oxide deposition.

The ¢TLM structures on the samples were remeasured to see how the fun-

damental properties of the film and the structures had changed. Results of
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Figure 5.5: Pre and post oxide deposition IV characteristics of samples with
GaSb channel thickness of (a) 50 nm, (b) 150 nm, and (c) 250 nm.
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Figure 5.6: Temperature dependent Ips-Vgs of 50 nm GaSb sample (a) pre
and (b) post surface treatment and oxide deposition. Comparison of Ioy,
lorr, and Ion/Iopr ratio (c) pre and (d) post.
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Parameter 150nm on SiO, | 250nm on SiO, | GaAs + GaSb on SiO,
pe pre (Q-cm?) 2.35x1072 1.58x1073 6x1073
pe post (Q-cm?) 2.89x10~4 3.7x107° N/A
R pre (Q/sq) 7.36x10° 5.48x10° 1.29x10*
R, post (©2/5q) 2.56x10° 3.23x107 2.79x10°
R, Hall (€2/s5q) 6.13x10° 6.56x10° 1.73x10*

Table 5.2: ¢TLM results from GaSb devices post oxide deposition, with
comparison to pre oxide results and Hall measurements.

these measurements are presented in Table 5.2. In contrast to the prior mea-
surements, results of which are presented in Table 5.1, the 50 nm GaAs + 50
nm GaSb had a negative y-intercept on the Rror vs gap, which cannot be a
true result. As only the contact resistivity is calculated from the y-intercept,
the sheet resistivity has been presented in the table (calculated from the slope
of the graph), though it should only be taken as indicative. The sheet resis-
tance increased pre and post surface treatment and oxide deposition. This
shows that the oxide deposition had the expected effect - inducing negative
charge, thereby decreasing the conductivity of the p-channel. Interestingly,
the specific contact resistance decreased after oxide deposition, and it is this
decrease in the specific contact resistance which resulted in the increase in

drain current (see Figure 5.5), despite the increase in sheet resistance.

It was thought that the specific contact resistivity might have significantly
decreased due to an “annealing” effect on the Ti:Au source/drain contacts
during the ALD process (250°C). This was tested by taking a piece of 50nm

GaSh on the Tyndall SiO, substrate with Ti:Au contacts and exposing it to
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Description | Ry, (2/sq) | Re () | pe (Q-cm?) | L; (um)
Pre-anneal 2.3x10° 9.8x10* 1 6.68
Post-anneal 3.12x10° 5.7x10% 0.26 2.86

Table 5.3: Pre- and post-annealing ¢TLM results for 50 nm GaSh on SiOs.

a similar temperature and duration to the sample which had been through
ALD process, however without the added effect of the top-oxide deposition.
The annealing parameters chosen to replicate this as closely as possible were
250°C for 2.5 hours in an Argon environment. The results from the sample
before and after the “annealing” process are shown in Table 5.3. The same
trend in contact resistance is evident in this data as was seen in the samples
which had undergone oxide deposition, though the specific contact resistivity
only decreases by one order of magnitude compared to two for ALD samples.
The 50 nm samples are not completely uniform so the contact resistivity may
not be as strongly affected by changes in the interface between the contact
and the film i.e., not all of the metal contact is in contact with the film. The
sheet resistance of the film is also not significantly affected, which is expected
as no oxide has been deposited on this sample, meaning no associated charge

has been induced in the semiconductor.

5.4.3 50nm GaSb on a Tyndall Silicon Substrate

As discussed in Section 5.4.1, the 50 nm GaSb sample on the industry sub-
strate (p* Si with an approx. 110 nm SiO; oxide) was not capable of having

its parameters determined through ¢TLM. However, a 50 nm sample grown
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on a Tyndall silicon substrate during the same growth run was capable of
producing usable cTLM data. Devices were processed on this sample. Ni:Au
source/drain contacts were patterned and defined using a standard lift-off
procedure. The channel was defined and etched using the same wet etch as
the other devices, 1IHNO3:3CsHgO7. Back-gated device results prior to any
surface treatments or gate oxide deposition are shown in Figure 5.7. The
film does not display a significant difference in Ion/Iopr ratio. This could be
due to the fact that the greater level of continuity allows for a higher oy,
however is detrimental to the ability to fully deplete the channel, meaning
Iopr is degraded. Figure 5.7a shows the anti-clockwise hysteresis present in
these measurements. This behaviour does not appear to be dependent on

Back-gated output characteristics of the 50nm GaSb film on the Tyndall
Si04 substrate are shown in Figure 5.8. These characteristics are very simi-
lar to those of the 50 nm film on the industry SiOs substrate shown in Figure
5.4a, with the current levels being only marginally lower for devices with the

same dimensions.

Temperature dependent back-gated measurements were also carried out on
the devices fabricated using this sample. The results from these measure-
ments are shown in Figure 5.9. The temperature dependent measurements

show the same trend as the sample on the industry silicon, whereby the
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Figure 5.7: (a) Transfer characteristics of 50 nm GaSb film on Tyndall
Si/SiOy substrate. (b) Ion, lorr, and Ion/Iorr taken from the same mea-
surements. Ioy is taken at Vgg = -40 V, and Ippr is taken at Vgg = 40 V.
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Figure 5.8: Output characteristics of 50 nm GaSb film on Tyndall Si/SiO,
substrate.
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Measurement Temperature (degrees C) | Voltage Difference (V)
30 20.9
10 17.5
-10 11.7
-30 8
-90 3

Table 5.4: Comparison of gate voltage difference for different temperatures,
taken at 10 A on each side of the hysteresis of transfer characteristics in
Figure 5.9.

Ion/Iorr ratio decreases with increasing temperature, mostly due to a change
in Iopp. From Figure 5.9a, it is clear that the anti-clockwise hysteresis present
in the I'Vs reduced significantly in the measurements performed at -30°C and
-50°C compared to the measurements performed at higher temperatures.
This shows that the mechanism for hole trapping in the GaSb films which
have not undergone any surface treatments or oxide deposition is thermally
activated. Table 5.4 shows the gate voltage difference for each of the temper-
atures between the two sides of the hysteresis when taken at a drain voltage
of 10 A. This clearly shows the dependence of the hysteresis on measure-
ment temperature. This clearly shows the dependence of the hysteresis on
measurement temperature and suggests that the mechanism for hole trap-
ping in the GaSb films which have not undergone any surface treatments or

oxide deposition is thermally activated.
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Figure 5.9: (a) Transfer characteristics of 50 nm GaSb film on Tyndall
Si/SiO, substrate at variable temperature. (b) Ion, lorr, and Ionx/Iorr taken

from the same measurements.

5.4.4 Top-gated Device Results

While it proved difficult to fully deplete the InAs channel devices in Chapter

3, due to the lower carrier concentration in the GaSb films, this was not

predicted to be an issue for these devices once they had a well-engineered

gate stack compared to the back-gating through the lowly doped substrate

(hole concentration = 1.17x10'%) with a thick oxide layer (around 110 nm

of SiOs). The calculated maximum depletion width vs carrier concentration

is shown in Figure 5.10. The GaSb films have carrier concentrations in the

range of 10'5-10'" cm™. From Figure 5.10, we can conclude that it should

be possible to fully deplete the channel thicknesses used for these devices,

especially as the actual thickness deviates from the nominal thickness, with
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Figure 5.10: Maximum depletion width vs carrier concentration for GaSb.
Inset: Equation used for calculations and plotting.

significant areas being thinner than the nominal value, allowing for easier
depletion. This would be compounded by the possibility of dual gating, as
with InAs devices in Chapter 3, thereby depleting from the top and bottom
of the channel at the same time, and essentially doubling the maximum de-

pletion width possible.

A 40 nm Pd gate contact was deposited by metal evaporation using pat-
terning by photolithography and a standard lift-off procedure. Initial mea-
surements on the top-gated devices showed that modulation of the current
using the top-gate voltage was not possible whether the back gate was also

implemented or not. It was observed that the gate oxide would break down
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at relatively low top-gate voltages (around 2 V). This effect could be miti-
gated by employing the back-gate voltage, where bias was applied through
the chuck and held at a constant level for the duration of the voltage sweep of
the top gate. However, as this is a relatively low voltage for oxide breakdown
of a 20 nm Al,Oj layer deposited by ALD, it was deemed necessary to anneal

the samples.

5.4.5 Dual-Gated Device Results

As explored for the InAs devices in Section 3.4.2, dual-gating was employed
as a method to improve the device characteristics of the GaSb transistors.
Again, the method by which this could be achieved was holding the back
gate at a set potential while sweeping the top-gate voltage. As discussed in
Section 5.4.4, when the top-gate metal was first deposited, it was impossible
to modulate the drain current using the top-gate voltage. An attempt at this
top-gated measurement using the 50 nm GaSb on SiO, is shown in Figure
5.11a. Using the bottom-gate voltage, it was possible to cause some level of
modulation in the current, however only at the negative voltages. This effect

is shown in Figure 5.11b.

This phenomenon makes more sense when the device structure (shown in
Figure 5.1) is considered more carefully. There is an area between the gate
and the source/drain contacts where the channel is un-gated. This area of

GaSbh, unlike that under the source/drain contacts, has been exposed to the
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Figure 5.11: (a) IV measurement of 50 nm GaSb on SiO; using only the top-
gate, prior to annealing. (b) IV measurement of the same film and device
using both gates. Back-gate potential range is shown in graph.

oxide deposition, and therefore has had negative charge induced, lowering
the conductivity. This creates something resembling an n-p-n junction along
the length of the channel. When the back-gate potential is applied at a suf-
ficiently negative voltage, it can induce enough charge in the channel that
it overcomes the negative charge induced by the oxide, thereby allowing the

top-gate to modulate the channel current somewhat.

Figure 5.12 shows sheet resistivity determined through ¢TLM measurements.
The voltage on the substrate was varied to demonstrate the effect on the
sheet resistivity of the channel. It is clear from these measurements that the
voltage on the substrate effects the sheet resistivity of the film, with more

negative voltages reducing the sheet resistivity. This discovery was another
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Figure 5.12: Sheet resistivity values determined through c¢TLM measure-
ments for the 150 nm sample vs “back-gate” voltage.

reason why it was decided to anneal the samples, as this method can be
used to reduce interface charges and charges induced by the deposited oxide.
Based on previous research [12], a Forming Gas Anneal (FGA) at 300°C for

30 minutes was chosen.

Figure 5.13 shows the transfer characteristics of dual-gated devices with 50
nm or 250 nm GaSb film channels. These measurements were taken with
the two gates swept at the same time, with the ratio of back-gate to top-
gate voltage shown in the graph legend. While it is clear that the method
of sweeping both gates simultaneously has improved upon the method of

holding the back-gate at a constant potential and only sweeping the top-gate

(see Figure 5.11) the Ion/lopr ratio still remains degraded for the 50 nm
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Figure 5.13: Dual-gated transfer characteristics of devices whose channels
are (a) 50 nm and (b) 250 nm polycrystalline GaSb.

GaSh sample, while reaching the same values as prior to top-gating for the
250 nm sample. A ratio of 1:10 was chosen for the top- to back-gate voltage
ratio based on the C.y ratio between the two different oxides with different
thicknesses and also what could be achieved without damaging the device
(breaking through the top oxide) or causing excessive leakage. From these
results we can conclude that the FGA did not have the level of effect that

was hoped for in improving the performance of the top-gate stack.

5.5 Benchmarking

Table 5.5 shows devices fabricated and measured in this chapter compared to
devices demonstrated in the literature. When making this comparison it is

important to remember that the materials in this chapter are polycrystalline
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I1I-V L Ton Von Iorr Vorr | Vbs Ion/Iorr | SS-Cox Device Growth Year | Ref
Material | (um) | (pA/pm) (V) (A /pm) (V) (V) (524510®) | Type Substrate
GaSb 0.06 |20 -1 0.03 0.5 0.5 700 3.57 NW TnAs 2020 | [3]
MOS-
FET
InGaSb [0.02 | 100 -0.5 |2 0.5 0.5 50 5.92 AnFET | GaAs 2017 | [13]
GaSb 0.5 10 -1.5 10.002 -0.25 0.05 5000 2.99 NW GeOI 2015 | [14]
pFET
GaSb 1 20 -1.5 ]0.02 0 0.05 1000 |- pMOS GaSb 2014 | [15
InGaSb [2.6 - -1 - 0 1 100 3.04 pMOS Si0, 2012 ] 16
GaSb 50 0.2 -4 0.002 0 0.05 100 - pMOS InAs 2014 | 17
poly 35 8.9x107°[ -40 4.3x107"| 40 0.05 205 66.2 Junction-| SiOy 2021 | This
GaSb less Work
transis-
tor

Table 5.5: Examples of functional p-type I1I-V based transistors from the
literature compared with devices fabricated in this chapter.

or amorphous and grown on amorphous substrates. The ON-current for the
50 nm GaSb film is not impressive compared to the other devices shown in
this table, however the OFF-current is much better, and the Ionx/Iopr ratio
is comparable. The subthreshold swing for the back-gated device is very high

due to the thick oxide (approx 110 nm) on the silicon substrate.

5.6 Conclusions

In this chapter, functional GaSb devices have been demonstrated, with the
highest room temperature Ion/Iopr of 205 being achieved for a 50 nm poly
GaSb film on Si/SiOs substrate, and the highest overall Ion/Iorr of 550
being achieved for the same sample at -50°C. While the 50 nm film on Si/SiO,
had the greatest Ion/lopr ratios, it could not achieve an impressive ON
current. The 250 nm GaSb film could achieve a reasonable ON current,
however not the Ion/Iopr ratio. This indicates, like the InAs films, a thicker

overgrowth with subsequent planarization would be beneficial for achieving
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the high ON current that the continuity of the 250 nm film could achieve, with
the Ion /Torr values that the thinner 50 nm film could achieve. Benchmarking
against other p-type III-V material transistors from the literature shows that
the Ion/lopr value achieved in this chapter is comparable to other devices
fabricated with a SiOy growth substrate, and also to those grown on III-V
wafers. These findings show that there is scope and clear pathways to improve
device performance, such as growth of thicker films with subsequent thinning
to improve continuity in the channel material, and systematic studies of
suitable gate stacks for these devices. The results in this chapter however
already demonstrate that these high hole mobility films have great potential

for implementation in devices integrated in the back-end-of-line (BEOL).
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Chapter 6

Conclusions and Future Work

6.1 Outlook and Future Work

This thesis has reported on polycrystalline and amorphous III-V materials
grown at 475°C. This thermal budget constraint is necessary if materials are
to be implemented in the back-end-of-line (BEOL) above previously formed
logic and memory devices. Room temperature mobilities are competitive
compared to materials in the literature grown at similar temperatures, and
generally exceed those of similar thicknesses and those grown on amorphous
silicon substrates. Successfully demonstrating films with impressive electron
and hole mobilities and functional devices made from these materials while
operating within the restrictions imposed by the intended future use in 3D
integrated Integrated Circuit (IC)s, comprises an important step towards

achieving this goal. To this point, many of the impressive results from III-V
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materials were from those not grown on silicon substrates.

An n-type polycrystalline InAs material has been demonstrated, with room
temperature mobilities of approximately 100cm?/Vs and 155c¢cm?/Vs for a
heterostructure containing InAs. The mechanism limiting the mobility in
these films was investigated through temperature dependent Hall effect mea-
surements. It was found that the mobility did not have a strong dependence

on temperature and so was concluded to be limited by surface roughness.

Functional n-type junctionless transistors were fabricated using the InAs
films as the channel material. The devices were characterised electrically
and the results were analysed. Ion/lopr values of up to 363 were achieved
at room temperature and up to 1.3x10* at -50°C. Temperature dependent
measurements were utilised to investigate the limiting factor for the Iox/lopr
ratio. Through this analysis, it was found that incomplete depletion of the
device was limiting the final ratio. For this reason, it can be concluded that

thinner films are preferable for device applications.

Polycrystalline GaSb films were fabricated with room temperature hole mo-
bilities reaching 66cm?/Vs for a film on SiOy and up to 299cm?/Vs for a
film on crystalline Semi-Insulating (SI) GaAs. An amorphous GaSb film
was also studied as part of a heterostructure. This amorphous film achieved

a room temperature hole mobility of 9.1cm?/Vs. The amorphous film also

200



Conclusions and Future Work

showed improved continuity and smoothness compared to the polycrystalline
GaSb films of comparative thickness studied in the same chapter. Reduced
roughness and improved continuity are attributes beneficial to device imple-
mentation. The hole mobilities achieved with these films exceed many of
those found in the literature, and are a particularly important result due to

development of p-type materials generally lagging that of n-type.

Device processing of p-type of junctionless transistor devices with varying
thicknesses polycrystalline GaSb on SiOs as the channel material was devel-
oped and performed. Electrical characterisation was carried out at different
stages of the device processing to gain understanding of the effects on the
material. This produced functional devices with Ion/Iopr ratios of up to 205
at room temperature and 550 at -50°C. From the results of this research, rec-
ommendations can be made for future improvements of devices which utilise

poly and amorphous GaSb as their channel material.

One path to explore would be the growth of films to a thickness which exceeds
the critical thickness needed to achieve continuity, with a subsequent Chem-
ical Mechanical Polishing (CMP) step to remove the nanowire like growth
seen for the 250nm GaSb film in Figure 4.1. This process could also be useful
for the InAs films, which experience a similar problem of a relatively thick
critical thickness for onset of continuity if grown directly on the substrate.

The difficulty with this process is of course the design of a suitable recipe
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for each material, along with the control and resolution necessary to achieve
nanometre precision. The bulk of the literature deals with removing microns

of material as quickly as possible, which is unsuitable for this application.

For the device design and fabrication, there were not many duplicate sam-
ples of thin films. This made it difficult to perform systematic studies of
certain steps of the fabrication without consuming the entirety of the sample
in the process. For this reason, past literature and studies were depended on
heavily. In the future, it would be wise to perform some systematic studies
of these processes on polycrystalline and amorphous III-V films to truly op-

timise the fabrication process.

Finally, it is noted that the materials presented in this thesis show consider-
able promise for use as high mobility, low temperature grown semiconductors
for use in BEOL applications. High mobilities are shown for samples grown
on amorphous substrates, which is important for future integration with sil-
icon electronics. It has also been demonstrated that these semiconductors
can be used as channel materials in functional junctionless transistor devices,
achieving good ON-current values. With further systematic studies as men-
tioned above, it should be possible to achieve impressive OFF-current and
Ion/lopr values as well. Both an n- and p-type option have been demon-
strated in this thesis, which is an important consideration due to the need

for both types in Complementary Metal Oxide Semiconductor (CMOS) ar-
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chitectures.
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Appendix A

Hall Effect Measurement

method

This Appendix describes in detail the way by which the Lakeshore AC/DC
Hall Effect Measurement System measures and calculates the material prop-
erties such as resistivity, carrier concentration, and carrier mobility which

are presented in this thesis.

Figure A.1 shows a picture of the Hall Effect Measurement System used
for this thesis. The sample is inserted vertically on a sample holder between

the two magnetic poles to the left and right.

The Hall Effect measurement can be generally split into two separate mea-

surements:
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Figure A.1: Picture of the Hall Effect Measurement System.

1. A 2-point resistivity measurement
2. The Hall Effect measurement itself

The resistivity and the carrier concentration of the film are measured directly
(using the film thickness manually inputted by the user), while the carrier
mobility is calculated using these two figures along with the input film thick-

ness and measured Hall voltage.

For both stages of the measurement, the current which is to be forced through
the film must be chosen by the user. This is an important consideration as a

high enough current is needed to result in separation of the charges. An “ac-
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ceptable” Hall voltage for this apparatus is usually considered to be above
20x10% V. The Hall voltage is related to the chosen current through the

following equation:

Vi = (A.0.1)

where [ is the current chosen by the user, B is the magnetic field which is
constant (the actual value depends on the type of measurement being per-
formed), ¢ is the film thickness, n is the carrier concentration, and ¢ is the

charge of an electron.

Though a sufficiently high current must be used, it is important not to pick
a current which is too high, as this will lead to too high a lead voltage or
punching through the oxide and coupling to the substrate (in the case where a
conductive substrate is used). This effect was observed in a sample grown on
Si/Si0O,, with the results shown in Figure A.2. As the thickness is manually
inputted, it is clear where the software begins calculating for a film which is a
few orders of magnitude thicker than the value used in the calculations, and
the sheet values become similar to those of the substrate. These results are
compared to the Hall Effect measurement results for a piece of the substrate

which had its oxide etched and was measured directly.

The resistivity measurement is the first which is performed on the sample.

This involves placing four contacts onto the corners of the sample, which
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—— SiO, oxide breakdown
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Applied Current 1pA : 10mA 50mA 100mA Tyndall Substrate
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Hall mobility 221 2775 3383 32.6 39.4
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Carrier Type Pl P p P P
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(Q/sq) :

Figure A.2: Varying applied current for GaSb film on SiO, displaying a
breakdown of the oxide and coupling to the substrate at higher applied cur-
rents. Direct measurement of the substrate is included for comparison.

should be cut to be as square as possible. The resistivity measurement is
performed by forcing the current through two of the contacts which are next
to each other, and measuring the resultant voltage between the two contacts
opposite. This is performed around the edges of the sample until an average
value can be reached. This stage not only includes a resistivity result, but
also generates an F-value, a measurement of the uniformity /symmetry of the
sample. Ideally, this value should be unity, however often it is not, and if it
is below a certain value (0.95), the measurement will be considered relatively
inaccurate by the software. This is because a Hall effect measurement in
this measurement configuration, the van der Pauw configuration, makes a

number of assumptions, including uniformity of the sample.
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Figure A.3: Picture of sample holder for room temperature insert in the Hall
Measurement System.

Figure A.3 shows a picture the room temperature insert holder in which
the square sample is placed and held, with the four corner contact numbers
labelled in the photo. The four pins contact the sample and hold it in place

for when the card is placed vertically into the system.

Figure A.4 shows a sample of the results pdf generated by the system when
doing the resistivity measurement. The numbers under the geometry indi-
cate how the measurement is performed. The first two indicate the contacts
between which the current is being forced and the second two indicate the
contacts between which the voltage is being measured. Each geometry is
averaged, with an average resistivity figure and an F value being calculated
for Geometry A and Geometry B. The agreement between these final figures
determines whether the resistivity measurement is deemed “acceptable” by
the software. The F value is calculated automatically by the software and is

a transcendental function of the two measured resistances.
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Average measurements (I+) Geometry A Geometry B
R2134 R3241 R4312 R1423
Voltage [V] 1.43925E-2 1.77621E-2 1.44626E-2 1.78448E-2
Standard deviation of voltage [V] 3.17197E-6 3.08974E-6 2.30162E-6 2.67101E-6
Current [A] 1.00012E-5 1.00012E-5 1.00012E-5 1.00012E-5
Standard deviation of current [A] 1.06861E-10 1.45370E-10 1.65315E-10 1.58771E-10
Current lead voltage [DC V] 1.91470E-1 1.82033E-1 2.02231E-1 2.18948E-1
Average measurements (I-) Geometry A Geometry B
R2134 R3241 RA312 R1423
Voltage [V] -1.44495E-2 -1.78033E-2 -1.44726E-2 -1.78255E-2
Standard deviation of voltage [V] 1.82254E-6 2.23825E-6 1.97871E-6 2.48050E-6
Current [A] -1.00006E-5 -1.00006E-5 -1.00006E-5 -1.00006E-5
Standard deviation of current [A] 1.76827E-10 1.52363E-10 1.24769E-10 1.50508E-10
Current lead voltage [DC V] -1.91605E-1 -1.82205E-1 -2.02413E-1 -2.19030E-1

Figure A.4: Example of results table generated during resistivity measure-
ments.

The resistivity data alone can give an interesting insight into the proper-
ties of a film, as it essentially a measurement of the conductivity. The con-
ductivity was used to determine that variable range hopping was the factor
limiting the hole mobility in the amorphous GaSb film described in Section
4.4.2. However, to separate the components of the conductivity, the carrier
concentration and mobility, and to determine the majority carrier type, a

Hall Effect measurement must be made.

A Hall Effect measurement involves, once again, a current chosen by the
user being forced through the film; however, this time a magnetic field is also
applied to the sample, perpendicular to the electrical current. This causes a
separation of the charges in the plane perpendicular to both the current and

the magnetic field. The direction of the resulting voltage indicates the ma-
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jority charge carrier type i.e., a negative voltage for electrons and a positive
voltage for holes. The carrier concentration is determined directly from the
Hall Voltage through the equation shown in A.0.1. This information com-
bined with the resistivity results can then be used to determine the carrier

mobility, as the conductivity is the inverse of the resistivity.

Where temperature dependent Hall Effect results are desired, a different
sample insert is required, called the Closed Cycle Refrigerator (CCR) in-
sert. This insert requires the magnetic poles to be further apart, lowering
the maximum field possible, which must be taken into account when setting
the current level, as it may need to compensate for the lower magnetic field
in achieving an acceptable Hall Voltage. This insert is attached to a pump
and a compressor which allow the temperature to be controlled in a range
of 10-400 K. The temperature setting is controlled through the software. A
different sample holder is used, pictured in Figure A.5, where the contacts

must be wire bonded to the sample.

When there are difficulties in measuring a sample, for example, a sample
whose resistivity is too high to force a reasonable current without creating
an unreasonable lead voltage, an AC measurement may be performed. Here,
the AC term refers to the magnetic field and in this mode a lower value must
be used. Similar to the CCR measurements, this must be taken into account

when picking a current, however, in an AC measurement, the sensitivity and
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Figure A.5: Picture of sample holder for CCR insert in the Hall Measurement
System.

the gain should also be considered. The AC method is a powerful tool for
samples where the small values for the Hall Voltage are difficult to separate
from the background noise. A lock-in amplifier is used to generate a sinu-
soidal magnetic field at a chosen frequency and then measure the amplitude
and phase of the filtered AC signal. Here, filtered refers to the signal af-
ter interaction with the sample. These measurements are extremely useful,
however require more time and optimization of the measurement parameters

compared to the DC measurement.
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Appendix B

Resistivity Extraction from

circular Transmission Line

Measurement (cTLM)

This Appendix describes in detail the way by which the ¢cTLMs in this thesis

were analysed to find the resistivity of the films studied.

The layout of the ¢TLM structures is shown in Figure B.1la, where the blue
area is a metal contact and the white is the semiconducting film. The data
shown in this Appendix is for a GaSb film, however the same method is
used for the InAs films. A representative ¢cTLM IV measurement is shown in
Figure B.1b, which shows the expected linear behaviour. Figure B.1c shows

a representative plot of total resistance and total corrected resistance. The
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Figure B.1: (a) Schematic of ¢TLM structure layout. (b) Representative
IV curve of ¢TLM structures at different gaps, and (c) representative Rror
graphs before and after correction vs gap.

correction factor for ¢TLM results takes into account the circular geometry
and spreading of the current as it travels across the gap between metal con-

tacts, and is calculated using:

inner — radius outer — radius

CorrectionFactor =

-ln(l—l—

) (B.0.1)

outer — radius inner — radius
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The corrected Rror data was used to calculate the specific contact resis-
tivity and the sheet resistivity of the material itself. The sheet resistivity is
calculated from the slope of the graph, while the contact resistance is taken
from the y-axis intercept (where the gap between contacts would be zero)
and divided by two. The contact resistivity is this value normalised to area.

The transfer length can be calculated from the x-axis intercept.
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Appendix C

InAs Buried Channel Devices

This Appendix describes an attempt at fabricating buried channel devices

with an InAs channel.

Buried channel devices are a possible solution to many issues for I1I-V chan-
nel material devices (1). Firstly, specifically for the poly InAs films studied
in Chapter 2, the mobility is surface roughness limited. This can be mit-
igated through the buried channel structure where the conducting layer is
sandwiched between two wide bandgap layers. Here, the vertical boundaries
of the conductive channel depend on a doping profile rather than the ter-
mination of the film itself. Secondly, for all I1I-Vs, the interface between
the channel and the oxide results in roughness and interface states which
can cause Coulomb scattering and remote phonon scattering, lowering the

mobility in the channel (2).
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This buried channel structure was achieved using Al incorporation into InAs
to widen the bandgap. The growth of these films by Metalorganic Vapour
Phase Epitaxy (MOVPE) was carried out by the Epitaxy and Physics of
Nanostructures group in Tyndall. The level of Al in the InAs was graded
from the highest level at the substrate, down to the lowest (0%) for the
channel region, and back up to the highest level at the surface of the film. A
similar film structure has been demonstrated in the literature and shown to
produce functional devices (3-6). This previous work has an InGaAs chan-
nel, with layers of InAlAs either side. These structures are also formed on
a III-V substrate, InP. Here, we try to fabricate a similar structure, where
the substrate is silicon and the channel is InAs. A schematic representation
of the film and device structure fabricated is shown in Figure C.1, where
the percentages represent the percentage of Al present in a sample with a

nominal maximum Al value of 50%.

X-ray Photoelectron Spectroscopy (XPS) was performed, and the results
analysed, in University of Limerick. XPS was used to estimate the actual
concentration of Al present at the surface of the films. A 60° tilt measurement
was also performed, which allows determination of change in concentration
when sampling depth is decreased i.e., when the measurement is more sur-
face dominated. There was a considerable amount of organics detected by

XPS on the surface of the samples. This is likely due to exposure to air and
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50% Al 4
25 nm AlInAsP
0% Al
15 nm InAs Channel
S
0% Al 25 nm AlinAsP
50% Al

25 nm AlInAsP:Zn

Figure C.1: Schematic of a buried channel and device structure.

related contamination. The organics are clearly present on the surface, as the
associated concentration increased 2-4x between the non tilted measurement
and the 60° tilted measurement. The species detected include C-C, C-O, and
O-C=0. The other elements (with contribution from organics removed) are
adjusted for lattice position (these dopant atoms are expected to replace As
in the crystal lattice), and the results of this analysis are shown in Table C.1.
It is clear from the results that the actual concentration of incorporated Al
differs greatly from the nominal values, and surprisingly only shows a higher
concentration at the surface of the film grown at lower temperature. This is
unexpected, as the gradation is designed such that the surface should display
the highest level of Al incorporation i.e., the entirety of the nominal value of
either 30% or 50% should be present at the surface exposed to air as well as
the surface at the interface between the substrate and the film. As the Al is

incorporated to increase the bandgap around the channel, this lower level of
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incorporation could compromise the intended function of the structure.

Sample Description | Element | No Tilt - % Conc | 60° Tilt - % Conc

In 100 100

) As 80.8 87.63

50% AllnAsP:Zn - 475°C Al 134 R.74
7n 5.7 3.63

In 100 100

] As 33 86.67

30% AllnAsP:Zn - 475°C Al 115 9.69
Zn 55 3.44

In 100 100

) As 83.8 79.02

50% AllnAsP:Zn - 455°C Al 96 16.76
7n 6.7 1.23

Table C.1: XPS results of Al containing InAs films at no tilt and 60° tilt

Back-gated device results from these samples are shown in Figure C.2. All of
these samples have a nominal channel thickness (where there is no Al doping
present) of 15 nm. It is clear from the hystereses present in the transfer char-
acteristics that there is a large amount of charge trapping in the devices. The
sample with nominally 50% Al grown at 455°C shows the best Ion/Iopr ratio
at 26. This sample also showed the greatest level of Al incorporation towards
the surface of the film when tested by XPS. However, none of these devices
showed greater Ionx/Iopr or improvements in drive current or subthreshold
slope when compared to the devices without a buried channel structure (e.g.,
device shown in Figure 3.2). As the doping is graded, it is reasonable to as-
sume that the levels measured at the surface using XPS represent the highest

levels present in the structure. If this is the case, the actual thickness of the
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Figure C.2: Transfer characteristics of AllnAs/InAs/AllnAs buried channel
devices.

effective channel could be more than intended. This could cause the issue of
not being able to fully deplete the entire thickness of the conductive channel,
as seen with the non-buried channel devices previously studied. Other possi-
bilities include the AllnAs layers being too thick to gate through effectively

and unintentional doping in the AllnAs layers.

To improve the functionality of the buried channel devices the incorpora-
tion of Al into the doped regions must be increased. This means a method of
more accurately controlling Al incorporation in the films during growth must
be achieved, and it is possible that the graded structure is not the optimal

way to achieve a buried channel. Removal of the initial 25 nm AllnAs layer
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Figure C.3: Schematic of a buried channel structure device adapted from the
literature (6).

grown prior the gradation would also help to achieve more effective back-
gating through the substrate. Top-gated devices could also be fabricated
as the back-gating through the substrate has to gate through the 85 nm
SiOy and the wider band-gap AllnAs layer below the conductive channel. It
would also be advisable to try additional improvements to the device struc-
ture, such as partially etching the wider bandgap layers to allow source and
drain metal contacting directly to the conducting channel and fabricating a
partially recessed metal gate contact. Such a device structure is shown in
Figure C.3. The schematic has been adapted from the literature (6) where a

similar device architecture has been fabricated.
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