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Abstract

The extreme advances in electronic technology is mainly been made possible due
to continuous scaling of Si-based MOSFETs. However, it is getting ever more difficult
to enhance MOSFET performance on Si platform due to inherent limitations of Si
material. Various booster technologies, together with new device designs have been
proposed to extend the Si roadmap, however the uncertainty of Si-device lifetime has
sparked a wave of research on new channel material with superior transport properties.
InGaAs in particular has been identified as a suitable candidate due to the beneficial
qualities it can offer in terms of, transport properties, immunity to short channel effects
and band to band leakage current, and maturity of fabrication. On the Other hand, in
order to realize InGaAs-based devices in industrial level, various issues must be tackled.
Among these issues, achieving a high quality high-k/InGaAs interface can be named as
one the most important ones. InGaAs has greatly benefited from the introduction of
high-k material since InGaAs does not possess a natural high quality oxide similar to Si.
Various high-k materials have been tried on InGaAs but so far only atomic layer
deposited Al,O3 has been able to provide a high quality interface necessary with small
density of defects at the interface. Although the Al,O3 has enabled InGaAs-based device
demonstration in various designs, the small k-value of Al,O3 (k~9) will make it
inevitable to replace it with oxides with higher k-value in order to increase the gate
controllability over channel charge in quasi-ballistic device regime of 10 nm or smaller.
Therefore, it is still necessary to investigate a high-k oxide which is able to achieve a
high quality interface with InGaAs and simultaneously leave the prospects for its

application in ultra-scaled structures open.



In this thesis, the interface characteristics of La,Os/Ings53Gag 47As are studied. LayOs
is a rare-earth oxide with a high k-value (~24). It was found that an amorphous
interfacial layer is formed reactively at the La,O3/Ing53Gag 47As interface in the form of
LalnGaOy. The thickness, composition and thermal stability of this interfacial layer
were found to be controllable through the supply of oxygen. A careful selection of gate
metal (TiN/W) with balanced control supply, resulted in the formation of high quality
interface with excellent electrical characteristics. Near ideal CV characteristics
(high-frequency), and interface state density in the order of 10* (eVcm™) which is
lower than other reported high-k/InGaAs interfaces, was achieved. A gate stack with
La-silicate structure formed by intermixing La,O3z and thin Si layer is also proposed.
Upon process optimization excellent thermal stability (up to 620°C) and an effective
k-value of 19 was obtained.

Another critical issue facing the InGaAs-based MOSFETSs is the formation of low
resistance Source/Drain (S/D) regions. Conventional doping methods are reported to be
insufficient and ineffective for short channel InGaAs devices. Commonly, a Ni-InGaAs
alloy contact is used to form metallic contacts for S/D regions of InGaAs MOSFET.
However, small thermal stability and difficulty in controlling alloy composition would
make its application difficult for future nodes. In this thesis a NiSi,/InGaAs Schottky
contact is introduced. A non-alloyed interface with high thermal stability and good
electrical properties was achieved. Finally, InGaAs-MOSFET operation with high-k

gate stack and metal S/D is confirmed.
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Chapter 1 Introduction

1.1 The Scaling of MOSFET Transistors

The phenomenal advances in modern society have largely been made possible due to
our ability to send/receive, process and store large volumes of information which is
unprecedented in human story. The innovation of computers, cell phones, internet, etc.
is all a testimony to humans’ insatiable desire to analyze the world around them and
communicate their findings, feelings and thoughts with others. At the heart of these
technologies, is the fundamental building block of any circuitry,
Metal-Oxide-Semiconductor ~ Field Effect Transistors (MOSFET). It’s the
miniaturization, i.e. “Scaling”, of field effect transistors that has led to continuous
progression in the performance of electronic devices. The scaling rule which was first
published by R. Dennard [1.1] is very simple, it states that if the device dimensions and
supply voltage of MOSFETSs are reduced by a factor of «, then the circuit operation
speed is increase by the same factor «. (Figure 1.1) Also the power dissipation of the

circuit is reduced by a factor of /.
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Figure 1.1 Principles governing scaling rule.

Following this guideline has allowed increased functionality per unit chip-area,
increased performance, reduced device switching power and most importantly reduced
cost per device year after year. Figure 1.2 shows the scaling trend of MOSFETSs [1.2].
Every two years, the number of transistors packed to unit chip area is doubled,
accompanied by almost 50% reduction in the cost of each transistor. This trend is

universally known as “Moore’s Law”.
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Figure 1.2 Device scaling according to Moore’s law [1.2].

Traditionally Silicon dioxide (SiO,) was used as the MOSFET gate dielectric, since it
Is possible to achieve an almost ideal interface with Si with very low defects at the
interface and a very good thermal stability. The thickness of SiO,was also reduced in
each generation of MOSFETSs in accordance with the scaling law; however as the SiO,
thickness reached about 1.2 nm, which is only a few atomic layers of SiO, molecules,
new set of issues were faced [1.3]. At this level of thickness, carriers within the Si
substrate (electrons) start to flow through SiO, due to tunneling effect, rendering
insulating properties of SiO; seriously hindered. As a result, a dramatic increase in gate
leakage current and a subsequent increase in both active and standby (passive) power

consumption of the circuits, as illustrated in Figure 1.3, were not negligible [1.4].
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Figure 1.3 Power density of device as a function of gate length [1.4].

This huge obstacle in scaling trend, sparked a massive research amongst engineers
and physicists to find a suitable gate dielectric which could replace SiO,. High dielectric
constant materials (high-k) were proposed as a solution to this crisis [1.5]. By using
high-k materials as gate dielectrics, the physical thickness of dielectric could be
increased while preserving a large gate capacitance. The increase in dielectric thickness
could resolve the direct tunneling problem, thus relaxing the power consumption crisis.

Meanwhile, poly-Si gate electrode, which was also traditionally used as the MOSFET
gate electrode, was replaced by metal electrode such as TaN, TiN, W, in order to
suppress the depletion layer in the poly-Si gate at scaled gate lengths. The formation of

the depletion layer increases the equivalent oxide thickness (EOT) of the gate insulator.
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Figure 1.4 shows the schematic illustration and real device example for replacement of

Poly-Si/SiO; with high-k/metal gate.

‘SiOZISiON\

Silicon

Figure 1.4 Replacement of SiO, and poly-Si at gate dielectric and gate electrode (left) with

high-k and metal material (right) respectively [1.3],[1.5].

Reducing the EOT of MOSFET gate stacks in accordance with gate length scaling, is

of outmost importance due to appearance of two physical phenomena as the scaling

becomes aggressive. These two effects are Drain Induced Barrier Lowering (DIBL) and

Short-Channel Effect (SCE) [1.6]. Both of these effects need to be suppressed so that

the desired performance from a scaled device can be derived.



The requirements for selecting a high-k dielectric as the new oxide are:

[EEN
[

A dielectric constant value high enough to allow for scaling to continue for several

generations

N
1

Thermal stability

3

A large band gap, band offset of over 1 eV with semiconductor is necessary to

minimize carrier injection from semiconductor to the oxide

IS
1

High quality interface with semiconductor channel

Dielectric constant and band gap of an oxide has a reverse relationship that must be

considered in order to apply a dielectric in a MOSFET gate stack structure. Higher

dielectric constant material have smaller band gap, which means the potential barrier for

carriers at oxide/semiconductor becomes smaller allowing them to penetrate through the

oxide. The relationship between the band gap and dielectric constant value of several

high-k oxides is shown in Figure 1.5 [1.7].
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Figure 1.5 Dielectric constant versus band offset for various high-k gate dielectrics [1.7].

The oxides within the green zone are the ones with acceptable band gap and dielectric
constant trade off. The successful implementation of high-k metal gate stack in an
industrial level was first announced by Intel in 2007 in 45 nm production, using

HfO,-based gate insulator.

1.2 Limits of Scaling Beyond 20 nm Node

As mentioned in the previous chapter, device scaling was fundamentally the main
factor for improving the transistor performance. However, miniaturization of the device

inherently creates trade off relationships between three main areas of MOSFET



performance as well. These three main areas are 1- MOSFET drive current (lon), 2-
power consumption and 3- short-channel effects.

The relationship between drain current and gate voltage (lgs -Vg) of MOSFETS is

shown in Figure 1.6.
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Figure 1.6 (a) linear, and (b) logarithmic Iq-V characteristics of an nMOSFET

The total power consumption in a CMOS circuit can be separated to two components,
dynamic power (when the transistor is ON) and static power (when the device is OFF).
Power consumption and drive current (lon) of a MOSFET can be related to device
parameters approximately by the following equations [1.8]:

Vin
Pconsumption ~ afCloach%d + IO' 10's -Vdd + Ileak- Vdd (1-1)

Ion = Cg(Vag — Ven)-v(Vaa) (1.2)



Here a is a constant value, f is the operating frequency, Cioaq IS the load capacitance, lg is
the drain current at Vg of Vi, S is the subthreshold swing factor, lieax is the total leakage
current, Cq is the gate capacitance and v is the electron velocity near the source region.

The static power consumption component is represented by the third section of
Equation (1.1) and is dominated by leakage current. The second part of Equation (1.1) is
due to the momentary pass of current that is created as a result of necessary time for one
transistor to switch off in an inverter circuit. The first part of Equation (1.1) is the active
power which is drawn from the power supply when the transistor is operating at a clock
frequency of f. From Equation (1.1) it can be derived than in in order to realize
low-power MOSFETSs, lower Vg4, higher Vi, smaller S (higher immunity to
short-channel effects), and lower I are necessary. However, according to Equation
(1.2) lowering Vq4q and increasing Vi, leads to drastic reduction in loy. Furthermore, even
with the application of high-k material at the gate oxide, the thickness of the gate oxide
(Tox), should be large enough to reduce the gate leakage current which conflicts with the
need for increasing lon. As a consequence, satisfying a high performance and low power
consumption device with good device characteristics based on only traditional scaling
methods is becoming increasingly difficult and might become impossible at 20 nm node

gate length. Figure 1.7 shows the device performance degradation per power density at
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ultra-scaled MOSFET gate length [1.9].
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Figure 1.7 Relation between device power density and device gate length [1.9].

1.3 New Material for Enhanced Carrier Transport

In order to make both requirements of low power consumption and high performance
compatible, new device technologies are introduced. These technologies, which are
stated in the International Technology Roadmap for Semiconductors (ITRS) [1.10],
include high-k/metal-gate technologies, high-carrier-mobility/high-carrier-velocity
channels, ultrathin-body (UTB) structures, multi-gate structures, and metal source/drain.

Among these technologies, new channel material with high carrier mobility are

considered to be very important since their superior carrier properties, if utilized fully,

11



would directly result in achieving higher oy, or reduce Vyg under a constant value of loy.
This means that the active or standby power could be reduced. The enhancement effect
of implementing new material with higher carrier mobility on drain current and gate

voltage characteristics of a MOSFET is shown in Figure 1.8 [1.11].

Increase in drive current due to
high velocity channels

A
I : :
D g [ : Reduction in
O supply voltage
| leak > i -
Ai Sfactor | |  bandt
l_______: _______ :__J : of
i i i due
—»
Ioff / S5

P \V
Vin Vg Vigg °

Figure 1.8 Effect of carrier mobility on MOSFET transfer characteristics [1.11].

The drive current of a MOSFET can be described by the following equation [1.12]:
oy = qNg°*"“.vs (1.3)
Where NZ°%¢ is the surface carrier concentration near the source edge, v is the

carrier velocity near the source edge and q is the elemental charge.
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Carrier concentration can be modulated by the applied electric field to the channel
which is done through gate voltage (V) and oxide capacitance (Coy). On the other hand
vg is determined by intrinsic (material) as well as extrinsic (device parameters)
mechanisms. At ultra-scaled devices where the channel length is close to 20 nm, the
transport mechanism of carriers becomes quasi-ballistic. This transport mechanism first
proposed by Lundstrom is represented by[1.13]

J A— qNsource v 1y (l 4)
ON s TUIN 14y :
where v;,,; is the injection velocity at the top of the barrier near the source edge, and y

is the backscattering rate near the source region. Figure 1.9 shows the quasi-ballistic

concept in a MOSFET band structure.
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er Natori, Lundstorm Drain mtransport a Moblllty (l.l)

Figure 1.9 Schematic of quasi-ballistic carrier transport mechanism
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If the channel length is further reduced to 10 nm, all scattering events in the channel
become negligible and Equation (1.4) becomes [1.14]
oy = qNs°* €. vy (1.5)
which is called the fully ballistic transport. Thus, the enhancement of v;,; is necessary
to increase lon in ultra-scaled MOSFETs with ballistic transport as the main carrier
transport mechanism. v;,,; is an intrinsic material property which can be represented by
the following equation [1.14]

4 4N
Uinj = 3

(1.6
myDyp )

Here my is the effective mass parallel to the current flow direction and Dyp is the density
of states (DOS) of the 2-D subband. In both low and high N;s region, vin; increases with
a decrease in my and, therefore, reduction in the effective mass along the current-flow
direction is the key parameter in increasing vi,j and enhancing loy under ballistic

transport.

14



1.4 Choice of New Material for MOSFET Channel Region

As it was stated in the previous chapter, enhancing the mobility of semiconductor
would lead to higher gains in MOSFET drive current, and enable achieving low
power/high performance device. Table 1 summarizes the bulk electron and hole mobility,
the electron and hole effective mass, the band gap and the permittivity of Si, Ge, and

main I11-V semiconductors.

Si Ge InP GaAs |Ings3Gag47As| InAs

electron mob.

(cm?\Vs) | 1600 | 3900 | 5400 | 9200 | 10000 | 40000

electron effective [ m;:0.19 | mt:0.082

mass (/mo) m;:0.916 [ mt:1.467 0.08 0.067 0.041 0.026

hole mob.

(cm?vs) | 430 | 1900 | 200 | 400 250 500
hole effective  |mpn:0.49| My:0.082 | mpy:0.45 | mpn:0.45 Mun:0.45 mMun:0.57

mass (/mo) mx:0.16|1 M 4:0.044 | mn:0.12 | mn:0.082 myH:0.052 myH:0.35
bandgap (eV) | 1.12 | 0.66 1.34 1.42 0.74 0.36

Table 1. Summary of Si, Ge and compound semiconductors physical properties

The electron mobility of the 111-V materials is quite high, and the enhancement factor

of the electron mobility against Si can reach up to 3-50 in the bulk. This high mobility

is basically attributed to the light effective mass. However, most high mobility materials

15



also have a significantly smaller band gap compared to Si, leading to a very high

band-to-band tunneling (BTBT) leakage currents, which could limit their scalability.

BTBT leakage current, which is caused by coupling of valence band and conduction

band due to thermal lattice vibration of the semiconductor, can become the dominant

off-state leakage current in small band gap semiconductors, thus negating the efforts to

reduce the static power dissipation of the device.

InGaAs is a very promising candidate for future nFETS, because it allows for a very

good tradeoff between the excellent transport properties of InAs and the low leakage of

GaAs. Figure 1.10 shows the simulation results relationships between delay and

loresTeT for thin body nMOSFETS for different materials at a fixed subthreshold leakage

current of 0.1uA/um. The supply voltage is varied from 0.3V to 0.7V and the oxide

thickness is set to be Tox= 0.7 nm. The best material should show small delay and low

lorrgTeT at the same time. Overall, among all the unstrained I11-V materials InGaAs and

InP exhibit the best performance- high lon, low delay and low lorrgreT COMpared to Si

[1.15].

16
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Figure 1.10 Intrinsic delay vs lorrgrat trade-off in various materials [1.15].

A comparison between the projected performances of emerging device structures at
11nm technology node are shown in Figures 1.11 and 1.12. According to the results of
both experimental data and simulations, emerging devices such as Ing;Gag3As
MOSFETs and TFETs both provide better energy-delay tradeoff for certain delay target
ranges [1.16]. Resolving other manufacturing obstacles (discussed in next chapter) for
InGaAs-based devices, could enable a new generation of low-powered high

performances devices that surpass those of their Si counterparts.
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1.5 Conclusions

Utilizing high mobility I111-V channel material could provide a viable solution for the

insatiable demand for low-power/high-performance devices, especially in sub-20nm

regime where projected limitations of devices on Si-platform is of major concern.

Ternary I11-V materials, such as InyGa;«As are recognized as attractive candidates for

high performance, low power devices thanks to their superior carrier transport

properties.
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Chapter 2 Current Status and Issues of 111-V MOS Devices

2.1 Introduction

From the 111-V compound semiconductor family, GaAs has the longest history and
GaAs metal-oxide-semiconductor field-effect transistors MOSFETSs have been a subject
of study for several decades. However, unlike Si, 111-V semiconductors are not blessed
with a stable native oxide like SiO, and numerous efforts to realize high quality
interface with deposited oxides were failed to produce gate stacks with acceptable gate
controllability. Thus, the main obstacle to realizing a GaAs MOSFET technology with
commercial value was the lack of high-quality, thermodynamically stable gate dielectric
insulators on GaAs that could match device criteria similar to SiO, on Si. In recent
years the research for alternative material [2.1], which has inherently better transport
properties than Si, has sparked a renewed interest in I11-VV compound semiconductors.
These alternative channel materials are sought for application in CMOS technology
beyond the 22 nm node and even to replace traditional Si or strained Si. In chapter 1, it
was stated that high-k material had to be introduced to the gate stack in order to alleviate

the gate leakage crisis. Ironically, this step has been a very fortunate one for IlI-V
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family since the introduction of high-k dielectrics effectively ended the rule of native
oxides (oxides which consist from substrate elements) in device technology. In this
chapter a brief overview on the history of I11-V MOSFET research is provided. The
complications and common issues of high-k/InGaAs interface that face the researchers

are discussed and finally the purpose of this study is introduced.

2.2 History and Current Status

The advantage of GaAs MOSFET over its Si counterpart has long been recognized
because the electron mobility (transport efficiency) in GaAs is five or more times higher
than that in Si. The first GaAs MOSFET work was reported by H. Becke et al. by the
Radio Corporation of America in 1965 [2.37]. Although deposited SiO, is used as the
gate dielectric with a large amount of interface traps, the devices were successfully
operated in the several-hundred megahertz frequency range showing the feasibility of
this approach. It was quickly realized that SiO, is not the right gate dielectric for GaAs,
which encouraged an enormous research effort in the following decades with a search
for a low-defect, thermal-dynamically stable gate dielectric for GaAs. The efforts can be

divided into two sceneries: deposited oxide and native oxide. A variety of dielectrics
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and techniques have been investigated.

The well-studied dielectrics on GaAs include pyrolytically deposited silicon dioxide

[2.1], silicon nitride [2.2], silicon oxynitride [2.3], and aluminum oxide [2.4]. All these

processes require relatively high temperatures ranging from 350 to 600 °C. The

chemical reaction between GaAs and oxygen in gas ambient is expected to form Ga

oxide, As oxide, and even a large number of vacancies due to the high volatility of As.

As a result, it became apparent that a low-temperature process is believed to be essential

for obtaining a high-quality interface [2.5]. Plasma-enhanced deposition with the

process temperature lower than 200 °C was attempted [2.6], though it could potentially

induce more defects or fixed charges on the GaAs surface or interface due to the

induction of plasma.

In addition to conventional physical vapor deposition and chemical vapor deposition

(CVD), Molecular Beam Epitaxy (MBE) approach was also used to form insulating

films on GaAs after it began to be widely used to grow I11-V compound semiconductor

heterostructures at the end of 1970s. For example, high-resistive AlGaAs [2.7] or

low-temperature-grown GaAs [2.8] were used as an insulating layer for the GaAs

channel. However, relatively high gate leakage current limits the wide application of

these approaches. To improve the barrier heights at the heterojunction interface, thermal
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oxidation of AlAs epilayers grown on GaAs using MBE were also investigated. [2.8]

The difficulty of this approach is to control the oxidation process to terminate at the

AlAs-GaAs interface, though the large difference exhibits in the rate of oxide formation

of AlAs and GaAs. The research in this direction is still currently active. [2.9]

Motivated by the success of thermally oxidized SiO, on Si, using native oxides on

GaAs as gate dielectrics was also intensively studied at the very beginning. Some

representative approaches include thermal oxidation [2.10], wet-chemical anodization

[2.11, 2.12], dc and RF plasma oxidation [2.13], laser-assisted oxidation [2.14], vacuum

ultraviolet photochemical oxidation [2.15], and photo-wash oxidation [2.16]. However

it turned out that none was optimistic as a feasible approach leading to a commercial

GaAs MOSFET technology. One general observation is that the native oxide is not

stable, mostly leaky with low dielectric breakdown strength, and cannot be biased

beyond a few volts. All these studies are essential to enrich the understanding of

chemistry and physics properties of 111-V interfaces.

Although some controversies exist within much experimental data, there is consensus

that a significant amount of As,O3, As;Os, and elemental As in native oxides pin the

Fermi level of GaAs and are not favorable for an ideal gate dielectric.

Spicer’s extensive experiments which were published in 1980, concluded that the
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Schottky-barrier formation on I11-V semiconductorsis due to defects formed near the

interface by deposition of the metal or any chemisorption of oxygen [2.17]. This model

also applies to the formation of states at 11I-V oxide interface states. Fermi-level

position in GaAs is pinned at the mid-gap whether or not it is a metal/semiconductor or

oxide/semiconductor interface.

Fermi-level pinning in I11-V semiconductors dampened the enthusiasm among I11-V

researchers to compete with Si in large-scale integrated circuits. However, significant

progress was made on high-performance microwave GaAs metal-semiconductor

field-effect transistors, pioneered by Hooper and Lehrer [2.18] using a GaAs Schottky

barrier directly.

The development of MBE and metal-organic CVD technologies in the 1970s made

heterojunctions, quantum wells, and superlattices practical. GaAs HEMT eventually

became a commercialized technology, finding broad applications in the communication,

and aerospace industries today. GaAs MOSFET research did not continue on a large

scale after the successful introduction of GaAs HEMT.

The search for suitable dielectrics or passivation layers on GaAs continues. In 1987,

researchers at Bell Labs discovered that a class of sulfides (e.g., LizS, (NH,),S,

Na,S-9H,0) was able to passivate the GaAs surface and provide excellent electronic
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properties to GaAs surfaces [2.19- 2.20]. The work generated new interest in GaAs

MOSFETSs using sulfur passivation before dielectric deposition. Hundreds of papers

were published related to GaAs sulfur passivation. However, sulfur passivation did not

become a technology because sulfur is an unstable material with very low thermal

budget. Nevertheless, it is still very scientifically interesting. Sulfur, as a group VI

element next to oxygen, has the same electron number in its outer shell as oxygen, but is

less chemically reactive. A few monolayers of sulfur can passivate the GaAs surface in

certain conditions and prevent GaAs from oxidation to form As oxides. Sulfur

passivation is still used in today’s research. Other work on effective passivation of

GaAs using hydrogen or nitrogen plasma was also reported by the IBM group [2.21].

Another interesting approach uses a very thin amorphous or crystalline Si layer as an

interfacial control layer (ICL) between GaAs and SiO; or Si3Ny [2.22- 2.23- 2.24]. This

approach was intensively studied in the 1990s and was recently adopted to integrate

with high-k HfO, gate dielectrics on GaAs.

In 1995, M. Passlack and M. Hong at Bell Labs reported that in-situ deposition of

Ga,03(Gd,03) dielectric film on a GaAs surface by electron-beam evaporation from

single-crystal GasGds;O1, produced MOS structures on GaAs with a low interface trap

density (D) [2.25]. UHV scanning tunneling microscopy reveals that the unpinning of
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the GaAs Fermi level results from Ga,O restoring the surface As and Ga atoms to near

bulk charge [2.26].

The strong investment in research on deposited high-k dielectrics for Si CMOS

technologies began in the late 1990s. High-k research has since flourished, in particular,

the use of ALD method for fabricating Si-based high-k MOS devices. At the end of

2001, P. D. Ye and E. Wilk at Bell Labs/Agere Systems started to work on ALD high-k

Al,O3 and HfO, on GaAs and other 111-V materials. A series of D-mode MOSFETSs on

GaAs, InGaAs, and GaN using ALD Al,O3 as gate dielectrics was demonstrated [2.27].

ALD is an ex situ, robust, and manufacturable process that attracts wider interest in

academia and industry. High-performance inversion-mode I1I-V MOSFETs were

demonstrated with unprecedented drain current as high as 1.05 A/mm and

transcondcutance as high as 0.35 S/mm [2.28- 2.29- 2.30]. This was the first

surface-channel device in I111-V with drain current beyond 500 mA/mm. In-rich InGaAs

is identified as the potential channel material for the future 22 nm technology node or

beyond with higher effective mobility and manageable band gap for low drain voltage.
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2.3 Issues of high-k/InGaAs Interface

Recently, there have been reports on experimental demonstration of non-planar
InGaAs MOSFETSs, which show much enhanced electron injection velocities and high
drive current at smaller supply voltage [2.31]. However, various challenges remain to
enable commercialization of high mobility channel MOSFETs. One of the key
challenges is demonstration of a high quality high-k/InGaAs (111-V in general) interface.
The high-k/InGaAs gate stack also needs to be scalable since for sub-16 nm nodes,
highly scaled gate length devices would require very low EOT to maintain electrostatic
control of the channel. This requires elimination of low-k layer (native oxides) at the
interface of I11-V and gate dielectric. It is reported that an all in-situ process with
InGaAs growth followed by high-k deposition can suppress the formation of native
oxides [2.32], however from the manufacturing point of view, an ex-situ process flow is
more desirable.

The ability of MOSFET to switch on and off is described by sub-threshold slope (SS).
The value of SS is dependent not only on the accumulation capacitance, but also on the
capacitance due to interface state density (Dj;). In order to improve the switching

capability (reduce passive power dissipation), it is imperative to reduce the effect of
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parasitic capacitance by reducing D;; at high-k/InGaAs interface.

Numerous high-k dielectrics have been investigated on InGaAs substrate with various
In (Indium) contents. Dielectrics such as HfO,, ZrO,, TaSiOx, SrTa;,Os and Al,O3 have
been tried and electrically characterized. Dielectrics such as HfO, have higher dielectric
constant than Al,O3; and are preferable for gate stack for scaling purposes; however
generally these dielectrics have high Dj; values at their interface with InGaAs which
make their application in device structures very difficult. A typical Capacitance-Voltage

(CV) characteristic of HfO,/In053Gag 47AS interface is shown in Figure 2.1.
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Figure 2.1. CV characteristics of HfO,(35 nm)/InGaAs as a function of frequency measured at

300k [2.33]
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Significant frequency dispersion is observed in all ranges of the gate voltage bias.
The mechanism of dispersion in each region is different. The effect of high levels of
mid-gap Di; ( ~10" eV cm™?) can be seen as the capacitance response in lower
measurement frequencies in the inversion condition (negative gate bias in this case).
Also, the thermal stability of HfO, gate stack is usually lower than 500°C. Formation of
an interfacial layer fO,/In0s3Gag47As interface is commonly reported even at low
annealing temperatures, which degrades the CV characteristics of the capacitor (Figure

2.2 [2.34] and 2.3 [2.35]).
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Figure 2.2 CV characteristics and TEM image of ALD HfO,/InGaAs MOS devices

with 1.9nm IL [2.34]
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Figure 2.3 CV characteristics and TEM image of TaN/HfO,/InGaAs MOS capacitor at a Gate

First process [2.35]

High quality and atomically flat dielectric/InGaAs interfaces have been reported by
using Al,Os. By using Atomic Layer Deposition (ALD) method for synthesizing Al,O3
films on InGaAs, mid-gap Dy ( ~10" eV’ cm?) has been demonstrated. The
improvement in interface is attributed to so called “self-cleaning effect” of
trimethylaluminum (TMA) gas which is used as the precursor gas for ALD-AI,O3
deposition. This effect refers to removal of As-oxide species by exposing the InGaAs

substrate to TMA gas during the first cycle of ALD deposition.
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Figure 2.4 CV characteristics and TEM image of Pt/ALD-AIl,O3/InGaAs MOS devices

withno IL  [2.36]

Although in the recent publications, Al,O3 commonly is used as the gate dielectric for
InGaAs-based device performance demonstrations, the relatively low dielectric constant
of Al,O3 (k=9) and the low thermal budget of Al,Os/InGaAs interface ( ~400 °C) will
make it inevitable to replace Al,O3 with a high-k dielectric with better or at least equal

level of interface quality.
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2.4  Purpose and Organization of this Study

This thesis focuses on investigating La,O3 as a gate dielectric with great potential for
InGaAs-based gate stacks. The majority of work in various research groups has been
conducted on application of HfO, and Al,O3 to InGaAs. The issues regarding both of
these materials were described in section 2.3, however in this thesis the fundamental
difficulties of HfO,/InGaAs are evaluated under a new proposal. Therefore, the general
purpose of this thesis is to improve the La,O3/InGaAs interface properties, by reducing
the defects at the interface, reducing the gate stack EOT while improving its thermal
stability, and finally evaluating La,O3-based InGaAs MOSFET operation.

This thesis consists of eight chapters. Chapter 1 describes the background of
MOSFET scaling history and the emergence of new channel material with higher carrier
transport properties, such as 111-V compound semiconductors and in particular InGaAs.
Chapter 2 states the history and current status of 111-V based devices and the issues
facing the commercial application of such devices with a focus on gate-stack technology
as the main determinant for device success. The common experimental scheme used
throughout this study, is described in Chapter 3. In Chapter 4, properties of

HfO,/InGaAs interface is investigated and a temperature manipulation method during
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HfO, deposition is proposed to compensate the formation of defects at the bulk of

InGaAs. Chapter 5 focuses on applying La,O3 as a gate dielectric to InGaAs substrate

and is divided to four sections. The first section describes the difference between the

reactivity of La,O; and HfO, with InGaAs. Formation of LalnGaOy layer at

La,O3/InGaAs interface is proposed and the issues that need to be resolved in order to

improve La,Os/InGaAs electrical properties are described. The following section

purposes a novel passivation method of InGaAs surface, based on self-assembled

monolayer formation of Si-containing elements to improve the electrical properties of

La,O3/InGaAs interface. The third section describes the application of La-silicate

structure on InGaAs. Excellent thermal stability of silicate structures was utilized for to

manufacture gate stacks with Capacitance Equivalent Thickness (CET) of 0.7 nm which

correspond to an EOT< 0.5 nm considering the quantum effects. In the final chapter, the

reaction between La;O; and InGaAs was controlled by controlling the amount of

oxygen diffusion through the choice of metal gate. Compositional and thickness control

of the resultant interfacial layer yielded one of the lowest Dj; levels in the literature even

compared to that of Al,Os/InGaAs interface. Chapter 6 deals with requirements for

future node 3D structure devices on InGaAs platforms and purposes solutions for two of

the critical obstacles (gate stack and source/drain regions). The chapter is divided to two
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sections, each section dealing with gate stack and source-drain regions separately. The
first section describes synthesizing La,O3 film by Atomic Layer Deposition (ALD)
method, the second section offers a novel stacked Ni/Si structure for forming highly
stable NiSi,/InGaAs without forming any alloy at the interface. In chapter 7, InGaAs
MOSFET operation with La,O3 as high-k gate dielectric and Ni/InGaAs as metal source
and drain, is demonstrated. Finally, in chapter 8, conclusions and prospects for future
work are described. Chapter structure in this thesis is summarized in the following

chart.

Chapterl Introduction
|

Chapter2 Current Status and Issues of llI-V MOS Devices
i

Chapter3 Fabrication and Characterization
|

Chapter4 Gate Stack Engineering for InGaAs-based

MOS Capacitors with HfO, Gate Dielectric
1

Chapter5 Gate Stack Engineering for InGaAs-based
MOS capacitors with La,0; gate dielectric

l_*—l

Chapter6 Technologies for 3D structure Chapter7 InGaAs-based MOSFETs

InGaAs-based devices with La,0; as gate dielectric

I_‘—I

Chapter8 Conclusions
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Chapter 3 Fabrication and Characterization

3.1 Device Fabrication Methodology

The basic device fabrication flow, used throughout this thesis to process MOS
devices with high-k gate dielectrics, is illustrated in Figure 3.1. n- or p- type
Inos3Gap47As (100) substrates epitaxially grown on InP substrate with impurity
concentration of 1x10"® cm™ or 2x10%" cm™, were used in this study. All substrates were
first cleaned by acetone/ethanol. Next, concentrated HF (20%) was used to remove
surface oxides. A subsequent surface S-passivation was conducted by dipping the

substrates in (NH,4),S solution (concentration 7%) at room temperature for 20 min.
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Figure. 3.1 Fabrication flow for MOS devices

In order to deposit high-k thin films, substrates were loaded into a multi-chamber
system equipped with electron-beam (EB) gun, RF sputtering and Chemical Vapor
Deposition (CVD) chambers, where samples can be transferred between each chamber
in base vacuum pressure of 10”7 Pa as shown in Figure 3.2.

The gate electrodes were patterned by lithography and dry-etched by CI,/Ar based
Reactive lon Etching (RIE). Post-Metallization annealing (PMA) was performed in a
Rapid Thermal Annealing (RTA) chamber in forming gas (FG) (No/Hz: 97%:3%)
ambient for 5 min. 50-nm Al films were deposited by evaporation to form back side

contacts of the samples.
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Figure. 3.2 Schematic illustration of e-beam evaporation, CVD and RF sputtering system.

3.2  Admittance Characterization of MOS Capacitors

Interface state density (Dj;) of the high-k/InGaAs interface in this study is extracted
by measuring the impedance of MOSCAPs as a function of voltage, frequency, and
temperature of high-k/semiconductor interfaces. Figure 3.3 shows a schematic energy

band diagram of an n-type MOSCAP in depletion condition.
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Depletion

Figure. 3.3 Band diagram of the semiconductor in depletion condition with majority carriers

trapping and de-trapping at interface state sites

A dc gate bias, Vg, with an ac signal (amplitude:25 mV and frequency f: 1 kHz~ 1
MHZz) superimposed to it, is applied to the metal gate. The dc voltage modulates the
position of the Fermi level at the interface while the superimposed ac signal causes the
Fermi level to oscillate around that energy level. As a result, the traps within the Fermi
level proximity are charged and discharged, creating a parasitic capacitance which is
related to the interface trap density by Ci; = gDi;, where q is the elemental charge. The
equivalent circuit model used for extracting the admittance of dielectric/semiconductor

interface is shown in Figure 3.4, assuming that the minority carrier contribution in
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depletion condition is negligible.

Cox— Cox -T-

C, —— Cor []Gm CnZ []Gn

: :

Figure. 3.4 Equivalent circuit diagram of the MOS capacitance used in conductance

measurements

The conductance method is based on analyzing the loss that is caused by the change
in the trap level charge state (3.1). The equivalent parallel conductance Gy, is related to

the measured impedance Gy, by:

o - w?C2,G,y,
P Grzn + wZ(Cox - m)z

(3.1)

Interface traps in the proximity of Fermi level can change their occupancy. Maximum
loss occurs when interface traps are in resonance with the applied ac signal frequency.
Assuming that surface potential fluctuations can be neglected, the Dj; is estimated from

the normalized parallel conductance peak, (Gp/@)max:
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D 2.5 (Gp) 3.
e Aq w max ( . )
where A is the device area. Typically the portion of the band gap that can be probed by
conductance measurement is from flatband to weak inversion.
An accurate measurement of Co is needed in order to use the conductance method for
interface trap evaluation. However, in contrast to Si, using the accumulation capacitance
to estimate Cy is not possible for n-type channels, because of the low conduction band

DOS of I11-V semiconductors. In this thesis, Coy is estimated by fitting the experimental

results to theoretical ideal CV curve.

3.3 Ideal CV Characteristics of oxide/lng53Gag 47AS Interface

Figure 3.5 shows the schematic band structure of Ings3Gag47AS at room temperature

(T=300K) using the parameters from Ref. 3.2.

mx =0.74 m,= 0.043 _
m,_ = 0.42

Figure. 3.5 Band structure of Ings3Gag47AS at room temperature
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The small electron effective mass of Ings3Gag47As results in small conduction band
density of states (DOS) which causes the Fermi level move into conduction band at
large electric fields. This means that for calculating electron density, the related
equation for degenerate semiconductors must be used. Also the nonparabolicity of the
lowest conduction band valley (I") should be taken into account to allow for an accurate
evaluation of band bending within the semiconductor. The ideal CV calculation is driven
by solving the Poisson equation:

V) dEG) _ e[Ng— Na+p(x) = n(x)]

dx? E(x) av(x) £ (33)

Where Ny and N, are the donor and acceptor concentrations in the semiconductor, n(x)
and p(x) are the electron and hole densities and ¢ is the dielectric constant. The electric
field E(x) inside the semiconductor can be calculated by integrating Equation (3.3) from
the bulk of semiconductor to depletion region.
The electron density equation assuming only I" valley occupations is given by:

T (2 (E—E)Y?

n|V(x)| = —=%N dE (3.4
[V (x)] kT3/2° € EC1_|_e[E—V(x)]/kT (3:4)

Where E. is the conduction band edge energy, N is the effective density of states in the

semiconductor conduction band and T is the temperature. If the higher lying conduction

band valleys (X and L) are also taken into account for ideal CV calculations, a small

upturn of capacitance in accumulation region at higher gate voltages is observed. This
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can be attributed to occupation of these valleys with electrons at high electric fields,

however an upturn of capacitance in accumulation condition, in experimental data has

never been observed. Therefore, only the occupation of I' valley is assumed for

calculation of the ideal CV curve in this thesis.

Total charge Qs per unit area inside the semiconductor can be obtained by Applying

Gauss’s law and integrating Equation (3.4),

@5
Qs(Ps) = —2Sign(Ps) X wa —e&s{Ng — No + p[V(x)] = n[V()]}dV(x) (3.5)

The ideal capacitance therefore can be expressed by:

40, (D,
(@) = -2 (5

The gate voltage causing the band bending ;s is calculated from

Qs (@)
COX'

V, = ®g + Adps — (3.7)

An example of the calculated ideal CV for oxide/n-Ing 53Gag 47As interface with a doping
concentration of 1x10™ cm™ and considering the InGaAs band structure, is shown in
Figure 3.6. The capacitance equivalent thickness (CET) is taken to be 2 nm, where

accumulation capacitance is lower than the oxide capacitance (Co) for the assumed

CET value.
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Fig. 3.6 Simulation of ideal CV characteristics for InGaAs MOS at room temperature.
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Chapter 4 Gate Stack Engineering for InGaAs-based MOS

Capacitors with HfO, Gate Dielectric

4.1 Introduction

As it was previously described in Chapter 1, Hafnium dioxide (HfO,) was chosen for
SiO, replacement to resolve excessive gate leakage problem, caused by aggressive
scaling of the gate oxide. Excellent thermal stability of HfO, and its band offset values
against Si band gap, were some of the main reasons for its selection. However, the
HfO,/InGaAs interface is more complicated and not studied as deeply or as widely as Si.
A common theme that is commonly reported in literature for not only HfO,/InGaAs
interface but in general for high-k/InGaAs interface, is the non-ideal behavior of
capacitance-voltage (C-V) measurements, such as frequency dispersion in accumulation
region [4.1, 4.2], irrespective of the surface treatment method and deposited gate oxide.
This dispersive behavior is complex and cannot be explained by conventional interface
states or parasitic series resistance effects [4.3]. Clarifying the physical origins causing
the capacitance dispersion in accumulation condition, could help resolve the source of

electrical behavior abnormalities and therefore improve the device performance. In this
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chapter, the charge trapping mechanisms of InGaAs-based capacitors with high-k gate
stack is measured and analyzed by multi-temperature admittance measurements. The
results are compared with the non-ideal admittance behaviors observed on Si and Ge
with same device fabrication flow. A simple and straightforward model is proposed to
identify the dominant defect mechanisms responsible for observed capacitance-voltage
or conductance-voltage behavior at various gate bias range. These results provide a
guideline for the high-k/InGaAs interface requirements, in order to achieve optimum

electrical characteristics for MOS capacitors.

4.2 Experimental Procedure

Capacitors were fabricated on (100)-Ings3Gag47As epitaxially grown on InP
substrates (n-type). Substrates were degreased by acetone- ethanol followed by a three
step pre-deposition cleaning process: native oxide was removed using concentrated HF
(20%) and ex-situ surface passivation was performed using (NH,),S solution. The
samples were then immediately loaded to e-beam chamber and were heated at 450°C for
30 min in vacuum to remove any residual oxides. HfO, layer was deposited in two

different conditions by e-beam evaporation. For a control sample (sample A) the
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substrate temperature was kept at 100°C during the HfO, deposition. For sample B,
1-nm HfO, was deposited while the substrate temperature was kept at 300°C, and the
rest of the deposition was continued after the substrate temperature was lowered to
100°C. 50 nm W gate electrode was in situ deposited by RF magnetron sputtering and
SFg ion etching was used to pattern the gates. Post-metallization anneals (PMA) were
carried out in forming gas (F.G.) (N2:H,= 97:3%) ambient for 5 minutes. Al contact
layer on backside of the substrates was deposited by thermal evaporation. Figure 4.1
shows the flow for experimental methodology. Electrical characterization was
performed on MOS capacitors using Agilent 4156C semiconductor parameter analyzer
for room temperature and Agilent 4284A semiconductor parameter analyzer for low

temperature measurements.
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In,s3Ga, 47AS Substrate

Oxide removal by HF (20%0)

Surface passivation by (NH,),S (6%0) for 20min in R.T
1 nm HfO, deposition at 300 °C

in-situ HfO, deposition at 100 °C
W Gate metal deposition
by RF sputtering
Gate patterning
Post Metallization Anneal (PMA) in
FG (N,:H, 97%:3%) for 5Smin
Backside Al contact
Measurement
Sample A Sample B
Metal Gate Metal Gate
: Deposited at
Deposited
HfO, P SIOMM 100 °C
at 100 °C :
n-InGaAs n-InGaAs | ~L1- M deposited
0
n-InP n-InP at 300 °C
Al Al

Figure 4.1 Experimental flow for fabrication of Samples Aand B
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4.3 Impact of Manipulating Substrate Temperate During HfO,

Deposition

Figures 4.2 and 4.3 show the CV characteristics of samples A and B with 14-nm thick
HfO, gate dielectric respectively. Samples were annealed in FG at 420 °C and measured
at a frequency range of 1 kHz ~ 1 MHz at room temperature. Qualitative comparison of
the CV characteristics for the two samples point to an improved interface for sample B.
Frequency dispersion in accumulation and depletion condition is reduced for sample B
and the capacitance response in negative bias occurs in lower frequencies. Furthermore,
the lower upturn capacitance value (highest value of Cy,;n) in sample B indicates smaller

minority carrier response due to the presence of interface trap states.
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Figure 4.2 CV characteristics of sample A (HfO, = 14 nm) in room temperature, inset shows

the gate leakage characteristics

PMA FG 420 °C, 5min

1.5
o 1 KHz Sample B
&) : |G Deposited
= (13 nm)
: HfO,
= n-InGaAs | Deposited
o 0
= -InP at 300 °C
O (1 nm)

2 Al

Gate Voltage (V)

Figure 4.3 CV characteristics of sample B (HfO, = 14 nm) in room temperature, inset shows

the gate leakage characteristics
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In order to see the effect of temperature manipulation during gate oxide deposition,
on thinner HfO, layer during deposition, samples with 7-nm HfO, as gate dielectric
were fabricated. Figures 4.4 (a) and (b) show the CV characteristics of samples A and B
with 7-nm thick HfO,. The measurement results carried out at room temperature and
100 K is included for both samples. Sample B shows improved CV behavior, less
affected by the leakage current and less dominated by the high interface trapping states.
The abrupt increase of accumulation capacitance at lower frequencies for sample I, is
due to higher ac leakage current, which generally occurs for currents over 0.1 A/cm?.
Given that both samples have the same dielectric thickness (Figure 6), suggests that the

integrity of dielectric for Sample B is better preserved after annealing.
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Figure 4.4 CV characteristics of (a) sample A (HfO, = 7 nm) in room temperature and 100K,

and (b) sample B (HfO, = 7 nm) in room temperature and 100K
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Also it has been reported that the presence of low band gap native oxides at the
high-k/InGaAs interface would result in an increase in the gate leakage current. This
becomes especially more evident when the thickness of high-k oxide is reduced [6]. As
can be seen from Figures 4.2 and 4.4 (a), the frequency dispersion in sample A
(substrate temperature fixed at 100 °C during HfO, deposition) is not affected by
changing the HfO, thickness, thus oxide border traps or leakage current caused by
trapping events in mid-gap interface states, as is proposed elsewhere [4.4], could not be
the main reason for the dispersive behavior of the capacitance in accumulation condition.
Capacitance response of both samples is completely resolved for the low temperature
measurements. This is due to the decrease of minority carriers at lower temperatures and
slower characteristic time response of mid-gap interface states [4.5]. The decrease in
inversion capacitance would cause the total capacitance to be noticeably lower at 100 K
measurement compared to room temperature measurement [4.6].

Interface states of the samples were quantitatively compared by the conductance
method [4.7]. Figure 4.5 shows the interface state distribution of the samples, in the
upper half of the band gap, after FG anneal at 420 °C. The Dj; value is smaller for
sample B in both majority carrier band edge and mid-gap than that of sample A. The

lowest value obtained was 1.6 X 10** eV *cm™ for sample B with 7-nm HfO,.

62



PMA 420 °C, FG 5min

HfO,depo  HfO,: 14 nm am
1014 | at100°C HfO,: 7nm AD

>

1013

D, (eVicm?)
a

u
m
Opo
i AApAA
 Interface HfO, “ A
[ depo at 300 °C

1012
0.1 0.2

E-E (eV)
Figure 4.5 Interface state density (Dy) distribution of samples A and B

with HfO,:7 and 14 nm

In order to investigate the frequency dispersion behavior seen in both samples with
different oxide thicknesses, the capacitance of samples at a frequency range of 1 kHz ~
1 MHz in accumulation condition (when surface potential ys is 0.1 eV) is shown in
Figure 4.6. A stronger dependence of capacitance on measurement frequency is
observed for Sample A, especially for device with 14-nm HfO, as the gate dielectric.
Examining the Gp/m versus frequency plots for both samples with 7-nm HfO,, reveals
the existence of peaks for a voltage sweep from flat band voltage to accumulation
condition (Figure 4.7). A significant number of peaks is observed at higher

measurement frequencies are for sample A, indicating existence of fast trapping states
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Figure 4.6 Capacitance vs frequency characteristics of samples A and B

with HfO,:7 and 14 nm in accumulation condition
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Figure 4.7 Conductance vs frequency characteristics of samples A and B

with HfO,:7 and 14 nm in accumulation condition

4.4 Theoretical Modeling of high-k/InGaAs Interface

The models proposed so far, for explaining the frequency dispersion behavior in 111-V
capacitors, include series resistance, oxide border traps and carrier trapping in mid gap
interface states due to leakage current. However, these models are not universally

accepted yet since they cannot explain many of the experimental data published in the
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literature. Frequency dispersion due to series resistance would account only for a few
percent of the total dispersion seen in most InGaAs capacitors, oxide traps should not
cause any conductance loss (appearing as conductance peaks in accumulation condition),
furthermore frequency dispersion in accumulation is a thermally activated phenomena
thus oxide trap activation which is caused by tunneling current should not be
responsible for the dispersive behavior since tunneling current does not depend on
temperature. A correlation between oxide thickness and frequency dispersion is not
always seen to validate leakage current argument.

Here we purpose a model based on the existence of traps within the bulk of the
InGaAs substrate, which could explain the dispersive behavior in accumulation in our
results and we also purpose a guideline to prevent this problem.

CV characteristics of W/HfO,/InGaAs MOS capacitor at room temperature on both n-
and p- type substrates are shown in Figure 4.8. It should be noted here that HfO,
deposition method for these samples is the same as Sample B, described in section 4.2,
The gate leakage current of each capacitor is shown in the inset of each graph.
Dielectric constant of HfO, after annealing at 420 °C was estimated to be around =19

using the thickness series method as is shown in Figure 4.9.
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Figure 4.8 CV characteristics of W/HfO,/InGaAs capacitors on p- and n- type InGaAs
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Figure 4.9 Effective k-value of HfO, obtained from thickness series

Peak Dj; value estimate by conductance method at 50 kHz for both n- and p-type,

show a higher interface state density for p-type substrate (Figure 4.10).
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Figure 4.10 Peak conductance value for W/HfO,/InGaAs capacitors on (a) p- and

(b) n- type InGaAs

Various traps could exist within the gate dielectric in a MOS structure and all of these

defects could act as trapping sites for carriers within the semiconductor and disturb the

ideal electrical properties, which are expected from a capacitor.

Schematic in Figure 4.11 shows theses defect mechanisms in the gate-stack. The traps

from the bulk of the semiconductor are also included. The effect of these traps is

categorized by comparing the measurement results on Si and Ge MOS capacitors with

InGaAs MOS capacitors.
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Figure 4.11 Schematic illustration of defect mechanisms in gate stack

CV characteristics of high-k/Si interface, is shown in Figure 4.12. The small hump in

depletion region, which appears at low measurement frequencies, is observed in

numerous papers and is a typical characteristic of high-k dielectrics. CV curves of a high

quality, thermally grown SiO,/Si interface is also shown in the same figure for

comparison.
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Figure 4.12 CV characteristics comparison of La,03/Si and SiO2/Si interfaces

Contrasting the conductance measurement results for both of these devices (with SiO;
and high-k gate dielectric) reveals a conductance peak for the high-k/Si interface at
lower frequency range, shown if Figure 4.13. These low-frequency conductance peaks
share several characteristics; 1- their height (amplitude) remains constant under varying
gate bias and 2- their peak occur outside of the response frequency range of Si dangling

bonds which is outside the response frequency range of Si dangling bonds [4.9].
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Figure 4.13 Conductance peak comparison of La,0s/Si and SiO,/Si interfaces

It has been shown that oxide traps (bulk and border), which possess long time
constants, can exchange charge with majority carriers through tunneling. Thus two
trapping mechanisms based on conductance time constants (long and short), can be

separated for high-k/Si capacitors (Figure 4.14).
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Figure 4.14 Trap time constant comparison of La,O3/Si and SiO,/Si interfaces

The traps that have shorter time constant and depend on their position within the band
gap are related to interface states, and the traps with slower time constant and almost
constant throughout the band gap are related to the traps within the bulk of the oxide.
Figure 4.15 (a) and (b) shows the conductance over frequency measurements conducted
on W/HfO,/n-InGaAs MOS capacitor at 300K. Two distinctive peak types in depletion

and accumulation conditions can be observed.
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Figure 4.15 Conductance peak of HfO,/InGaAs at (a) depletion and (b) accumulation

condition. (c) and (d) show the capacitance at frequency range 1 kHz ~ 1 MHz

Compared to the depletion condition, the peaks in accumulation condition appear
over a broader frequency range (1 kHz ~ 30 kHz) and the peak values are two orders of
magnitude larger than depletion. Measured capacitance (Figure 4.15 (c) and (d) ) begin
a linear decrease trend at voltages higher than -0.3 V (depletion region).

Broad temperature (77K ~ 400K) conductance measurements were conducted to
change Fermi level position and evaluate the interface admittance behavior. Figure 4.16
(@)~(d) shows that as the measurement temperature is lowered and the Fermi level is
moved closer to the conduction band, the peaks in accumulation condition appear in

higher frequencies at the corresponding gate biases while the peak size decreases.
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Figure 4.16 Temperature dependent conductance peak of HfO,/InGaAs at (a) 400K, (b) 217K,

(c) 177K, and (d) 77K. (e) and (f) show the CV characteristics at 400K and 77K

The CV characteristics of the MOS capacitors at 77K and 400K are shown in Figure

4.16 (e) and (f). The smaller peaks at higher frequencies for lower measurement

temperatures trend, can also be observed in p-InGaAs as well, with accumulation peaks

shifting to higher frequencies as the temperature is lowered (Figure 4.17).

74



Metal Gate

Metal Gate
HfO,

Metal Gate
HfO,

x10° 217K
1.2 T 0.9 ©)

0.6f

0.3¢. /

oy

()
106 102 103 10% 105 106
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 4.17 Temperature dependent conductance peak of HfO,/p-InGaAs at (a) 300K, (b)

217K, and (c) 177K

Trapping time constants extracted from accumulation condition peak frequency
across the band gap by varying the measurement temperature are summarized in Figure
4.18. 1t is evident that time constant across the band edges are smaller but increase
around the mid-gap. This behavior can be explained by assuming a trap energy level
between the conduction band edge and Fermi level. Since the trapping sites respond to
higher frequency at lower temperature, the trapping energy level can be assumed within

the bulk of the semiconductor.
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Figure 4.19 Illustration of InGaAs band diagram of incorporating a trap energy level within

the bulk of InGaAs
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Cross-sectional TEM images of the W/HfO,/n-InGaAs gate stack shows void like

defects at the interface (Figure 4.21). The density of InGaAs at these defect sites is

lighter than the rest of the substrate.

PMA in HiO, v

F.G. < N-1Ng 53Gag 47AS7 "~

Figure 4.20 Cross-sectional TEM image of W/HfO,/InGaAs MOS capacitor
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[4.10]

It has been reported that In-containing compound semiconductors such as InP, loose

some of In atoms from their surface upon thermal annealing (Figure 4.21). These

defects can act like depletion centers that would trap and emit charges from the band

edges. Based on these results, a summary of defect mechanisms and their effect on CV

measurements are proposed in Figure 4.22 and Table 4.1.
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Figure 4.22 Equivalent circuits contributing to the capacitance and conductance

characteristics of oxide/semiconductor interface

Oxide Interface Semiconductor
(bulk or states bulk
border)
Hump O A f—
hysteresis A — —
Strech-out — (@) -

Accumulation
frequency
dispersion

A

Table 4.1 Summary of trapping mechanisms and their effect on CV characteristics



4.5 Conclusions

The effect defects at the bulk of InGaAs for HfO,/InGaAs interface on electrical
properties of MOS capacitors was investigated. Diffusion of elements from the substrate
cause void like defects at the interface that can act like depletion centers causing
frequency dispersion in CV characteristics of the MOS capacitor. It was shown that
although high temperature deposition of HfO, can reduce the defect formation through
compensation of missing substrate elements, more effective methods are required to

prevent the diffusion of elements from the substrate into gate dielectric.
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Chapter 5 Gate Stack Engineering for InGaAs-based MOS

Capacitors with La,03; Gate Dielectric

5.1 Fundamental Properties of La,O; Gate Dielectric

5.1.1 Introduction

Low standby power (LSTP) technology requirements in the near term years

according to the International Technology Roadmap for Semiconductors (ITRS) are

listed in Table 5.1 [5.1]. As can be seen, more aggressively scaled Equivalent Oxide

Thickness (EOT) is required in order to reach the specifications beyond 22 nm node.

Ly (nm) 9.3 7.4 5.8
Vaq (V) 0.58 056 0.54
EOT (nm) 0.56 050 0.45
Mobility enhancement| ||]-\/ 8
factor due to
channel material | Ge 4
C, Ideal n-v
(fF/lum) [ Ge
n-v
Visat (MV) Ge
cvil (ps) MV

Ge

Table 5.1 ITRS requirements for 111-V technology
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This leads to stringent control of interfacial oxide layer, either by reducing its
thickness or by increasing its k-value. A good interface requires either that the oxide is
amorphous, or that it is epitaxial and lattice-matched to the underlying semiconductor
substrate. Amorphous oxides are the key for a low-cost solution; nonetheless the
challenge is to keep these materials amorphous even after post-deposition high
temperature processing in order to avoid increased surface roughness and additional
leakage current due to the formation of grain boundaries, as shown in many
investigations [5.2].

A silicate formation is known to occur when a rare earth oxide is in contact with a
Si-containing dielectric or a silicon substrate in the presence of oxygen [5.3]. La,Os is a
rare-earth high-k oxide with properties that can fulfill the requirements for next
generation device dielectrics. NMOSFET operation with scaled EOT using La,O3 has
been reported [5.4]. Annealing La,O3/Si stack, results in the formation of La-silicate

layer at the interface which is amorphous, has a high k-value and is thermally stable.
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as depo. | gsilicate g
//l Si sub. W
s La,0, k=23
>
[z ¢ La-silicate
g k=8~14

1846 143 1840 1837 La,05 + Si + n0O,
Binding energy (eV) S LaZSiOS LaZSi207
Lag 335i50,, La,,(Si0,)0;, etc.

Figure 5.1 La-Silicate formation at Si interface

Figure 5.1 shows the cross-sectional TEM image and XPS analysis of La,03 MOS
capacitors. The formation of La-silicate can be confirmed by both methods and a
k-value of 8~14 is estimated for the interfacial La-silicate layer [5.5]. The ability of
La-atoms to create bonds with both Si and oxygen atoms, is the underlying mechanism
of silicate formation at the oxide/Si interface. In fact it is the half full d-orbital of
rare-earth metals that makes them active in formation of bonds with neighboring atoms.
In order to investigate the bonding properties of La,O; with InGaAs substrate,
InGaAs-based MOS capacitors with both La,O3 and HfO, were fabricated separately

and evaluated.

85



5.1.2 Experimental Procedure

Figure 5.2 shows the fabrication process of MOS capacitors. MOS capacitors with
both La,O; and HfO, as gate dielectric were fabricated in order to compare their
characteristics. The La,O3 and HfO, films were deposited using e-beam evaporation in
an ultra-high vacuum chamber, followed by in-situ metal deposition by RF sputtering.
For both samples 50-nm Tungsten (W) metal gate was used as the gate electrode. The
samples were post-metallization annealed in forming gas ambient (N2:H, = 97%:3%)
for 5 mins. Finally, Al was deposited on the back side of the InGaAs/InP substrate to
form the back contact. Hard x-ray (7.94 keV photons) excited photoelectron spectra
arising from As 2ps», Ga 2ps;, and In 3ds, core levels of the MOS capacitors with
10-nm HfO, or La,Og3 as gate dielectric, were measured at photoelectron take-off angle
of 80° with energy resolution of 100 meV at beam line (BL46XU) using high resolution
electron energy analyzer R-4000. For XPS measurements, the gate metal thickness was

reduced from 50-nm to 10-nm to enable probing interface reaction.
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In, 53Gag 4,As Substrate

Oxide removal by HF (20%o)
Surface passivation by (NH,),S (6%0) for 20min in R.T

High-k deposition by E-beam

in-situ
Gate metal deposition Metal Gate Metal Gate
by RF sputte_rlng HfO, La,0,
Gate patterning -INGaAs -InGaAs
Post Metallization Anneal (PMA) in n-InP n-InP
FG (N,:H, 97%:3%) for 5min Al Al

Backside Al contact

Measurement

Figure 5.2 Experimental flow for MOS capacitors fabrication

5.1.3 Comparing HfO, and La,O3 Reaction at InGaAs Interface

Figures 5.3 (a) and (b) show the XPS results for the two samples after PMA in FG at
500 °C for 5 min. Intermixing of La,O3 with the substrate through the formation of
Ga-O-La and In-O-La bonds can be observed for the W/La;O3/InGaAs samples. At the
same time the Ga and In sub-oxides form in a much smaller amount for La,O3 sample

compared to the HfO, case.
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Figure 5.3 Hard-XPS spectra of La,03/InGaAs and HfO,/InGaAs
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Comparing the XPS results for As 2pss,, shows that although a significant amount of
AsOy remain after annealing the sample with HfO,, no detectable amount of the same

AsOy species can be observed for the sample with La,Os3 as is seen in Figure 5.4.

As-oxide

- PMA

S | 500°C..

< 1 ¥

e [

£ [PMA
| 500 °C

TS ee®

o o ,:.;..“:. ..
.

2 ol 1 1 1 1 1 1 a

1330 1328 1326 1324 1322 1320 1318

Binding Energy (eV)

Figure 5.4 Hard-XPS spectra of La,04/InGaAs and HfO,/InGaAs

The As-oxides are the most unstable of the oxides and are easily removed or
converted to the more stable Ga oxides, in particular Ga,Os. It is reported that the
stability of this oxide state makes it difficult to remove during chemical processing,
however the ability of La atoms to form bonding states with GaO species can suppress

the formation of Ga,O3 compared to HfO, sample.
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Cross-sectional TEM image of W (50 nm)/ La,O3 (7 nm)/ InGaAs MOS capacitor is
shown in Figure 5.5 (a). In order to evaluate compositional structure of the stack, four
points are chosen for Energy-dispersive X-ray spectroscopy (EDX) measurements and

the results are summarized in Figures 5.5 (b) and (c).

50
< 20 | @) o B La
= 30 F
Y
o R
-g 20
Z 10t @) o
O ] ] . ._
0 1 2 3 4
50
= As @
S 40 A o ¢
(@]
'a:g 30 F Gall A
.% 20 B . .
Z 10 F l
O ‘ 1 1 1
0 1 2 3 4
EDX point

Figure 5.5 Cross-sectional TEM image and EDX analysis of W/La,Os/InGaAs gate stack
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Two of the points are chosen within the La,O3 gate dielectric, and two are chosen

within the substrate. Roughly same amount of atomic ratio for the three substrate

elements (In, Ga, and As) is detected at point 2 which is close to the interface of

oxide/InGaAs. This fact hints to a uniform intermixing of La-oxide with InGaAs

substrate. However no amount of In, Ga, or As elements were detected close to the W

metal gate. Also the atomic ratio of the three substrate elements, remain constant within

the bulk of the substrate. Although a slight decrease in the atomic ration of O, is

observed from point 1 to 2, the atomic ratio of La atoms remains the same throughout

the dielectric. These results are in agreement with XPS measurements which predicted

the formation of La bonds with oxygen and elements from the substrate. Based on these

results a model to express the difference between La,Os/InGaAs and HfO,/InGaAs is

proposed which is shown in Figure 5.6.
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Figure 5.6 Comparison between La,Oz/InGaAs and HfO,/InGaAs reaction difference

It was reported that the sputtered W contains large amounts of oxygen [5.6], the

supply of oxygen from W and its diffusion to the gate dielectric upon annealing, triggers

the reaction at the interface resulting in the formation of IL layer. On the other hand,

diffusion of substrate elements into HfO,, results in the formation of As, In and Ga

oxides. These oxides are unstable in high annealing temperatures and create interface

states through the creation of As-antisites and Ga dangling bonds upon their
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disintegration [5.7]. CV characteristics of W (50nm)/La,O3; (10 nm)/InGaAs MOS

capacitor at the measurement frequency range of 5 kHz ~ 1 MHz after annealing in FG

at 370 °C is shown in Figure 5.7.

. 2W (50nm)/La,04(10 nm)/InGaAs

| PMA 370 °C (FG)

1.0
0.8 -
0.6 -
0.4 -

Capacitance (uF/cm?)

— 10 kHz
02F — forward — 100 kHz
I <- reverse — 1 MHz
OO 1 1 1 1 1 1
-15 -1 -05 0 05 1 15
Gate Woltage (V)

Figure 5.6 CV characteristics of W (50 nm)/La,03 (10 nm)/InGaAs MOS capacitor

The capacitance response at lower frequencies is typical of high-k/InGaAs interfaces

with very high interface state density (usually in the order of 10" eV''em) which is

commonly reported in the literature. Furthermore, a comparison between the 1 MHz CV

curve with the ideal CV, shown in Figure 5.7, reveals a large stretch out and a failure to

reach depletion capacitance. These results are indicative of Fermi level pinning which is
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the inability of Fermi level to effectively sweep through the InGaAs band gap from the

conduction band to the valance band.

, W (50nm)/La,04(10 nm)/InGaAs

e experimental
L I —ideal

0.8
0.6

0.4

CET: 2.3 nm

Capacitance (uF/cm?)

0.2

0 1 1 1 1
-15 -1 05 0 05 1 15

Gate Voltage (V)

Figure 5.7 Comparison of 1 MHz CV characteristics of W (50 nm)/La,O3 (10 nm)/InGaAs

MOS capacitor to the ideal CV

The gate leakage dependence of La,Os-based MOS capacitors on annealing
temperature at CET= 2.3 nm is shown in Figure 5.8. The leakage current at 500 °C,
already surpasses 1 A/cm? which is the limit that CV characteristics can be measured

without being affected by the excessive leakage current.
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Figure 5.8 PMA dependence of W (50 nm)/La,0O3 (10 nm)/InGaAs

MOS capacitor gate leakage

As a result scaling La,0Os/InGaAs gate stack by simply reducing the thickness of

La,O3 film is not achievable unless the interface quality is improved and the increase in

gate leakage current is resolved.
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5.1.4 Conclusions

In this sub-chapter the fundamental difference of interfacial reaction between HfO,

and La,O; at InGaAs interface was described. The diffusion of elements from the

substrate (In, Ga, and As) to HfO,, result in the formation of unstable oxides at the

surface of the substrates as well as within in the dielectric, and defects within the

substrate. On the other hand, a reactive amorphous layer in the form of LalnGaOx is

formed at La,O3/InGaAs interface through the intermixing of La atoms with substrate

elements. Judging from TEM and EDX analysis, this amorphous layer seems to block

excessive diffusion of elements from the substrate to the gate dielectric. However, the

electrical characteristics of the W/La,O3/InGaAs MOS capacitors show that it is

necessary to control the composition and thickness of this IL in order to improve the

interface quality and realize the scalability potential of La,O3 as a high-k dielectric for

InGaAs-based devices.
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Figure 5.9 Schematic showing the required approach for improving

La,04/InGaAs interface

In the following sections of chapter 5, new methods to improve the La,Os/InGaAs

interface are introduced. Diffusion of Oxygen into gate dielectric is controlled through

various methods and their efficiency are compared and discussed.
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5.2 Self-Assembly- Monolayer Surface Passivation

5.2.1 Introduction

Ino.53Gag.47As has been the focus of research as an alternative channel material since it
offers a very good trade-off between the superior transport properties of InAs and the
low leakage properties of GaAs [5.8, 5.9]. However, achieving high permittivity
(high-k) gate dielectrics/I11-V interface with low interface trap densities (D), which is
necessary for high performance MOSFETs is extremely difficult when ex-situ
deposition methods are applied. Therefore, careful treatment of substrate surface prior
to gate dielectric deposition is required. To lower the interface trap density at the
high-k/111-V semiconductor interface, sulfur passivation and Si layer insertion have been
widely studied as means of surface treatment [5.10, 5.11]. The incorporation of Si into
gate stack, is reported to improve the high-k/l11-V interface significantly [5.12].
However, the increase in capacitance equivalent thickness (CET) resulting from this Si
layer remains a problem.

In previous section the limitation of W/La,Os/InGaAs structure due to excess of IL

formation was discussed. In this section the effect of InGaAs surface passivation by
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Si-monolayer is described. In order to form a Self-Assembled Monolayer (SAM) of Si
atoms on InGaAs substrate, hexamethyldisilazane (HMDS) which contains Si atoms is
used. The molecular structure of HMDS forces the molecules to attach to the substrate
through the oxygen bond. Once the entire surface of the substrate is covered by HMDS
molecules, the process should stop since the saturated CH3- molecules cannot form any
new bonds. This would result in the formation of a mono-Si layer on the substrate’s

surface. A schematic of a surface, passivated by HMDS is shown in Figure 5.10.

CH, CH,
| |
| |

@) O
] ]

INy 55Gag 47AS
InP

Figure 5.10 Schematic of InGaAs surface passivation by HMDS

HMDS passivation effects have been reported on thin film transistors before;

however, to our knowledge, no published results are available for its application on

I11-V based substrates. After HMDS treatment, InGaAs substrates were used to fabricate

W/La,03/Ing53Gag 47As capacitors. The electrical characteristics of these capacitors

were compared with capacitors prepared with widely-used aqueous sulfur passivation
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method.

5.2.2 Experimental Procedure

InGaAs capacitors were fabricated on n-type Ings3Gag 47AS(100) substrates epitaxially
grown on n-type InP substrates with Si doping concentration of 1x10%" cm™. Substrates
were initially degreased by acetone/ethanol and native oxides were removed by
concentrated (20%) HF for 2 min. Next, one set of substrate was immediately dipped in
a (NH4),S solution (concentration 7%) at room temperature for 30 min to acquire a
sulfur passivated surface. Another set was put in a beaker filled with HMDS vapor for 3
min at 100 °C in order to form an HMDS layer on the substrate surface. These samples
prepared with three different treatment methods are referred to as sample I, sample II,

and sample I11 throughout section 5.2 and are summarized in Table 5.1.

Sample | Sample I Sample 11
Oxide  HF (20%) HF(0%) HF (20 %)
removal 1 min 1 min 1 min
Surface ) (NH,),S  HMDS vapor
treatment 30 min 3 min

Table 5.1. Summary of the samples and the applied surface treatment method
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After the initial surface treatment, all samples were immediately transferred to the
deposition chamber to avoid any extra re-oxidation of the substrate surface because of
the prolonged air exposure. 7-nm La,O3 layer was deposited by e-beam evaporation at
room temperature at a deposition rate of 0.2 nm/min in 10 Pa. A 50-nm-thick W layer
as the gate electrode was deposited in situ by RF magnetron sputtering and gates were
patterned by SFg reactive ion etching. Capacitors were post-metallization annealed
(PMA) in a rapid thermal annealing (RTA) furnace in forming gas (FG) (N2:H,= 97:3%)
ambient. Al contact layer on the backside of the substrates was deposited by thermal
evaporation. Figure 5.11 shows the schematic cross-sectional view of the capacitor

structure.

Nn-1ng 53Ga, 4,7AS
Si: 1 x 1017

n*-InP
Al - Backside contact

Figure 5.11 Schematic of the W (50 nm)/La,0s (7 nm)/InGaAs MOS capacitor
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5.2.3 Comparison Between Wet Surface Passivation Methods

Figure 5.12 shows the CV characteristics of sample | (only treated by HF (20%) )
after annealing in FG at 500 °C. The measurements are conducted at 1 kHz ~ 1 MHz

frequency range at room temperature.

3 MAS00°C (£

o frequency

5 dispersion

5 2

[«b]

(&]

c

s

S 1 O 1kHz

S 2 A 10kHz

O -7 O 100kHz
[~ = 1MHz

O 1 1 1 1 1

-15 -1 -05 0 05 1 15
Gate Woltage (V)

Figure 5.12 CV characteristics of W (50 nm)/La,Os (7 nm)/InGaAs MOS capacitor

with only HF treatment

The CV curves of MOS capacitors with surface passivation, samples Il and 111, are

shown in Figures 5.13 (a) and (b) respectively.
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Figure 5.13 CV characteristics of W (50 nm)/La,Os (7 nm)/InGaAs MOS capacitor

with (a) (NH,4).S and (b) HMDS treatment after HF treatment
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A qualitative comparison of these figures points to an improved interface property of

sample 111, which is treated by HMDS. Frequency dispersion [defined as (Cy xn; — C1

mHz) | C 1 mnz X100 %] of the samples at gate voltage of roughly 0.5 V is shown in each

figure. A surface band bending of 0.2 V at this bias voltage is sufficient to probe the

depletion to accumulation region without capacitance response being affected by the

up-turns due to leakage current [5.13]. The dissipation factor (D) of the capacitors at this

voltage and frequency range is below 1.0 which should ensure a less than 4% error in

measurement accuracy [5.14]. It should be noted here that the physical dielectric

thickness and deposition conditions are the same for the three samples; thus, HMDS

treatment of the surface allows for the deposition of smaller La,O3; thickness by

improving the interface quality. The large frequency dispersion of 35% in sample |

(treated with only HF) is effectively suppressed to 18% in sample Ill, treated with

HMDS. The 1MHz curve in sample 111 is not dominated by mid-gap Dj; response which

appears as a hump in negative gate voltages and a failure to reach the depletion

capacitance [5.15]. The CET of the samples, shown in Figure 5.14, were estimated by

fitting the accumulation capacitance at 1 MHz (D<1) to the ideal CV.
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Figure 5.14 CET of W (50 nm)/La,Os (7 nm)/InGaAs MOS capacitor

with various surface treatment methods

The Annealing condition was varied between the annealing temperature and time to

evaluate the effect of both parameters on electrical characteristics of the samples.

Although increasing annealing temperature generally causes thicker CET, the CV

response of the capacitors suffers from greater hysteresis and frequency dispersion in

lower annealing temperatures. Figure 5.15 shows the 1 MHz CV curve hysteresis of the

capacitors against PMA condition, measured at a bias voltage range of -1.5 to 1.5 V

with 50 mV intervals.
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Figure 5.15 Hysteresis of W (50 nm)/La,Os (7 nm)/InGaAs MOS capacitor

with various surface treatment methods

A steady decrease of hysteresis with higher annealing temperatures and time for all
samples is observed, regardless of the applied surface treatment method; however
sample 111 exhibits the minimum hysteresis value of 30 mV. Thus by HMDS-treatment
of InGaAs surface prior to La,O3 deposition, a more stable interface can be obtained,
which is evident from a smaller CET with improved hysteresis and frequency dispersion
at higher annealing temperatures. [5.16]

The influence of surface preparation on interface states density was quantitatively
compared by the conductance method. The peak conduction measurements as a function

of the gate voltage for all three samples are shown in Figure 5.16 (a) and (b).
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Figure 5.16 Peak conductance of W (50 nm)/La,03 (7 hm)/InGaAs MOS capacitor

with various surface treatment methods

Figure 5.16 peak D; of W (50 nm)/La,O3 (7 nm)/InGaAs MOS capacitor
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The capacitor treated with HMDS (sample I1I) shows an equivalent parallel
conductance loss that is smaller than that of samples | and Il by a factor of 0.44 and
0.51, respectively. Furthermore, annealing at 500 °C improves the interface states for all

samples and a minimum value of peak Dj; ~ 9.3x10"? eV *cm™ obtained for sample I1I.
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Figure 5.17 Conductance peak distribution of W (50 nm)/La,O3 (7 nm)/InGaAs MOS

capacitor with HMDS treatment on HF only treatment

The conductance as a function of frequency and voltage for samples I and 11 (PMA
500 °C) in Figs. 8(a) and 8(b) shows larger and wider Gy/w peaks for sample | compared
to sample 111 over the same voltage range. This would reflect in the energy distribution

of the interface states indicating a lower Dj; at band-edges for HMDS treated sample.
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Figure 5.18 XPS spectra of W (5 nm)/La,O3 (7 nm)/InGaAs MOS capacitor

with various surface treatment methods
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X-ray photoelectron spectroscopy (XPS) measurement was conducted for all three

samples to clarify the nature of interface modifications. The formation of both As and

Ga sub-oxides were sufficiently suppressed regardless of the applied surface treatment

method. On the other hand, formation of In suboxides (In-O) was considerably reduced

by using HMDS treatment.

5.2.4 Conclusions

The effects of the post metallization annealing and the modification of

high-k/Ing53Gag47As interface with sulfur or HMDS cleaning and passivation by

measuring the electrical characteristics of W/La,O3/n-Ings3Gag47AS capacitors were

investigated. Experimental results showed that HMDS treatment of Ings3Gag47AS

surface prior to high-k oxide deposition, results in reduced frequency dispersion and

interface state densities of W/La,03/Ing53Gag47As capacitors without sacrificing

capacitance value in accumulation condition. This was due to the passivation effect of

HMDS by forming a mono-layer of Si on InGaAs surface and changing the sub-oxide

formation at the La,O3/n-Ing 53Gag 47AS interface.
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5.3 Applying La-Silicate Structure to InGaAs-based Capacitors

5.3.1 Introduction

Interfacial passivation layers (e.g., amorphous Silicon) between the dielectric and
I11-V semiconductor have been explored previously [5.17]. It is shown that presence of
a thin Si layer (1.2 nm) at the interface could substantially suppress the frequency
dispersion of GaAs MOS capacitors. A complete absence of As-oxides due to either the
ALD “self-cleaning” phenomenon [5.18] or the reducing effect of reaction between Si
with surface oxides to form Si-O species, it is reported that presence of Si at the
interface, dramatically reduces the presence of Ga 3+ oxidation states. The transfer
properties of InGaAs-based MOSFETSs are also consistent with the CV results, showing
a significant improvement as a result of Si insertion at the interface. On the other hand,
introducing the Si interfacial layer, is at the cost of increasing the overall EOT of the
gate stack. From the point of view of implementing high mobility channel materials,
such as InGaAs, in future generation nodes, it is imperative to increase the Coy (or
reduce the EOT) of the gate stack and thus improve the gate controllability over the

carriers in channel region [5.19]. Therefore, direct application of Si at the interface does
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not offer a definitive solution for the InGaAs-based gate stacks. As stated in section

5.1.1, La,O3 has the property to intermix with Si, forming an amorphous layer in the

form of La-silicate. La-silicate benefits from a high k-value with very promising results

for gate stack scaling purposes. The k-value of La-silicate, is determined by the ratio of

Si and La atoms in the final silicate composition [5.2]. Therefore, application of this

material as a gate dielectric to InGaAs can help with scaling and thermal stability of

InGaAs-based gate stacks, provided that the silicate/InGaAs interface is carefully

controlled. In this section, methodology for fabricating highly scalable and thermally

stable La-silicate layer as a gate dielectric for InGaAs-based devices as well as electrical

characteristics of MOS capacitors has been investigated.

5.3.2 Experimental Procedure

The experimental methodology for fabricating La-silicate structure on InGaAs is

similar to the previous sections. Substrates were cleaned by acetone/ethanol, followed

by HF (20%) and (NH,4),S treatment for oxide removal and sulfur passivation,

respectively. Substrates were then loaded into an ultra-high vacuum chamber. Before the

deposition of high-k film, first a thin layer of Si was deposited by RF- sputtering on
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InGaAs substrates. The thickness of Si film was varied between 0.5 nm to 2 nm.
Depending on the experiment, the temperature of the substrate was then raised to 300 °C,
and a nitrogen radical beam gun was used to nitridize the Si layer. The power of
nitrogen gun, the N, flow and the nitridation time were all optimized to achieve the best
data possible. La,O3 films were in-situ deposited using e-beam evaporation followed by
in-situ metal deposition by RF sputtering. A TiN (45 nm)/ W(5 nm) film structure was
deposited to form the metal gate electrode for samples with Si incorporation, A W(50
nm) gate was used for samples without Si incorporation. The samples were
post-metallization annealed in forming gas ambient (N2:H, = 97%:3%) for 5 mins.
Finally, Al was deposited on the back side of the InGaAs/InP substrate to form the back

contact. Figure 5.19 shows the experimental flow used for fabricating the samples.
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Figure 5.19 Experimental procedure flow for MOS capacitor fabrication process

5.3.3 Effect of Nitridated-Si on Silicate Structure

As stated in the previous section, La,O3 can readily react with Si and form a silicate
structure. However, the composition of silicate structure affects its k-value [5.2]. A
La-rich possess a higher k-value whereas a Si-rich silicate structure has a lower k-value.

In order to investigate the quality of silicate layer and its k-value on InGaAs substrate,
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thickness of the deposited Si was varied from 0.5 nm to 2 nm and the Capacitance
Equivalent Oxide (CET) of the capacitors was compared at various annealing
temperatures. The nitridation condition is the same for all the samples and is described

in section 5.3.2. The results are summarized in Figure 5.20.

2.5 ® oS
A Si(0.5nm)
M Si (1.0 nm)
5 | @ Si (1.5nm)
= O si(2.0nm)
=
L
O 1l5 F
[ in FG for 5 min
1 1 1 1 1 1

370 420 470 520 570
PMA Temperature (°C)

Figure 5.20 CET dependence of MOS capacitors on initial Si layer thickness

It is seen that if the Si thickness is more than 0.5 nm, the difference of CET between
the capacitors is negligible, especially at higher annealing temperatures. This is in
contrast to the capacitor with no Si layer, where a sudden increase in CET occurs at
annealing temperature over 420 °C. Therefore, it can be assumed that k-value of the

silicate structure is roughly the same if the Si incorporation is more than 1 nm. Higher
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k-value is obviously more desirable since it would allow for further scaling of the gate
stack. The effect of nitridated Si layer (LaSiON) is contrasted to non-nitridated (LaSiO)

Si layer in Figure 5.21.
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2 1 N La,O, (10 nm)
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320 370 420 470 520 570 620
PMA Temperature (°C)

Figure 5.21 Effect of initial Si layer nitridation on CET of MOS capacitors

It is evident that nitridation of Si layer, before depositing La,Os3, increase the thermal
stability of the gate dielectric. The difference becomes more noticeable as the thickness
of LayOs is scaled. At La,O3=5 nm , the increase in CET (or lowering of k-value) is
suppressed by least 100 °C. Furthermore, The CET of MOS capacitor with La,03= 5
nm+LaSiON is around 0.7 nm at PMA 570 °C, which is one of the lowest reported

values in literature [5.20]. Including the quantum effect, the equivalent oxide thickness
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(EQT) of the device, is expected to be around 0.4 nm. These results point to the fact that
Nitridation of Si layer, to form a silicate structure is more suitable for scaling purpose.
Cross-sectional TEM image of the MOS capacitor with La,O3= 5 nm+ Nitridated- Si

(1 nm) after annealing in 520 °C for 5 min is shown in Figure 5.22.

La,0; (3.5 nm)
LaSiON (1.5 nm)

n-InGaAs k-value
=~ 25

Figure 5.22 Cross-sectional TEM image of La,O3 (5 nm)/ Nitridated Si (1 nm)/InGaAs after

PMA in FG at 520 °C

Two distinct layers can be separated in the TEM image, a 1.5 nm layer close to the

substrate and a 3.5 nm close to the metal gate electrode. The total thickness of gate
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dielectric layer is reduced after annealing, compared to the deposited total thickness.

This means that the inserted Nitridated-Si layer intermixes with the La,O3 layer. The

total k-value of the dielectric layer is estimated to be 25, which is almost 3 times higher

than Al,O3 ( = 9). The schematic in Figure 5.23, illustrates the change that the gate

dielectric undergoes upon annealing. The resultant dielectric layer has amorphous

structure with no signs of crystallization in the TEM image.

Metal Gate Metal Gate

PMA La,0,
520 °C_ [NEET

: LaSiON
n-InGaAs n-InGaAs

Figure 5.23 Schematic illustration of PMA effect on La,0;/ Nitridated Si/InGaAs

It was stated that the thickness of deposited layer, if more than 0.5 nm, does not affect
the k-value of dielectric layer. However, the quality of interface must also be compared
to achieve an optimized the device performance. Peak interface state density (Di;) of
capacitors with various Si thicknesses, are measured by conductance method and are

compared in Figure 5.24.
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Figure 5.24 Initial Si layer thickness effect on peak Dj value of LaSiON/InGaAs interface

The lowest value is obtained for the sample with initial Si thickness of 1 nm
indicating a better interface quality. Thus by controlling the composition of LaSiON
layer through initial Si thickness, and nitridation condition, both improving the k-value
and interface quality targets can be met.

Figure 5.25 shows the effect of reducing initial La,O3; thickness on
Capacitance-Voltage (CV) characteristics of the MOS capacitors at a measurement
frequency of 100 kHz. The thickness of the nitridated Si is constant at 1nm and the

PMA temperature is 520 °C.
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Figure 5.25 CV characteristics of W/La,04/LaSiON/InGaAs gate stack with various La,0;

thicknesses

The linear increase in capacitance value for smaller La,O3 thickness, points to the
uniformity of LaSiON layer and to its potential for scalability.

The dependence of La,O3/LaSiON stack on deposited La,O3 thickness and annealing
temperature is shown in Figure 5.26. Higher annealing temperature leads to lower CET
regardless of the deposited La,O3 thickness. Changes in the composition of LaSiON
layer or crystallization of La,O3 layer which might occur at high annealing temperatures
could be contributing factors for these results. Although no signs of crystallization were
observed at an annealing temperature of up to 520 °C from the TEM image. Unlike

La,O3, La-silicate structure does not crystalize in high annealing temperature.
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Controlling silicate structure on Si-substrate is easier compared to InGaAs-substrate
since on Si-substrate, Sian be readily be supplied from the substrate. However, on an
InGaAs substrate providing enough Si for forming La-rich silicate which is immune to
crystallization effect in high temperature is challenging and needs more physical

analysis of the dielectric layer.

Inserted nitridated Si: 1nm
in FG for 5 min

I
L5 La,04 (10 nm)

La,O5 (7 nm)

N
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La,O; (5 nm)
05 1 1 1 1

370 420 470 520 570
PMA Temperature (°C)

Figure 5.26 CET dependence of W/La,05/LaSiON/InGaAs gate stack on PMA temperature

with various La,O; thicknesses

A closer view on the effect of PMA temperature on CV characteristic of devices at a

measurement frequency of 100 kHz is shown in Figure 5.27. A clear increase in the
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capacitance value of the MOS capacitors without any degradation in the CV curves is

visible.

35 PMA in FG for 5 min
~ 3 r
D 0
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Figure 5.27 PMA temperature effect on CET of TiN/W/La,03 (5 nm)/LaSiON/InGaAs

gate stack

For successful scaling, it is important not only to increase the maximum capacitance,
but only to decrease the gate leakage current. The effect of annealing temperature on
gate leakage current of La,O3 (5 nm)/ Nitridated Si (1 nm) samples is shown in Figure
5.28 (a) and (b). The leakage behavior in accumulation condition is shown in Figure
5.28 (a) and the leakage current value at a gate bias voltage of Vg + 0.5 V is shown in

Figure Figure 5.28 (b).
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Figure 5.28 PMA temperature effect on gate leakage current of of TiN/W/La,03 (5

nm)/LaSiON/InGaAs gate stack
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The increase in leakage current as the annealing temperature increases is not

unexpected. Formation of oxygen vacancies, diffusion of elements from the substrate

and gate metal might all contribute to the increase in gate leakage current. However a

comparison between these experimental results and some of the most up-to-date

available data for leakage current at scaled gate stacks (Figure 5.29) shows the

superiority of La,O3/LaSiON stack at suppressing gate leakage current.

@400°C
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—~ 103 fp @570°C
S La,0; (7 nm)
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Figure 5.29 Gate leakage current comparison of La,0s/LaSiON/InGaAs
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The effect of PMA temperature on interface quality of LaSiON/InGaAs interface can
be easily judged by comparing the Capacitance-Voltage (CV) response of the samples in
various annealing temperatures. Figure 5.30 focuses on the CV characteristics of the
LaSiON/InGaAs structure in the depletion condition. The effect of high density of

interface states would manifest as high depletion capacitance and failure to fit the ideal

CV profile.
PMA in FG for 5 min @ 1MHz

0.8 | As-depo
t [ 3700C
é 06 T ideal ||Metal Gate
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Figure 5.30 PMA temperature effect on depletion capacitance of 1 MHz CV curves of

La,O5/LaSiON/InGaAs

It is clear from Figure 5.30, as the PMA temperature increases, the CV response of

the device, gets closer to the ideal CV curve. At 620 °C, a very close fitting to the ideal
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CV profile is possible.

The effect of scaling La,Oz thickness on interface state density of metal/
La,0O3/LaSiON/InGaAs gate stacks is evaluated for annealing temperature range of 370
°C to 620 °C and shown in Figure 5.31. Almost identical Dj values is obtained for
La,0O3= 5nm and 10nm pointing to an excellent scalability potential. Although 620 °C
annealing temperature results in the minimum Dj value, the effect of leakage current
must also be considered for scaled devices. For precise admittance characterization, the
leakage current should be kept lower than ~1 A/cm?, otherwise the error in measured
capacitance and conductance cannot be neglected. Several methods for evaluating
very-leaky, highly scaled gate stacks for Si-based devices has been proposed, however it
is best to keep the leakage current low for accurate admittance evaluation. The effect of
high gate leakage current, manifests as capacitance upturn in low measurement
frequencies. Higher measurement frequencies (higher than 100 kHz) are not as much
affected by leakage current unless the leakage current is extremely high (above 10~100

Alcm?).
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Figure 5.31 PMA temperature effect on interface state density (Dit) of

La,04/LaSiON/InGaAs

The Capacitance-\Voltage (CV) characteristics of the La,O3 (3.5nm)/LaSiON (1.5
nm)/InGaAs gate structure at PMA 520 °C , corresponding to the TEM image in Figure
5.22, is shown in Figure 5.32. Well behaved CV response with CET= 0.73 nm is
obtained. As previously mentioned, factoring in the quantum effect, the EOT of this gate
stack would be below 0.5 nm. Although the leakage current causes slight capacitance
upturn in measurement frequencies lower than 10 kHz, it should be reiterated that CET
of these samples are extracted from fitting the 100 kHz, which is not affected by the

leakage current.
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Figure 5.32 CV characteristics of TiN/W/La,O1/LaSiON/InGaAs gate stack after FG PMA

at 520 °C for 5min.

5.3.4  Conclusions

Thermally robust gate stack with CET as low as 0.7 nm at 620 °C was achieved by
forming La-silicate structure on InGaAs. Incorporation of nitridation step to the initial
Si layer could add to the stability and interface quality of La-silicate/InGaAs gate stack.
Composition of the silicate can be modified by amount of incorporated N and Si.

LaSiON could be promising dielectric with high k-value for ultra-scaled gate stacks.
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5.4 Impact of Gate Metal Selection on La,Os/InGaAs Interface

5.4.1 Introduction

As it was stated in previous chapters, one of the paramount challenges that
InGaAs-based devices have continuously faced, is to find a suitable gate dielectric to
achieve a high quality oxide/InGaAs interface with low interface state density (Dj).
Achieving low interface state of density is of outmost importance since the standby
power dissipation and lifetime of a device is directly related to the amount of interface
state density. The dielectric used for InGaAs should also have a dielectric constant
(k-value) high enough to allow for capacitance equivalent thickness (CET) scaling with
suppression of gate leakage current. Although, various gate oxides (high-k) have been
examined on InGaAs substrates, similar electrical characteristics are persistently and
most commonly observed regardless of the employed high-k oxide; high D;; values at or
close to conduction band, capacitance frequency dispersion at accumulation and up-turn
of capacitance in inversion region [5.21, 5.22]. Most of these undesirable effects are
considered to originate from unstable native/thermal oxides, particularly Ga and As

oxides, which are formed prior to or during high-k deposition at high-k/InGaAs
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interfaces. A number of passivation techniques including sulfur passivation [5.11], As
layer capping followed by desorption technique [5.18], hydrogen-based plasma
passivation [5.21], are used to suppress the formation of unstable oxides. However,
reported Dj; values are still above 10* cm™/eV.

Among high-k oxides, HfO, and Al,O3 have attracted great attention as gate dielectric
materials for InGaAs substrates. HfO, having a higher dielectric constant (k~22) than
Al,O3 (k~9) is preferable since it would allow further capacitance equivalent thickness
(CET) scaling. However, as the interface quality of HfO,/InGaAs is worse than
Al,O5/InGaAs, it is difficult to apply HfO, directly on InGaAs substrates for device
performance, therefore a thin layer of Al,O3 is commonly inserted underneath the HfO,
layer to overcome the interface issue [5.22]. The reasons for better Al,Os/InGaAs
interface quality are reported to arise from the fact that Al,O3 to a large extent prevents
the formation of InGaAs sub-oxides with low temperature thermal annealing process.
Thus one of the Al,O3 issues is that the thermal processing window of Al,O3s/InGaAs
interfaces remains below 400 °C due to degradation in interface properties at higher
temperatures.

On the other hand, it was shown in previous chapters that La,O3 can be a promising

high-k material for CET scaling. In section 5.1 it was stated that La,O3 can react with
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InGaAs substrates and form an intermixed interface layer . It was also mentioned that
excess growth of the layer results in the increase of CET. The thickness of intermixed
interface layer is dependent on the oxygen partial pressure during the annealing step,
and TiN capping on the metal electrode is reported to be effective to suppress the
diffusion of oxygen atoms into the gate dielectric [5.3].

In this section, the effect of gate metal selection on the changes it induces on
La,O3/InGaAs interface after post-metallization annealing (PMA) is investigated by
examining both physical and electrical properties of MOS capacitors. It is demonstrated
that by controlling the reaction at La,Os/InGaAs interface through the choice of gate
metal, superior capacitance-voltage (CV) characteristics with low D; and leakage

current, stable up to 620 °C can be obtained.

5.4.2 Experimental Procedure

For this study, 500 nm thick n-type Ings3Gag47As (100) substrates epitaxially grown
on n-type InP substrates with S doping concentration of 1x10*® cm™ were used to
fabricate MOS capacitors. After substrate cleaning described in chapter 3, samples were

transferred to a multi ultra-high vacuum chamber for gate dielectric and metal
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deposition. A 10 nm La,O5; layer was deposited by e-beam evaporation in room
temperature at a deposition rate of 0.2 nm/min in 10 Pa. Two sets of capacitors were
fabricated with W (50 nm) gate or TiN/W (45 nm/ 5 nm) gate by in situ RF magnetron
sputtering. The TiN layer was reactively deposited using a Ti target with a mixed gas of
Ar and N,. Gate electrodes were patterned using an inductively coupled plasma reactive
ion etching (ICP-RIE) system at a Cl,:Ar concentration of 30:10 sccm. PMA was
conducted in FG as has been the case throughout this thesis. Figure 5.33 shows the
schematic cross-sectional view of both capacitor structures. For x-ray photoelectron
spectra (XPS) measurements, samples were fabricated in the same way except for the
change in thickness of metal gate, from 50 to 13 nm, and patterning steps. Hard x-ray
(7.94 keV photons) excited photoelectron spectra arising from As 2pss, Ga 2ps2, and In
3ds/, core levels of the samples were measured at photoelectron take-off angle (TOA) of
80° with energy resolution of 100 meV at beam line (BL46XU) using high resolution
electron energy analyzer R-4000. For XPS measurements, the gate metal thickness was

reduced to W:13 nm and TiN/W: 10 nm/3 nm to enable probing interface reaction.
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Figure 5.33 Schematic of the fabricated MOS capacitors
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5.4.3 Oxygen Supply Control Through Gate Metal Selection

Cross-sectional TEM image of sample with TiN/W gate is shown in Figure 5.34.

Figure 5.34 Cross-sectional TEM image of TiN(45 nm)/W(5 nm)/La,Os (10

nm)/Ing.53Gag 47AS capacitor after FG PMA in 420 °C.

A sharp La;Os/InGaAs interface can be observed with no void-like defects as was
seen for HfO,/InGaAs interface in chapter 4. EDX measurements of 4 points within the
gate stack were carried out. Points 1~3 inside the gate dielectric and for comparison
point 4 at the bulk of InGaAs (Figures 5.35 (a) ). A Summary of atomic ratio for In, Ga,
As, La and O, at these 4 points are shown in Figures 5.35 (b) and (c). No trace of
elements from the substrate, were detected at points 1 and 2 which are away from the

interface.
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Figure 5.35 Cross-sectional TEM image of TiN(45 nm)/W(5 nm)/La,Os (10

nm)/1n53Gag 47As capacitor after FG PMA in 420 °C. with point-EDX analysis of the stack.

However, slight amount of In, Ga and As is seen at interfacial point 3. This is in
agreement with the hypothesis from section 5.1 which predicts the intermixing of La,O3
and InGaAs and forming LalnGaOy layer. Interestingly the atomic ratio of La and Oy is
relatively the same within the gate dielectric which points to a high quality oxide

composition.
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Comparing the detected levels of In, Ga and As atomic ratio, at an interfacial point

(within the La,O3 layer) it becomes evident that a larger amount of mixing La,O3 and

InGaAs mixing occurs for W (50 nm) gate compare to TiN (45nm)/W (5 nm) gate.

Figure 5.36 shows an almost 50% decrease in the amount of detected elements from

InGaAs substrate.
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Figure 5.36 Comparison of atomic ratio of substrate elements at La,0;

(10 nm)/Ing53Gag 47As interface (dielectric side) with W and TiN/W gate

To evaluate the physical changes that occur in MOS interface by applying different
metal gates, XPS study on the La,O3/InGaAs interface with and without metal gate was

performed after annealing the samples in FG at 420 °C. Figure 5.37 shows the As 2pay,
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Ga 2p32 and In 3ds, photoelectron spectra for (a) La;O3 (1.5 nm)/InGaAs structure and

La,03 (10 nm)/InGaAs MOS capacitors with (b) W (13 nm) and (c) TiN (10nm)/W (3

nm) metal gate.
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Figure 5.37 As 2psp, Ga 2ps, and In 3ds,, HAXPS spectra for (a) La,O5 (1.5

nm)/Ing 53Gag 47AS (b) W(13 nm)/ La,O3 (10 nm)/Ing53Gag 47As and () TiN (10nm)/W(3 nm)/

La,0O3 (10 nm)/Iny53Gag 47As MOS capacitors after annealing in FG at 420 °C.
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It can be noticed in the spectra of row (a) that a solitary post-deposition anneal (PDA),
does not result in the formation of In, Ga or As oxides. However, the spectra undergo a
notable change for a PMA process. The W-gated sample, shown in row (b), reveals clear
oxidation peaks for all three substrate elements especially for those of As®* ( ~3.3eV
chemically shifted from the substrate peak) and In** ( ~1.05eV chemically shifted from
the substrate peak) suggesting diffusion of oxygen atoms through the W gate metal.
Formation of these oxide states however, is significantly suppressed when W gate metal
is replaced by TiN/W as is shown in row (c).

The ratio of In**, Ga'* and As®* states peak intensity to un-oxidized substrate peaks
are shown in Figure. 5.38 By changing the gate material from W to TiN/W, both In**
and Ga'* peak intensities have reduced by 65%, whereas As** peak intensity is lowered

by 82%.
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Figure 5.38 Measured intensity ratio of oxides for three samples.

This large decrease in As®* peak intensity could be due to suppression of As
out-diffusion into the gate stack of TiN/W-gated sample [5.23]. As the Gibbs free
energies predict, the oxygen could be converted to more stable Ga and In states in the
system.

The formation of LalnGaOy interfacial layer as a result of La,O3 intermixing with
InGaAs substrate as was described in section 5.1, can be explained by the model shown
in Figure 5.39. Gate metal acts as an oxygen supply mechanism, which triggers the
reaction at La,Os/InGaAs interface. The composition and thickness of the LalnGaOy
can be controlled by the choice of gate metal. Since W metal contains a significant

amount of Oxygen atoms, reducing W thickness and capping it with TiN, decreases the
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diffusion of Oxygen from the gate metal.

W

PMA in FG

aliy La,0,
LalnGaO,
n-InGaAs n-InGaAs

TiN TIiN
W
La,0,

LalnGaO,
n-InGaAs n-InGaAs

PMA in FG

Figure 5.39 Schematic illustrating the effect of W gate electrode on thickness of the

interfacial layer at La,O3 (10 nm)/Ing53Gag 47AS interface

Figures 5.40 (a) and (b) show the room temperature CV characteristics of La,Os;

(10nm)/InGaAs capacitors with W and TiN/W gate electrodes, respectively. Both capacitors are

annealed in forming gas at 370 °C for 5min.
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Figure 5.40 CV characteristics of La,Os (10 nm)/Ings3Gag 47AS capacitors with (a) W gate and

b) TiN/W gate. Samples are annealed in forming gas (N,:H,= 97:3%) at 370 °C for 5 min.
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A very different capacitance response is obtained between the two MOS capacitors.

The TiN/W-gated sample shows a superior CV response with significant reduction in
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stretch-out and frequency dispersion in the entire voltage sweep range. Moreover, the
capacitance bumps in inversion region even at low frequencies are resolved compared
with W-gated sample. The dependence of capacitance on frequency and gate voltage in
strong inversion region for W-gated capacitor, is indicative of high mid-gap interface
state density [5.24]. This is because the surface potential (i) is not able to effectively
sweep the InGaAs band gap due to the presence of interface states, therefore the
inversion layer cannot be formed and the depletion capacitance is affected by the gate

voltage.

TiN (45nm)/W (5 nm)/
La,05(10 nm)/InGaAs

Capacitance (LF/cm?)
o
(o))

100 kHz

-1 -05 O 0.5 1 1.5
Gate Voltage (V)

Figure 5.41 100 kHz CV curves of TiN/W/La,05 (10 nm)/Inys3Gag 47AS capacitors  against

ideal CV curve
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The CV response of the sample with TiN/W gate at a measurement frequency of
100 kHz is contrasted to the ideal CV curve in Figure 5.41. Experimental and ideal
depletion capacitances are matched and a very small stretch out in the CV is observed.

The gate voltage dependent capacitance behavior is particularly apparent for W-gated
capacitors without any annealing (as-deposited) as is shown in Figure 5.42 (a).
Increasing the annealing temperature, results in a smaller bump in 100 kHz CV curves,
accompanied by a reduction in the maximum accumulation capacitance. However at
annealing temperature over 470 °C, accurate CV measurement is not possible due to
increase in gate leakage current.

Figure 5.42 (b) shows the effect of annealing on 100 kHz CV curves of TiN/W-gated
samples. In this case the annealing temperature is elevated from 370 to 620 °C in 50 °C
steps. The clear stretch-out observed in as-deposited CV response is mostly eliminated
by performing annealing; furthermore in contrast to W-gated capacitors the decrease in

accumulation capacitance is effectively suppressed even by annealing up to 620 °C.
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Figure 5.42 Effect of increasing PMA temperature on 100 kHz CV curves of (a) W gate and
(b) TIN/W gate in La,03 (10 nm)/Ing s3Gag 47AS capacitors. PMA temperature is increased from

370 °C in 50 °C steps.

Figure 5.43 (a) shows the capacitance tolerance of the W-gated and TiN/W gated
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samples by comparing their CET against the annealing temperature. Since different
oxide states response to ac signal, can increase the measured capacitance at low
frequencies [5.25], CET is estimated from fitting 100 kHz curves to the ideal CV curve,
without considering the quantum effect. A 36% rise in CET of W-gated capacitors is
observed when annealing temperature is increased from 370 to 470 °C, while that value

is lowered to 25% for TiN/W-gated capacitors at a much wider annealing temperature

range of 370 to 620 °C.
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Figure 5.43 Effect of increasing PMA temperature on (a) CET and (b) D of La,05 (10

nm)/Ing 53Gag 47AS capacitors with W or TiN/W gate metal.
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The D;; for MOS interfaces was evaluated by the conductance method including the
effects of surface potential fluctuation. Figure 5.43 (b) compares the D;; of both samples
at a ys of -0.1 eV (0.25 eV below the conduction band). The s value is chosen to probe
mid gap states while minimizing the contribution from weak inversion response in
Ing.53Gap47As. TiN/W-gated capacitor has a minimum Dj of 4.6x10" eV'cm?, and
increases only slightly as the annealing temperature is increased from 370 °C to 620 °C.
The Dy value for W-gated capacitor on the other hand, exceeds 10* eV?*cm™ at an
annealing temperature of 370 °C. The lowest D;; for W-gated sample is obtained at 420
°C with a value of ~9.2x10" eV'ecm, still over an order of magnitude higher than
TiN/W-gated capacitor. The As and Ga oxidation states are known to be volatile and
result in interface states on the upper half of the InGaAs band gap by creating Ga
dangling bonds and As anti-bonding states [5.26, 5.27], which is also in agreement with
the XPS results previously presented in this study. Hence, the amount of IL formed at
La,O3/InGaAs should be controlled to optimize the interface quality and reduce
maximum capacitance loss at the same time. The significant improvement in CV
characteristics of TiN/W-gated capacitor and its tolerance to higher annealing
temperature could be related to oxygen blocking effect of TiN layer. As a result, the

diffusion of oxygen atoms from annealing ambient and/or metal gate itself into the
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La,O3 gate dielectric is suppressed (shown in Figure 5.39). Consequently, the
development of excessive IL and oxidation states are suppressed. The composition of
intermixed interface layer might be the critical factor for improving both D;; and CET.
Figure 5.44 (a) and (b) summarize the leakage current behavior of the two samples at
various annealing temperatures. Although both samples have the same leakage current
at the as-deposited state due to equal initial physical thickness of La,O3; (10 nm), the
difference becomes more apparent as the annealing temperature increases. At 470 °C,
the gate leakage current at W-gated capacitor already reaches the limits that would
allow for accurate CV measurement, while the capacitor with TiN/W gate structure
shows a more robust behavior. For comparison, the leakage current density at a gate
voltage of Viamwang +1 V is shown in Figure 5.44 (b) for both samples. The small increase
in leakage current of TiN/W-gated samples at an annealing temperature window of 250

°C (from 370 to 620 °C) points to the stable quality of La,Os/InGaAs interface.
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Figure 5.44 (a) Gate leakage current of La,O3 (10 nm)/Ing s3Gag 47As with W (50nm) or TiN
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on gate leakage current at the gate voltage of Vgp+ 1 V.
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These results demonstrate the reaction at the La,Os/InGaAs interface, triggered by
oxygen diffusion from the gate metal with PMA, has a major impact on the integrity of
La,0O3/InGaAs MOS capacitors. The thermal stability of CET, leakage current and low
Di; of TiN/W/La,03/InGaAs gate stacks, promise scalability potential for La,Os-based

oxides on InGaAs through the choice of appropriate gate metal.

5.4.4  Conclusions

The effect of gate metal on La,Os/InGaAs interface after PMA was studied by HXPS
measurement and electrical characterization of MOS capacitors with W and TiN/W as
gate electrode. Well behaved CV characteristics with low Dj; and leakage current at
annealing range from 370 to 620 °C were obtained by using TiN/W gate electrode. The
improved MOS capacitor performance could be attributed to the reduction of oxygen
diffusion through the gate dielectric, leading to a controlled IL formation at

La,O3/InGaAs interface.
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5.5 Conclusions

The fundamental properties of La,O3/InGaAs interface were investigated. It was
found that La,O3 can intermix with InGaAs and create LalnGaO interfacial layer. The
composition and thickness of this IL is a determinant factor for the electrical properties
of La;,Os/InGaAs gate stacks. Three approaches were taken in order to control and/or
manipulate the interfacial reaction. Self-assembled Si monolayer passivation by vapor
HMDS treatment of the InGaAs substrate prior to La,O3 deposition could reduce the
interface state density without increasing CET of the gate stack. La-silicate structure
was successfully implemented to obtain high quality, thermally stable gate stacks with
CET as low as 0.73 nm in 600 °C. It was shown that oxygen diffusion through the gate
metal is the trigger for formation of IL LalnGaO, thus the IL composition can be
controlled through the gate metal selection. By TiN capping of W/La,O3/InGaAs gate

stack low Dj; value of 6x10' eV-*cm was obtained.
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Chapter 6 Technologies for 3D structure InGaAs-based Devices

6.1 Overview of 3D Device Structures

In 2007, the first commercially available transistor with high-k gate dielectric was
announced by Intel. The Hf-based dielectric films used for the 45-nm node MOSFETS,
instead of being grown by an oxidation process, which was the case for SiO,, were
deposited using atomic layer deposition (ALD). At the same time, new device
structures based on 3D designs are attracting more attention since they allow for the
scaling trend to follow Moore’s law for several more device generations. In 2011, Intel
for the first time implemented a 3D structured, 32-nm node transistor in their new
microprocessors [6.1]. Intel refers to this transistor as Tri-Gate, although in the literature
it is referred to as Fin-FET. This non-planar transistor structure consists of a Si arc
around wrapped around by gate dielectric layer and the gate electrode. The evolution of
transistors in a microchip from planar structure to 3D structure is illustrated in Figure
6.1. The 3D scaling approach facilitates the miniaturization of the footprint of the
transistor while keeping the gate surface area approximately constant. This transition

to 3D structure is inevitable since the high-k/metal gate stack with even low EOT cannot
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control the source to drain leakage once the gate length is aggressively scaled and the

source-drain extension regions approach each other. FInFET on the other hand, by

design, are fully depleted so that the entire available silicon underneath the gate

electrode is depleted of carriers before the threshold condition is reached [6.2]. These

features significantly improve sub-threshold slope (standby power) and short channel

effects of the device.

Figure 6.1 Evolution of MOSFET from planar (left) in 32 nm node to FinFET structure (right)

in 22 nm node [6.1].

In order to fabricate 3D transistors, not only should the gate dielectric have high

quality, but also the growth control during deposition at different directions
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(conformality) should be precise and the deposition should be uniform across the

complete wafer. These are all requirements that can be fulfilled by ALD. The quest for

faster, more power efficient devices will make integrating 3D structures to 111-V channel

material, inevitable as well. In fact Intel has already announced both Fin-FET and

Quantum well FET(QWFET) structures on InGaAs platforms [6.3]. (Figure 6.2).
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Figure 6.2 FINFET and quantum-well structure devices on InGaAs requiring ALD-deposited

oxide for precise and uniform thickness at all angles and surfaces [6.3].
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In this chapter, gate dielectric and source.drain fabrication techniques which would be

of interest in 3D InGaAs-based devices, are discussed.

6.2  Atomic Layer Deposition (ALD) of La,0O;

6.2.1 Introduction

ALD is a vapor-phase deposition technique in which (ultra-)thin films can be
deposited sub-monolayer by sub-monolayer by repeating supply and purge cycles [6.4].
In the first part of the cycle, a precursor (typically a vapor carrying the main element of
the film material) is supplied which reacts with the elements on the starting surface. The
precursor is not reactive with the surface formed by its own elements, and consequently
the surface reactions stop occurring when all surface groups have reacted (known as
self-limiting reaction). Then, a pump and/or purge step is executed with an inert gas
(typically Ar) during which the volatile reaction by-products are removed from the
reactor along with the excess of precursor. In the second half of the cycle, the surface is
exposed to a co-reactant (typically a gas, such as O, or NH3, or a vapor such as H,0)

which reacts with the surface which is now covered with the elements from the
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precursor, again in a self-limiting manner. After a pump and/or purge step to remove the
reaction by-products and the excess of co-reactant from the reactor, one ALD cycle is
completed and the surface groups are equal to those with which the cycle started.

During ALD, the surface reactions typically occur by elevating the substrate
temperatures to 150 ~ 350 °C). In this thesis, La(iPGC)g is used as the metal source and

H.O as the co-reactant (oxidant) gas to synthesize La,O3 films. Figure 6.3 illustrates the

deposition cycle for synthesizing La,O3 films.

1 Cycle
Supply Gas: Supply Gas:
/Hzo Ar Purge La(lprc\fp)i% Ar Purge

"Q a.’ 6‘{: La,0,
" $bddeE GbadSeEERE B6EEERSRSD

=) ngzl?fﬁ)ﬁs mp| N-INGaAs | g | n-InGaAs | g | n-InGaAs
n-InP n-1nP n-InP n-InP

Figure 6.3 Schematic of 1-full cycle of ALD process for La,O3 deposition
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6.2.2  Experimental Procedure

After initial surface treatment, the substrates were loaded to ALD chamber for La,O3
films synthesis, followed by in-situ metal deposition by RF sputtering. A TiN (45
nm)/W (5 nm) metal gate was used as the gate electrode. The samples were
post-metallization annealed in forming gas ambient (N2:H, = 97%:3%) for 5 mins.
Finally, Al was deposited on the back side of the InGaAs/InP substrate to form the back
contact. The gas feed times and exhaust times were investigated for optimal electrical
performance of the capacitors. The growth conditions and schematic of the MOS

capacitor structure are shown in Figure 6.4 (a) and (b) respectively.

(a) (b)

LaiPrcp), | H,0 Ar TIN
(45 nm)
Supply time (sec.) 5 5 10
Exhaust time (sec.) 20 50 30

S:1x1016

n-1nP

Figure 6.4 (a) Optimized and modified supply and exhaust time table for ALD-La,05

deposition, (b) Capacitor structure with ALD-La,0; as gate dielectric
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6.2.3  Experimental Results

The effect of substrate temperature during ALD cycles, on CET of the
TiN/W/La,03/InGaAs capacitors is shown in Figure 6.5. Controlling the substrate
temperature below 180 °C results in relatively similar values of CET, increasing the
growth temperature to 180 °C and over on the other hand, shows a sudden increase in
the CET. This could be due to changing the deposition mode to chemical vapor

deposition (CVD), which results in larger deposition thickness and subsequently a larger

CET value.

3.5
3.25
3.0
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Figure 6.5 CET vs PMA of TiN/W/ALD (75 cycle)-La,Os/InGaAs capacitors
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Establishing a deposition temperature window is necessary in order to prevent
excessive growth of the intended film. In ALD process, the reaction occurs on the
substrate surface and the reaction is self-limiting, therefore the synthesized film would
only depend on the number of cycles. In contrast in a CVD process, the reaction is
predominantly at the chamber and not specifically surface of the substrate, thus it is not
a self-limiting process.

Hysteresis for the CV characteristics of the capacitors, are compared as a function of
ALD growth temperatures for various PMA temperatures, in Figure 6.6. It is found that
lowest hysteresis values can be achieved for growth temperature of 140 and 150 °C. A
minimum hysteresis value of 5 mV is obtained for the capacitor with La,O3 ALD
growth temperature of 150 °C and PMA at 320 °C in FG. A higher growth temperature

however, causes a sharp increase in the hysteresis.
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Figure 6.6 Hysteresis dependence of TiN/W/ ALD-La,03(75 cycles)/InGaAs MOS capacitors at

100 kHz, on growth temperature as a function of PMA temperature

The increase in hysteresis has been attributed to formation of elemental As at the
interface of dielectric/InGaAs. Oxide species of As (AsOy) are the easiest to form, but
are also very unstable and disintegrate to more stable GaOx and elemental As, when
annealing the capacitors [6.5]. This is an important factor that should be noted for
chemical-based deposition of dielectric on InGaAs substrates. The growth temperature
should be kept in a range that formation of As oxide species is prevented or minimized.
The so called self-cleaning effect of TMA gas used for synthesizing Al,Og, is its ability

to reduce AsO, formed at the surface of InGaAs.
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Figure 6.7 shows the XPS spectra for (a) As 2 psp, (b) Ga2 pss,, and (¢)In 3ds,, for a
TiN (8 nm)/W (3 nm)/La;Os; (75 cycles, 150 °C)/InGaAs MOS capacitors at as
deposited and also after PMA 320 , 420 °C. Formation of all species of As and Ga
oxides is effectively suppressed from as-deposited condition to annealing temperature
up to 420 °C. Small amounts of In-O bonds on the other hand, are detected for PMA at
420 °C. Although InOy species are reported to be stable and do not degrade interface

quality, they might contribute to increase in gate leakage current at scaled gate stacks.

(a) (b) (c)
AS 2Dy, X, Ga 2p3/5x In 3ds; :x
: Sub Zn Sub ﬂ Sub
S l4200C S tazooc S tazoc |
S [3200C | 8 |3200C | S |3200C |
> [NoPmal > [NoPMA! > |NoPmal
s | ‘ 'S : 'S :
[ [ [
] ] i)
= k= =

1328 1324 1320 1121 1118 1115 448 446 444 442
Binding Energy (eV)

Figure 6.7 XPS spectra of (a) As 2 psj, (b) Ga2 pa,, and (¢)In 3ds,, of TIN/W/ ALD-La,Os(75

cycles)/InGaAs MOS capacitors
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The La,O3 deposition thickness at growth temperature of 150 °C, is calculated from

La 3ds/, peak intensity for 10 and 20 cycles of deposition (Figure 6.8). Same deposition

rate of ~0.85 nm/cycle is obtained regardless of the surface treatment method. The

effect of sulfur passivation on electrical characteristics of ALD-deposited is subject to

further research.
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La,O, thickness (nm)

ALD growth
- temp:150°C 0

&
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‘O HF+(NH,),S

0 10 20 30

ALD cycles

Figure 6.8 La,0O3 deposition rate for growth temperature of 150 °C with and without Sulfur

treatment

Conductance method was used to quantitatively evaluate the interface state density of

samples at various growth temperatures and the results are shown in Figure 6.9 and 6.10.

The increase in Dj value for higher annealing temperatures is the similar to EB

166



deposited samples. However a sharper increase for ALD case is observed. The smaller
D;; values for lower annealing temperatures could be due to the presence of residual
Carbon (C) atoms within the synthesized dielectric film which diffuses towards the
interface as the annealing temperature increases. Further physical analysis of the film is
necessary to accurately characterize the quality of film and its impurity level. Adjusting
the purge and exhaust time during deposition cycles, has been reported to be effective in
reducing the impurity levels within the dielectric layer [6.6], therefore further

optimization of experimental procedure is required.

E,+0.1eV (Eg=0.7eV)
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Figure 6.9 Growth temperature effect on D;; of TiN/W/ ALD-La,05(75 cycles)/InGaAs MOS

capacitors as a function of PMA temperature
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Figure 6.10 D, of TiN/W/ ALD-La,05(75 cycles)/InGaAs MOS capacitors as a function of

growth temperature at various PMA.

The CV characteristics of TiN (45 nm)/W (5 nm)/La,Os/InGaAs capacitors with ALD

synthesized La,Os film after PMA 320 °C is shown in Figure 6.11. ALD is performed

for 75 cycles and the substrate temperature is set to 150 °C during the deposition.
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Figure 6.11 CV characteristics of TiN/W/ ALD-La,05(75 cycles)/InGaAs MOS capacitor after

PMA in FG at 320 °C for 5 min.

A healthy CV is observed with very small frequency dispersion in all gate bias conditions.

Figure 6.12 compares the CV characteristics of ALD-La,0O; and EB- La,0O3 capacitors at 100

kHz. The capacitance value is normalized to C,. Identical CV characteristics for both ALD and

EB deposited capacitors indicate the formation of high quality of interface. A benchmark of

interface state density (Dy) as a function of CET between capacitors fabricated in this thesis

with other recently reported results is shown in Figure 6.13.
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Figure 6.12 Comparison between the normalized 100 kHz CV curves of ALD-deposited and
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Figure 6.13 Dy vs CET benchmark of capacitors in this work with recent published results
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6.2.4  Conclusions

TiN/W/La,03/InGaAs MOS capacitors were fabricated by atomic layer deposition of La203

film. It was shown that substrate temperature during film synthesis significantly affects the

electrical properties of the capacitors, in particular CV hysteresis. Hysteresis value as small as

5 mV can be achieved by keeping the substrate temperature below 150 °C. Formation of AsOx

species and their disintegration to elemental As during PMA could cause the increase in

hysteresis. The interface state density and leakage current of the EB and ALD deposited La,O3

films are comparable at lower PMA temperatures. Further process modification to inhibit the

impurities in the synthesized film, could improve thermal stability of the layer.
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6.3  Non-alloyed Ni Silicide/InGaAs Contact

6.3.1 Introduction

One of the challenges that need to be resolved in order to benefit from the InGaAs's
superior transport properties is fabricating a low resistance self-aligned source/drain
access regions suitable for CMOS logic. The access resistance includes the source/drain
(S/D) sheet resistance, the metal-semiconductor contact resistance and the metal sheet
resistance. High thermal budget that is required for dopant activation in ion implantation
method, is shown to be a limiting factor for this approach [6.7]. Furthermore, low
dopant solubility of compound semiconductors, makes high doping levels required for
scaled channel lengths difficult. Selective epitaxy of in-situ doped InGaAs S/D regions
has also been carried out by molecular beam epitaxy (MBE) and metal-organic vapor
phase epitaxy (MOVPE) [6.8], achieving a high carrier density in a self-aligned
gate-first scheme. These two approaches require the I11-V substrate to be etched down
until an etch-stop layer before regrowth. This is not compatible with a potential
extremely-thin I11-V-on-insulator (ET-111-V-Ol) integration scheme which is predicted

to be needed for the 11 nm node and beyond. A salicide-like (self-aligned silicide)
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process on InGaAs has been developed using an (Ni)-InGaAs alloy structure [6.9]. This
structure suffers from a high off-state drain current due to the absence of a channel-to-
S/D p-n junction.

Moreover, at ultra-scaled device sizes (beyond 11 nm) and 3D FinFET, Nanowire
structures, it is critical to achieve abrupt and shallow junctions at S/D region in order to
suppress the short channel effects. Achieving an abrupt junction, requires controlling the
intermixing (reaction) of metal and I11-V semiconductor at metal/Ill-V interface and
prevent alloy formation.

It has been shown that thick Ni films (> 30 nm) can mix with InGaAs even from the
deposition stage, and form Ni-InGaAs alloy (Figure 6.11). However, for scaled metal
S/D MOSFETs (Lg < ~50 nm) with suppressed short channel effects, sufficiently thin

layers (< ~10 nm) is required.

(alloy)
InGaAs INGaAs

Figure 6.11 Schematic showing the Ni-InGaAs alloy formation
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Several issues arise from simply thinning the deposited Ni-film on InGaAs. Figure
6.12 (a) [6.10] shows the cross-sectional TEM image of 4-nm Ni film on InGaAs
substrate after annealing at 200 °C. The high reactivity of Ni and InGaAs has resulted in
a 8-nm thick alloyed layer. Although at low annealing temperature it is possible to
achieve thin films, increasing the annealing temperature [Figure 6.12 (b)], severely

degrades both the interface and surface of Ni-InGaAs alloy.

Figure 6.12 Figure 6.12 Cross-sectional TEM image for Ni/InGaAs with low and high

temperature PMA. [6.10]

In this section, a novel Ni/Si stacked silicidation process is proposed to achieve thin

metal contact with InGaAs control the Schottky interface. It is shown that by using
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stacked NiSi,/InGaAs structure, an atomically flat and non-alloyed interface with stable
physical and electrical properties can be achieved in a wide range of process
temperature window. The proposed process has high potential for application in metal
S/D of scaled 3-dimensional devices. Furthermore, in this section the composition of
Ni-InGaAs alloy and the changes that Ni-InGaAs alloy goes through upon annealing,

has been analyzed by XPS analysis.

6.3.2 Experimental Procedure

The fabrication process for diodes is summarized in Figure 6.13. p- type
Ino53Gag47As (100) substrates epitaxially grown on InP substrate with doping
concentration of 2x10'" cm™, were cleaned by acetone/ethanol followed by surface
oxide removal by concentrated HF (20%). A 400 nm protective SiO, layer was
deposited by chemical vapor deposition (CVD) using Tetraethyl orthosilicate (TEOS)
gas. The SiO, layer was patterned and etched away by BHF to create diode contact
areas. Substrates were then transferred to an RF sputtering chamber and Ni and Si was
deposited. The remaining metal layers were removed by lift-off process. Samples were

then annealing in N and finally Al layer for back contact was deposited.
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p-1ny53Ga, 4,AS Substrate

Oxide removal by HF (20%0)
SiO, deposition by CVD

SiO, patterning and re-cleaning of substrate
Metal and Si deposition by RF sputtering
Lift-off

Anneal in N, for 1 min

Backside Al contact

Measurement

Figure 6.13 Fabrication process for metal/InGaAs junction

Two types of diodes were fabricated. For Ni/InGaAs contacts, a 10-nm Ni film was
deposited on InGaAs substrate (Figure 6.14 (a) ). The Ni/Si stacked structure was made
by depositing Ni: 0.5 nm and Si: 1.9 nm in cycles for a total of 16 cycles (Figure 6.14
(b) ). The thicknesses of Ni and Si films were optimized to target an atomic ratio Ni:Si

of 1:2.
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Figure 6.14 Schemactic of Ni/InGaAs and NiSi,/InGaAs contacts

6.3.3 Comparison of metal/InGaAs Interfaces

Cross-sectional TEM image of Si (1.9 nm)/ Ni (0.5 nm) stack structre (illustrated in
Figure 6.14 (b) ) on p-InGaAs after annealing in N; at 400 °C, is shown in Figure 6.15
(b) and (c). A uniform film with atomically flat interface and no observable defects in
substrate or metal side, is obtained. The size reduction of multi-layer film’s total
thickness after annealing to ~ 11 nm is indicative of a NiSi, composition, where no
consumption from the substrate has taken place. The possibility of alloy formation and
intermixing of substrate elements with the post-annealed Ni/Si multi-layer, was
examined Energy-dispersive X-ray spectroscopy (EDX) measurement of the deposited

layer was carried out. The EDX point, shown in Figure 6.15 (c) was chosen close to the
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interface. Only Ni and Si elements were detected as can be confirmed in Figure 6.15 (d),

thus no sign of substrate and deposited layer could be seen.

400 °C
X 8 sets

Si 1.9nm :r; AR
NI 0.5nm (S

i A b e e R O
: el ..’.(4.,.‘)'::-;]‘."\;0’:!’:- [‘:\.nr\'-\-'\l,'-ﬂ‘
RSN (4';‘;":."1“\ y o e A LE I SN

A

EDX point

NiSi, (10nm) / In, 55Gag 4,AS N,, 1 min
o :

(© |Si Ni
NI 400 °C

Figure 6.15 (a), and (b) Cross-sectional TEM image of Ni/Si stacked structure on InGaAs after
RTA in 400 °C, (c) EDX analysis of near interface layer

178



The effect of annealing temperature on the composition of stacked Ni/Si multi-stack
structure and Ni layer on InGaAs substrate was analyzed in detail by Hard X-ray
photoelectron spectroscopy (XPS) measurements. The measurements were carried out at
SPring-8 with BL46XU using an x-ray light source of 7940 eV at a take-off angle of 80°.
(Figure 6.16 (a)). An R-4000 high-resolution electron energy analyzer modified for
HX-PES was used.

Ni 2ps;, core-level spectra obtained from Ni/Si multi-stack structure corresponding
the to the TEM image in Figure 6.16 (b) shows a 1.5 eV shift to the higher energy level

as a result of annealing.

X-ray Ni 2P,
TOA= 80°

1.5eV

Ni
(as-depo)

NiSi,
(400 °C)

Intensity (a.u.)

p-InP sub

859 857 855 853 851 849

Binding energy (eV)

Figure 6.16 Ni2ps, XPS spectra of NiSi,/InGaAs for before and after PMA at 400 oC.
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It has been reported that this amount of shift indicates the formation of NiSi, where Ni
2ps;; peak appears at more than 1 eV higher energy position. Therefore, the stacked
Ni/Si structure is referred to as NiSi, stack in the remaining of this thesis.

Although many papers on Ni-InGaAs alloy have been published, the exact
composition of the alloy and the annealing temperature effect on its structure is not well
studied yet. In this section, comprehensive XPS anlysis are conducted to clarify the
physical nature of Ni and InGaAs reaction. As 2ps», Ga 2ps, and In 3dsy,, core-level
spectra obtained from Ni (10 nm)/Ings3Gag47As sample at various annealing
temperatures are shown in Figure 6.17. The annealing temperature is varied from
as-deposited (no thermal treatment) to 500 °C. Two distinctive peaks can be separated
for all three elements from InGaAs at all of the annealing conditions. One is originating
from the substrate, and the other arising from the Ni-InGaAs alloy. As the annealing
temperature is increase, the alloyed layer increases in thickness since more of the
substrate is consumed by Ni. This corresponds to the weakening of the signals from the
substrate and a subsequent intensification of the signals from the alloy. Examining the
Ga 2pgy; state, shows the formation of the most stable oxidation state of Ga, Ga,O3. The
intensity of Ga,O3 peak increases at higher annealing temperatures pointing to a larger

concentration of the oxide at the surface of the alloyed layer.
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Figure 6.17 HAXPS spectra for As 2ps,, Ga 2ps,, and In3ds, of Ni/InGaAs at different PMA
temperatures in N, for 1 min.
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The intensity ratio of the three In, Ga and As elements from the substrate, measured
from normalized XPS peaks, at annealing temperature from 300 ,400 and 500 °C
compared to the as-deposited condition are shown in Figure 6.18. A uniform decrease in
the peak intensities for all elements is observed at elevated annealing temperatures,

which is in agreement the thickening of Ni-InGaAs alloy layer.
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Figure 6.18 Relation between substrate elements peak intensity and PMA temperature

Figure 6.19 shows the As 2ps,, Ga 2ps, and In 3dsy, peaks for NiSi, (11 nm)/InGaAs
sample at 400, 500 and 600 °C. It is clear that the alloy and oxide species, observed in

Ni/InGaAs interface, are not detectable in NiSi,/InGaAs structure. This is in agreement
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with TEM and EDX results. The XPS spectra remain unchanged for annealing

temperature up to 600 °C.

NiSi, (10nm) / In, s3Ga, 47AS

Ga'2p'3,2
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Figure 6.19 HAXPS spectra of NiSi,/InGaAs at different PMA temperatures in N, for 1 min.
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To confirm the elemental balance of the Ings3Gag 47As at NiSi,/InGaAs interface, the
peak intensity of the three In, Ga and As elements in relation to one another at 400, 500
and 600 °C is evaluated and shown in Figure 6.20. The ratio of elements remains almost
constant regardless of the annealing temperature, implying a high thermal stability for

NiSi»/InGaAs stack.

NiSi, (10nm) / In, 5,Ga, ,7AS
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g 2 : A500°C
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O [ | | |
As:Ga As:In Ga:ln

Figure 6.20 Relation between substrate elements peak intensity and PMA temperature

The electrical properties of both Ni/InGaAs and NiSi,/InGaAs diode structures were

compared by measuring the Current density-Voltage (JV) characteristics of the samples.
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Figure 6.21 shows the JV characteristics for both diodes at 400 °C. Although
well-behaved Schottky characteristicsis can be obtained in both cases the ON/OFF ratio

for NiSi; stack is two oders of magnitude larger.

400 °C N,, 1 min

10*4
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10+2 NiSI,
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-1 -0.5 0 0.5 1
Gate Voltage (V)

Figure 6.21 JV characteristics for Ni (10 nm)/InGaAs and NiSi,/InGaAs.

The comparison between the JV characteristics for Ni and NiSi, diodes at a PMA
windown of 400 ~ 600°C is shown in Figure 6.22. A consistent 10° ON/Off ratio is
achieved for NiSi, diode, whereas a significant increase in the reverse current fo Ni
diode is observed by increasing the PMA temperature. This indicates a range of

potential difficutlties Ni contacts could face for gate last process where several thermal
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treatments are necessary.

-1 -0.5 0 0.5 1
Gate Voltage (V)

Figure 6.22 JV characteristics for Ni (10 nm)/InGaAs and NiSi,/InGaAs at various PMA.

The reports on the value of Richardson constant for InGaAs are scarce and not well

agreed upon, therefore for accurate assessment of Schottky Barrier Height (SBH) of

NiSi/InGaAs, multi-temperature JV measurements were carried out. The results are

shown in Figure 6.23.

186



NiSi, (10nm) / In, -,Ga, ,7AS

104 283K 400 O_C
N,, 1 min
[ 50 pm X 50 pm

10_5 L L L L L

-01 01 03 05 07 09
Gate Woltage (V)

Figure 6.23 Temperature dependent JV characteristics for NiSi,/InGaAs.
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Figure 6.24 Hole barrier height and ideality factor (n) for NiSi,/InGaAs junction at various

annealing temperatures.
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The barrier height for holes and the ideality factor of NiSi,/InGaAs diodes extracted
from JV characteristics, are summarized in Figure 6.24. The barrier height for holes is
close to the reported values for Ni/InGaAs interface which point to the pinning of Fermi
level at the interface of metal/InGaAs. More experiments are necessary to enable

modulation of barrier height through silicidation process.

Figure 6.25 AFM images for NiSi, surface on InGaAs after PMA.
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By using physical analysis, it was shown that a thermally stable NiSiy/InGaAs
interface can be achieved by Ni/Si stacked structre. However, it is also important for the
metal contact to have a smooth surface to reduce parasitic resistance in device structre.
Atomic Force Microscopy (AFM) measurements of NiSi, surface, deposited on InGaAs
show a smooth surface with roughness of ~1 nm in annealing temperatures of up to 500

°C (Figure 6.25 and 6.26).
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Figure 6.26 RMS values for NiSi, surface on InGaAs after PMA.
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6.3.4 Conclusions

Thermally stable NiSi2/InGaAs contacts were fabricated by a multi-layer stack
structure. The NiSiy/InGaAs junctions exhibit near ideal Schottky characteristics with
ideality factor (n) of 1.1 for annealing temperatures as high as 600 °C. In contrast to
Ni/InGaAs contacts, both the surface of NiSi, and its interface with InGaAs, show

high thermal tolerance and remain flat.

6.4 References

[6.1] M. Bohr, “The Evolution of Scaling from the Homogeneous Era to the Heterogeneous Era,”

IEDM Tech. Dig., pp. 1-4, 2011

[6.2] D. Hisamoto, Wen-Chin Lee, J. Kedzierski, H. Takeuchi, K. Asano, C. Kuo, E. Anderson,
Tsu-Jae, J. Bokor, and H. Chenming, “FET—A Self-Aligned Double-Gate MOSFET
Scalable to 20 nm,” IEEE Trans. Electron Devices, vol. 47, no. 12, pp.2320-2325, 2000

[6.3] M. Radosavljevic, G. Dewey, J. M. Fastenau, J. Kavalieros, R. Kotlyar, B. Chu-Kung, W.
K. Liu, D. Lubyshev, M. Metz, K. Millard, N. Mukherjee, L. Pan, R. Pillarisetty, W. Rachmady,
U. Shah, and Robert Chau, “Non-Planar, Multi-Gate InGaAs Quantum Well Field Effect
Transistors with High-K Gate Dielectric and Ultra-Scaled Gate-to-Drain/Gate-to-Source

Separation for Low Power Logic Applications,” IEDM Tech. Dig., pp. 126-130, 2010

[6.4] S. M. George, “Atomic Layer Deposition: An Overview” Chem. Rev. vol. 110, pp. 111-131,

190



2009

[6.5] C. D. Thurmond, G. P. Schwartz, G. W. Kammlott, and B. Schwartz, “GaAs Oxidation and
the Ga-As-O Equilibrium Phase Diagram” ECS. Lett. vol. 127, no. 6, pp. 1366-1371, 1979.

[6.6] S. D. Elliott, “Improving ALD growth rate via ligand basicity: Quantum chemical
calculations on lanthanum precursors” Surface & Coatings Technology vol. 201, pp. 9076-9081,
2007

[6.7] E. Hailemariam, S. J. Pearton, W. S. Hobson, H. S. Luftman, and A. P. Perley, “Doping of
In0.53Ga0.47As and In0.52Al0.48As by Si+ and Be+ ion implantation”, J. Appl. Phys., vol. 71,
pp. 215-220, 1992.

[6.8] H. Chin, X. Gong, X. Liu, and Y. Yeo, “Lattice-mismatched In- 0.4Ga0.6As Source/Drain
stressors with in situ doping for strained Ings3Gag47As channel n-MOSFETs”, IEEE Electron

Device Lett., vol. 30, no. 8, pp. 805-807, 2009

[6.9] X. Zhang et al., “Ing;Gay3As channel n-MOSFET with self-aligned Ni—InGaAs source and
drain”, Electrochem. Solid-State Lett., vol. 14, no.2, pp. H60-H62, 2010.

[6.10] T. Irisawa, M. Oda, and T. Tezuka., “Formation of Ultra-thin and Uniform Ni-InGaAs
Alloyed Contact for Scaled Metal S/D InGaAs MOSFETs”, Ext. Abs. of the 2011 International
Conference on Solid State Devices and Materials, pp. 947-948, 2011.

[6.11] S. Takagi, R. Zhang, S.-H Kim, N. Taoka, M. Yokoyama, J.-K. Suh, R. Suzuki and M.
Takenaka, “MOS interface and channel engineering for high-mobility Ge/lll-V CMOS”, IEDM,
p. 505, 2012.

[6.12] J. Huang, N. Goel, H. Zhao, C. Y. Kang, K.S. Min, G. Bersuker, S. Oktyabrsky, C.K.
Gaspe, M.B. Santos, P. Majhi, P. D. Kirsch, H.-H. Tsengd, J.C. Lee, and R. Jammy., “InGaAs

MOSFET Performance and Reliability Improvement by Simultaneous Reduction of Oxide and

191



Interface Charge in ALD (La)AIO,/ZrO, Gate Stack”, IEDM, p. 335, 20009.
[6.13] V. Chobpattana, J. Son, J. J. M. Law, R. Engel-Herbert, C.-Y. Huang, and S. Stemmer,

“Nitrogen-passivated dielectric/InGaAs interfaces with sub-nm equivalent oxide thickness and

low interface trap densities”, Appl. Phys. Lett., vol. 102, pp. 022907, 2013.

192



7.1

7.2

7.3

7.4

7.5

Chapter 7

InGaAs-based MOSFETs with
La,O3 as gate dielectric

Introduction
Experimental Procedure
Experimental Results
Conclusions

References

193



Chapter 7 InGaAs-based MOSFETs with La,O; as gate

dielectric

7.1 Introduction

Integration of high-mobility channels such as InGaAs is envisaged for beyond 14-nm
node devices. Majority of device demonstrations, overwhelmingly use Al,O3 as gate
dielectric, which benefits from good interface properties [7.1]. Consequently scaling of
InGaAs-based gate stacks has been limited due to low k-value (~9) of Al,Os. This is in
contrast to the requirements for high Cox values in quasi-ballistic regime of 10-nm node
and beyond, which is necessary to minimize the effect of high semiconductor
capacitance in InGaAs-based devices [7.2]. In previous chapters, La,Os/InGaAs
interface properties were described and various methods including metal selection and
ALD process for improving the interface quality were proposed. In this section, the
InGaAs MOSFET operation with ALD-La,0O3 gate stack and Ni as metal source/drain

has been demonstrated.
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7.2  Experimental Procedure

The fabrication process for InGaAs-based transistors is summarized in Figure 7.1. p-
type Inos3Gag47As (100) substrates epitaxially grown on InP substrate with doping
concentration of 2x10'" cm™, were cleaned by acetone/ethanol followed by surface
oxide removal by concentrated HF (20%). A 400 nm protective SiO, layer was
deposited by chemical vapor deposition (CVD) using Tetraethyl orthosilicate (TEOS)
gas. The SiO, layer was patterned and etched away by BHF to create diode contact
areas. Substrates were then transferred to an RF sputtering chamber for Ni depositioin.
After the 10 nm of Ni deposition samples were annealed in N, at 250 °C to form
Ni-InGaAs alloy at the contact areas. The samples were then subjected to BHF and HF
10% to remove metal and SiO, simultaneously from non-contact regions in a lift-off
process and thus form the Source/Drain contact regions. A second SiO, layer with
TEOS was subsequently deposited and patterned to create field isolation. Channel
area was cleaned and passivated by (NH,).S as described in previous sections. The
substrates were the loaded to ALD chamber for La,Oj3 films synthesis at 150°C for 75
cycles, followed by in-situ metal deposition by RF sputtering. A TiN (45 nm)/W (5 nm)

metal gate was used as the gate electrode. The samples were post-metallization annealed
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in forming gas ambient (N2:H, = 97%:3%) for 5 mins. After Source/Drain contact
formation, Al was deposited on the back side of the InGaAs/InP substrate to form the

back contact.

p-InGaAs substrate cleaning (Acetone, Ethanol, HF 20%)

SiO, deposition (100 nm by TEOS)

(Channel region protection) Ni-allo Ni-allo

p-InGaAs (Zn: 1x10%7)

Ni deposition (10 nm by Sputtering)

Low temperate anneal (250 °C, N,, 1min)
SiO, removal (SD formation)

SD field SiO, deposition (400 nm by TEOS)
Channel cleaning ( HCI 10%, (NH,),S )
ALD-La,0, deposition (150°C, 75 cycles)

Gate electrode deposition TiN/W (by sputtering) /W
Gate patterning, SD contact, Al pad deposition

FG anneal for 5 min

Back contact Al deposition

p-InGaAs (Zn: 1x10Ycmss

Measurements

Al

Figure 7.1 Process flow for InGaAs-MOSFET fabrication.
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7.3  Experimental Results

Figure 7.2 shows drain current- drain voltage (l4-Vq) characteristics of TiN(45 nm)/W
(5 nm)/ALD-La,0;3 (75 cycles at 150 °C)/p-InGaAs after PMA 320 °C. Well-bahved
MOSFET operation is confirmed albeit the apparent high contact resistance at

source/drain.
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Figure 7.2 Ip-Vp characteristics of TiN(45 nm)/W (5 nm)/ALD-La,0;3 (75 cycles at

150°C)/p-InGaAs after PMA 320°C.

l4-Vg chracteristics of the same MOSFET at a linear and saturation drain voltage (V) of

50 mV and 1V are shown in Figure. 7.3. A substhreshold slope (SS) of ~ 139 mV/dec is
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exctracted which is roughly similar to the reported values for Al,O; gate stacks on

planar InGaAs MOSFETSs [7.3], indicating a high quality of high-k/InGaAs interface.
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<
— 1E-05
£ ‘:.
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Figure 7.3 14-V, characteristics of TiN(45 nm)/W (5 nm)/ALD-La,O; (75 cycles at

150°C)/p-InGaAs after PMA 320°C.

Effective mobility (Mesr) was calculated by split CV method using the capacitance
response at 100 kHz and is shown in Figure 7.5. The gate to channel CV characteristics
of MOSFET in 100 kHz is shown in Figure 7.4. The CET= 1.1 nm is extracted by fitting

the curve to the ideal CV as described in chapter 3.
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Figure 7.4 100 kHz split C-V characteristics of Ni-SD InGaAs MOSFET with ALD-La,0s.
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Figure 7.5 Mobility characteristic of InGaAs MOSFET with ALD-La,0s;.

Figure 7.6 shows the high field mobility mobility vs. CET plot for various
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high-k/InGaAs planar n-MOSFETSs.
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Figure 7.6 High field mobility vs. CET plot for various planar n-MOSFETSs high-k/InGaAs.

Although a higher effective mobility can be obtained for Al,O3/InGaAs, there is a
severe CET penalty. At smaller CET where the effective thickness reaches ~1.0 nm
region, La,O3 layer with no complicated passivation technique, achieves high electron
mobility comparable to HfO,/InGaAs at Ns= 9x10™2(cm™).

In table 7.1, list of recent results on various gate stack and junction technologies used
on InGaAs platform, as well as the results from this thesis is summarized. The
scalability, low Dy, and thermal stability of La,Os/InGaAs interface, combined with

robust NiSio/InGaAs junction indicate a great potential for their application in future
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device technology nodes.

Table 7.1 Comparison of gate stack and SD properties in this thesis with recent reported results

Gate stack junction
Gate CET Process Interf
. . | D (eVicm? Structure nterface
Reference dielectric | Dt ¢ ) Process temp. UL Temp. | condition
al.,, 2012 IEDM  [HfO,/Al, O, 2.0x1012 1 400°C Formation
[7.71X.Gong et |HfO,/SiO, | | g 1z | 1:26nm (EOT) | Implant | 700°C ]
al., 2012 VLSl  |and Si Cap ' / 400°C [2] [2]
[7.8] N. Goel et 1 0.78nm Implant 0 -
al., 2008 IEDM Zr0, 2.0x10 /- p 700°C
: . 0.73nm i Small reaction
This thesis La,0, 8.0x10%! | 5700C NiSi, | 600°C (R,=0.47nm)
7.4  Conclusions

InGaAs MOSFET operation with ALD-La,O3 as high-k gate dielectric with CET= 1.1

nm and Ni as metal source/drain has been demonstrated. Well behaved MOSFET

transfercharacteristics were achieved although the high contact

resistance at

source/drain regions contribute to smaller lon/los ratio of drain current. Reducing the

contact resistance and using material such as NiSi, (discussed in chapter 6) which has

10? higher on/off ratio could improve the SS and subthreshold characteristics of the

transistor. The effective mobility at high surface carrier concentration was found to be
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equal or surpassing the best reported results with HfO, as gate dielectric. However,

further research on process conditioning to improve the low field mobility with ALD

dielectric by optimizing deposition conditions is required.

7.5 References

[7.1] J. J. Gu, X. W. Wang, J. Shao, A. T. Neal, M. J. Manfra, R. G. Gordon, and P. D. Ye “III-V
Gate-all-around Nanowire MOSFET Process Technology: From 3D to 4D” IEDM, 529 , 2012.

[7.2] M. Fischetti, T. P. O’Regan, S. Narayanan, C. Sachs, S. Jin, J. Kim, and Y. Zhang
“Theoretical Study of Some Physical Aspects of Electronic Transport in NMOSFETs at the
10-nm Gate-Length” Trans. Electcon. Devices, 54, 2116, 2007.

[7.3] M. Oda, T. Irisawa, Y. Kamimura, O. Ichikawa, and T. Tezuka “Effects of interfacial layer
between high-k gate dielectric and InGaAs surface on its invesion layer electron mobility” Ext.

Abs. of Solid State Dev.and Materials, pp. 797, 2012.

[7.4] M. El Kazzi, L. Czornomaz, C. Rossel, C. Gerl, D. Caimi, H. Siegwart, J. Fompeyrine, and
C. Marchiori “Thermally stable, sub-nanometer equivalent oxide thickness gate stack for
gate-first Ing 53Gag 47As metal-oxide-semiconductor field-effect-transistors” Appl. Phys. Lett, 100,
063505, 2012.

[7.5] Y.-T. Chen, Y. Wang, F. Xue, F. Zhou, and J. C. Lee “Physical and Electrical Analysis of
Post-HfO, Fluorine Plasma Treatment for the Improvement of IngssGagssAs MOSFETS’

Performance” Trans. Electcon. Devices, 59,139, 2012.

[7.6] S. Takagi, R. Zhang, S.-H Kim, N. Taoka, M. Yokoyama, J.-K. Suh, R. Suzuki and M.

202



Takenaka, “MOS interface and channel engineering for high-mobility Ge/lll-V CMOS”, IEDM,
p. 505, 2012.

[7.7] X. Gong, S. Su, B. Liu, L. Wang, W. Wang, Y. Yang, E. Kong, B. Cheng, G. Han, and Y.-C.
Yeo, “Towards High Performance Ge;,Sny and Ing;GagsAs CMOS: A Novel Common Gate
Stack featuring Sub-400 °C Si,H¢ Passivation, Single TaN Metal Gate, and Sub-1.3 nm
EOT”,VLSI symp., 99, 2012.

[7.8] N. Goel, D. Heh, S. Koveshnikov, 1. Ok, S. Oktyabrsky, V. Tokranov, R. Kambhampati, M.
Yakimov, Y. Sun, P. Pianetta, C.K. Gaspe, M.B. Santos, J. Lee, S. Datta, P. Majhi,, and W. Tsai,
“Addressing The Gate Stack Challenge For High Mobility In,Ga; ,As Channels For NFETs”
IEDM Tech. Dig. 363, 2008.

203



Chapter 8 Conclusions

8.1 Conclusions of This Study

In this thesis, various problems related to the high-k/InGaAs interface engineering
described in chapter 2, are experimentally investigated and effective solutions to those
problems are proposed. .

In Chapter 8, the results and summary of the studies in this thesis is and their

importance on improving high-k/InGaAs interface is described.

a) Gate Stack Engineering for InGaAs-based MOS Capacitors with La,O; Gate

Dielectric (Chapter 4)

In chapter 4, the interface issues of HfO,/InGaAs were investigated. An experimental

solution to suppress and compensate for the defects created at the interface was

proposed. In depth electrical characterizations were carried out to identify the carrier

trapping mechanisms of these defects and their effect on electrical characteristics of

HfO,-based InGaAs MOS capacitors. The main findings of this chapter are summarized

below.
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(1) Thermal treatment of HfO,/InGaAs gate stacks result in the formation of void-like

defects at InGaAs substrate. These voids which have lighter density than the substrate

are caused by out-diffusion of substrate elements, especially In, into the dielectric.

(2) Increasing substrate temperature during initial HfO, layer deposition, reduces the

void formation at the interface by supplying In, Ga, As elements from the bulk of the

substrate. The reduction of defects, lead to improved CV characteristics with less

frequency dispersion and lower interface state density.

(3) Multi-temperature admittance measurements revealed that void-like defects at

HfO,/InGaAs interface, act as depletion centers that cause parasitic capacitance in

accumulation condition contributing to frequency dispersion in accumulation condition.

The energy level of these defects within InGaAs band gap, correspond to the energy

level created by missing In atoms.

(4) An amorphous high-k dielectric or interfacial layer is required, to effectively

prevent the void formation at the bulk of InGaAs.
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b) Gate Stack Engineering for InGaAs-based MOS Capacitors with HfO, Gate

Dielectric (Chapter 5)

In chapter 5, La,O3 as gate dielectric for InGaAs was experimentally investigated.

The fundamental properties of La,Os/InGaAs were manipulated and controlled to

achieve high quality and ultra-thin La,O3/InGaAs gate stacks with very low density of

interface states. The main findings of this work are summarized below.

(1) It was found that an amorphous interfacial layer (IL) is formed at La,Os/InGaAs

interface. This IL is created due to reactive intermixing of In and Ga from the substrate

with La,O3 and creating a structure in the form of LalnGaOy. The thickness and

composition of this IL, however, needs to be carefully controlled to prevent excessive

increase of interface state density and capacitance equivalent thickness (CET). Three

approaches were investigated to address this issue. (a) Application of a mono-layer Si

passivation method, (b) applying La-silicate structure at La,Os/InGaAs interface, and

(c) controlling the formation of IL through gate metal selection

(2) A mono-layer Si passivation method by using vapor hexamethyldisilazane
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(HMDS) was found to be effective for reducing interface state density W/La,O3/InGaAs
MOS capacitors and improving its overall electrical characteristics by preventing As

oxide species.

(3) InGaAs-based MOS capacitors with lowest reported CET (0.65 nm) and small
interface state density (~10** eV*cm™) were fabricated by using La-silicate as gate
dielectric. A thin Nitridated Si layer (1.0 nm) was deposited at La,O3/InGaAs interface
in order to form La-silicate structure. High k-value of ~19, which is much higher than
conventionally used Al,O3 k-value ~9, was obtained through careful process control.
The high quality amorphous nature of La-silicate layer, drastically improved the thermal
stability of gate stack up to 620°C. La-silicate application in gate-last processes where

annealing temperature around 600°C for SD activation is required can be expected.

(4) Formation of LalnGaOy IL at La,O3/InGaAs interface is triggered by diffusion of
oxygen through the gate metal electrode. It was found that composition and thickness of
LalnGaOy can be improved by reducing W gate electrode thickness and capping it with
TiN. Record low mid gap interface state density (~8x10™ eV'em™) with excellent

thermal stability was achieved for TiN/W/La,O3/InGaAs MOS capacitors.
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c) Technologies for 3D structure InGaAs-based devices (Chapter 6)

In chapter 6, atomic layer deposition (ALD) method with (La('PrCp); and H,0) for
La,Os film synthesis, as well as a non-alloyed NiSi,/InGaAs contacts were investigated.
These technologies are expected to be necessary for transition of InGaAs from bulk to
other device structures in short gate lengths. The main findings of this work are

summarized below.

(1) It was shown that near ideal CV characteristics with low density of interface state
(~9x10™ eV*ecm™) can be obtained for TiN/W/ALD-La;03/InGaAs MOS capacitors. It
was found that controlling the substrate temperature (~150°C) during La,Os synthesis

was essential for prevention of substrate oxidization during deposition.

(2) A multi stack structure composed of Ni and Si layers was proposed to form NiSi,
on InGaAs substrate at a relatively low temperature (400°C). It was found that
NiSi,/InGaAs contact is not alloyed even at annealing temperature as high as 600°C
which is in contrast to widely used Ni/InGaAs contact. XPS, TEM and AFM analysis

showed that NiSi, film morphology remains constant up to 600°C. The diode electrical
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characteristics of NiSi,/InGaAs showed roughly 10 times higher (10°) on/off ratio than
Ni/InGaAs. This type of non-alloyed contact can be applied to SD regions in short

channel 3D structures where SD interaction with channel region needs to be minimized.

d) InGaAs-based MOSFETs with La,03 as gate dielectric (Chapter 7)

In chapter 7, InGaAs MOSFET operation with Ni as metal SD and La,O3 as gate
dielectric was demonstrated. Effective electron mobility at high surface carrier
concentration region (Ns: 9x10* cm™) was comparable to reported HfO,-based InGaAs

MOSFETs at CET ~ 1.0 nm.
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8.2 Prospects for Further Study

Based on the results of this study, further research topics for InGaAs high-k/metal
gate stacks with La,Oj3 as gate dielectric is proposed.

Sulfur passivation is used as a common substrate cleaning step for InGaAs substrate
before high-k deposition. This approach is applied throughout this study as well.
Although the process condition for sulfur passivation is optimized in this study, a clear
mechanism of Sulfur atoms in regard to the reactive interfacial layer of LalnGaOy after
thermal treatment of La,O3/InGaAs is unclear. Taking advantage of chemically activated
ALD process together with the formation of LalnGaOy interfacial layer, might
altogether render the use of sulfur passivation for InGaAs high-k/metal gate stacks with
La,O3 as gate dielectric completely unnecessary. This in turn would have great
implications on industrial point of view for InGaAs-based devices.

Given the superior interface quality of La,Os/InGaAs interface, it is possible to
achieve MOSFET operation with better results than those of reported for Al,O3-based
InGaAs MOSFETs. Low subthreshold value (~60mV) is necessary to utilize low
power/high performance benefits of InGaAs-based devices. Further process

optimization of ALD-deposited La,O3 is necessary to improve subthreshold value and
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achieve high mobility in gate stack with smaller equivalent oxide thickness

In conclusion, the reactive interfacial layer at high-k/InGaAs interface and

non-alloyed metal/InGaAs concepts proposed in this thesis, could provide useful

guidelines for high-quality high-k/metal gate systems on InGaAs platform leading to

high-performance and low-power MOSFETs. The dielectrics used in this thesis and

extracted MOS characteristics are summarized in the following table.

*Interface State | **Capacitance

' : ***Thermal
Density (D;; ) Equivalent Stability
cm-2eV-1 Thickness (°C)
(E-Ei=0.1eV) (nm)
“EB-HfO, 1x 108~ ~15 ~ 400
)
Enhanced EB- 5% 1012~ ~1.0 ~ 470
HfO,
La-silicate 2x10%~ ~0.73 ~ 620
EB-La,0, 7x 101~ ~0.78 ~ 620
®ALD-La,0, 9x 1011~ ~1.2 ~ 470
(1) Electron beam deposition * Lowest interface at smaller CET
(2) Deposited at 300 °C ** Extracted from 100 kHz CV curve at leakage current < 0.1Acm-?
(3) Atomic Layer Deposition *** Maximum post metallization annealing temperature for

leakage current <0.1Acm2
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