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Conventionalpseudomorphic High Electron Mobility Transistor (b HEMTS)
with latticematched InGaAs/InAlAs/InP structures exhibit high mobility and
saturation velocity, and are hence attractive for the fabrication eétéwminal low
noise and high frequency devices, which operate at room temperature. The major
drawbacks of conventional pHEMT devices are the very low breakdown voltage (<
2 V) and the very high gate leakage current (~ 1 mA/mm), which degrade device,
performance especially in MMIC LNAs. These drawbacks are caused by the impact
ionization in the low band gap, i.e. thex®g1xAs (x = 0.53 or 0.7) channel
material plus the contribution of other parts of the epitaxial structure.

The capability to achieveigher frequency operation is also hindered in
conventional l nGaAs/ I nAl As/ I nP pHEMTS, du
length technology used. A key challenge in solving these issues is the optimization
of the InGaAs/InAlAs epilayer structure through bgad engineering, without
affecting the device RF characteristics. A related challenge is the fabrication of sub
micron gate length devices usindife optical lithography, which is more cest
effective, compared to the use eBeam lithography.

The maingoal for this research involves a radical departure from the
conventional InGaAs/InAlAs/InP  pHEMT structures by designing new and
advanced epilayer structures, which significantly improves the performance of
conventional lownoise pHEMT devices, and at tlsame time preserves the RF
characteristics. To achieve this, modified epilayer structures were fabricated and
characterized, including solving the stanc
and RF results are then carefully analysed, and compared thode of the
conventional pHEMT. Optimization of the submicrorgate length process is then
performed, by introducing a new technique to further sdailen the bottom gate
opening. A new material, SoG, is also explored to simplify the submicron process
flow even further.

The results of this work show outstanding performance compared to the
conventional pHEMT. The breakdown voltage and gate current leakage are )
significantly i mproved, by O 70 % and O ¢
effect on the RF characteristics, tehthe new technique of the submicron process
shows a 58 % increase if) &nd 33 % increase imdx

The SoG material shows suitability for use in a-seflow process, but due
to some constraints, its development is left as future work; howeveresgnprit
could be used for passivation and production of capacitor dielectrics.

The success of the modification and optimisation of the InGaAs/InAlAs
material system, coupled with the gate length reduction intesob r e gi me enabl
high breakdown and ultfaigh speed low noise devices to be fabricated, especially
for low-noise amplifers (LNAs) and lownoise receivers operating in the
microwave and millimetre wave regime.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

Modern consumer electronics generallgeuSilicon (Si) MOSFET technology.
However, as the drive to fulfil Moor eds
architectures are being proposethe High Electron Mobility Transistor (HEMT)

being a case in point. The device has already been mappedheninternational
Technology Roadmap for Semiconductor (ITRS), and will cater for more advanced
communications and ultfaigh speed, ultrdow noise electronics applications. The

HEMT - also known as the heterostructure FET (HFETgtegrates a junction

between two materials with different band gaps (a heterojunction) as the path for
high electrons mobilities; this is different from MOSFET, which uses a doped

region for the movement of electrons.

The formation of the channel in MOSFET particularly RMOSFETs where the
electrons are the charge carrietsan be explained by referring to Figure 1.1. When
the bias at the gate has a positive potential with reference totihe Bubstrate

i.e. a positive voltage is applied at the gate depletion regin near to the gate
oxide surface will be created, because the majority of the holes will be repelled by
the positive charges at the gate terminal, while some minority electrons will be
attracted to the surface; however, the gate potential it is stillaaofor the
accumulation of electrons to cause current conduction. When the positive gate
voltage is increased, it will form a dense inversion layer of electrons under the gate
oxide surface; when this gate voltage reaches the threshold voltage thé

electronrich inversion layer will form a conduction channel; therefore this channel

29



formation will conduct current between the MOSFET source and drain terminals.
This behaviour is different from that of a High Electron Mobility Transistor

(HEMT), which wil be explained in detail in Chapter 2.

Gate

Source ? Drain

Gate Oxide

Depletion layer

P-type Substrate

2

Body

Figure 1.1 N-type Metal Oxide Semiconductor Field Effect Transistor
(nMOSFET) [1]

HEMTs behave like FETs, except that they comprise materials which keep the
electrons and holes less firmly bound, so that these carriers of electric current have
greater mobility. This is due to the fact
a pdential well, and therefore these charge carriers are physically separated from

their parent donor or acceptor atoms and thus will suffer less scattering leading to a
higher mobility. If an undoped spacer layer is introduced, as is the case in all the
devices studied in this work, then the physical separation of fee electrons and their

donor atoms is even greater improving the mobility even further.
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Due to this Ahigh electron mobilityo, HE N
FETs, therefore HEMTs offer ¢iher performance when amplifying microwave

signals.

Another variant, the pseudomorphic HEMT (pHEMT) is the fastest type of

transistor, and is ideal for microwave and millimetrave applications. The device

is made from compound materials which are ntitcematched. The structure of

the pHEMT is different from HEMT, in that one of the material layers is so thin that

the crystal | attice stretches fApseudomorpt
material. This structure allows the pHEMT to havedyeperformance with larger

bandgap differences than would otherwise be possible.

The pHEMT uses higmobility materials for the channel; many new materials have

been explored since early 200006s,-Vbut the
compound emiconductorg?2]. For this research, the materials used are Indium

Gallium Arsenide (InGaAsand Indium Aluminium Arsenide (InAIAs). InGaAs is a
semiconductor material composed of Indium, Gallium and Arsenic, while InAIAs is

a semiconductor material composed of Indium, Aluminium and Arseniéldn

»As has almost the same lattice constant a&dmnxAs for x~0.52, but a larger

bandgap. This material system has already become important for fabricating
Monolithic Microwave Integrated Circuit (MMIC) devices including very loaise

amplifiers and receivers, mainly due to its outstanding combimatib high

frequency operation and low noise.

1.2 RESEARCH BACKGROUND

As the drive towards ever smaller and faster devices intensifies, a great deal of
progress has been made in the research ofsiioon materials to substitute for

silicon in the transistr channel. Among the materials studied arg &glow band
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gap ll-V compound semiconductofd-7], carbon nanotubd8] and grapheng9].
However, IIFV compound semiconductors are the most studied matenathis
group, and have the potential to enable the production of futurespegd
transistors for commercial applications, with very low noise and high breakdown

voltages.

Studies have also shown that pHEMTs usingVllcompound semiconductors
incorpomting quantum wells show improvements in both energy efficiency and
speed, compared with silicon channel devices; the enhanced electron channel

mobility is the key performance boosting paramg2e6).

In general, pHEMT devices have the highest transconductance (for a given gate
size) when incorporating InGaAsAlAs compound semiconductors, because of the
high eletron mobility, large conduction band discontinuity, and very good carrier
confinement in the channglQ]. This unique property allows the design of fairly
complex circuitry, and subsequent fabrication imtieely low-volume applications

where the cost of using either CMOS or SiGe would be prohibitive.

The precise nanoscagize growth of compound semiconductor materials for
pHEMTSs relies on a technique called Molecular Beam Epitaxy (MB&)11]. The

most important aspect of MBE is the slow deposition rate (typically less than 1000
nm per hour), which allowsheé films to grow epitaxially. MBE dominates the
practical approaches and techniques required to meet the stringent doping and
thickness specifications, to safonolayer accuracy for the production of pHEMTS.
This enables the production of a variety of auhed lownoise and ultrdast
electronic devices, such as ngeneration high speed instrumentation, Ultra Wide
Band communications (UWB) and electronic warfare.
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1.3 PROBLEM STATEMENT

pPpHEMT devices using the InGaAsAIAs materials system, lattiematchedo InP,
have a bright future not only for ulttagh speed and ultd®w noise devices such
as Monolithic Microwave Integrated Circuit (MMIC) Low Noise Amplifiers
(LNASs), but also for Power Amplifier (PAS).

Conversely, such devices that incorporate cotiweal InGaAsInAlAs pHEMTs

suffer from low breakdown voltage £¥) and poor linearity, regardless of the gate
length used12]. Over the years, researchers havade efforts to increase the -off
state breakdown voltagé3-18], but as yet the dk issue has not been fully solved.

In addition, the conventional material systealso experiences a large DC gate
current leakage, related to the low barrier height at the Schottky interface and to the

forward conduction inherent in the Schottky gate.

1.4 RESEARCH OBJECTIVES

The focus of this research deals with optimization and ongment of a
conventional 1 € m -strgimet echanheg nb@gdedh ,on dni ghl vy
InGaAs/InAlIAs/InP pHEMT developed at The University of Manchester. The
optimization and improvement is achieved either through bandgap engineering or
lateral scaling, or bothThe device fabrication is performed usindine optical
lithography, not only to produce lenoise devices that can be implemented in
MMIC LNAs in S-band and Xband regimes, but also to maintain its cost
effectiveness when producing saticron devices wthout the need to useBeam
lithography, which is usually used in GaAs or InP technologies. The low noise
devices investigated in this work are required to work in the region of 2 GHz to 8
GHz, operating at room temperature with a Minimum Noise FiduFaif) less than

1.5 dB[19, 20Q]. It is known from other researchgial-23] that the gate leakage
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current is one potential source of shot noise and thermal noise for operating
frequencies lower than 10 GHz. Hence, by reducing the gate leakage currents, the
reducton in noise figure is significant at the specified frequency range.

Furthermore, improvements in device breakdown voltage are expected in this

optimized material system, without compromising its low noise properties

1.5 THESIS ORGANIZAT ION

i. Chapter 2 starts with the theory and detailed description of the Hetero Junction
Field Effect Transistor, and also of mesamiconductor contacts which are
important in HEMT fabrication. Near to the end of the chapter, and explanation is
given of the basic HEMT stoure, its operation and finally the advantages of the
pHEMT which are used throughout this study.

ii.Chapter3addresses the major issue with the ¢
which is defined by optical-line lithography; the gate length after métation

enlarges from its initial lithographic definition. The target is to solve the issue and

optimize the gate length process. The performance of the optimized gate length

process is then compared with the current process by device fabrication, éhere t

DC and RF performances are compared.

iii. Chapter 4 presents the fabrication and characterization of a very low leakage
and high breakdown advanced InGaAs/InAlAs/InP pHEMT, through bandgap
engineering for lownoise applications. A detailed DC and RFmgmarison is
performed with the conventional InGaAs/InAlAs/InP pHEMT.

iv. Chapter 5 presents a new technique, identified and investigated to further scale
down the bottom gate openi ngate dulmmicrbores s t ha
InGaAs/InAlAs/InP  pHEMT, although this finding is still under development.

Similar to Chapter 4, fabrication and characterization of-hmige devices is
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undertaken, and their performance compared with the conventional pHEMT. The
fabrication of the improved pHEMT is performed witte new and improved seft
reflow process for lateral scaling, coupled with a new epilayer modification,
resulting in excellent DC and RF performances.

v. Chapter 6 demonstrates the possible routes to improve tgat& structure for
submicron pHEMT devefmment. The idea is to develop and explore a new material

- Spinon-Glass (SoG)- as a substitute for Silicon Nitride ¢8lis) hard mask
deposition. The extensive study as well as the key challenges and issues are

discussed in this chapter.

vi. Chapter 7 summarizes the work performed in this study and possible directions

for future research are suggested.
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CHAPTER 2

LITERATURE REVIEW

2.1HETERO JUNCTION FIEL D EFFECT TRANSISTOR

2.1.1 Introduction

Generally, the transistors in modern consumer electronics are madesiifoom

(Si) MOSFETSs. However, as the drive to fu
materials and architectures are being proposetie High Electron Mobility

Transistor (HEMT) being a case in point. It has already been mapped onto the
International Telknology Roadmap for Semiconductor (ITRS) and will cater for

more advance communication and uliigh speed, ultrdow power electronics

applications. The HEMT, also known as the heterostructure FET (HFET), integrates

a junction between two materials witlfferent band gaps (a heterojunction) as the

path for high electrons mobilities; this is different from MOSFET, which uses a

doped region for the movement of electrons.

2.1.2Lattice Matched Materials

Any two different semiconductor materials will havdfelient lattice constants; if

the two materials are brought into contact, one can observe that, at the atomic level,
the atoms at the hetemoterface change their positions to maintain the geometry of
the lattice. A strain will be induced at the hetarterface, resulting from this
atomic level change or adjustment. To form heterojunction interfaces, there is a

need to ensure that the strain does not exceed a specific critical value which will
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later cause crystal dislocation. The severity of such distocaés such that the
carriers will be concentrated in the defect area, and hence degrade the carrier

mobility, which in turn will result in poor device function.

There are a number of materials that are available to form heterojunction interfaces,

as show in Figure 2.1.
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Figure 2.1 Energy band gap of direct (solid line) and indirect (dashed line)
materials, and lattice constant for various -V semiconductors at room
temperature [24].

As can be seen from the Figure 2.1, it is possible to combine the semiconductor
materials in binary, ternary and quaternary systems, to form a variety of alloys with

nearly latticematched heterjunction interfaces. Examples of such semiconductor
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alloys are 1953Ga 47As/Ino50Al0.48AS/INP and GaAs/AlGa-xAs; these material

systems heterunction interfaces have close lattice constant values but abrupt

variations in their band gaps.
2.1.3Psaidomorphic Materials

Modern epitaxial growth techniques, for example the Molecular Beam Epitaxial

(MBE) technique, have the ability to grow mismatched semiconductor epitaxial

layers; the epitaxial layer grown will assume the lattice parameters of theatlayer

deposited on. However, the mismatched layers must be kept within certain limits,

and the deposited layer must be very thin to avoid formation of defects or

di sl ocati ons. This new | ayer then is call
structue and physical properties are alteredn example of this is ¥Bgi1xAs-

InyAliyAs when x | y. As shown in Figure 2.
be in compressive strain if the deposited layer has a larger lattice constant, or tensile

strain ifthe deposited layer lattice constant is smaller.

a, ag

| % np
psemlolnorphic T
as naee
ag a as

Figure 2.2 Formation of pseudomorphic layers with (a) compressive and (b)
tensile strain[25].
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Note that a pseudomorphic layer can be grown to a certain critical thickpess h
Taking Figure 2.2 as example, the strain between the substrate and the deposited

epilayer is given by Equation 2.1.
c— "L Equation 2-1
Where & = strain & e=latteeenstant dithe depoesited lagey e r s

as = lattice constant of the substrate layer, while the critical thickndssgiven by

Equation 2.2 below:

=28 Equation 2-2
£ as
Furthermore, it i s necessary to appreciat

and their physical properties are changed, the total energy within the unit cell is
maintained. This is possible because of the distortion ofi¢pesited layer in the
direction perpendicular to the growth direction, leading to lattice matching in the

lateral plane.

2.1.4Band Discontinuities

The most interesting and important part of the heterojunction is the band gap energy
associated with eachaterial in the structure. When two materials with different
band gap energies are brought together, i.e. a high band gap material combined with
a low band gap material, it will lead to energy band discontinuities as shown in
Figure 2.3. This so called baigap engineering is the main feature of heterojunction

devices, especially HEMbased devices.
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Figure 2.3 Energy band diagrams before (left) and after (after) combination.

By referring itno bHiugeuries 2t.h3e, héiAgbh band gap
the low band gap material, while;EEc and E are the valence band, conduction

band and Fer mi |l evel s respectively. The
det er mi rcédthe lwonducpdn bah, a 0 fdr theptalence band. Finally,

G and Edenote the electron affinity and band gap, respectively.

Once thermal equilibrium (i.e. Fermi levels aligned) is achieved between the two
semiconductor materials, i . eEofthesatwad B, t h.

materials is given by Equation 2.3:

AE, = EA —EF Equation 2-3

This band gap discontinuity can be further manipulated by using different types of
materials in combination. For example, for thB8aAs/AbsGa4sAs and
INo.53G@.47AS/IN0 s2Al0.48AS [26-28] HE MT s, ¢ anee0.65pdY and 0.77 eV
respectively. Hence, InGaAsAlAs pHEMTs have a largeenergy band gap
discontinuity with better control of the carriers at the heterostructure, compared to

GaAsAlGaAs devices.
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2.1.5Quantum Well and 2DEG

A basic Quantum Well (QW) <can bel[290r med
of low band gap semiconductor material (e.g. GaAs) is sandwiched between two
similar high band gap semiconductors (e.g. AlGaAs). As illustrated in Figure 2.4,
such a heterojunction boungawill experience discontinuities at the edges of the
conduction band and valence band, with a QW generated for the carriers (electrons

and holes).
(a) | AlGaAs | GaAs | AlGaAs
—X
E.
(b) C
AE. Ep
S __o©o E,
E E

gl

Figure 2.4 (a) Heterojunction structure, (b) Energy band dagram of an ideal
un-doped square shape quantum well and (c) Conduction band diagram if
AlGaAs is n-doped[29].
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Note that the dopants in high band gap layers cpplgthe carriers to the quantum
well; when the bottom of the quantum well is below the Fermi level, the high energy
donors will fall down to the low lying energy levels in the well, hence creating a
Two Dimensional Electron Gas (2DEG)this is shown inFigure 2.4(c). An
interesting fact about the 2DEG is that the electrons are only able to move in the
direction along the heterojunctions interface, not in the direction perpendicular to

the interface i.e. the crystal growth direct{@9)].

2.1.6D e | tidDopediLayers

Traditionally, the doped layers are referred to as bulk doped, where the impurities

are homogeneously doped throughout the supply layer. Howebwetter type of

doping is found t o -Hopingdwhérd assendconguctardgayen r s i my
isdopedinasinglat omi ¢ pl ane. Figure 2.-8peshow t he

and bulkdoped structures in terms of the energy band diagram and quaetlsm w

(a) E(:

1
I 1
—s Spacer width

By O L [ AEC

Al Ga, As

Figure 25 Ener gy band dopedgAGaAs/GdAsa heterastructure.
(b) Bulk-doped AlGaAs/GaAs heterostructureg 30].
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Referring to Figure 2.5, the’lquantization energy level is denoted at @nd is
similar to b in the quantum well. @ther observations from the figure also show
that all of the carriers are ingfo f  tdbped niaterial, whereas they are widely

spread over the supply layer of bulkped material. As & is below the Fermi

level, this gives the advantage of being d@bléncrease the carrier concentration in

the 2DEG region, with a high probability
doped are to the quantum well. This phenomenon gives great benefits to-HEMT

based devices.

2.2METAL -SEMICONDUCTOR CONTAC TS

2.2.1 Introduction

There are two essential contacts in any semiconductor device, especially in
heterostructures like HEMbased devices. These two contacts are known as the
Ohmic contact and the Schottky contact, the creation of which depends on the
characteristis of the interface with the semiconductor. These contacts are mainly

used to connect the semiconductor device to external circuits or probes.

2.2.2Schottky Contact

This type of contact is basically a metal contact to the gate, in order to enter the
channé region in the HEMT. Figure 2.6 illustrates a metakemiconductor
interface before and after forming of the Schottky contact; this is the energy band

diagram of an #type semiconductor and metal contact. The notation shown in the

figures is as followsami s t he met al sislersémicdndustar wworko n, A

f un ctdiothe, contact barrier height,is the semiconductor electron affinity,
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Eg is the band gap, Hs the bottom of the covalence band, i& the top of the
valence band, &s the Fermlevel, V, is the potential difference between minimum
of the conduction band and the Fermi levgljsghe energy band gap, ang;i\and

Xdepare the builin-voltage and depletion region, respectively.

Vacuum Level

Vacuum Level

qém qes

Eg
v Ev
Metal Semiconductor Metal Semiconductor
(a) (b)

Figure 2.6 Schematic band diagram of a metal and semiconductor (a) in
isolated ntype semiconductor adjacent to metal, and (b) in contact after
thermal equilibrium [31].

As can be seen from Figure 2.6(b), there will be a flow of electrons from the
semiconductor conduction band into the metal, when both the naetdl
semiconductor make contact due to the Fermi levels of both materials reaching

equilibrium. The flow of free electrons will then leave a positive charge of ionised
donors in the semiconductor, which creates a depletion region of thickqgsane

corsequent band bending at the interface.
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Note that there is also a small region of electron bugicat the boundary of the
metal and semiconductor. These equal and opposite charges at the contact boundary

will then create an electric field from the semicoocr to the metal, and

subsequently establish a potential barrig at the interface, andpy- the builtin-

potential-at t he semi conduct or gsanddMgistoresiribte f unct
the electron flow from semiconductor to metal side, subsequently forming a

rectifying contact. Equation 2.4 below shows tielationship betweenpvwi t & A

and W

qVei= g -gVn Equation 2-4

On the other hangi,s tihdee ablalryr ireerl ahteehdg htto At h e

and the semiconductor electron affin@yas showrbelow in Equation 2.5:

qE= &G Equation 2-5

The builtin-potential can also be written as Equation 2.6, to show its relationship

with the wogakndf wwncti ons A

qVbi= (- M) Equation 2-6

Furthermore, the Schottky contact will be formed under the two key conditions

below:
1. Large barrierpg>kli ght i .e. when ~a
2. Low doping concentration tN<< Nc
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The Schottky barrier described in Figure 2.6(lgtigerebias where the Fermi level

Er between semiconductor and metal are equal (or aligned). Under thibiagro
condition, the net current flow between semiconductor and metal is zero, because
the same amount of current flows from semiconductor to natdl viceversa.
However, under forward and reverse bias conditions, theibypbtential changes,

and lence changes the flow of current transport. These conditions are illustrated in
Figure 2.7 begerénans constai8lwrhbiotle flygures.

E

_

1 1
ISEMICONDUCTOR SEMICONDUCTOR

Figure 2.7 Current transport by thermionic emission. (a) forward bias, and (b)
reverse biag31].

Figure 2.7(a) shows that, when a positive biassVapplied to the metalt will
undergo a forward bias condition. Under this condition, the Fermi level of
semiconductor (k) will be shifted up relative to the Fermi level of metah{Eand

the builtin-potential will be reduced by the applied voltage @n the other hand
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Figure 2.7(b) shows that, if a negative bi&s is applied to the metal, a reverse
bias condition is achieved. In this case, the Fermi level of semiconduetpmii

be shifted down relative to the Fermi level of metad)Eand the builin-potential

will increase by the applied voltage:VThe quantity of electron flow from metal to
semiconductor under the revetsias mode is also known as the leakage current in
pHEMTSs.

2.2.30hmic Contact

An Ohmic contact different from a Schottky contact, becatuiseeissentially a nen
rectifying contact, and does not control the flow of current, which means the current
flows equally in both directions (reverse and forward) with a linedf |
characteristic. An Ohmic contact should have insignificant contact mststa
relative to the series resistance of the semiconductor, so that little or no current loss

occurs across the device.

The current conduction mechanism is usually either tunnelling or thermionic
emission. In the case where thermionic emission is domitf@ntontact resistance

of the metal to semiconductor is given by Equation 2.7 below:

k agqfs o E ,
= expe—0 guation 2-7
R gA*T KT =

Where A* is the effective Richardson constant, ands the temperature in K.
Equation 2.7 also shows that a low barrier height is needed to allow the Ohmic

contact to achieve a smaltirespective of doping.

In the case of high semiconductor doping @ * @n?), the barrier height and
depletion width becomes very thin, for whithe R is then controlled by the
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tunnelling current. Alternatively, for semiconductor dopingp ®  ctn?®,

thermionic emission will once again be domingsii

2.3HIGH ELECTRON MOBILI TY TRANSISTOR (HEMT)

2.3.1 Introduction

HEMT devices are an improvement on the Md&amiconductor Field Effect
Transistor (MESET) and preferred for high speed, high frequency and low noise
applications. The high and low band gap heterojunction in the HEMT, made from

group IV materials, enables high electron mobility.

Furthermore, the existence of quantum well and 2DEG doped channel layer
enhances the carriers mobility where electrons can move freely and quickly without

collision with any impurities.

2.3.2HEMT Structure

As discussed previously, a sandwich of ardoped low band gap and a doped high
band gap material edilishes a 2DEG structure, and therefore enables high electron
mobility. Generally, a depletiemode HEMT structure is as shown in Figure 2.8
below:
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Gate length

Cap B

Gate
Dep

Ohmic n+ leti Ohmic n+
Supply on d1

Semi-insulating (SI) substrate

Figure 2.8 General depletion mode HEMT structure with G-doping.

The source and drain metal contacts are on top of the cap layer, where the cap layer
could be either waloped or doped. In the above figure, an alloyed Ohmic contact is
diffused down to the 2DEG, and provides a low resistance path betweeDE 2

and metal contacts (Source and Drain in this case).

Under the cap | ay e-dopirgraed spabeelaysr.uTbedupply | ayer ,
| ayer c¢ ou lddpedoe bulk dopedtber diffarence is illustrated in Figure
2.9 below.
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Figure 2.9 Conduction Band of general depletion mode HEMT structure with
U-doping [32].

In Figure 2.9 above, energy quantization occurs at the discontinuity formed between
the high and low band gap materials. Electrons in the supply layer (bulk doping
c as e )d o@r #aping case) can then tunnel through the thin potential barrier
and be tapped in the triangular QW. The electrons in the QW form a high electron
mobility plane called a 2DE(33].

The Coulomb scattering between electrons and the fixed ionized atoms separated by

the spacer layer leads to hignobility. This separation helps to improve the low
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temperature (<100 K) carrier mobilif{32]. However, there is always a trad#

between carrier density and mobility with the spacer layer thickness.

Lastly, the purpose of the buffer layer is to isolate any unwanted defects in the
substrate surface, antsato decouple it from the 2DEG.

Note that, in Figure 2.8, the gate metal contact is between the etched cap layers
(gate recess process). The depletion region exists under the gate. When a negative
gate electric field is applied, this region will broadieom the bottom of the gate

towards the 2DEG, and the channel formed in the same location as the 2DEG region

will be depleted this is called a depletion mode devj&g).

2.3.3Principles of Operation

In a depletion mode HEMT, and referring to Figure 2.8, a depletion region will
extend to the 2DEG regiowhen a bias voltage is applied to the gate metal. The

developed depletion region is actually due to the induced electric field when the bias
voltage is applied. Hence, by adjusting the gate bias voltage, tfie 2DEG

concentration can be altered and tifiene controls the channel currenigl

Figure 2.10 below shows the relationship between two important terms in HEMT

operation, which are the pindif voltage (\f) and threshold voltage (.
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Increasing Vg

Threshold voltage

Pinch-off voltage

Figure 2.10 General VGs vs Ips graph (Depletion mode device)31].

The condition when the channel current is at zero is called joffcioltage (\p) as
shown in Figure 2.10. This is because the 2DEG is completely depleted by the
depletion region under the gate electric field. An increase in negative gate bias
voltage (Vas) will push out some electrons from the alredoymed quantum well

(at Ves = 0 for a depletioomode HEMT), hence a decrease in the concentration of
electrons in the channel, at an adequatrige negative ¥s (i.e. at \b), all

electrons are driven ouf the well, causing the sheet carrier dendity {n channel

to become zerfB4, 35]. Equation 2.8 and Equation 2.9 show the expressionsgfor V

for bul k -dopipgisupgly layer, despectively.

. _aNpd; Equation 2-8[31, 36]

pbulk— doping — ZE,}E
£
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v _gnid" Equation 2-9[31]

p&—deping ~—

ofs

Where q is the electron charge; N the lulk carrier density, gd(as shown in Figure
2.9) is the distance between the gate metal (Schottky barrier) and the top of the

spacer Iayerl]) Is the dielectric constant of vacuuﬁ’i,is the dielectric constant of

the supply region (largband gap regionfps’i s t he sheet carrier
doping region, and d* (as shown in Figure 2.9) is the distance between the gate
met al adoping. Eduations-8 and 29 show that, at a given fixed value of

Np andng’, the distancesicand d*, measured from the gate, determine the device

Vmand hence the mode of operation of the device, as explained below.

The threshold voltage ¢V is the sarting point of current conduction between the
source and drain in the channel at a predetermined particular value of current (as
shown in Figure 2.10), or simply the point that determines whether the device is ON

or OFF. Equation 2.10 below determines\hie of .
4B, Equation 2-10[31, 37]

Equation 210 shows that ¥ is largelyinfluenced by the valuef@he barrier height

A b and pinchoff voltage b ( a s s umi n g . far a Specifie skmiaertiuctor
heterojunction) i.e. ¥ can be varied between negative and positive values, which
later determine the operational modes of the HEMT, i.e. Depletion omEaiment

[31]. As previously discussed, a depletimode HEMT already has a channel at

Ves= 0 V, and hence i s known as a normally

d

Vin(Vin< 0) . Conversely, a nor madvhlye Mi®©FFO0 dev

0) is known as an enhancemembde HEMT.
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Furthermore, when &k is made higher thanwy the carrier density in the channel

can be changed if the gate bias voltage is applied to the HEMT without changing the
channel thickness. The sheet carrier dengity ¢an be calculated using Equation

2.11 below:

C|Vee — V., — V] :
n_(x) = [Ves f; bs (1] Equation 2-11[31, 32

Where x, is the direction of the drasource electric field, ¥Ws(x), is the applied
drainsource electric field (Ws= 0 atsource side Ws = applied electric field at

drain side), and @s the gate channel capacitance, given by Equation 2.12:

C,=— 0% Equation 2-12[31, 32]
di + d: + d!i

Where d, is the supply layer thicknessg, ds the spacer thickness, angisl the
channel thickness (as shown in figure 2.9). The most important characteristic of the

HEMT operation is the channel current bebar, where the two regions are
usually the main areas of concern. Depending on thernvagnitude, the channel

current falls into two regions, called linear and saturation. The current behaviour in

this channel is given by Equation 2.13 below:

-
r

w Vi Equation 2-13[31, 32
Ins = L_FHCE[EVGS - Vrhjvﬂj' — ] g [ ]
gq

Where Lg = gate lengthg, = Carrier mobility in 2DEG.
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Considering the condition whenp¥ << (VgsVth), the channel current will be in

the linear region, and Equation 2.13 can besriéten as:

w :
Ipe = — pi, C;(Vies — Vi Wops Equation 2-14[31, 32

Ly

Here bsis shown to be linear withps and the corresponding channel resistance is

given by:

R—_Llg 1 4V Equation 2-15[31, 32]

k3

W, C; Voe =V, Al

The relationship betwedasand \bsis shownin Figure 2.11:
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Figure 2.11Ideal 1-V characteristics of a HEMT [31, 34].

As can be seen from Figure 2.1dhen \bsincreases to a positive value, the electric
field at the drain side wiltise rapidly, therefore the depletion region at the drain
side increases. Hence, the average esestional area for thed flow is reduced,
which causes the channel resistance to increase; consequeiritréases at a slow
rate, and eventually sadtes when ¥s = Ves Vin (pinch-off point). This is the
point where the source and drain are completely separated by the reviassztl
depletion region, but the large saturatieg dould flow across this depletion region
[37]. Furthermore, as thep¥ increases beyond this pindiff point, the depletion
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region will extend from the drain side to the source side, and the-pffipbint will

also move toward thesource sidg¢37]. Hence increasing thep¥ will not increase

the bs, which remains at the saturated value and does not depen@soi hs
happens because th®s value at the pincloff point remains the same as it moves
toward the source, which means that the potential drop in the channel from source to
pinchoff point does not chand&7]. This regime is known as the saturation region,
where the ds is not controlled by ¥s, but is influenced by ¥s. The corresponding

equation for s in the saturation region is:

w " ion 2-
I =—p, C(Ves — V1) Equation 2-16[31, 32]

Lg

Another equally important parameter in the operation of the HEMT is the
Transconductance () defined as the change ipslin response to the change in
Vgs for a given \bs. In Figure 2.11, it can be represented by the following

Equations 2.17, 2.18 and 2.19:

_ Alps Equation 2-17[31, 32]
Hm =
AVg
g =W Gilps Equation 2-18[31, 32|
m.linear region L
g

g . WG (Ves—Ven) Equation 2-19[31, 32

Mmeaturation regLon L

g

Transconductance () is a measure of how much current gain a device can provide
in response to a change in voltage inputsVThe @, is also important in
determining two very important frequency limit parameters;ofufrequency (f)

and maximum frequency of oscillatiofingy). The cutoff frequency, also called the

unity gain frequency, is defined as the speed at which an electron can travel within a
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distance (). In another words, it is the maximum frequency at which the device
can operate with a current gain factor Bf1 0 . Equation 2.20

relationship between fgn and parasitic§31]:

£ = Gm _ Year Equation 2-20[31, 32]
T 2m(Cep+Cgs) 2mL,

Where (p, is the gatadrain capacitance, s, is the gatesource capacitance ¥

is the situration velocity, and ¢.is the gate length. However, when a device
operates in saturation modegd? &b and the value €& may be neglected with
respect to Gs [32]. There is also a study that demonstrates thath@s a strong

relationship to ¥s, compared to the & which is lessdependent on ¥ [38]. Note
that fr is proportional to g, and inversely proportional todg and Gss, Hence in

practice, g is maximised when the parasitics are minimised.

The maximum frequency of oscillatieralso known as the power gain freqogn
is defined as the point in the frequency when power gain = [B#BIt is given by
Equation 2.21:

fr

R.+R_, + R,
2 II B + fr(2mR:Cp)
R os

frnax = Equation 2-21[31, 32]

Where R; = gate resistance,cR= channel resistance sR source resistancepB=

drain-source resistance.
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2.3.4Pseudomorphic HEMT (pHEMT)

The pHEMT is an improvement over the HEMT; a pHEMT is basically engineered
by growing a very thin and pseudomorphic material likgsh.xAs on top of the

GaAs or InP substrates.

The GaAs channel ithe GaAsAlGaAs HEMT is changed to inGasAs in the
pHEMT, and this leads to a double heterojunction structure and creates a
rectangular QW rather than the triangular shape in the HEMT. Below are the
benefits of the GaAs pHEMT compared to the GaAs/NSHEMT [32]:

1. More efficient carrier transport as highconduction band discontinuity
which then increases the 2DEG carrier density.

2. Extra heterojunction contributes to less carrier injection towards the buffer
and substrate.

3. Higher lowfield mobility in 2DEG due to the addition of Indium (In)
component.

4. Reduced DX centres density because of lower Al content in the

pseudomorphic structure supply layer.

2.4 MECHANISM OF REV ERSE SCHOTTKY GATE L EAKAGE
CURRENT

2.4.1 Introduction

The reverse Schottky gate leakage current consists mainly of thetafdfleakage
curent (Vs < Vin and channebff mode) and Osstate leakage current O nV

and channebn mode). These two types of gate leakage currents are determined by

gatedr ai n breakdown at high appliedV voltage
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characteristicsjin the Offstate, the gate leakage current is dominated by the
tunnelling mechanism of gate electrons, while in thes@ie, the gate leakage
current is dominated by the impact ionization mechanism of channel electrons. The
focus of this thesis is to mmize these types of leakage currents, and consequently
increase the breakdown voltage. The subsequent sections explain the physics of

leakage currents in HEMTSs.

2.4.2Current Transport Mechanism in Schottky Barrier

As mentioned in Section 2.2.2 (Schottkgract), a Schottky barrier exists between
the gate metal and the semiconductor beneath it. The majority carrier (electrons in
this study) must overcome this barrier to travel from the semiconductor to the gate
metal, and viceversa[25, 31]. There are three electron transport mechanisms which
are dominant through the Schottky barrier under forward and reverse bias

conditions, which are explained bel$84, 39, 40]:

1. Thermionic Emission (TE): Electrons with sufficient energy to travel over
the top of t he Schotd Khs ishhhe prefergble wi t h

transport mechanism, and gives a rieaal Schottky diode interfa¢dQ].
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Figure 2.12 Thermionic Emission (TE) transport mechanism under forward
and reserve biag31].

2. Thermionic Field Emission (TFE): Electrons with energy below the TE but
higher than FE tunnel through the thintegp layer of the Schottky barrier.
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Figure 2.13 Thermionic Field Emission (TFE) transport mechanism under
forward and reserve bias[31].
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3. Field emission (FE): A pure tunnelling transport of electrons through the

entire Schottky barrier, very near to the Fermi level

ep

METAL | SEMICONDUCTOR

Figure 2.14 Field Emission (FE) transport mechanism under forward and
reserve biag31].

2.4.2.1Thermionic Emission in Schottky Barrier

Consider the case where the barrier height is much larger th&m tiequired for a
Schottky contact to be formed, as rtiened in Section 2.2.2. Under the Thermionic
Emission (TE) theory, Rhoderick40] and Szg31] state that when the net flow of
current does not affect the thermal equilibrium at the interface where the emission
occurs- i.e. near the metaemiconductor interface the current flow from the

semiconductor to metal and vigersa depends mainly on the barrier height.

However, under forward bias, the electrons need to travel from the semiconductor to

the metal side; they must transit the depletion region through diffusion and drift
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processes, ahthen be emitted over the Schottky barrier to get to the metal side. On
the other hand, as the barrier height does not change under reverse bias for the
electrons crossing over from metal to semiconductor, the general relationship of
total current density)l and the voltage V applied for this TE process is given by
Equation 2.22.

AT ey [ ‘ﬁs){ (ﬂ)_ } Equation 2-22[40
]= AT exp( T exp| . — 1 q [40]

Where T is the absol wtsehe bagrisrpheightagisthe i n Ke
electron charge anti s t he Boltzmannés <constant. Wt

Richardson constant for TE and given by below Equation 2.23.

ae = rmmiek” Equation 2-23 [40]

hﬂ
Where m* is the effective electron massi s Pl anckds constant, q
chargeanki s Bol tzmannds constant. However, wh

scattering and quantum mechanical interference, A* could be reduced and termed as
A** [41].

2.4.2.2Tunnelling in Schottky Barrier

Tunnelling through the Schottky barrier consists of two mechanisms: Thermionic
Field Emission (TFE) and Field Emission (FE&s illustrated in Figure 2.13 and

2.14 in Section 2.4.2. These tunnelling mechanisms are deviations from the ideal
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Thermionic Emission, whee t he el ectronso6é energy i
barr i er s, Yetethey il pemetrate through the bariié6]. Both of these
tunnelling mechanisms can be seen in both forward and relviassd conduction
mechanisms. Howey, if these tunnelling effects are dominant in the forward bias
condition, compared to Thermionic Emission (TE), they will also dominate in the
reverseebiased regiorf42]. These tunnelling mechanisnare due to the heawvily
doped nature of the semiconducton(M1x10 cni®), which causes the depletion
region to become sufficiently thin to enable the electrons to tunnel through the
barrier. Basically, TFE dominates the reverse leakage current, as $ha few
studieg43-46], compared to the FE which is the pure tunnelling and ideal mode for
metatsemiconductor Ohmic contacts. The thickness of the deplstgion and the
barrier height also depends on the supply /donor layer thickness, and the applied
gate biag43]. The increase in gate bias will also increase the electric field strength
at the edge of the gate metal contact, and hence reduce the barrier height. As
mentioned previously, the main tunnelling mechanisracéfig reversdiased gate
leakage is determined by the TFE, which is given by Equation 2.24 below.

] =], exp (Ei) {1 — exp (;_f'r)] Equation 2-24[40Q]
0

Where Jis the saturation current, derived from a complicated function consisting of
Schottky barrier height, tgmerature and other semiconductor parameters, as shown

by Padovani and Strat¢aZ2], while Bis given by Equation 2.25:

E, = E,, coth (f”“’) Equation 2-25[40]
T
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Eoois an important tunnelling paraneetwhich depends on material properties, as

shown in Equation 2.26.

_gqh |_Np

- =
47 N|m EgE,

Equation 2-26[39, 40]

E[:u}

Where q ighe electron chargé,i s P | a n k 0sis tlee@onar toaaeritrationN
W is the permittivity of the free spacé)s is the specific permittivity of the

semiconductor material, and finally m* is the electron effective mass.

However, a better way to measure the relative deviation of TFE in the reverse

biased characteristic, cquared to TE, is based on Equation 2.27 below:

=1, {Exp (f%) _ exp [(i _ 1):_‘;]} Equation 2-27[39]

Where Jis the reverse current density, given by Equation 2.28 below:

J. = AT? exp (_q %) Equation 2-28[39]

Equation 2.27 consists of both TE and TFE. Thalue is known as the ideality
factor of the diode behaviour of a Schottky contact; winer 1, the ideal
mechanism is TE i.e. no tunnelling, leading to a TE equatoim &quation 2.22.
The greater the value of, the greater the tunnelling compared to ideal TE, hence
the greater the reverse gate leakage current.
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2.4.3Impact lonization Mechanism

In the semiconductor channel, the impact ionization or Avalanche Mcitifn

occurs due to electron multiplication. This mechanism exists when the depletion
region of the semiconductor experiences a large electric field with a large reverse
bias voltage applied to the Schottky contgtd], and at certain point it gives the
electron in the conduction band sufficient kinetic energy to knock an electron from
the valance band to the conduction band via Coulombic interaction, and hence
creates an electramole pair. The new electrehole pair is then accelerated by the
electric field, and creates more pairs by the same process. Furthermore, apart from
the high electric field, the electron in the conduction band must have a minimum
energy, slightly greater thaithe band gap energy, to excite the electron from the
valence band to the conduction band under this impact ionization mech&iism

48]. Hence, it can be said that the impact ionization is inversely proportional to the
energy band gap, i.e. the lower the band gap energy between the conduction band
and valence band, the higher the impact ionizgtiin 46]. Figure 2.15 illustrates

the impact ionization process which generates an elebttanpair.
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Figure 2.15 lllustration of energetic electron generating electrorhole pair
during impact ionization mechanism[48].

For the case of the reverse Sttky gate leakage current, the impact ionization
dominates in the Ostate, i.e. when ¥ O w\Mthe channebn and conducting
condition); this differs from the Offtate i.e. the Channeff and nonconducting
condition, where TFE dominafd9]. As the device is turned on, the electrons are
first injected from the reverdgiased gate to the channel by Thermionic Emission
(TE). These electrons flow throughetlinigh electric field region near to the gate
drain area, and through the conduction energy band gap between barrier and
channel ; these el ectr-eihasctarroen sal swh eln oewnt e
channel as they releasing their energy by starting th@dmipnization process,
creating electrotole pairg46, 50]. The generated electrons will be swept into the
drain and cause increase in drain current, while some holes will flow to the source
and combine with electrons, and some other holes will be collected by the
negativelybiased gate and increase the reverse gate leakage current in the form of a
bell shapg46, 50, 51]. As the impact ionization rate increases with increase in
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the electric field, the reverse gate leakage current will increase dramatically.
Equation 2.29 shows the gate leakage current or impaizatiorinduced current,
while Equation 2.30 is the elaboration of impact ionization rate from Equaii9,
where the definition of impact ionization rate comes from the number of electron
hole pairs generated by an electron per unit distance traj@iédFigure 2.16

illustrates the impact ionization process.

Iimp = @ALlpg Equation 2-29[52, 53]
—TE; .
x = A exp (—) Equation 2-30[52, 53
Voe = Vi
Whetre, kmp is the impacionizationinduced currentJ i s t he i mpact i oni

&L is the ef f ec-fieldvegionlatehe gatehd, amd thetddaiedish i g h
the drain current, A is a constant which depends on the device design, T is the
temperature, s the ionization energy, dé is thedrain-gate voltage and wis the

device threshold voltage.

As can be seen from Equation 2. 30, U will
in Vpg, whereby an increase imp¥ will lead to an increase in the electric field near

to the gate end nearesettrain[52] . Hence, -dependentesntthe electgd y

field in the gatedrain region; the higher the electric field, the higher the impact

ionization in he channg]31], as has been mentioned previously.
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Figure 2.16 Illustration of impact ionization mechanism in pHEMT [50].

2.4.40ther Mechanisms

Apart from the main reverse gate leakage current mechanisms described above,
under normal bias conditions, not only do undesired electrons flow from the source
to the drain through the subste, but injection of hot electrons also occurs beyond
the 2DEG into the buffel36, 48, 54]. As these electrons are far from the gate, the
modulation of the gate is not efficient, leading to both excess reverse gate leakage
current and eventually a low gateain breakdown voltages5]. Furthermore, the

holes from the impact ionization in the channel also create a leakage path to the
buffer; the holes accumulated in the buffer will act as a fixed positive charge, and
erhance hot electron injection to the channel and byBél. Hence the buffer

improvement also plays a significant role to counter these leakage mechanisms.
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2.4.5Material Design Impact on Reverse Gate Current Leakage

As mentioned previaly, the main contributors of the reverse Schottky gate current
leakage in the Offtate are the TFE and Impact ionization, in addition to some other
leakage mechanisms. There are many way to address these problems, as will be
discussed in the later chaggteof this thesis, but the main improvements are as
follows (taking InRbased IpGa-xAs-InxAl1.xAs HEMT material as a reference):

1. An InsAl1xAs wide band gap barrier layer material with low Indium content
a30 % wil!.l i ncr e agand herice redoca the TRErandh e i g ht
holes collection at the gate.

2. The increased thickness ofyil1xAs wide band gap spacer layer helps to
reduce the number of holes generated from impact ionization due to
tunnelling tothe gate. It also degrades the efficiency of electron transfer
from the donor to the channel and hence minimize the rate of impact
ionization.

3. The high Indium content of 70 % in the ldvandgap InGaw.xAs channel,
plus the doublelelta doping above arfieneath the channel, gives a deeper
and moreconfined quantum well, which help to reduce TFE.

4. The improvement of the JAlixAs buffer layer by growth at low
temperature increases this {statgaad 6s r esi

On-state gate curre: leakages.
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CHAPTER 3

OPTIMIZATION OF 1 um GATE LENGTH InGaAs -InAlAs
pPHEMT

3.1 INTRODUCTION

The gate |l ength plays an i mportant rol e i1
cut-off frequency (f) and maximum oscillation frequencymgf). Theoretically, to

obtan a gate length of 1um, the resist opening must be a 1 um wide (using negative

resist in this case). After the cestposedevelop process, a high magnification

image of the device shows an opening that became 13% larger after metal
evaporation, as showm iFigure 3.1. This enlargement is due to both the resist

thickness and profilg57], the thicker the resist, the larger the gate length feature as

illustrated in Figure 3.2.

| pm Feature | pm Feature
After Development After 50 nm T/ 450 nm Au Metal Evaporation

Figure 3.1 Gate opening dimensions after coa¢xposedevelop process, and
after metallization.
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Figure 3.2 Flat gate length process flow.

The bottom footprint of the gate length determines theehce- after metallization

-t he gate I ength is not 1Thesocallesl flatgatet i al 0 |
l ength is actwually a trapezium shape, her
necessary to reduce the size of the opening by 13 %. It was therefore also necessary

to reducethe AZTn LOFE 2070 negative reastil3%tAsfi |l m th
will be demonstrated later, the reduced resist film thickness can help to obtain a

smaller opening, with exposure optimization.
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3.2NEW RESIST MIX DEVEL OPMENT

As mentioned in the Introduction, the resist used to define the pHEMT gate length i

AZ®n LOFE 2070, which is negative resist. At
achieving a 1 em gatem eragigle wapladildledquyi me
AZ®n LOFE 2020, which is more expensive. O
AZ®n L OF E 2 0 7with AZ® EBR sdlvent; dilution theoretically allows the

changing of a resist thickness to different film thickness using the same coating

parameters.

3.2.1Resist Preparation Technique

The dilution ratio of AZn LOFE 2070 negative wmsedoi st witd!l
Figure 3.3. The diluton of A%n LOFE t o EBR solvent must be
preserve a high resolution and reproducible undercut profile for the lateff lift

process.

73



AZ°nLOF™ 2070 Thickness
Vs. EBR Solvent Ratio

Resist Film Thickness (um)

0.0 0.2 0.4 0.6 0.8 1.0
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Figure 3.3 Graph of AZ®nLOFTI 2070 Film Thickness When Diluted with AZ
EBR Solvent.

The graph in Figure 3.3 shows the film thickness ofAZ OFE 2070 achi ev
with standard irhouse coating parameters i.e. 3000 rpm spin speed and then soft

bake at 110C on a hotplate for 1 minute.sAcan be seen from the graph, without

any dilution, the film thicknessof &AL OFE 2070 is 7 em and the
thickness which can be achieved for this
al:lratioofthe AZn LOFE 2070 to AZ EBR solvent. Not
provides the 7 em®anhdFBRsteensitga aa@eh iodv eAZzl
below, diluted grades are produceehmuse. Table 3.1 gives clearer information to

describe the graph in Figure 3.3, where 20 grams SinAZL OFE 2070 used f
each added gram of AZ EBR solvent.
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Table 3-1 Amount of AZ EBR solvent added to 20 grams of AZnLOFT 2070.

AZ®n L OF E 2| AZEBR Solvent | Total Weight AZ 2070 : EBR
(9) (9) (9) Ratio
20 0 20 0.00
20 8 28 1.00:0.40
20 15 35 1.00:0.75
20 20 40 1.00:1.00

Only AZ®n LOFE 29®mO0Ograde r es i-house, thesefome oggetlaab | e i
sube m range film thickness from this resi:

weight from Table 3.1 as shown below.
Total Weight of AZn LOFE 2070 2 e&m = 28 g
Total Weight of AZn LOFE 207 9640Q. 5 &m

Total Weight difference of above 0.5 em ar

Hence to get a 0.5 ®amOFEI @07bi @keensgrhdem
using AZn LOFE 2070 itself, 12 g of AZ EBR s
AZ®n LOFE 2 em resist.

Thenextstetp s to follow the mixing ®rLtOEEdure f
2070 resist and the calculated amount of AZ EBR solvent. The procedure is done

using the inhouse clean room, and need a bottle which has been cleaned with
Acetone and IPA. The mixing method sraightforward but needs to be done

carefully to avoid ovedilution. The empty bottle is placed on the Adventurer

analytical balance with precision of 0.1 mg, then 28 gofRZ OFE 2070 2 &m
grade resist is added to the bottle. Then 12 g of AZ EBR &uthradded, possibly
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drop by drop using plastic Pasteur pipettes to dilute it. After a total weight of 40 g is
achieved from the newly mixed resist, it undergoes an hour of degassing in an
ultrasonic bath. Finally, the new resist is allowed to stabftizeabout 3 days to
ensure it is properly mixed and has no bubbles in it. This new resist is simply called
AZ 0.5 &gm.

3.2.2Exposure Experiment

After a 3 day degassing and stabilizati on
ready to be used to definlee pHEMT gate length. For later comparison purposes,

the coating parameters remained similar t
process i.e. coaterd6s spin s°Cé&eldmino f 3000
However the exposure time and develenttime need to be optimized to achieve

the desired sub m r a n g e- Table 8.2 showgthe detailed parameters used in

this experiment. The experiment was performed using silicon samples and a
standard 1 em mask, as s hotwhesesampldSiwegeur e 3. 4
inspected under a microscope to check for quality i.e. yield of the opening, then

measured under a higilower microscopé the results are shown in Table 3.3

Table 3-2 Exposure experiment parameters New Resist Vs. Standard Resist.

Parameters New AZ (Standard
Coating Spin Speed (rpm) 3000 3000
Soft-bake fC) for 1 min on Hofplate 110 110
E;(Irz)osure (s) @ intensity 0.9 mW 12 X (310 12)
Postbake fC) for 1 min on Hotplate 110 110
Development time (min) 5 1
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Figure 3.4 Mask for 1 um gate length opening for exposure experiment.

Table 3-3 Results and yields for exposure experiment witlhZ 0.5 pm resist.

Exposure time| Dewvelopment time Opening 1 ¢/ Yied
(s) (s) (e m) (%)
3 60 151 100
4 60 151 100
5 60 1.45 100
6 60 1.25 100
7 60 1.15 100
8 60 0.97 100
9 60 0.82 100
11 60 0.85 < 40
12 60 0.55 <30
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As can be seen from Table 3.3, the smallest opening achieved with 100 %6 yield
roughly 0.8 ¢&m. The exposure time was st
standard 1 em process exposure time is 1:
shown in the table. The poor yield with the newly mixed resist may be due to the
preparation methodnd the clean room humidity. In addition, during dilution there

may be a possibility that the mixing speed was not quick enough as mentioned in

the AZZnLOFE appl i [68,tsince rslownmixing can lead to particle

formation. Furthermie, the low yield may also be due to the limitations of this type

of resist. To go further into the sgbm r ange, a much higher r e

required,i.e. A2n LOFE 2020 as mentioned earlier in

The 9 s exposure time samples were kbdcagain for repeatability, and the gate
length metallization was performed. Figure 3.5 show the comparison of gate length
metallization wusing AZ 1 em using standa

optimized process.
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1 pm Feature 1 pm Feature
After Development After 50 nm Ti/ 450 nm Au Metal Evaporation

T, L Ay o

10.8Z2Lum
AR
=
1 pm Feature 1 pm Feature
After Development After 50 nm Ti/ 450 nm Au Metal Evaporation

Figure 3.5 Comparison of AZ 1 um and AZ 0.5 um after metallization.

Referring to Figure 3.5, the 1 Om opening
by 19.6 % after devel opment , compared Wwi
Furthermore, after mallization, it is possible to achieve nearly 1 um gate length,

and with almost the same reduction factor, 19.1 %. Observe also that the gate length

feature increased by about 13 % after metallization for both resist runs, which

explains the AZ negative sist profile as shown in Figure 3.2. As the smooth and
reproducible liftoff process depends strongly on the undercut profile, the newly

mi xed AZ 0.5 em has demonstrated this qua
that it is possible to getanearlystkhm r ange gate opening usin
and at the same time retaining a high resolution and undercut profile. However, due

to the metal thermal evaporation limitation, the final gate length dimension
increased, but still contributed to improvemehthe fr, which will be demonstrated

in a later section of this chapter.
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3.3DEVICE MATERIAL GROW TH AND FABRICATION

To further study the performance of the n
was necessary to fabricate a device and to analyze iBnB@F performance, and

to compare them with a standard AZ 1 &m
VMBE#1998, for which the epitaxial layer are grownhiouse at the University of

Manchester. The prefix VMBE is used to indicate that it is grown usisglig-

source MBE V90H system.

3.3.1Epitaxial Layer Growth Introduction and Technique

The growth of two dissimilar semiconductors on adjoining surfaces causes
abruptness of the heterojunction interface. The discontinuities at the heterointerface
are fundaental to the production of quantum wells for electronic devices.
However, the growth of such heterojunctions would not be possible without the
evolution and major advances in material technology; in this study, the term
6advanced mat e rpilllaM cenMpoundestneicorsluctbre. Thgre are a
number of common growth techniques used to produce epitaxial [EB@rsbut

only two techniques are generally used to grow HEMT and pHEMT layers:
Molecular Beam Epitaxy (MBE) and Met@lrganic Chemical Vapour Depasih

(also known as MetaDrganic Vapour Phase Epita®OVPE). Below are some of

the key features for each of these techniques.

Molecular Beam Epitaxy (MBE):

The epitaxial layers are grown on a heated substrate, with reactants which are
introduced by elemeal or molecular beams; the beams are created by the heating
of source elements in an effusion (e.g. a Knudsen cell for-solicce MBE). The

chamber environment is always under uhlilgh vacuum (UHV) conditions, to
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ensure not only the purity of the gtag materials but also the grown epitaxial
layers. Moreover, under UHV, the molecular or elemental beam travels in a straight
path directly to the heated substrate. As multiple material layers are involved,
several beams from several different materiairses (such as Si, In, Ga, As, Be)
can be aimed at the heated subsf{iGg

Heated
Substrate [RHEED Electron Gun
\ Substrate Holder
y.

J —

Effusion
Cells

o
o

B

" Molecular

“gz /?/\I:I Beamls 'r _'I -l |
A il

Mechanical Shutters LFluorescent Screen

Figure 3.6 Schematic diagram of basic MBE systerf61]

To achieve variation in layer thickness, doping and composition, there is a
mechanical shutter in front of each sourae,iriterrupt the evaporated beam in
periods of less than one second. Together with a defined and low growth rate (1um
h! or roughly one atomic layer per second or less) for MBE, and by controlling the
source temperature and rapid on/off control of thetslajtthe growth of ultréhin

layers and excellent abruptness of the interfaces can be achieved.
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As the chamber environment is kept at UHV, it is possible to monisiturgrowth
thickness. The most commonlged technique to monitor the thickness is
Reflection High-Energy Electron Diffraction (RHEED).

Metal Organic Chemical Vapour Deposition (MOCVD):

This type of epitaxial growth technique also has the capability to grow thin layers
and monolayers, creating abrupt interfaces between heterojunctionigar Sin

MBE, the epitaxial layers are grown on a heated substrate, but the major difference
is that the sources are complex compound i.e. roeggnic sources (e.g. Ga, In, Al

etc), hydrides (e.g. Ast¢tc.) and other gas sources like Silane ¢5iH

Theepi t axi al | ayer growth depends on the
of the heated substrate, where it is transported to the heated substrate by a carrier
gas (usually H. Unlike MBE, an MOCVD chamber environment is highly
pressurized, and éhlayer structures of the elgiyer are controlled by the flow of the

gases.

= MFC I_ASH{(Or;.{anic compound
“containing Arsenic)

Output MFC J+—SiH,
Sil
S [l

|. substrate .|
®
T

—:@— containing Indium) (Organic
Valve

o - TMGa
MFC containing Aluminium) (Organic compound

Mass Flow Controller containing Gallium)

Pure H,
(Pure Hydrogen)

TM™MI

(Organic compound

compound

Vacuum

Figure 3.7 Schematic diagram of basic MOCVD systen62].
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One advantage of MOCVD over MBE 1te it
2 5 £f60].HThe major drawback of the MOCVD technique is that it requires not
only high-purity gas sources, but also the use of higbkic and flammable gases
such as Silane (Sidand Arsine (AshH), which makes the safety precautions for

handling and waste management more complex.

Why MBE for pHEMT?

Practically, the production of HEMT and pHEMT epitaxial layers is dominated by
MBE growth techniques, whereas MOCVD is less commonly used. The reason for
this is that MBE can produce very sntloanterfaces between the grown layers, and
also the doping and composition in the layers can be abruptly chang#dtermore,
solid-source MBE is favourable to grow pHEMT epitaxial layers, because the
source elements such as Indium, Aluminium, Arsenicdd and Gallium required

can easily be obtained as very high purity ingots and solids, at or near room
temperature. Hence the pHEMT layers described this chapter and subsequent
chapters were produced using samlrce MBE. The method allows the growath

the highpurity layers needed for pHEMT structure fabrication, especially for the
large and small bandap layers, since it is possible to minimize impurity scattering,

which can impede the performance of the 20E§.

Furthermore, the epitaxial structures grown by MBE show excellent uniformity
compared to MOCVD[64]; excellent layer thickness uniformity of the alloys
composition, as well as the tight control of dopant concentration, are crucial to
pHEMT device fabrication. For instance, one of the important parameters for the
pHEMT is the threshold voltage (Y, as discussed in Chapter 2, which is related to
the distancdrom the gate (after gate recess and metallization) to tlggin)As
channel. Hence, variations in layers thickness and alloy composition will alter the

device threshold voltage.
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3.3.2Material Epitaxial Growth

The material growth of VMBE#1998 is baailly a lattice matched to InP pHEMT
with highly tensile channel, with a double Silicon delt@ p e-dope@)land a
highly doped cap. Figure 3.8 illustrates the-leyer with a detailed explanation of
the layers from bottom to top (substrate to cap layer).

Cap InGaAs 200 A (n=2x10" cm)
fnAlAs 150 &
0,
InAlAs 100 A
In GasAs 140 A
AlAs 100 A
0,
InAlAs 4500 A
eeeeeeeeeeeeeeee ] Lattice matched to InP :
- In, -;Ga, -As
I_nP F 0.53 0.47
( e) =2 Iny 5,Al) 45As

Figure 3.8 Epitaxial layer structure for VMBE#1998 grown in-house using a
VO0H MBE machine (thickness not to scale).

VMBE#1998 uses a senmsulating InP substrate doped with Iron (Fe). On top of
this isa 4500 A thick InAlAs buffer layer, which is lattieeatched to the InP; this
buffer layer is grown relatively thick compared to the other layers on top of it, to

avoid any unwanted impurities originating from the substrate diffusing upwards,
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especialymt o t he channel . As this -ddpinguctur e

there are 2 lattice matched 100tifick InAlAs Spacer layers protecting the Ron
lattice matched but highly strained pseudomorphic k»Ga.3As channel from
coulomb scatteringon top of the second spacer layer is the barrier layer which also
latticeematched to InP. This layer is grown 150 A thick, and later used to form the
Schottky contact to the gate metal. Finally the uppest layer grown is also a
latticematched InGaAs capayer of thickness 200 A. This cap layer is highly
doped, with doping concentration (n) of 2x%0n3, allowing the formation of a

low-resistivity Ohmic contact through Source and Drain metallization.
3.3.2.1Hall Effects Measurements and Band Diagrams

The quality of the VMBE#1998 epilayer is determined by Hall Effect measurement;
this measures the epilayer 2DEG electron mobility and its sheet carrier

concentration shown in Table 3.4.

Table 3-4 VMBE#1998 eplayer Hall Effect measurement data.

Measurement Data
Sheet Carrier Concentrationyjn
at 300 K /77 K (x18 cn?) 2.40/2.50
Hall Mobility (pim) 13896 / 47829

at 300 K / 77 K (crfiV.s)

Table 3.4 show that at 300 K, i.e. room temperature, thlenktdility in the 2DEG
was 13896&n?/V.si this is a better figure than that reporfed otherInP [65, 66]
and GaAg67, 68 pHEMTSs.
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Figure 3.9 Energy band diagram of VMBE#1998 structure (Mzs= 0, Vbs = 0).

The energy band diagram of this epilayer shown in Figure 3.9 was simulated using

the WinGreefi program[69]. The doubles i d eddpedUstructures gives good

carrier confinement in the 2DEG quantuwell, which reflects the excellent

mobility shown in Table 3.4. Correspondingly, the dotgiteed doping gives not

only high current handling capability, but also betiinearity in highpower

applications.

3.33Devi ce Fabricati

on

(AZ 0.5

em Vs

To further study the outcome of the use of both resists, the DC and RF results will

be analyzed and compared. Here, two samples of VMBE#1998 are fabricated side

by-side to minimize uncertainty where possible.
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MESA

Ohmic

Sample 1: Sample 2:
AZ 0.5 pm AZ 1 pm

A 4 v

Gate Recess then Metallization

}

Bond pad

Figure 3.10 Standard pHEMT fabrication process flow for VMBE#1998.

The standard fabrication process flow is shown in Figure 3.10 for the two samples;
the fabricabn steps were the same throughout the process except during coat
exposedevelop gate length step. At this gate length step, AZ0'd and AZ 1
negative resists were used on each sample respectively, using the process

parameters are recorded in Table 3.2.

3.3.4Direct Current (DC) Characteristics

The DC performance of the 2 samples was measured after the Ohmic metallization

step andafter bond pad metallization. After Ohmic metallization, the measurement
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of particular interest is the quality of the contact resistaneg ¢Rthe Ohmic

contact, as well as the sheet resistancg),(Rieasured via the Transfer Length

Method (TLM) which had been explained in detail elsewhgr6]. Prior to TLM

measurement, both of the samples were annealed in amvidonment, in a furnace

at 280°C for 90 s. The TLM measurement was then performed using 4goibés

on a test pad structure of size 50 em |
structuredinamar r ay of different spacingterom 5 ¢
results are shown in Table 3.5, Figure 3.°:

eEm.

Table 3-5 TLM measurement data of VMBE#1998 samplesfter N2 annealing.

Parameter Sample 1 (A Sample 2 (
Rsn( Y ) 77 78
Re( Y. mm) 0.052 0.046
40
3T R.(Q/Sq) = 77 ’
c 30 1 sh( q,_ x
s R.(Q.mm) = 0.052 -
e 25 T ;
(1°]
_"5 20 + .
§ 15 + - " Slope = R, / Width
g 10 1 :
o
5 1 g Y-axis intercept = 2R,
0 "“/ : : : : : : :
0 10 20 30 40 50
TLM spacing (um)

Figure 3.11 Plot of total resistance vs TLM pad spacing including error bars
for AZ 0.5 g&m.
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S R, (0/Sq) = 78 :
ry 30 - R(Q.mm) = 0.046 .
g 25 T x
©
220 1 :
@ . .
&J 15 + ) Slope = R,;, / Width
,,g 10 + .
= 5+ . Y-axis intercept = 2R

20 30
TLM spacing (um)

40

Figure 3.12 Plot of total resistance vs TLM pad spacing including error bars

for AZ 1 & m.

50

Both samples were metalized at the same time under the same thermally evaporated

metallization scheme i.e. 50 nm AuGellowed by 100 nm Au, therefore as
expected, the sheet resistance,(Bnd the contact resistance: Ror both samples
were very similar. The very low Rvalueis a result of both the high carrier

concentration and the high mobility of electrons, aswsh in the Hall Effect

measurement data in Table 3.4, and hence demonstrates that the 2DEG is very well

confined in the channel. Meanwhile, the very low(R< 0 . 2

Y/ mm)

ndi

good Ohmic contact, which also reflects that the AuGe is diffused deeply into the

2DEG channel. A low Ris very important for MMIC devices, as a large Rl

limit the drain current and increase the source resistanfea(ld therefore degrade

the device performance.
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As mentioned previously, the DC measurements were performed after bond pad
metallization. Unlike TLM measurement, the DC measurements are more complex

and produce more data to analyse. The measurements weoemgelfusing a

Cascade Groun8ignatGround (GS-G) 3-pin probe station, as shown in Figure

3.13, which was connected to an 4ABilent 4142B Modular DC Source. The
metallization for the bond pads was 50 nm Ti followed by 450 nm the same as

for the gate Comparatively, the Au is thicker than that in the Ohmic contacts, to

reduce the gate resistance during microwave or RF measurement later on. The
pHEMT devices were measured at room temperature on devices with two gate
fingers, with gate width of 2x 200 m (400 em) and-toWiaihh 5 &m

spacing.

Figure3.13DC and RF measurements on VMBE#199820:

Note that all of the DC results shown hereafter are the average value across several
measured devices, furthermore, the values are normalized to the device gate width.

In addition, as mentioned previously, all of the DC results presented are to compare
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the performance between two VMBE #1998 pHEMT samples, with the gates

masked using both theewl y mi xed AZ 0.5 em and stan
respectively, while the rest of the fabrication processes were similar. To begin with,

Figure 3.14 shows the output characteristic or the cuwatdage (}V) curves,

biased at ¥s = 0 V to -1.2 V with Q12 V step size, tedown. Both devices

demonstrate welbbehaved curves with excellent pinoff characteristic. At biasing

Vps =1V, the measured drain saturation curregtat Ves= 0 V for this depletion

mode PpHEMT shows t hat givdsa higherwaurrentZdenBity 5 e m r
t han t he st a-mB87amAinm AZlL mA/mm)nand 309 mA/mm (£ 1

mA/mm) respectively; this improvement of about 10 % is due to the shorter gate

length as shown in Figure 3.5.

The improvement in current density is noatstically significant, since it may

include errors in the measurement; to be statistically significant, the improvement

target should be more than 20[%d]. However, it shows that reduction thie gate

length leads to an increasing i,Ibased on thepk Equation 216 in the saturation

region, whereds is inversely proportional to the gate length The 10% increase

was also expected as the gate | ®0.9g3t h redu
em (Figure 3. 5Equatina2E6ewhile tha rest of he parameters

remain the same because of the similar epilayer structures, gate width and
fabrication process used for both samples. The only parameter that has an impact on

Ips is Lg, hence if the gate reduction is 50% or more, thengh@riprovement or

increment is significant, provided that a similar epilayer and fabrication process is

used. Furthermore, in the linear region of the curves, the inverse ottstope

determing the ON resistance ¢, which is very similar for both devices, due to

the similar epilayers and gate widths. B
when the devices were biased in the lows Yegion i.e. from ¥s= 0.5V to 1 V.

Furthermore, thekink effect is better than that exhibited by a similar structure

reported in72], due to better electroned i nement in the 2DEG fro

doped structure in the VMBE#1998 epilayer design. Even though the kink effect is
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mi ni mal in both of the sampl es, the new
effect due to the shorter gate len§f3], hence it has a higher output conductance,

where the output conductancetgken at s = 1 V to 2 V gives 47.7 mS/miior

AZ 0.5 em and 35.4 mS/ mm f eforalAli@dP HEMTe m. The

is about 50 mS/mm for a hightjoped cap and shagate lengtlj74).

450
400 =——|DS_2x200 um_New AZ 0.5 pm = ==|DS_2x200 um_Standard AZ 1 um
s ]
— 300 e
g Ves=OVto-12V 27— e
< 0 -012Vstep Lo —=="""77
Tl Vv e
E20{V L o eeemm===mmT
= Y,
3 -
- 150 ---------------------
100 -----------------
1 L~ ———wv—————w—w— 2 2 2 2 2 & x g
0 A - .
0.00 0.50 1.00 1.50 2.00

Figure 3.14 Output characteristics of pHEMTs with new and standard resist
with 2 x 200 um gate width.

The next DC characteristite be considered are the Threshold Voltages),(ds
shown in Figure 3.15. The linear extrapolation from the square roet oé.l\Vss at
Vps= 1V givesvaluesof0.90Vand0. 88 V for the new AZ 0.5
AZ 1 em respectively. The threshold voltac
than the AZ 1 em device, but this iIs cons

supported by th fact that both devices have the same pinch off characteristic, as
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shown in Figure 3.14, due to the same epilayer structure and gate recess conditions

used.
200 v
/
180 .
——1d_2%200 um_New AZ 0.5 pum o
160 A = ==|d_2x200 pm_Standard AZ 1 um
£ 140

[y
N
o

sqrt (Ips)(mA/m
5 3 8 8

N
o
1

-
== ’

04
/ -
n=-0.90 VS~ "”/ Vy, =-0.88V

Vi

o

-1.00 -0.90 -0.80 -0.70

Voltage (Vgs)

-0.60

-0.50

Figure 3.15 Threshold voltage (Mn) at Vbs = 1V of pHEMTs with New and

Standard resist with 2 x 200 um gate width.

Figure 3.16 shows the Extrinsic Transconductangk (@hich is derived from the |

V curve in Figure 3.14. This parameter is important in order to show how the gate

controls the drain guent; this parameter can be improved (increased) when the

gate length becomes shorf@4]. The Extrinsic Transconductancem(gvs. Ves

biased at ¥s = 1 V shows two maximumsg(gmma) points, one at ¥s = -0.4 V

(gmmax= 512 mS/mm) and the other one a&s¥ - 0.22 V (ghmax= 501 mS/mm) for

t he new AZ 0.5 em and

expected for AZ 0.5 ¢
Figure 3.14. Anot her

m,

key

standard

b e c ast) aseshowrfin t h e

point

AZ

t o

reduced gate length, which is consistent with the dropwiraMd increase inog

mentioned previously. The intrinsic transconductane® (g inversely poportional
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to the gate length ¢, and also to the gate-channel distance; these are the
important physical parameters that control the intrinsid €5, 76]. Equations 3.1
and 3.2 show the relationship of the intrinsic transconductance to the physical and

geometrical parameters.
v =Cay Equation 3-1[75, 76]
Equation 3-2[75, 76]

Where d is the dielectric constant, d is the gatechannel distanceYsat is the

saturated or peak electron velocity, andsthe intrinsic gate capacitance.

600
—gm_2x200 pm_New AZ 0.5 pm ==-=-gm_2x200 um_Standard AZ 1 pum
500

100 4

-1.5 -1 -0.5 0 0.5 1
Voltage (Vgs)

Figure 3.16 Extrinsic transconductance (gn) at Vos = 1 V of pHEMTSs with new
and standard resist with 2 x 200 um gate width.
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The final DC characteristic to consider in this analysis is the gate current leakage,

which is illustrated in Figure 3.17, when the device is in the pinofffecbondition.

The plotshows the gate currenizg) on a logarithmic scale, vs. gate voltage$V

Such a graph is also called the-state Schottky gate leakage current, which consist

of two significant curves: forwartiased (\és = 0 to 1 V) and reverskiased (\&s

=0to-4V). The forwardbiased curve from thes vs. Ves shows no dissimilarity

bet ween the new AZ 0.5 em and standard AZ
and Barr i e)rextratted figprh this duve are similar at 1.58 and 0.36 eV.

The reason for thigmilarity is that both devices have the same epilayer design, and

have undergone the same gate recess step and gate metallization scheme.

Conversely, the reverdmased curve is significantly different between the two

devices. The reversdulased curve isctually the Schottky gate reverse current,

which importantly determines the gate current leakage anddgaite breakdown

voltage (B\bg), with the gate current reaching a maximum value of 1 mA/mm

during the offstate conditio{51]. It is important to note that, for this case, the

gatedrain breakdown voltage is the same as the-giatiece breakdown voltage, as

the fabricated devices have symmetrical geometr2i.2 00 e m gate wi dth
e m s edwain separation, hence the -sthte breakdown will only be referred as

breakdown voltage (3k). As can be seen clearly from the graph in Figure 3.17, a

very low breakdown voltage was observed for the fabricated eg\as well as high

gate current leakages. This will impede the device performance for low noise
millimetre-wave MMIC (Monolithic Microwave Integrated Circuit) and high power
millimetre-wave application devices. This poor performance is due to the low

bariier height, which is expected to be ~ 0.5 eV fayshlo4sAs with Ti as the

bottom meta[77], causing tunnelling or thermionfeld-emission (TFERcross the

Schottky barrie[44, 52]. Further more, the AZ 0.5 em de
|l eakage and | ow breakdown voltage compar e
shorter gate lengtfv8, 79] however the increased leakage is still low and eveh at

V itis only a factor of 2 higher.
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The higher gate leakage for shorter gate lengths is due to the increase in electric
field strength in the gatdrain region, considering the same applied bias or supply
voltage [1]. Note that the criticaélectric field Ec is defined for the electrons to
reach their saturation velocif$0], hence for the shorter gate length, the magnitude

of the electric field in the channel is greatieanEc. For that reason, the electrons in

this highfield region will be accelerating at a higher velocity, and become very
Ahot 0, -lonetic. Ahegehtbt electrons can then be injected into the barrier,

and cause gate current leakftje
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1.E-01 - = |g_2%x200 pm_New AZ 0.5 pm ==-lg_2x200 pm_Standard AZ 1 um

1.E-02 +

Vgrat -3.8V @ lgs= 1 mA/mm
1B e — S —— — — — —— — — ——— — S

1.E-04 4 Verat-5V @ lgs=1mA/mm

lgs ( A/mm)

1.E-05

1.E-06 -

1.E-07

1.E-08 T T T T T
5 -4 3 -2 -1 (] 1
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Figure 3.17 Off-state Schottky gate leakage current of pHEMTs with New and
Standard resist with 2 x 200 um gate width.
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3.3.5Radio Frequency (RF) Characteristics

The final step in assessing the performance of the optimized resist compared to the

standard is to perform microwave measurements. The measurement is performed as

shown in Figure 3.13, with a-@@n Cascade &G probe statin, with the

measurements taken using the Vector Network Analyzer (Anritsu VNAgiRRNt

8510C). The Radio Frequency (RF) figure of merit from this measurement is the

cut-off frequency (f). For the devices concerned, the VNA sweep frequency was

from 45 MHz to 20 GHz, and the small signal properties were extracted when

biased at their maximumngVps =1 V and at s =

the biasing and results for the two devices are shown in Table 3.6.

Table 3-6 Biasing conditions and results for RF measwament at Vbs=1 V.

d e v ihmex G lle detais of

Parameter New AZ O. Standard A
gmmax (MS/mm) 512 +5 501 +5
Vas (V) -0.40+5 0.22+5
| os (MA/mm) 161.6 +1 2147 1
fr (GHz) 26 +1 20+1

Graphically, Figure 3.18 illustrate the, showing the f with the-20 dB / decade

slopes crossing the @B line on a graph of current gain vs frequency (on a

logarithmic scale).
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Figure 3.18 Unity current gain or cut-off frequency (fr) at gmmax for Vbps =1V

biasing.

Observations from Figure 3.18 show a gigant improvement from using the new

AZ 0.5 &em

standard AZ 1

eEMmMm

negative

resi

reduction in gate length after metallization, as shown in Figre

3.3.6Gate Recess Experiments

In addition to assessing the new resist performance, the higtatéf Schottky gate

st

n e g a triwaseimproeed bys30 % campared Wwith the

wher e

leakage and low breakdown voltage shown in Figure 3.17 for VMBE#1998 also

need to be investigated. The high gate current leakageoandreakdown voltage
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will impede the performance for future lenvise and higipower applications.
Hence, apart from the tunnelling and TFE mechanisms mentioned previously, the
gate recess may contribute to the performance issues. The footprint of the gate
length is defined by the gate recess, while the gate recess width is theoretically
defined by the opening of the resist (AZ
required to remove the highly doped $8Ga 47As cap so that the Ti/Au metal gate
metalization can form a Schottky contact with the expolsedAlo.4sAs Schottky
barrier layer. The cap is removed by arhouse developed selective succinic acid
[70], but this has been optimized for a thin-doped cap layer of 50 A thickness.

The study also discovered that longer etching time was neededcfartbap layers

or smaller gate length openings after resist developrthig is necessary to avoid

residue in the recess area, as illustrated in Figure 3.19.

InGaAs cap residue
after gate recess!

1

OHMIC OHMIC

Doped CAP Doped CAP
BARRIER

SPACER
CHANNEL

BUFFER

Figure 3.19InGaAs cap residue after gate reess. (Picture just for illustration)
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For the purpose for this study, a new VMBE#1998 epilayer sample was used. The

fabrication process exactly followed the process steps in previous runs, as depicted

in Figure 3.10, butssii ng only AZ 0.5 &m

negative

the sample was cleaved to 4 pieces of identical size, etched with a different recess

etch time for each piece, then gate metalized through standard thermal evaporation.

The results are shown Figure 3.20.

1.E+00 ¢ . .

----- Ig_7 mins Gate Recess

1.E-01 ¢ ——Ig_5 mins Gate Recess

Ig_9 mins Gate Recess + =lg_11 mins Gate Recess

1E-02 {

[ Vgg limit @ lgs=1 mA/mm
1.E-03 ==

oo =
R Y P
et ——
ettt tetettttarerearesarony e ———
~ 3
£,

1604 {

1.E05 {

Igs (A/mm)

1.606 4
1607 |

1608 |

1.6-09 1
2

Voltage (Vgs)

Figure 3.20 Off-state Schottky gate leakage current of pHEMTSs with new AZ

0.5 um negative resist for various gate recess etch times.

From Figure 3.20, it can be deduced that @& ¥-5 V, the standard 5 minutes gate

recess time gives a reverse gate current leakage of about 1.5 mA/mm, which is

the new

consistent with the value in Figure 3.L70 r

AZ 0.5 &em

samples produced with longer gate recess extra times show very minimal
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improvement, as their current leakage values are still hagghund 0.34 mA/mm to

0.82 mA/mm. In addition, the a4 valuesshown in Figure 20still low - about-4 V

to -5 V for all runs. Meanwhile, the forward biased region froes¥ 0 to 1 V

gives a similar | deal i t ) foFalcuns 1.58 @rdl) and
0.36 eV respectively this is still a consistently low barrier Ighit as discussed

previously.

It can be seen that longer gate recess etch times show slightly improved gate current
leakage and increaseds® and consequently the threshold voltage is increased i.e.
shifted towards a positive direction as shown in Figufd B this is confirmed by

other researchef81, 82]. This type of shift is due to the deeper gate recess to the

Ino.s2Alo.48As Schottky barrier layer, which is detrimental to the pHEMT device

characteristics.
200
. *
180 —|d_5 mins Gate Recess «««+|d_7 mins Gate Recess o*
] - y
160 1d_9 mins Gate Recess = ¢ =|d_11 mins Gate Regéss .

m
=
B
o

[y
N
o

sqrt (Ips)(mA/m

(2]
o

'y
o

-1.00 -0.95 -0.90 -0.85 -0.80. -0.75 -0.70 -0.65 -0.60 -0.55 -0.50
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Figure 3.21 Threshold voltage (Mn) at Vos = 1 V of pHEMTs with New AZ 0.5
MM negative resist under variougjate recess etch time.
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3.4CONCLUSION

In this chater, improvements are made to the gate mask step for the optically
defined 1 em gate | ength process. Al t houg
opening i s me as ur e d-E-B t(coaxpasedevelofh) stepsy aft er
metallization by thermal evaporati increases the dimension of the sgifined

gate length this is caused by the undercut shape of the negative resist.

To solve this issue, a new resist mix was prepardwuse based on the spin curve
for the A 2n LOFE 2070 negati VigofAZ2®sLOFEagdd savail
grade resist. By a careful calculation and dilution process, a newly mix AZ negative

with 0.5 em negative was successfully deve

However, after exposure experiments for the newly mix resist, the smallest feature

opening with high yield isfer CE-D i s 0. 8 & m, in spite of ar
of 0.5 &m. This issue may be due cl eanro
of speci al tools for resist mi x and dil ut
was achieved after metallizatomhi ch i s sufficient for t h

pHEMT process.

The performance of the newly mixed AZ 0.5
the standard AZ 1 em negative resist. Thi
incorporating the two resists at thatg step, the DC and RF performance is

assessed. An optimised pHEMT epitaxial layer structure, VMBE#1998 is chosen,

which not only tests the new resist mix presentation, but also the epilayer structure

performance.

The DC and RF figures of merit, discugdgboroughly in this chapter, demonstrate a
significant i mprovement by using this new

the standard AZ 1 em resist; of particul
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in fr. These improvements not only save the adspurchasing high resolution
resist, but are also excellent for l@est research purposes. However to reduce
further the gate length to suicron dimensions, this newlyeveloped resist mix
has limitationd this will be discussed in detail in Chaptdrand 5.

For the VMBE#998 device, the high mobility and good carrier confinement make

it suitable for low cost opticalld e f i ned 1 em gate | ength appl
speed and logic devicddowever, the device is not suitable for lowise and high

power applicationsas a consequence of its high Schottky gate leakage current and

low breakdown voltage. As the gate recess experiments do not show promising
improvements to the gate leakage current and breakdown voltage, a different type of

material needs to be charactedzelence, the next chapter will focus on improving

the epilayer structures to achieve low noise and high breakdown voltage results. Part

of these improvements involve a thinner anddoped cap layer, as supported by

other researchef34, 83].

103



CHAPTER 4

FABRICATION AND CHARACTERIZATION OF TENSILE
BARRIER AND COMPRESSIVE CHANNEL 1 pm GATE
LENGTH InGaAs -InAlAs pHEMT

4.1INTRODU CTION

The lowest possible noise figure for any transistor technology in-t@@ GHz
frequency range is delivered by the {b&ed High Electron Mobility Transistor
(HEMT) [84]; this has been shown to have the best performance of all three
terminal devices[85]. However, InFbased HEMT performance can be further
improvedthrough the use of strained high mobility InGaAs; using this material, the

best noise figures and higlrequency operation can be produced.

An excellent material for the production of hifflequency, lownoise devices is the
conventional latticanatched lasaGap.47AS-INosAlo.48AS pseudomorphic HEMT
(PHEMT), using an InP substrate, with ano#8a.3As compressivehstrained
channel. This is due to the high mobility and high saturation velocity of the device,
stemming from the high level of Indium in theGaAs chann€l86q].

A conventional lownoise pHEMT using the above material system exhibits a
breakdown voltage of about-2 V, and a high gate leakage of andul mA/mm at

-5V [87, 88] - these are significant limitations for the device. The lattzched
Ino.s2Alo.4gAs supply layer used as the barrier, and the low {gmpd material
employed in the channel are the principal causes of this limitation. The small
Schottky barrier in the supply layer and high impact ionization in the channel are the

causes of the W breakdown voltage and high gate leakage, respectively. The
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problems described have restricted the usefulness of these pHEMT materials in low

noise designs.

A number of researchers have suggested options to address the problems previously
described, althagh the proposed solutions significantly reduce the unity current
gain cutoff frequency f, and therefore increase the noise. The methods proposed
include: using platinum gate me{&@9] as the Schottky barrier, a far larger InGaP

and AlAs spacer laydrl4, 16, 90], a composite channel desifgh7], and double
recessed structurg$s, 91].

Over the past few years, a novel higieakdown, lowleakage InGaAd$nAlAs
pHEMT has been developed by the author and colleagues at the Uniadrsity
Mancheste[92]. A device with a 1 um gate length has been optimibed it is
based on latticenatched Ias2Alo.48As barriers. However the ability to change the
Indium and Aluminium compositions of thex@®a1.xAs-InxAl 1x»AS system alters

its material characteristics. InAlAs acts as the barrier layer in pHEM€tstas; it

is possible to increase the band gap efAho.7As up to 2 eV, and that of InGaAs to
~0.6 eV, beginning from the lattigeatched composition (x ~0.52}his results in

high mobility and high saturation velocity. The higistyained materialfave key
thicknesses that are compatible with pHEMT aspect ratios, ranging from gates of

deep submicron size (25 nm), up to more than 1 pm.

Recently, a significant increase in the breakdown voltage and decrease in gate
leakage has been produced. This watsieved only through bandgap engineering,
which generated a narrow band gap channel and a barrier with a wide band gap, in
an advanced highigtrained InGaAdnAlAs pHEMT. Two double deltaloped
structures are included in the epitaxial layers, giving imgtoconfinement of the

guantum well charge, and a high 2DEG carrier density.

The successful fabrication and characterization of the above structure exhibits

breakdown voltage and gate leakage improvements of 8e% and 99 %
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respectively, compared to @nventional InGaA$nAlAs pHEMT device. These
significant improvements are likely to make these devisegul in lownoise and
high-power applications. The cufff frequency of a device with a 1 pm gate length
and 800 um gatavidth was measured, and falimo be practically identical to the
value for conventional structures, which shows that the higher tensile strain caused

no adverse effects on the device-cfitfrequency.

4.2DEVICE MATERIAL GROW TH AND FABRICATION

4.2.1Epitaxial Growth

Two alternativesamples with an InGaAs/InAlAs/InP epitaxial layer design were
produced: a conventional pHEMT, XMBE171he baseline for the studyand an
advanced pHEMT, XMBEZ210. The devices were growimanse using Molecular
Beam Epitaxy (MBE) on a RIBER V100 System.

The XMBE171 sample is a single-8i doped epitaxial | ayer
matched (to InP) udoped 4500 A InAlAs buffer was grown, then a highly
compressive waoped 140 A pseudomorphic ohGansAs channel was added,

followed by a latticematched urdopel 50 A InAlAs spacer, and a-§i dopi ng
layer. The urdoped 300 A InAlAs barrier was also lattioeatched to InP, which is

used as a Schottky contact layer. In addition, alaped latticematched 50 A

InGaAs cap layer was grown, allowing for the latediadn of low resistivity

Ohmic contacts.

The XMBE210 device employs an advanced pHEMT epilayer design with double
Si-i  d o pthisnsghe key difference to the conventional pHEMT XMBE171. The
device has two barrier and supply layers formed from InAflasulting from the

double Sii dopi ng. | t anatchedi wdoped 10GAthick InAlAst t | ¢ e
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barrier, and 100&hick supply layers, which was grown after a lattice matched 4500
A un-doped buffer layer the first Siti  d-doped dayer was positiodebetween
these layers. The channel is designed to be similar to that of XMBE171; it is
produced from 160 A thick, highlgompressive, udoped pseudomorphic
Ino.7Gav3As. An undoped, highly tensile, 130 A thick,ogAlo7As spacer was then
grown, afterwhich the second §i  d-dopedd dayer was formed. An woped,
highly-tensile Ir3Alo7As barrier was then grown, to a thickness of 190 #is
forms a Schottky contact layer. Lengsistivity Ohmic contacts were then formed as
the final cap layer, frorfatticematched urdoped 50 A InGaAs.

Crosssections of the two epitaxial layer structures are shown in Figures 4.1 and 4.2,
and Table 4.1 shows calculatiof#3] of the approximate band energi€s)(and
band gap differencespi), of XMBE171 and XMBE210.

Cap InGaAs 50 A
e | mAlAs 300 &
InAlAs 560 A
Chanct [ R I 1-1:5;;\-; ) 140 A
___________ I_ I_]f_ljis____ _ ii?tlgeélatched to InP :
IuP (Fe) 3 Inelenis

Figure 4.1 XMBE171 (Conventional pHEMT) epitaxial layer grown in-house
on RIBER V100 MBE (Thickness not to scale).
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Figure 4.2 XMBE210 (Advanced pHEMT) epitaxial layer grown in-house on

RIBER V100 MBE (Thickness not to scale).

InGaAs 50 A
IIl_ngl_'/p_AS 190 A
0,
111_23A1_72AS 130 A
In»GasAs 160 A
InAlAs 100 A
0,
InAlAs 100 A
| 4500 A
InAlAs Lattice matched to InP :
- >1 G A
IuP (Fe) S I ALAs

Table 4-1 XMBE171 and 210 band energies(@ and band gagd.
. Wide Band | Narrow Band
Device Gap Gapz Eg1(eV) | Eg2(eV) | aEg (eV)
XMBE#171 | Inos2Alo.48AS Ino.7-Gay.3As 14 0.579 0.821
XMBE#210 | Ing3Alo7As Ino.7Gay.3As 2.2 0.579 1.621

4.2.1.1Hall Effects Measurements and Band Diagrams

Two important Hall measurement parameters for assessingjuakty of the

di f f er ¢

conventional pHEMT XMBE171 and advanced pHEMT XMBE210 epilayers are

the 2DEG electron mobility and its sheet carrier concentration. Measurements at
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room temperature of XMBE171 showed an electron mobility value of 10653
cn?/V.s, while the shet carrier concentration was 3.16 ¥16m?2. The advanced
pHEMT exhibited an electron mobility of 11008 @w.s and a sheet carrier
concentration of 2.70 x1012 e& at room temperature. The reduced spacer
thickness in the conventional pHEMT devicas $iown in Figure 4.% is the main

cause of the increased 2DEG sheet carrier concentration observed, relative to the
advanced pHEMT.

The baseline for this study is the conventional pHEMT epilayer structure of
XMBE171. Compared with this, the XMBE210 advancptHiEMT epilayer
structure has a wider band gap, consisting efiédl Ing.3Alo 7As; it produces higher
Schottky barriers, as seen by the carriers within the 2DEG channel. Consequently,
the leakage current of the Schottky gate will be reduced, througfationitof the
number of carriers produced from tunnelling through the Schottky barrier in the off
state (\bs& tMmode[13], or from thermionic field emission. Thegher Schottky
barrier, in conjunction with the Alich Ino.3Alo7As spacer, produces a lower impact
ionization in the channel in the @tate (\és> V1) mode, thereby reducing the-on

state Schottky gate leakage.

The highlystrained barrier which increas the Schottky barrier height reduces the
hot electrons injection from the gate, where these electrons enter the channel gate
drain zone with high energy, due to the high electric field between gate and drain.
These electrons will then relax this energgd will be high enough to initiate the
impact ionization process in the channel, and to generate elbdi®paird50, 80,

94]. The highlystrained spacer increases the valence band discontinuity at the
spaceichannel interface, and hence reduces the number of holes generated from
impact ionization inhe channel due to tunnelling to the negatively biased[d8te

14, 95]. The thicker spacer also degrades the transport properties, due to lower
electron transfer efficiency from the donor layer to 2DEG channel, hence adow |
which then gives low electrelmole pair generation in the channel during impact
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ionization [14]. The addition of double & dopi ng resul ts
confinement in the quantum well; combining this with the wider band gap-o€iAl

Ino.3Alo.7AS results in a higher Schottky breakdown volt§gé. A band diagram

for the structures of the two devices discussed is shown in Figures 4.3 and 4.4.
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Thickness (nm)

Figure 4.3 XMBE171 (Conventional pHEMT) conduction band diagram and
electron distribution.
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Figure 4.4 XMBE210 (Advanced pHEMT) conduction band diagram and
electon distribution.

4.2.2Device Fabrication

To avoid problems of inconsistency in processing, all of the devices mentioned up
to this point were produced simultaneously, using a standard process with the same
mask. The fabrication was done using convemtiaptical lithography and metal

lift -off. Consequently the active layer or MESA isolation was initially created by
wet-etching the epilayers as far into the InAlAs buffer layer. The etching was done
with Orthophosphoric acid @P0s:H20:H202), a nonselecive rapid etchant, with a

ratio of 3:1:50. The MESA sidewall was wetiched using a succinic acid solution at

the same step, but after the Ortho etch, to achieve better gate metal isolation from
the In7Ga20As channel when gate metallization is perfednlater in the

fabrication proces§97]. In the last step, Ohmic connections for Source and Drain
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were deposited using thermal evaporation of 50 nm of AuGe, feddosy 100 nm
of Au; these were then alloyed at 2&Din a furnace. The resultant resistances (R

of the contacts were < 0.16 q. mm.

A highly-selective solution of succinic acid was used to pattern the gate recess, to
remove the InGaAs cap layer; this idek the gate footprint. Following this, 50 nm

of Ti and then 450 nm of Au metals were thermally evaporated, to produce a 1 pm
long flat gate contact. Finally, a thermal evaporation technique was used to produce
the bond pads required for microwave measigmg probing.

4. 3RESULTS AND DISCUSSIONS

4.3.1Direct Current (DC) Characteristics

Figures 4.5 and 4.6 show typical voltag@&rent curves for the baseline XMBE171

and the advanced XMBE210 pHEMT devicesormalised ds current values are
shown for easef@omparison. The conventional pHEMT device had a gate width of
200 um, and the advanced device gate width was 800 pum. The very large leakage
currents in an 800 um gateidth device baseline pHEMT meant that the device

could not be sustained
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Figure 4.5 XMBE171 (Conventional pHEMT) DC characteristic with 1 pm
length multi-gate of 2x100 um width. bsvs. Vos when Ves is swept from 0 V to
-1.2 V.

300

—Advanced pHEMT

250 +
VGS = 0 tO ‘1‘6 V,
0.16V steps

Current, I g (mA/mm)

0 0.5 1 1.5 2
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Figure 4.6 XMB E210 (Advanced pHEMT) DC characteristic with 1 um length
multi -gate of 4x200 pum width. bsvs. Vbs when Vesis swept from O V to-1.6 V.
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Figure 4.6 shows the output characteristics of an XMBE210 device with a
maximum drain current density of 230 mA/mm ais\= 0 V and \bs = 1 V, while

the XMBE171 device shows 370 mA/mm. The maximum extrinsic
transconductance a¥= 1V for XMBE210 is 300 mS/mrn this is low compared

to the 470 mS/mm for XMBE171. This is as expected, since the 2DEG sheet carrier
concentrabn in the channel is lower, due to the fact that the spacer is 62% thicker

(see Figures 4.3 and 4.4, and the Hall Effect measurement data).

Figure 4.7 shows the oefitate Schottky gate leakage current for both devices; the
improved performance of the adwaed XMBE210 pHEMT compared with
XMBE171 is clear.

1.E+00
= =Advanced pHEMT
1.E-01 ===Conventional
1.E-02 Current compliance @ Ig = 2.5 mA/mm
1.E-03 g——————— e
Voltage breakdown limit @ Igs =1 mA/mm|
~ LE-04 :
E :
1.E-05
E T~ Sew i
% LE-06 S« I
&) S 1
] - o - o 1
« 1.E-07 ~
= S
= 1
S 1.E-08 i !
- 1
&) I /
1.E-09 H ]
1
1
LE-10 Breakdown | |
LE-11 voltage =-1.6 V i
Voltage, Vs (V) ]
1.E-12 ] ' ' — '
-8 -6 -4 -2 0

Figure 4.7 XMBE171 (Conventional pHEMT) and XMBE210 (Advanced
pHEMT) off -state Schottky gate leakage current at ¥%=-8 V.
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The data in Figure 4.7 showsat the Schottky gate current leakage of XMBE210 in
the offstate is over four orders of magnitude lower, compared@60 pA/mm at
Ves=-1.6 V for XMBE171- it is anticipated that this will result in excellent noise
performance. The design of the doubidta structure and the widmnd materials

used in the supply result in exceptionally low gate leakage current. The leakage for
XMBE210 is -9 pA/mm at \&s = -8 V, a remarkable figure placing the actual

breakdown (defined as 1mA/mm) probably well into 10s of volts.

The features of the Schottky diode in XMBEZ210 exhibit a barrier heightOc#\0.

and an Ideality factor of 1.15; this demonstrates the presence of excellent Schottky
contacts. The baseline XMBE171 has an Ideality factor and barrier héigaCo

and 0.5 eV, respectively.

The neatunity Ideality factor implies that a good Schottky diode interface exists,
which shows that thermionic emission is the sole transport mechanism, because any
deviation from unity shows that current flow is due thesttransport mechanisms
such as Thermioni€ield Emission (TFE) curreno8] - this is the case for the
baseline transistor. As previously mentioned, tha&nncaused for the Oftate
reverse Schottky gate leakage current is tunnelling through the barrier. Hence, the
Schott ky b ag) playsan impatangroldg in réducing this tunnelling or
TFE[51, 99]. From the simulated band diagrams in Figure 4.3 and Figure 4.4, and
also from Figure 4.8 (which show Conduction band of XMBE210 and XMBE171
only), the Schtiky barrier heights for XMBE210 and XMBE171 are 0.9 eV and 0.5
eV respectively. This is about a 44 % increase in barrier height compared to the
XMBE171 Conventional pHEMT. This enhanced Schottky barrier height is due to
the tensile la3Alo7As barrier ad spacer of the XMBE210, compared to the lattice
matched lps2Al0.48As barrier in XMBE171. In addition, the high Al content in the
XMBE210 wide band gap material enhanced the barrier h¢ifdd. There is

therefore an increase in the tunnelling barrier height between the Schottky gate and
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narrow band gap strainedohGa.3As channel, which suppresses the-§ifite gate

leakage appreciably.
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Figure 4.8 Conduction band (E) diagram of XMBE210 and XMBE171.

To explain further, and by referring to Figure 4.8, the mechanism of reverse
Schottky gate leakage current is suppressed due to the gate electrons in XMBE210
experiencing a greater barrier height compared to the gate electrons in XMBE171.
When the barrier is high, there is minimal gate leakage current or Thermionic Field
Emission (TFE) or tunnelling which occurs, only Thermionic Emission (TE) of
electrons fromsource to draif99]. Equation 2.28 in Chapter 2 also shows that the
reverse Schottky gate | &awhdegbEyuatom 2.27¢e n't
shows that Wen the Ideality factor is near unity, only the TE mechanism occurs,
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which is supported by the lIdeality factor value for XMBE210, which is 1.15
compared to XMBE171 which is 1.60. Furthermore, due to the dalghl@doped

structure, and the wide band gajp.dAlo.7As which increases the conduction band
discontinuity with the narrow band gapol®a.3As, the quantum well is deeper,

and electrons are more confined in the channel, which helps to effectively increase

the barrier for TFE to occur. This reduct® gate leakagglO]] in XMBE210,

compared to the singldeltadoped and low band gapolsAlo.4gAs in XMBE171,

as mentioned in Table 4.1, wher gof the en
XMBE210 is i ®62appivVoXieBagcerl y1.703% \Q)f vedEi | e
for XMBE171 is coal gpPpr8ilLmgvdbEe¥y70% of e&E

Anotherfactor that contributes to the reverse Schottky gate leakage current is the
carrier concentration in the chanrj@éDZ], or the Donor concentration gNin the
supply layef43], which is also shown in Equation 2.26 in Cha@ewhere ky i.e.

the tunnelling parameter is directly proportional te .N'he effect of higher carrier
concentration is that the depletion region or the effective tunnelling barrier becomes
thin, which will lead to electrons tunnelling through theriearunder the TFE
mechanism, as shown in Figure 2.13 in Chapter 2. This is the case for XMBE171,
where the carrier concentration is 3.16 X2k which is higher than 2.70 x 10

cmi® in XMBE210.

Under similar bias conditions, the reverse Schottky daskage current of
XMBE210 is 4 orders of magnitude lower than XMBE171; this improvement is
mainly due to the increase in Schottky barrier height, as well as the lower carrier
concentration in the channel. These improvements are mainly in the material
epiayer design, with a tensile barrier, spacer thickness and the double delta doping
compared to the XMBE171 epilayer, while Table 4.2 show a comparison of the gate
leakage current of this Advanced pHEMT (XMBEZ210), with other research
mentioned earlier in thintroduction section of this chapter.
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Table 4-2 Comparison between XMBE210 gate leakage current with literature.

GazteAlyri?rl‘(f 91 cut-off Frequency (fr)
Improvement Reference H @ Reduction After
Ves=-1.5V Improvement
Platinum (Pt) [88] -1 Parameter not availablg
gate metal
AlAs spacer [16] -20 Parameter not availablg
InGaP spacer [18];[89] -55 23 %
Composite Channel [19] -1 Parameter not availablg
Double gate [20]:(90] 20 54 %
recess structure
Tensile InAlAs This 0
Barrier (XMBE210) work 0.2 0%

The measured gatirain or gatesource breakdown voltage is defined as the reverse
gate voltage, as both the XMBE171 and XMBE210 devices have symmetrical
geometry when the gate current rises to 1 mA/nerefore, Figure 4.7 shows that
XMBE210 exhibits a high breakdown voltage; extrapolating this suggests that
breakdown occurs atdé =-15 V at ks= 1 mA/mm, compared to only-1.6 V for

the conventional device.

The high breakdown voltage in XMBE210asresult of the large band gap of the
supply layer, which leads to a high Schottky barrier, as previously discussed. The
high Schottky barrier reduces the TFE effect, and consequently increases the
breakdown voltage; this is because thestéte leakageucrent is principally caused

by TFE in the Schottky barrier. This feature is ideal for producing-roise

amplifiers which require minimal protection circuits.

118



An additional key improvement of the advanced pHEMT device compared with the
conventional desigis shown in Figure 4.9, which gives thegsiate Schottky gate
leakage current. The gate leakage described differs from tstatdf Schottky gate
leakage depicted in Figure 4.7, because of the existence of an appliedodnaia
voltage, \bs. Figure4.9 shows that a very small reverse Schottky gate leakage
current caused by electron tunnelling-6f2 pA/mm at \&s = -3 V is present in
XMBE210 - this is over three orders of magnitude smaller thanGhmA/mm to-8
mA/mm in XMBE171.

Voltage, Vg (V)
-3 -2.5 -2 -1.5 -1 -0.5 0

& Advanced pHEMT
=== Conventional

1
—

U
()

VDS = l to 2 V,
0.25V steps

Current, I ;5 (mA/mm)
& &h b b

1
~

Figure 49 XMBE171 (Conventional pHEMT) and XMBE210 (Advanced
pPHEMT) on-state Schottky gate leakage current at ¥ =-3 V, in mA-range.

For small values of ¥s, the gate leakage current is generally caused principally by
electrons tunnelling through the Schottky barriene magnified section of Figure
4.10 shows a gate leakage current of a few PA; this is due to the fact that wdhen V
is increased beyond 1 V, impact ionization begins in the chaft@l The

collection of holes generated by impact ionization results in the leakage current
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taking the form of bellshaped curves, therefore the advanced XMBE210 pHEMT
device in Figure 4.10 demonstrates a maximunrstate Schottky gate leakage, due

to impact ionization at s = 2 V, of only about16 pA/mm. This is over two
orders of magnitude lowehan the-3.3 mA/mm in XMBE171, and much lower

than that reported if103. A further physical mechanism of the-state Schottky

gate leakage current and theak and position of the bell shape can be explained as
follows. Referring to Figure 4.10, at a large negatiwe ss than V, (between \és

=-3 V t-106 V), the device is OFF, which meass E 0 and no holes are
generated as no impact ionization occurs in the chanyete leakage currents are
mainly due to the electrons tunnelling through the Schottky bd&@®&r52, 103.

When Vs is greater than & (Vth =-1.6 V for XMBE210 as in Fige 4.10), the
device is turned ON, and impact ionization occurs starting freg=V1 V, which

then deforms the gate leakage current plot into a bell shape at a particular constant
Vps value. As mentioned previously, the bell shape is due to the colledtiooies

which are created from the impact ionization process, due to the negalirasigd

gate (refer Figure 2.16 in Chapter 2) which increases the gate current leakage. The
peak of the bell shape increases, since the impact ionization rate incres&sgs as
increases; this phenomenon is due to the electric field becoming stronger and more
significant at the gatdrain ared52, 103, where the maximum impact ionization
occurs at ¥s = 2 V i.e. the max ¥s applied for the device run. The position of the
impact ionization, according to Figure 4.10 of XMBEZ210, occurs in the vicinity of
Ves =-1.2 V, because this where the critical electric fielde€) occurs; the value

of Ec could not be determined in this device run, except through modelling, which is
beyond the scope of this research. Based on other research, the position of the
starting point of the impact mization depends on the thickness of the -gate
channel distance and the carrier sheet density of the device, which then influences
the Ec [52]. After this posiibn of Ves, the gate leakage current declines from the
peak value as the impact ionization becomes lower, since the electric field at the

gatedrain region reduces ass¥increases toward 0 562, 103.
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Voltage, V¢ (V)

VDS =1to2 V,
-8 0.25V steps

Current, I (uA/mm)

Figure 4.10 XMBE210 (Advanced pHEMT) on-state Schottky gate leakage
current, in pA-range.

XMBE210 shows extremly low onstate Schottky leakage current, solely because
of the band gap engineering employed in the pHEMT epitaxial layer desijgs H
are prevented from being collected by the gate due tdatige Aluminium (Al)
content, which increases thek discontinuity; this reduces the gate current leakage

in the onstate. The device is therefore ideal for both high power and low noise
applications.

4.3.2Radio Frequency (RF) Characteristics

A Vector Network Analyzer (VNA) was used to quantify the drsadnal S

parameters across a span of 40 MHz to 40 Bzonwafer RF measurement tool,
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Cascade Microtech WINCAL XE, was used to calibrate the measurements over the

span, using the 2 Port LLRM method on the substrate, as follows:

i) Raw opercircuit measumnents are made multiple times to ensure
repeatability.

ii) Calibration of standard thru, separate, short and load structures are
performed.

iii) Calibration is calculated and transmitted to VNA.

iv) Validation is conducted using calibrated VNA.

Results below the red ppr limit line are designated as ACCEPTABLE. If the

validation results areNACCEPTABLE, no RF measurement will be performed.

The cutoff frequency (f) was extracted for a bias aby/= 1 V and 60% gmax,for
devices with a 1 um gate length (normalizetegaidth). Figure 4.11 can be used to
derive the § - the crossing point at 0 dB and shows similar result for both devices,
with the slopes of the lines a20 dB / decade. The virtually identical 6f the
advanced device compared with the result forctiveventional structures shows that
the hightensile strained supply layer in the advanced pHEMT epitaxial design does

not degrade the device performance.
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Figure 4.11 XMBE171 (Conventional pHEMT) and XMBE210 (Advanced
pHEMT) cut -off frequency (fr) at Vbs =1 V and 60% gnmax bias point.

4.4 CONCLUSION

The purpose of this study was to improve the performance of the conventional 1um
gatelength InGaAs/ InAlAs/ InP pHEMT. The aim was to reduce the high gate
leskage current, and to increase the low breakdown voltage, as these limit the
devi ces 6 u s-adise dpplieasoss. li has beeo possible to address these
issues through the design of a new epitaxial layer structure, involving a Reavily
compressivehstrained (larich) channel and a highly tensile strained -(iksh)

Schottky contact barrier.

A significant improvement in the breakdown voltage was observed in the new

advanced pHEMTdesign, combined with much lower dffate and ostate
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Schottky gate wrrent leakages. In addition, a thicker spacerdouble deltadoped

structure was developed.

The cutoff frequency (f) for both 1 pmgatelength conventional and advanced
pPHEMT devices was measured to be almost identical; this shows that the new high
tensile strain structure causes no degradation to performance. An improvement in
noise figure over the conventional pHEMT was also ach{@@dThe combination

of these improvements makes the advanced pHEMT device useful inolee
designs such as low noise amplifiers requiring minimal protection circuitry. Work is
continuing to reduce the gate length to-suibbron levels, as will be dcussed in the

following chapters.
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CHAPTER 5

NEW OPTICALLY -DEFINED SUBMICRON GATE LENGTH
pPHEMT

5.1INTRODUCTION

To achieve high speed, low noise, and high peadeted efficiency at high
frequencies, pHEMTs require a very small gate length. Theftdtequency é
operationfr, which is the figure of merit used to evaluate pHEMTSs performance, is

given by Equation 4.

fr_ ;mr Equation 5-1
T’!.'Lg

WhereVsatis the electron saturation velocity abglis the gate length. Fabricating a

very small gate is a challenge that requires weNeloped lithography and pattern

transfer techniques.

In most research projects, masks for the lithography of pHEMTs are fabricated

using a combination of electron beam lithography (EB[04 and
photolithography. Although direatrite EBL is a low throughput exposure process,

it facilitates an accurate definition and alignment of-subron geometries, while

providing flexibility and fast turaround for design iterations. EBL is widely and
routinely wused to produce g &lo=07dTomensi ons
improve the wafer or sample exposuineoughput, optical lithography is used for

the coarse features (>1 em or 1000 nm), ar

small gates. This hybrid lithography technique has the combined advantages of the
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high throughput of optical lithography, anbet high resolution and accuracy of
EBL. The hybrid lithography scheme is also used for pHHM$ed MMICs

requiring submicron gates.

As an alternative to the EBL, there exists a simple technique called thermal reflow
patterning, which had been use in sostiedies[108111]. This technique involves
transforming an initial photoresist pattern by baking it above its glass transition
temperature (J). Since the photosést pattern reflows at high temperatures (360
to 200°C), the technique is sometimes known as hard reflow; however it cannot be

used shrink dimensions further, even when reflowing at higher temperatures.

In Pseudomorphic HEMTs (pHEMTS), to achieve hagberating speeds of up to
100 GHz, and low noise figures, the device gate length must beishertbelow

0 . 2 5[118.nConversely, as the gate length reduadts resistance increases, but
this can be compensated for by the introduction of a mushsb@amed or IsShaped
gate structure. Moreover, fabricating a very short gate needs alevelloped
lithography and pattern transfer technique, commonly basedlemtrom beam
lithography (EBL) with multiple resist layers. However, there are also several

reported studies which have used optical lithography with thermal reflog111].

Techniques such as EBL have the disadvantage of low throughput, while thermal
reflow has its own limitations such as the high temperatures involved. In this
chapter, aconventional Hline optical lithography technique combined with a soft
reflow technique invented at the University of Manchester [70] will be discussed.
This method is simple, repeatable and very -effstctive for achieving nrscale

features
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5.2SUBMICRON T-GATE PROCESS

5.2.1Soft Reflow Technique

The soft reflow technique idsm known as the Hayer soft reflow process. It uses a
low-cost optical lithography method with a starting gate opening of roughly 1 pum
width. The sample is then subjected to a reflow process using a solvent which
vaporises close to room temperaturee Thajor advantage of this technique is that
the deep submicron-3haped gate structure can be realized using only optical

lithography, giving high throughput compared tB8eam lithography.
5.2.1.1Principle of Soft Reflow

Soft reflow is performed in a ceantional closed chamber, as shown in Figure-5.1

the principle of this process is explained below:

Condensation
1 1 ! '

Lo Chamber
Metal sample . oy / cover
holder
L
Solvent
chamber\

Figure 5.1 Conventional Manchester soft reflow chamber setupl13.

A) The reflow process is based on the concept of steaming the solvent in a

closed chamber containing the solvent and eahsample holder.
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B) The chamber is hafilled with a special solvent that evaporates slowly near
room temperature (< 5%) at atmospheric pressure (~ 1 bar). The solvent
used depends on its evaporation rate and also the type of photoresist.

C) During reflow, the sample is placed on a metal holder hanging above the

solvent.
5.2.1.2Soft Reflow Patterning Flow on Hard Mask

Figure 5.2 shows the process flow to define the bottom gate using the soft reflow
technique. A hard mask (usually Silicon Nitride) is fedron the substrate which is
not soluble in the solvent, and the photoresist on top of this is the soft top layer that

determines the final opening after reflow.

Solvent condensation

Substrate

2
Dry etch U'=L-AL @

I
I
|
|
A4

Figure 5.2 Process flow of the soft reflow114].

The first step is to pattern the photoresist with an opening of length (L) on the hard
mask using optical lithography. Stepaws to reflow the sample in the reflow
chamber, where the vapour from the solvent, close to room temperature, will

condense on the photoresist. In step three, the condensate is absorbed by the

photoresist, and expands o rmounteof lefowws f r om
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produced ( oL) is closely dependent on

reflowed pattern is transferred from the soft layer to the hard mask.

The key advantage of this soft reflow process compared to hard reflow in the
literature[109 is that the reflow temperature is < 30, and is more controllable,
while hard reflow isapplied at 150C and above, and the hard baked resist become
difficult to etch or develop.. Furthermore, this reflow technique can be further
applied to other organic or polymbased materials, such as spimglass as will
discussed in the

5.2.2Soft Reflow Optimization

Currently, the soft reflow technique developed at the University of Manchester
[114 can only achieve features of 250 nm, and the maximum reflow time with a
conventional closed chamber set up is 90 s. Beyond this reflow time, the initial 1
pum opening is fully closg and hence it is not possible to define the bottom gate

(see Figure 5.3).

Active ¢ 3um
3 region ® 2um
g_ Saturation 1um
> region Termination
= 2 - region
@
@ i
o i
2 5
o 1 4
(@) - \1\
0 ————— s —— o -

0 60 120 180 240
Reflow time (s)

Figure 5.3 Gate opening versus reflow timg114].
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In the optimization process discussed here, the technique used for the improved
chamber is still valid, as illustrated in Frgu5.1, but major modifications are
performed to the chamber setup. Notably, the reflow is no longer performed in a
closed chamber, but with an aperture or shutter to control the vapour flux from the
reflow solvent. Figure 5.4 illustrates the improved s@fflow chamber setup,

compared to the conventional one shown in Figure 5.1.

As mentioned previously, the conventional reflow chamber setup only yields bottom
gate definitions of 250 nm for a maximum time of 90 s; further reflow of more than
90 s will caus the feature size to fully close. However the advantage of the
conventional chamber design is its simple setup with repeatable results; its main
drawback is the condensation and the reflow solvent pressure increase over time,

which also increases the &fl rate.

Vent

Water vapour vent

Constant Flux Evaporation
Vapour

Shutter Sample barrier
v

Vapour
barrier

Water Vapour Solvent Vapour ‘Water Vapour
|

Solvent at < 50 °C

‘Water Bath at < 50 °C Open

Hot Plate at <50 °C Shutter
During Reflow (Side View) During Reflow (Top View)

Figure 5.4 Side and top views of improved version of reflow chamber setup.

The improved soft reflow chamber setup is also easy to set up, and has a number of
advantages compared to the previoasigh. Apart from being simple and easy to

set up, the results are also repeatable. Due to constant reflow of solvent pressure, the

130



flux can be varied by removing the aperture or shutter for fine tuning, hence the
reflow time is extendable well beyond 90The top view in Figure 5.4 shows that
the shutter can be opened to maintain a constant flux, hence reducing the solvent

vapour pressure.

5.2.3T-Gate Fabrication Process Through SofReflow Technique

5.2.3.1Fabrication using conventional chamber set up

A trial run was conducted to examine the performance of the conventional soft
reflow process. The hard mask was formed by a 20@hiek silicon nitride (SiNa)

layer, which is deposited by PECVD at a temperature of°206n a sample. The
surface of the é&wd mask was then patterned using Shipley S1805 resist, and then
reflowed for 90 s using the conventional chamber setup shown in Figure 5.1. The
reflowed pattern was then transferred to the hard mask by performing plasma
etching using TetrafluoromethaneCfs ) gas at a low power ( 20 W ) and low
pressure ( 21 mTorr to 23 mTorr) in order to define the bottom gate or gate
footprint. The remaining processeformation of Ohmic to Top gateare the same

as for the conventional process flow to fabricate 1fjatgates.
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B. After 90s reflow

250nm
BOTTOM
GATEL

. -
CAP CAP

BARRIER

_7TOP GATE
A. Before reflow Z

3-DOPED

C. After bond pad SPACER

CHANNEL

BUFFER

Side view

Figure 5.5 T-gate device fabrication by conventional soft reflow chamber setup.

Picture A in Figure 5.5 shows the measurement of the bottom gate opening after
coating, exposure and developinging S1805 Shipley resist the initial gate
opening is roughly 1um. In picture B of Figure 5.5, the measurement is taken after
CF4 plasma etching and cleaning, where it is clear that the bottom gate is about 250
nm, and consistent with that developedlien at the University of Manchester
[114. Further measurement was taken after the bond pad, for which the
measurement is also about 250 nm on the groove pattern found in the middle of the
gate, where the footprint is located underneath the top gate headof$tesectional

or side view of this fabricated-3hape gate is illustrated also in Figure 5.5 above.
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5.2.3.2 Fabrication using improved chamber set up (stage under

development)

In this study, only the bottom gate is defined in order to study its shrinkage
properties. The hard mask layer thickness, resist type, reflow solvent and pattern
transfer process are similar to those described in section 5.2.3.1. The only different
is that the reflow process was performed in the new soft reflow chamber setup, as
illustrated in Figure 5.4. The results were captured for different reflow times and
number of shutter openings, to determine whether it is possible to achieve a bottom
gate size of less than 250 nm.

Figure 5.6 Bottom gate opening after 150 s reflow (both one shutter and two
shutter open).

Shutter close Shutter open

Figure 5.7 Bottom gate opening after Ck etch and cleaning (One shutter open).
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Shutter close Shutter open

Figure 5.8 Bottom gate opening after Ck etch and cleaning (Two shutters
open).

Figure 5.6 shows the image for both one and two shutters open for a reflow time of
150 s. It can be clearly seen from Figure 5.6 that the photoresist changed its profile
moving inwards and hence reducing the opening size to 0.19 um or 190 nm. The
rainbow pattern observed is due to the expansion of the resist in both the horizontal
and vertical directions, as explained in Figure 5.2, due to absorption of the solvent
vapou. After plasma etching using @§as at a low power and low pressure, and
then cleaning (to remove residual resist), Figures 5.7 and 5.8 show that the
submicron bottom gate footprint became more visible, as the reflowed pattern
transferred to the 84 hard mask layer. Figures 5.7 and 5.8 also show that the final
bottom gate definition is the same whether one or two shutters are opened during the
reflow process. The results of the experiment in this study is given in Table 5.1,
which also summarizes thamns of the experiment, for comparison purposes; the 3

pm and 2 pm initial opening features size are also included.
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