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Dedicated to the memory of Joyce Powell



“Everything you've learned in school as ‘obvious’cbmes less and less obvious as you
begin to study the Universe. For example, therenarsolids in the Universe. There's not
even a suggestion of a solid. There are no absclménuums. There are no surfaces.

There are no straight lines...”

R. Buckminster Fuller

“Science is the belief in the ignorance of experts”

Richard Feynman



Abstract

Diamond provides extreme properties which makeuiiable as a new substrate material
for high performance electronics. It has the padénd provide both high frequency and
high power performance while operating in extremmvirenments such as elevated
temperature or exposed to corrosive chemicalsdiatian. Research to date has shown the
potential of diamond for this purpose with hydrogerminated diamond surface channel
transistors already showing promise in terms ohHigquency operation. The inherent
instability of using atmospheric molecules to inglue p-type doping at this hydrogen-
terminated diamond surface has so far limited poperformance and robustness of

operation.

This work reports upon the scaling of surface clehhgdrogen-terminated transistors with
FET gate lengths of 250 nm and 120 nm showing pedace comparable to other devices
published to date. The gate length was then scledhe first time to sub-100 nm
dimensions with a 50 nm gate length FET fabricaggdng record high-frequency
performance with arfof 53 GHz. An adapted fabrication procedure waslbgped for this
project with special attention paid to the volafiliof the particles upon the diamond
surface. Equivalent RF circuit models were extraddte each gate length and analysed in
detail.

Work was then undertaken to investigate a morelestalternative to the atmospheric
induced doping effect with alternative electronegting materials being deposited upon
the hydrogen-terminated diamond surface. The asuytsted organic materiaigeuPc
was deposited on to hydrogen-terminated diamond @ewchonstrated its ability to
encapsulate and preserve the atmospheric inducbéustace conductivity at room

temperature.

For the first time an inorganic material was alseestigated as a potential encapsulation
for the hydrogen-terminated diamond surface, M@a@s chosen due to its high electron
affinity and like RgCuPc also showed the ability to preserve and elgitly enhance the
sub-surface conductivity. A second experiment wasfopmed using photoelectron
spectroscopy to analyse in-situ deposition of Medich indicated this material has the

ability to induce surface transfer doping by itseithout the aid of atmospheric particles.
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1. Introduction

The invention of the Metal Oxide Semiconductor &iEffect Transistor (MOSFET) using
silicon in 1960 made possible modern electronicichviover the second half of the 20
century progressed rapidly and revolutionised atmneosry aspect of our lives [1.1]. Prior
to this, electronics was a very manual processdisidual switches required human input
to control them. Now thanks to the FET billions ssfitches on one processor can be
automatically switched on and off with preciselyntrolled electronic voltages. The
electronics industry today is still vastly domirdtey silicon devices from calculators to
personal computers to satellites. It has been krimwvmany years that there is a limit to
silicon's capabilities and today more than ever meed to investigate alternative
technological solutions to keep up with increasilegnand. This demand is not only for
smaller, faster chips as famously discussed by @ortMoore, but also for other
requirements such as high power operation and diisaipation which are intrinsically

limited by the material properties of silicon [1.2]

Over the last three decades, demand for higheuémxy operation, high power and the
need to operate devices in more extreme conditi@ss led to research in alternative
materials. The 1980s saw research begin into thgh Hilectron Mobility Transistor
(HEMT) using alloys of group Ill and V materialsofn the periodic table (silicon and
germanium being in group 1V) [1.3]. For examplelligen arsenide and aluminium
gallium arsenide may be used to create heteropmgtivhich separate charge carriers from
their dopants to give a two dimensional electros @DEG) with very high mobility. This
has been taken even further in recent years wittarages in molecular beam epitaxy
(MBE) allowing for more exotic structures to be @roso that lattices may be matched
exactly, reducing defects and hence reducing ti@gsve extremely fast electronic carrier
transport. These can typically take the form ofudsenorphic HEMTs (pHEMTS) where a
very thin layer of one material is used so thedattmay be stretched or compressed to fit
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the lattice parameter of an adjacent material damerphic HEMTs (MHEMTS) where a
graded composition buffer layer containing a thivdterial is used. While GaAs and InP
based structures may be adopted for high frequapplications we need to turn to wide
bandgap materials such as GaN and SiC for powerth€fe GaN has seen the most
success so far achieving over 10 W.thoutput power density at ~ 2 GHz on a silicon
substrate and over 40 W.rflmoutput power density at ~ 4 GHz on a silicon adebi

substrate [1.4-5]. Performance is still currenityited by its poor thermal management.

In addition to these, diamond has often been desdras the ultimate material for power
electronics as it has the most extreme propertiethed wide bandgap semiconductors.
Figure 1.1 illustrates diamond’s extreme materiabpprties in comparison to other
semiconductor materials. Its wide bandgap givescdeva high electric field breakdown
and hence the ability to use high operating vokagech like GaN. Diamond however has
a thermal conductivity (in excess of 22 W:ti#d™ at room temperature), five times greater
than copper, making it ideal to spread heat geeeratvay from devices [1.6]. Intrinsic

carrier mobility and high saturation velocity algive diamond a competitive frequency
performance, while its robustness makes it favderalor operation in ‘extreme’

environments.

100
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Figure 1.1: Comparison of the material properties
diamond against other semiconductor materials
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Due to the large bandgap of diamond (5.47 eV} d@ssentially classified as an insulator in
its intrinsic form. It is possible albeit challengi to dope and hence making it
semiconducting. Some success has been achievegl ision doping and indeed FETs
have been demonstrated using this technology [Adther method is based on an effect
known as 'surface transfer doping'. In 1989 M.dndistrass and K. V. Ravi found that the
resistivity of diamond films significantly loweraghen grown in a hydrogen atmosphere
and hence given a hydrogen surface termination.[Il8s was later shown to be due to a
unique form of doping involving adsorbed molecufesm the atmosphere and again
people have demonstrated FETs using this effe@-JQ]. Both techniques have their
limitations. With boron doped devices it is diffituo contact the channel (which is
typically formed by a delta-doped boron layer) asibstantial barrier of intrinsic diamond
impedes the ohmic contact as well as limiting tateg ability to control the carrier density
beneath it. In addition, FETs using the hydrogemieated surface have been plagued by
instability issues and reduced maximum power opmratbDoping and ensuring these
dopants become active and stable at room and ydelglVated temperatures remains the

greatest challenge with diamond electronics today.

Because of the challenges associated with dopirdy aotess to synthetic material,
diamond has not yet bettered GaN electronics aachea its full potential. It is unlikely to
ever compete with silicon due to the cost involwath growth and processing but specific
markets for its application exist similar to GaNcBwas in radar, satellite communications
or where high-performance electronics are requicedperate in extreme environments.
This project aimed to advance this emerging teasgoby scaling the already promising
performance of hydrogen-terminated diamond surfebannel FETs to sub-100-nm
dimensions to see just how much frequency perfoomanay be improved and generate
greater understanding of the scaling limitationstledse devices. This has required the
development of an adapted fabrication processaspmve upon performance. In addition
to this scaling study, methods to produce moreletdévices via deposition of materials
onto the hydrogen-terminated diamond surface wise laiefly investigated, so diamond

may eventually fulfil its high power and stable mden potential.

The bulk of this thesis begins with Chapter 2 whittnoduces the diamond FET and the

theory of its operation. Chapter 3 and Chaptersdudis the fabrication and characterisation
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techniques respectively involved in this projedta@ter 5 reviews the current literature on
diamond electronics, focussing on diamond FETs.p@&na6 presents the bulk of the
results from this work, showing the scaling of dard FETs to sub-100-nm dimensions
and presenting detailed measurements of scaled¢datevChapter 7 investigates several
ideas to further adapt the FET device fabricatiomcedure and material deposition with
the aim of fabricating more stable diamond FETsaly Chapter 8 concludes the thesis

and presents some ideas for future work into ttda af research.
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2. Diamond Field Effect Transistors (Theory)

The type of diamond FET discussed in the bulk &f Work is known as a 'surface channel'
or ‘hydrogen-terminated’ diamond FET. Atmospherstizles will readily adsorb on to a
hydrogen-terminated diamond surface and initiateasfer of charge due to the negative
electron affinity (NEA) given to the diamond by hgden-termination [2.1]. This
produces a shallow sub-surface p-type doped laheravelectrons are displaced from the
diamond to the atmospheric molecules, which mayded to create FETs [2.2]. Aside
from this novel doping mechanism these devicestfondn much the same way as a
standard Metal-Semiconductor FET (MESFET), usingate deposited directly on to the
diamond surface to control charge and hence cuftewt within the channel between

source and drain ohmic contacts.

This chapter begins by discussing how synthetimdiad is synthetically ‘grown’ and the
extreme material properties it possesses, follolwedan in depth look at the surface
transfer doping model as well as a brief look d&eotroutes to doping diamond. Surface
transfer doping is not limited to just atmosphexdsorbate molecules. Theoretically any
molecule with a high enough electron affinity anditable energy states should allow this
charge transfer to happen, hence alternative eleeirtcepting materials are also discussed
[2.3]. To fully understand the operation of theseface channel FETS it is important to
look at some basic semiconductor theory and howldtes to device operation i.e. how
charge moves within a semiconductor and acrosslisetaiconductor interfaces. Finally
once diamond FETs have been fabricated it is imaporto understand various figures of

merit to assess how well they perform and to a¢elyrainderstand their operation.
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2.1 Synthetic Diamond

Carbon can manifest itself in several differentrisror 'allotropes' due to the difference in
bonding between the individual carbon atoms. Tlaeeesix electrons present in each atom
in the configuration (18j2sf(2pf. One would assume the two electrons in the 2proute
shell are the only ones capable of bonding howeveital hybridisation of the 2s and 2p
orbitals may occur as the energy difference betwker2s and 2p state is small enough a
tiny perturbation such as a nearby atom will exaiteelectron from the 2s to the 2p state.
This gives several possibilities for carbon bondivith sp, sp, sp’ and even combinations
of s, p and d orbitals possible [2.4]. Thé spd sp configurations are shown in Figure
2.1.1. It is energetically favourable for carbonbiond together in the %p:onfiguration

which most often gives the material commonly kn@sgrgraphite.

Figure 2.1.1: Carbon bonded in the graphite’ spnfiguration (left) an
diamond spconfiguration (right, dotted line represents i)

Graphite consists of a continuously repeating hemabsheet of carbon atoms stacked on
top of each other and weakly bonded together by ¥anWaals forces. Other related
forms of sp carbon are a single sheet of graphite known gshgree or carbon nanotubes
which are essentially a layer of graphene rolledouform a tube. One of the characteristic
properties of this form of carbon is it is increlgiistrong in the horizontal plane (stronger
than diamond even) but very weak in the verticahpland layers will readily peel apart

with little applied force.
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Diamond is an allotrope of carbon that occurs radlyiias a mineral and can be found in
many locations throughout the world. To form, itially requires conditions of both high

pressure and high temperature. Diamond bonds isp&nconfiguration with its lattice

identical to that of silicon or germanium (face tted cubic lattice with a second identical
set of atoms shifted by ¥ of the width of the wetl as seen in Figure 2.1.1) however
diamond is much stronger due to the covalent bemgth between atoms being much
shorter. This is due to fewer electron shells bgmgsent in carbon than silicon or
germanium meaning electrons are drawn closer tgptsttively charged atomic nuclei.

The lattice constant has been empirically meastordsk 0.357 nm whereas in silicon it is
0.564 nm and germanium 0.543 nm [2.5]. The bondimgle of all three structures is 109.5

degrees thus unlike graphite diamond is strondi idirzctions.

Over the last half century it has become possiblesplicate the conditions under which
diamond forms in a laboratory environment. Originahatural diamond stones were
tested for their electronic properties [2.6] busiunlikely all the properties we desire will
be found in a single stone. Synthetic growth howea tailor a ‘stone’ for the required
purpose. Today there are three well recognisedesot growing diamond. The first
synthetically created diamonds came in 1954 wheifi.HHall of General Electric utilised
apparatus in the form of a press and created higespre high temperature (HPHT)
synthesis involving a graphite sample and transitieetal solvent catalyst compressed
under ~8.4 GPa pressure for one hour [2.7]. In 198%geny Zababakhin and a team of
scientists involved in nuclear weapons design & 8oviet Union experimented with
TNT/RDX explosives in a closed chamber [2.8]. THasb turned the carbon in the
explosives into nanodiamond dust. This mixturel$® aich in non-diamond carbon so the

product is too small and contaminated to be udefullevices.

Chemical Vapour Deposition (CVD) is currently theosh effective method for
systematically producing relatively defect free ndaand. It can be performed at
comparatively low pressures and relies on decortipnsof a carbon containing gas
compound via DC arc jet discharge, hot filament microwave plasma [2.9-11].
Microwave plasma enhanced CVD (PECVD) is most ussthy due to the precise
controllability of plasma, relatively high growtlate and the lack of necessity for extreme
pressure and temperature apparatus hence relatbxelgost. The carbon containing gas

(methane is standard) is diluted with atomic hyérogvhich helps to stabilise diamond
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growth as C-H bonds prevent formation of other d@mond carbon contaminants. This
leaves the as grown diamond crystal hydrogen-teatech at the crystal edges (and
semiconducting in atmosphere). This occurs as danglarbon bonds require another
atom at the surface to become energetically stabtdrogen is suitable for this purpose
and the hydrogen rich growth conditions couplechwiting allowed to cool in a pure
hydrogen atmosphere give rise to this surface tetign. This termination will change to
oxygen (insulating) when subjected to an acid clesed to remove non-diamond
contaminants e.g. 430,/HNO; or exposure to oxygen plasma. From this CVD method
is possible to replicate and in some cases evemowapon the extreme properties of

natural diamond.

As previously mentioned diamond has a very largedbgap for a semiconductor and it
could almost be considered an insulator. Insteagkkier it falls in to the category of wide

bandgap semiconductor. When discussing electranigepties any material can generally
be classified in one of three categories: condudtmulator or semiconductor. If many

atoms are bought closely together to form solicstalg we can describe them via band
theory.

Quantum mechanics suggests every atom has a sérdlewed energy states and when
bought together to form a solid these will becorlewsed energy bands (there are still
individual allowed energies but they are so clogsgether they resemble continuous
bands). The lower bands are known as valence b@hdswhere electrons are tightly
bound to the atomic nuclei, the upper band is kna#/the conduction banddBwvhich as
the name suggests involves electronic conductiooughout the material. The valence
bands and conduction bands are separated by agyeb@ndgap (E). The Fermi level
(Ef) is the energy where the probability of an enestgye being filled is half, which for an
intrinsic (pure semiconductor with no impurities'dopants’) semiconductor will be in the
middle of the bandgap. Insulators have a full vegeband and empty conduction band
with a large bandgap, semiconductors have an alfubstalence band and almost empty
conduction band with a relatively small bandgap emaductors have lots of states filled in
the conduction band and there is no bandgap wighcttnduction and valence bands
effectively overlapping. Figure 2.1.2 shows ansihation of these bands and how they

may be occupied.
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Figure 2.1.2 Band makeup and occupation in insulators,
semiconductors and conductors

Table 2.1.1 shows that for material propertiesatliyerelated to high power electronics,
diamond surpasses all of its competitors while &Bang competitive properties for high

frequency operation.

Si  GaAs 4H:SiC GaN Natural CVvD

Diamond Diamond

Bandgap 1.12 1.43 3.26 3.45 5.47 5.47
Electric Breakdown 0.3 0.4 3 5 10 10

Field (MV.cm™)
Intrinsic Electron 1450 8500 900 440  200-2800 4500
Mobility (cm 2.V1.s?)
Intrinsic Hole Mobility =~ 480 400 120 200

1800-2100 3800

(cm?Vv1ish
Saturation Velocity 1 1 3 2.5 2 2
(Electrons) (x10 cm.s%)
Saturation Velocity 0.6 1 1 - 0.8 0.8
(Holes) (x1d cm.s")
Thermal Conductivity 1.6 0.46 5 1.3 22 24

(W.cm™.K™

Table 2.1.1 Intrinsic material prperties of diamond compared to ot
semiconductors [2.12-14]. Note that 4H:SiC valuescuoted as it is the form of
silicon carbide shown to have highest mobility 5.1
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The thermal conductivity of 24 W.chK™ at room temperature for diamond is perhaps
one of the most attractive features which agaimstdérom the tightly packed lattice
structure which transmits lattice vibrations (oropbns) efficiently. This thermal
conductivity is almost five times larger than Si@lalmost twenty times larger than GaN.
Diamond's intrinsic low-field mobility is also mudharger than its competitors which is
important to produce low resistance access regam fast acceleration to saturation
velocity in a device. Although mobility is traditially linked to high frequency operation,
transistors are typically operated at high-fieldssoalso care about saturation velocity and
this too has a competitive value. Velocity satamatilata for holes in GaN is not presented
as p-type doping is still difficult to achieve wigjpod activation [2.16]. SiC saturates near
its breakdown field making velocity saturation wohfit to achieve in reality [2.13].
Diamond saturation velocity is not only high butsdturates at an electric field of ~10
kV.cm™ - well below the breakdown field giving it lots gfotential for high power
operation [2.13]. Aside from these device relatedpprties diamond has other features
that make it desirable such as a low dielectricstammt of 5.7 in comparison to 9.7 for GaN.
This makes it desirable for RF electronics as alosielectric constant can give lower loss
to the substrate making circuit elements such assimission lines perform better [2.17-
18]. Diamond is also transparent from the far wfd to deep ultra-violet part of the
electromagnetic spectrum making it suitable for ynaptical applications [2.13]. Finally
diamond is famously renowned for its mechanicargith which comes from its bonding
and structure as discussed previously making iigsband inert in terms of both chemistry
and radiation. This structural strength unfortulyaténders diamond when it comes to
doping for electronic applications however as wallskee in the next section. These
fantastic properties are not all possible in nadtstanes, for example defects will hinder

carrier transport and lower intrinsic mobility [3]1

There are several straightforward expressions ddwvis directly compare semiconductor
materials for purpose. Johnson's figure of merghewn in equation 2.1.1 and shows the
power-frequency product for high frequency and pglwer transistor operation wherg E
is the breakdown field ands\the saturation velocity [2.19]. Keye’s figure ofert is
shown in equation 2.1.2 and describes the therimal bf the frequency performance
wherey is the thermal conductivity, ¢ the speed of lightl and:, the dielectric constant of
the semiconductor [2.20]. Finally Baliga’s figuré merit is shown in equation 2.1.3 and

describes material parameters to show the conduldss in power FETs at low frequency
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where conduction loss dominates (higher frequeneéesl to account for switching losses)

urepresents mobility anddghe bandgap of the semiconductor [2.21].

E2v?

JFoM = —2%= 2.1.1
4n
KFOM = y |—= 2.1.2
are,
BFOM = & 42 2.1.3

Table 2.1.2 shows a normalised comparison (silicemg set to 1) of these figures of
merits again for SiC, GaN and diamond and it isacldiamond can exceed all its
competitors. Figure 2.1.3 shows a single crystaD@vamond sample to scale grown from
an HPHT seed and the grains visible in a polychyséadiamond sample also grown via
CVD but without a diamond seed.

4H:SiC GaN Natural Diamond CVD Diamond
Johnson’s FoM 410 280 8200 8200
Keye’s FoM 5.1 1.8 32 32
Baliga's FoM 290 910 882 17200

Table 2.1.2 Comparison of wide bandgap semiconductors in teims
power device figures of merit (normalised to sifideeing 1) [2.13]

Figure 2.1.3 Single crystal diamond sample showing scale (lpfi)ycrystalline
diamond grains seen via dark field microscopy atrgnification (right)
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The major challenges left in synthetic diamond gfoteday are reducing its cost to make
it a more competitive technology as well as thditgltio produce large area single crystal
material. This is difficult as the CVD process regs a natural diamond seed (usually
from costly HPHT synthesised material). There is aernative lower cost solution,
polycrystalline diamond can be grown heteroepitbxian many substrates and has
already found uses in coatings for cutting tooloagiother mechanical functions. 1 inch
diameter wafers grown on silicon substrates havenb#emonstrated and the diamond
itself is of a high quality although it is found gmains of a few nm to ~1Q@m [2.22]. It is
possible to fabricate individual electronic devieeighin these grains but it would seem
unsuitable for amplifier or circuit fabrication bstween the diamond grains are boundaries
containing conductive graphite and amorphous carblame research needs to be done but
it has been suggested these boundaries inhibitatidi® superb thermal conductivity and

may do the same electrically.

2.2 Doping Diamond

Doping a semiconducting material traditionally ilwes introducing impurity atoms in to a
solid with either donor atoms, which contain an ese of electrons compared to the
intrinsic material for n-type doping (shifting-Eowards the conduction band), or acceptor
atoms which have a deficiency of electrons and @tcekectrons from the original lattice
creating positively charged holes for p-type cotiunc (shifting & towards the valence
band). As carbon is in group IV of the periodicléagroup Il elements would be natural
acceptors and group V elements donors. Dopingarhdind in a conventional manner has
proved extremely difficult to date due to the sggdyonds and short inter-atomic spacing
that gives diamond its immense mechanical stref@jt8]. Ideally, when attempting to
dope a semiconductor the aim is to achieve subistittl doping where an atom of the
original lattice (in this case carbon) is replacedsubstituted' by a dopant atom. Another
possibility is interstitial doping where dopant mlay between the original lattice atoms.
If an attempt is made to insert a relatively lasgem such as arsenic in to the diamond
structure, it will disrupt the lattice, diminishirtge desirable properties that were there in
the first place. So this limits doping candidatesstmaller sized atoms such as boron,
nitrogen and phosphorous. It would take very laegaperatures to achieve diffusion of
dopant atoms in diamond (~1500° C for nitrogen) @amany case these temperatures
would cause graphitisation of the diamond [2.28h implantation requires a post-implant

anneal to ‘heal’ lattice defects which again wolddd to graphitic growth or amorphous
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carbon regions which compensate the charge cafr@rsdoping and also places strain on

the lattice.

One idea is to include dopant materials in theioailgdiamond growth i.e. inserting boron
gas during CVD. Boron is a common impurity founchatural diamonds and gives them a
blue colour [2.24]. It is the shallowest acceptarrently known for diamond with
activation energy of 0.37 eV. This is too largbouseful for room temperature operation
unless heavily doped (> ocm?®), at this point hopping conduction between impurit
atoms occurs rather than conventional band cormtu¢#.25]. Boron doped diamond can
also be made semi-metallic if doped to conceninati® 16° cm® [2.25]. As illustrated in
Figure 2.2.1 the lower the activation energy tleset the dopant energy state to either the
valence (p-type) or conduction (n-type) band, (e¥7is over a third of the bandgap of

silicon and requires a large amount of thermal g@néo activate.

EVAC o
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Boron acceptor state = 0.37 eV DiamOnd

Significant thermal energy required Egap ~55eV

Ec = Silicon
£ I Egop~ 1.1V
\"

D

Figure 2.2.1:Boron activation in diamond

N-type doping has even tougher challenges to oweecwith nitrogen having a donor
activation energy of 1.7 eV [2.13]. Phosphorousoiger but still challenging at 0.6 eV
[2.13]. Sulphur is a potential candidate whichti# snder some debate, being a group VI
element it has the potential to be a '‘double daaltrbugh practical experiments have yet
to produce conclusive proof of theoretical predics [2.26]. Similarly arsenic has

predicted activation energy of 0.4 eV but therétike empirical evidence to confirm this
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to date and antimony is predicted to be 0.3 eVthatantimony atom is much larger than
the carbon atom it is trying to displace and asissimot suitable [2.26]. Aluminium is also
predicted to be an electron acceptor at 1 eV bainag a relatively large atom with higher
activation energy than boron [2.27]. Impurity coeyss such as an individual nitrogen
atom bonded to four silicon atoms or nitrogen-hgamnitrogen have also been suggested
from theoretical modelling with donor energies@s bs 0.09 eV but again there is little to
no proof of any experimental success and it is ipessshese complexes are insoluble in
diamond [2.28-29]. There have also been some oaes@l results involving boron-
deuterium complexes which are as yet not widelyptaxd [2.30].

Boron remains the shallowest conventional dopantiamond but the need for high
doping concentrations hampers the carrier mobiftygolution which has seen success in
IlI-V FET structures is 'delta-doping’ and the matucandidate in diamond would be
boron. The principle involves a thin (ideally ortera thick) layer of boron atoms grown in
the diamond so the wave function of the chargeerarpverlap in to the intrinsic diamond
and hence a large percentage of charge is physwgtlarated from the boron atoms and
moved into the intrinsic diamond as seen in Figr2.2. However in reality, doping
profiles are currently around 1 nm wide and whilallHnobility of 900 cri.V1.s® has
been observed room temperature conductivity mghalitd field effect mobility is only 1-4

cn?.V1.s! seriously hampering the potential of devices usims technique [2.31].

Carrier Wave Function
(overlap into intrinsic material)

Potential
Energy v

Delta Profile

-
Distance

Figure 2.2.2:Delta-doping profile
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As grown surface termination of CVD diamond tend$¢ hydrogen-terminated but may
easily become oxygen-terminated after being subjetd an acid surface clean [2.32].
This oxygen-termination is stable with regards tevated temperature or chemical
exposure and is typically used for delta-doped ck=sui The hydrogen-termination is also
relatively stable and will remain unless heated 800° C or subjected to oxygen plasma
[2.32]. A clean non-terminated diamond surfaceaouum has an ionisation potential (IP)
of 5.9 eV, this being the energy required to remawelectron from the valence shell of an
atom and ionise it. Its electron affinity)(is 0.4 eV, this being the energy required to
remove one electron from the conduction band amiséoit [2.33]. This is illustrated

diagrammatically in Figure 2.2.3.

qy=04eV I Ese

E

Cc

Egap =5.5eV qlP=5.9eV

Figure 2.2.3 Energy band diagram of cle
diamond surface

Oxygen-termination of the diamond surface raisgsoimisation potential to 7.2 eV with

of 1.7 eV [2.33]. Hydrogen-termination however |low¢he ionisation potential to 4.2 eV
resulting in a negative (NEA) of -1.3 eV [2.33]. This implies the vacuusvel (an energy
level defined somewhere outside the material wipaential to confine electrons has
become effectively zero so they have become iohiaetlially lies below the conduction
band energy, meaning electrons near the surfateeailily leave or at least no substantial
barrier impedes them from doing so. The energy lshagrams for oxygen and hydrogen-
terminated diamond are shown in Figure 2.2.4.
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Figure 2.2.4 Energy band diagram of-terminate(
(left) and O-terminated (right) diamond surface

This has shown promise in the potential use of dyen-terminated diamond as a cold
cathode electron emitter but may also find usedtiva electronic devices. A form of
doping using this effect known as 'surface trandfgring’ is currently a popular topic of
research and the focus of the devices presentddsirthesis. Diamond is unique in that
changing its surface termination can aftdsy up to 3 eV. Normally H-termination raises
IP in semiconductors, hydrogen-terminated diamoras tthe lowest IP of any

semiconductor as shown in Figure 2.2.5 [2.33].

D s
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SiC  @GaN
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Figure 2.2.5 Comparison of semiconductor
electron affinities (blue) and bandgaps (red)
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2.3 Surface Transfer Doping

The NEA found in hydrogen-terminated diamond carutiésed as a doping mechanism
with the aid of suitable electron accepting materigith high electron affinities. These
materials will accept electrons from the surfacecmlike a conventional p-type dopant
would from a bulk material leaving behind a thiryda of holes ~ 10 nm below the
diamond surface [2.34]. This layer is so thin ihéees as a quasi-two-dimensional hole
gas (2DHG) similar to the two dimensional electigas (2DEG) found in modulation
doped llI-V heterostructures. The best FET perfaroeaseen in diamond so far has been

achieved using the surface transfer doping metB@5b].

The initial discovery of surface transfer dopingswebmewhat unexpected. Researchers
Ravi and Landstrass reported seeing the condyctfitdiamond raise by ten orders of
magnitude when exposed to hydrogen plasma and qudastty exposed to atmospheric
conditions, but this leap in conductivity could eversed by a mild anneal of ~300° C
[2.36]. It has since been proven that atmosphealeaules will adsorb on to the hydrogen-
terminated diamond surface and instigate surfaaester doping as seen in Figure 2.3.1
[2.1]. At this point it is important to note hydmgrtermination alone is not enough for
surface transfer doping and that a suitable suidaceptor material must be present for the
diamond valence band electrons to transfer to.

Aqueous
Diamond Layer Air

Lo - . o, .
+|--H H,0 '
+{-H H,
J’_
+
+

“HIEE - M -
H -
—y

Figure 2.3.1 lllustrated charge transfer from diamond to
aqueous layer with associated band diag

Chapter 2 — Diamond Field Effect Transistors (o 18



Although today it is widely accepted that atmosphearticles play the role of electron
acceptors in this surface transfer doping processstill not entirely clear how. The low
ionisation potential of hydrogen-terminated diamasill requires electron acceptors to
have electron affinities > 4.2 eV so that the lowesoccupied molecular orbital (LUMO)
aligns close to or below the diamond's valence hastigating conditions suitable for
electron transfer. No commonly found atmospheridigla has anything close to this

figure, in fact most are below 2.3 eV [2.1].

Rather than a simple electron transfer from diammuiface to adsorbate an
electrochemical interaction is thought to be atkwér. Maieret al have suggested a thin
agueous wetting layer of various atmospheric pagi¢éorms on the surface and redox
reactions between this and the diamond surface gse to the electron transfer

mechanism as shown in equation 2.3.1. [2.1]

diamond+ 2H,0" £ - diamond” +H, +2H,0 231

Further calculations by Maier involving the Nerresjuation have shown the chemical
potential of this hydronium redox couple to be lesw -4.2 and -4.3 eV assuming the
aqueous layer pH is between 5 and 7 [2.1]. Thisnte potential ) lies slightly below
the valence band of hydrogen-terminated diamorwivialg electrons to leave the diamond
to balance energy until charge neutrality is redch&d the chemical potential and
diamond Fermi level align as pictured in Figure.2.3his gives spatially separated holes
and electrons and an electrostatic potential betvwieem and band bending occurs at the
hydrogen-terminated diamond surface. It is possbkn for the Fermi level to dip below
valence band leaving a degenerate semiconductorttendjuasi-2DHG if the surface

transfer doping is particularly efficient and prads a high enough hole concentration.

At this point it may be pertinent to ask again whis happen in only hydrogen-terminated
diamond and no other semiconductor materials. Lagplack at figure 2.2.5 no other
candidate has the suitable valence band maximuatigo with thispe. Even so hydrogen-
terminated diamond has an unpinned Fermi Leveltdwangling bonds being reduced to
such a level that surface states are low enoughatebelow the Mott-Schottky limit, this
allows for surface band bending and charge tranafethe interface [2.2]. Although

currently the best description for the interactimiween atmospheric adsorbate molecules
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and hydrogen-terminated diamond this model is famf complete. Other atmospheric
molecules such as hydroxyl ions and ozone have lasm suggested as candidates for

similar aqueous redox reactions [2.37].

The sub-surface conductivity of surface transfgpaetbdiamond samples measured by F.
Maier et al are similar to those originally measured by Rawil 4andstrass ~ 19-10°
S.m* (up ten orders of magnitude from ~*£08.m* for insulating oxygen-terminated
diamond surfaces) at room temperature [2.36]. Sar&heet carrier concentration typically
ranges from 18-10" cm? depending on efficiency of the doping [2.38] andsth carriers
tend to have a mobility between 30-70%wt.s* depending on material quality but can
reach over 100 cfrv™.s*[2.39]. This mobility value is significantly lowehan the 3800
cn?.V.s* quoted for holes in intrinsic diamond and is stilopic for debate. It is possible
that the electrostatic potential initiated by soefaransfer doping pulls the holes very close
to the surface where they are subject to scattesimg) trapping processes. The sheet
resistance of the 2DHG is typically found to bewesn 10 - 15 K. The highest mobility
recorded in a surface transfer doped sample to da@85 crm.V™s® with a carrier
concentration of only 7 x &cm? suggesting there may be a trade-off between the two
values [2.40]. In principle, electrons transfertedhe adsorbate molecules will also have a
contribution to the conductivity but their mobilitthrough the adsorbate layer will
determine if this contribution may be neglected mmt. Surface transfer doping is
fundamentally linked to the amount of charge casravailable at the surface which in turn
relies on the surface orientation of diamond sampk a higher concentration of surface
atoms gives rise to more potential charge carrigre. most common form of single crystal
diamond synthetically grown is (001) which is theentation used in this project primarily
because it is the easiest to grow. Others are lgedsowever such as (111) which due to
its crystal orientation provides a higher densitycarbon atoms at the surface meaning
potential for more carriers. These orientationsracge susceptible to stacking faults and
the creation of twin crystals during growth whicke adetrimental to carrier transport
[2.41].

The main drawback and perhaps the main factor ifigitransfer doped diamond
becoming commercially viable for devices presemglyts inherent instability. Adsorbate
particles will desorb from the surface at > 2504r@ although they will eventually return

when re-exposed to the atmosphere there is an turgead for a suitable ‘passivation’
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process to encapsulate the diamond surface to mgrelegradation during operation [2.1].
This is especially true as diamond is considergutamnising candidate for high power
electronics and operation in extreme environmeath bf which are not possible with this
current atmosphere dependent process. An alteenigtithe use of suitably highmaterials

for electron accepting as a replacement for theogpimeric molecules route, this could

perhaps be used in conjunction with an encapsulddiger.

2.4 Alternative Electron Acceptors and Dielectric @atings

As touched upon in the previous section surfaaestea doping does not necessarily have
to rely upon a chemical reaction at the diamondaser The basic principle is more
straightforward in that because hydrogen-terminatk@mond has a uniquely low
ionisation potential and minimal interface statengity, it is possible to match it to a
material withy > 4.2 eV and instigate electron transfer to the nmalgelowest unoccupied

molecular orbital (LUMO) or conduction band minimas seen in Figure 2.4.1 [2.3].

Diamond Electron Diamond Electron

Acceptor Acceptor

Figure 2.41: Band diagrams of charge transfer from
diamond to an organic electron accepting material

This is a recent development in diamond electrorésgarch and the only materials to see
any substantial investigation thus far have beeferenes [2.3]. These are another
allotrope of carbon featuring carbon atoms arrarigettie sp configuration like graphite
but instead of being in stacked sheets they aemged in a spherical structure as shown in
Figure 2.4.2.
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Figure 2.42: A C¢o molecule of the carbon allotroj
fullerene, other examples exist such ag C

Fullerenes have already seen success as electreptimg materials when employed in
organic electronic polymer structures for appli@asi such as polymer solar cells [2.42]. In
terms of chemistry they are strongly oxidising whiwould imply they have a higp
[2.42]. There is some debate as to the exact alug for a Go molecule. Values have
been quoted in the range 2.7 - 3.3 eV but evethupper bound this is still well below
the 4.2 eV threshold. It is however generally ategghat when combined into a solid
(fullerite) the value fory raises by ~ 1.3 eV making it viable at high levelscoverage
[2.33].

As well as pure carbon fullerenes it is also pdssib fluorinate these molecules (adding
fluorine atoms on to the basigd3phere) to varying degrees. The more fluorine attivat
are added the greater thdecomes due to the higlof fluorine. GoFas is the most highly
fluorinated form of an individual & molecule that has been synthesized thus far [2.43]
This hasy of ~ 4 eV (increasing to ~5 eV when combined irsttid fullerite) and can
instigate surface transfer doping on roughly aliagis i.e. each dgFss molecule accepts an
electron until saturation which is reached withiagke mono-layer coverage ofs§Fas

giving sheet carrier concentrations in excess ot &°[2.43].

Some investigation into other organic materialsggphotoelectron spectroscopy (PES)

has begun with a recent review by W. Chenal detailing preliminary results for
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pthalocyanine (CuPc), 2,3,5,6-tetrafluoro-7,7,&8acyanoquinodimethane 4FCNQ)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) mo&xwithy of 2.7, 5.24 and 4 eV
respectively [2.44]. As expected-FCNQ and TCNQ instigated surface transfer doping
whereas CuPc does not. This leaves a tantalisiagiyarray of possibilities to be explored
with plenty of other highy organic and potential inorganic materials yetedrivestigated.
The only caveats are the material needs to posséfssiently highy, have enough states
in its LUMO or valence band to accept carriers,no@-conducting in isolation and be
stable in atmosphere. There are however other radto be considered in practice as
different interfaces may lead to different levelscbarge trapping and reliability however

the potential is clear.

Although these alternative electron accepting nitehave seen success in replicating the
surface transfer doping process, stability of catida through the 2DHG still remains an
issue for investigation. Fullerenes are arguablynure stable than atmospheric particles
on the diamond surface once the surface is hea@&D® C [2.45]. They will sublimate at
only a few hundred degrees centigrade (even loaethie more highly fluorinated case)
and are as yet untested in terms of electroniccdestharacterisation, it is still unknown if
these molecules will leave the sub-surface holedilmcenough to produce currents
suitable for FET devices. An inorganic material nb&ya better choice in terms of stability
and if an organic (or atmospheric) molecule i$ dékemed best it would be prudent to find
a suitable dielectric material to encapsulate tihiensure stability of device performance.
So far no conclusive evidence has been found tgesigany dielectric alone can preserve
the surface conductivity sufficiently. The problelies in the fact that deposition
temperatures for potential encapsulation matergts generally high (~800° C for a
technique such as metal organic chemical vapouogigpn (MOCVD)) so preliminary
research in to AIN was limited [2.46]. However receesearch in to low temperature
atomic layer deposition (ALD) of aluminium oxide 1683) has shown some promise
[2.47].

2.5 Semiconductor Theory

As surface transfer doping initiates a p-type dggim diamond, this section and beyond
will attempt to address mainly hole rather thance@n transport in semiconductors
although in some cases it is far more intuitivelésive expressions using the electron. A

hole behaves like a missing electron and can beeliead simply as an electron with

Chapter 2 — Diamond Field Effect Transistors (Trygo 23



positive charge. The mass of an electron in freesn) = 9.11 x 10™ kg but this is not
guite the case in a semiconductor crystal as Hettirens and holes are not 'free’, they are
confined by a potential arising from the atomic leucWhen confined in a crystal lattice,
carriers can be modelled semi-classically to belieea free electron but with an altered
mass depending on the carrier's position withindbeduction or valence band. Holes are
of course imaginary. It is just simpler to modet lack of a single electron (hole) in the
valence band rather than the movement of electsahghen discussing the effective mass
of a hole we are in fact talking about the acceienaof a hole related to the imaginary
force on it from the effective mass. Effective m@sg) can be shown to be [2.48]:

. d2e)”
m =h2( J 25.1

Where 1 is the reduced Planck constant, E energy and kewawmber (which is
momentum divided bii. This does in general give a positive effectivessnior holes with
effective mass increasing far from the band edgi @dies on the curvature of the band.
Effective mass can be graphed as a parabola rememmleis is a basic picture as it makes
some assumptions. For example it ignores anisofrofhye crystal and assumes all carriers

are towards the bottom of the conduction band piofahe valence band.
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Figure 2.5.1 Energy bands from modelling effective mass (|
and in pure diamond (right) [2.49]

The two mechanisms through which a hole may trakebugh a semiconductor are

labelled diffusion and drift. Diffusion arises frothermal energy which allows carriers to
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travel in any direction, however they will tenddiffuse from densely populated regions to
those of lower population density as thermodynardictates; this will produce a small

diffusion current.

Drift involves charge carriers moving under thduehce of an electric field such as that
applied between the terminals of an electronic @evHoles will move in the same
direction as the field (towards the negative teabirwhereas an electron would travel
against it producing a total drift current. Wheisthxternal electric field is applied each
individual hole experiences a force (F) due toTihe hole will travel through the
semiconductor until it comes under the influence afcattering mechanism. The average
distance the hole will travel before being scattdeeknown as its mean-free pat) and
the average time between scattering events is #wnrfree timet(). Scattering can be
due to many factors which can be hard to discenm feach other as they will be occurring

all at once hence why a mean free time for alltecay events is used.

Some of the more important scattering mechanisnes dafect scattering, surface
scattering, ionised impurity scattering and phosoattering from lattice vibrations (any

lattice above absolute zero will vibrate to a dertaxtent just from thermal energy).

Surface scattering will be particularly relevant &urface transfer doped diamond and
especially so in an FET device where carriers andilted to a narrow channel close to the
surface. Low frequency phonons are known as ‘agopsionons’ and high frequency are
‘optical phonons’. From this knowledge carrier etffree mass may now be related to the
velocity at which carriers may travel through tbatstal (v) this is given by [2.50]:

V=—my 2.5.2

Where q is the elementary charge, E is now therédeeld strength and. the combined

momentum relaxation time for all scattering proessg\gain this velocity is positive due
to holes travelling with the field. The ratio oktldrift velocity to the electric field is known
as the carrier mobility i.e. how velocity of cardechanges with electric field strength

(under low electric fields).
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2.5.3

It is worth noting that holes have lower mobilityah electrons in general as they relate to
carriers confined to the valence band hence suligeanore obstruction from lattice

vibration and attraction to atomic nuclei. Thislso why hole effective masses tend to be
higher. So when possible it is always desirableuse electrons as charge carriers in

unipolar electronic devices.

Although mobility is a useful figure in general tiescribe the transport of charge, for
devices driven at higher bias and hence high étedield, the velocity saturation
mechanism for charge limits its usefulness in mtaty device performance, which is
more related to saturation velocity. In fact itniscessary for the field to be as high as is
possible without impacting device reliability foigh power applications. The above is
satisfactory to describe the region of operatioerghvelocity increases linearly with field
(known as the linear region of operation in a tistos) however as field increases so does
the amount of scattering. Optical phonons occurenuften at high fields as carriers now
contain enough energy to instigate lattice vibragithemselves. This begins to severely
hamper charge transport as phonons travel with igimentum and reduce carrier
velocity greatly meaning there is no longer a Imealocity increase with field and hence
velocity becomes independent of mobility. Eventuéiis leads to impact ionisation where
charge carriers can collide with impurities andeotlattice atoms with enough energy to
ionise carriers and cause breakdown although fatély in diamond this does not occur
until 10 MV.cnitin theory.

Velocity saturation can be modelled as a resuthefenergy loss to the optical phonons.
This is a complex interaction but can be showncifoainting for only optical phonon

emission to be [2.51]:

8EOp ) EOp
V.= an
* \3m’ 2k, T 254

Where E, is the optical phonon energyg khe Boltzmann constant and T being absolute
temperature. In diamond carrier velocity saturae® x 10 and 0.8 x 10 cm.s' for

electrons and holes respectively. These are relgtivigh values due to a very high,E
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(163 meV) [2.51] arising from the strong bondingldaw atomic mass of carbon also a

low effective mass for carriers.

As charge carriers move temporarily into a regibuitferent electric field (i.e. beneath a
gate contact) then an effect known as velocity slveot may also occur where the charge
carrier's momentum relaxation rate is slower thaneinergy relaxation rate [2.52]. This
effect allows for charge carriers to temporarilycesd the saturation velocity in the
material. It is feasible that this phenomenon caddur in the short gate length devices
presented in this work as carriers reaching the gagion will already have a substantial
velocity [2.52].

2.6 Metal-Semiconductor Interfaces

In semiconductor devices, charge is also requicedross over interfaces between the
semiconductor and metals in the form of an ohmiotact or leave the surface of the
semiconductor completely and in to free space bewpnonised. It is also possible to
accumulate or deplete regions of charge in the ammuctor with Schottky barrier
contacts, giving us the ability to control the mitigle of current through devices leading

to the field effect devices that have revolutiodiséectronics.

When charge carriers reach such interfaces, theguster many differences to the bulk
material such as non-periodicity, contamination angerfections which lead to surface
states different to the bulk lattice. As discusse®ection 2.3 hydrogen-termination of a
diamond surface leaves the Fermi level unpinndd,itieans surface states are reduced to
the point that allows the bands to bend so the gamductor Fermi level will match the
metal work function (assuming thermal equilibriunThis simplifies current transport
across metal-semiconductor interfaces a great diedghere is a substantial difference
between metal work functiopy and that of the semiconducips before contact is made a
Schottky barrierg) is formed as electrons diffuse from the metad itite semiconductor
setting up an electrostatic potential which presefntrther flow similar to the potential
ensuing from surface transfer doping as seen imatimu 2.6.1 where Eis conduction

band energy, g the elemental chargeatit electron affinity [2.53]:

E
¢B:FG+X_¢M 2.6.1
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The band bending experienced by a p-type semictéodughen metal and p-type

semiconductor are brought in to intimate contaatloa seen in Figure 2.6.1
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Figure 2.6.1 Metal-Semiconductor (p-type) energy band diagrams
isolation (above) and after contact and barriemfation (below)

This can be seen in terms of hole transport asstariéting deeper in to the semiconductor
material which leaves behind ionised acceptor atamsurplus of negative charge) and
forms a depletion region (lack of majority carriémsthis case holes) near the interface in
the semiconductor. The built in potential jjMis then the amount of band bending

instigated by contact shown in Equation 2.6.2 [R.53

V, = 05— 9y, 2.6.2

There is of course a small volume of electronsstfiemmed from the metal to semiconductor

during the diffusion and instigation of,Vbut compared to the density of charge carriers
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present in a typical metal this is negligible imns of the energy band diagram. The
depletion width into the semiconductor is represérity W which is intrinsically related to

the doping concentration in the semiconductor a&edouilt in potential [2.53]:

2
w :(Z‘SSvaJ 2.6.3

Whereesc is the semiconductor permittivity and; Me doping concentration. This contact
is commonly known as a Schottky contact and is usea FET to deplete/accumulate
charge depending on the bias conditions. If a pesgiotential (\4y) is applied to the metal
with respect to the semiconductor (reverse bias)o#inds are pulled further upwards and
the barrier will increase as the depletion widtlex¢ended and holes are pushed further in

to the semiconductor leaving more ionised accegtsishown in Figure 2.6.2.

=zl ooy B

Figure 2.6.2: Metal-Semiconductor energy band diagram in reveise

If a negative {,is applied (forward bias) this pulls the bands davwhich acts to lower the
barrier and accumulate holes towards the interéecehown in Figure 2.6.3. It is worth
noting here this is a simplification of what is see the FETs discussed in this work as the
situation is complicated somewhat by the interfasing from the adsorbed atmospheric

layer.
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Figure 2.6.3:Metal-Semiconductor energy band diagram in forwaad (below)

If charge is to travel across the metal-semicoratuictterface to give a net flow of holes
moving from semiconductor to metal (or analogoudiectrons from metal to
semiconductor) and hence current is to flow, theie® need to overcome the Schottky
barrier somehow. There are three methods of acigethis: thermionic emission, field
emission and thermionic field emission and whilesth often occur somewhat in unison,
they are more or less likely depending on the eatreights and widths. These are shown
in Figure 2.6.4.

i ///////Euéf** ---------- E

THERMIONIC FIELD

T

% THERMIONIC
e

Figure 2.6.4:Methods of transport across a p-type Schottkyidrarr
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Thermionic emission involves charge which has ehatigrmal energy to pass over the
top of the Schottky barrier sk > qes. The thermionic emission current density across

the barrier at any specific bias can be shown asrdrenius relationship [2.54]:

3.0 ex;{—%J 2.6.4
kT

B

Hence thermionic emission increases exponentially temperature or with lower barrier

height. Conversely field emission occurs if the @tity barrier is thin enough so that

guantum mechanical tunnelling of carriers throuuh bharrier may take place. The thermal
energy of carriers is not relevant in these cirdamses and a tunnelling probabilityogE

is defined which is strongly depends on barriertivi@.54].

Eyo = |— 2.6.5

Nqg being dopant density arsid semiconductor permittivity. The dependence on Namse
this phenomenon is found in more highly doped stmes making this more likely to occur

in a highly doped contact region. With the tunmgjlcurrent density being [2.54]:

Jee O ex;{—%j 2.6.6
EOO

Finally thermionic field emission is a combinatiohthe two previous transport methods.

It is found where a barrier is too high for thermi®m emission and too wide for field

emission yet carriers may on occasion obtain endlugfmal energy to reach a point where

they can tunnel through the barrier. The thermidigld emission current density can be

shown to be [2.55]:

3. Oexg-— 2.6.7

|,.| Eso
E,, cot
00 | T
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The total current density across the Schottky batakes the same form as a diode [2.54]:

_ [ qVv
J=J, ex -1

With n being the diode ideality factor anglthe saturation current density. So long g6 k

is >> Eyo thermionic emission dominates but fTk~ Eygthermionic field emission needs
to be accounted for and whepTk<< Ey field emission becomes the dominant mode of
transport across the barrier with the precise Wetsfi this mechanism becoming quite

complex and beyond the scope of this thesis.

Ohmic Contacts take their name from Ohm's law dmy tare so named as the current
response between semiconductor and metal is linithar applied voltage. This means
strictly speaking they should not involve thermmemission as it is a non-linear process.
So in general ohmic contacts tend to be made oy Véghly doped regions of
semiconductor where the Schottky barrier has besmnthin as to allow for field emission
to occur in both directions between metal and sendactor. Hydrogen-terminated
diamond however has low enough surface statesdiol &ermi level pinning so choosing

a high work function metal will produce an ohmiatact [2.2].

2.7 MESFET Operation

MESFETs fabricated on surface transfer doped hyrdggrminated diamond constitute
the bulk of the work presented in this thesis. Aersin Figure 2.7.1 the design of a
MESFET device utilising the hydrogen-terminated ndimd surface is in principle

conveniently simple. From the knowledge of cartransport obtained in sections 2.5 and
2.6 as well as the surface transfer doping phenomelescribed in section 2.3 it is now

possible to build up a picture of how this devioadtions.

The MESFET has two ohmic contacts labelled sounzkdiain between which a bias is
applied to move charge from the source to the drHirere is a Schottky contact placed
between these labelled the ‘gate’ which is usedhtwlulate current transport within the
FET.
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Surface
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Figure 2.7.1:Layout of hydrogen-terminated diamond MESFET

There are several reasons for using a MESFET desigginating from both design
specifications and material limitations. For exammliamond has no native oxide making
traditional metal-oxide-semiconductor field effé@nsistors (MOSFETS) impossible. It is
thus necessary to ensure current can be contreltbdh the device but without significant
charge leaking through the gate metal contact.odislted upon when discussing metal-
semiconductor interfaces, because hydrogen-teradndtamond falls below the Mott-
Schottky limit with respect to interface state dgnsit is possible to tailor metals for
purpose depending on their work function. Hencata gontact may be achieved by using
a low work function metal such as aluminium (4.26 evhich will create a significant
Schottky barrier and allow for current modulationthout significant leakage current.
Also, an ohmic contact may be achieved by chooaiigh work function metal such as
gold (5.1 eV) with contact resistance typicallyvoeen 2-5Q0.mm [2.2].

Current modulation between source and drain isexeli by applying a voltage between
the gate and the source contacts. Upon gate codégatsition, the energy bands in the
diamond are raised due to a built in potential leetmv metal and semiconductor. This
causes a depletion region the size of which fouced gate lengths is somewhat dependent
on the size of the contact. For the relatively $mate lengths seen in this work the contact
does not tend to fully deplete the channel hencesntiwill still flow at zero gate bias
making these ‘depletion mode’ devices. Due to tigpe nature of the channel, a negative
gate bias will cause the accumulation of charge¢hatsurface and allowing for more

current flow as the source contact is earthed seghtive bias is applied to the drain
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contact. A positive gate bias will deplete holeagrom the interface and lead eventually
to no current flow. The gate voltage at which draimrent is reduced to a small enough
value to define the device as ‘off' is known as fhiech-off voltage (¥) (or threshold
voltage in traditional silicon CMOS devices). Infezt the gate acts as one side of a
parallel plate capacitor to accumulate or deplelarge on the other side (the
semiconductor) to either increase or decreaseetkistance of the channel region beneath
it. Figure 2.7.2 shows how current in the FET cleimasponds to this modulation in an

idealised case.

y \'
' ; \{br
- Linear Region Saturation Region
ds| (Low Field) J (High Field)

JI/ ANegative
/

| v
? Positive
-Vds
V =V
gs p
Figure 2.7.2:1deal ksVys characteristics for p-type MESFET

The linear region can be seen to the left wherecisi of charge is still linearly increased
with applied electric field. This continues untilet knee voltage (Y is reached and the
characteristics become saturated due to velocityat#on. Current then remains constant
with respect to increased source-drain voltagel ibiméakdown (V) is reached and the
device becomes irreversibly damaged from impacisaion or another method of
breakdown. For example in surface channel MESFETsing atmospheric adsorbate
molecules, their instability upon the surface magd to premature breakdown before

impact ionisation occurs within the intrinsic diamao
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There are several reasons why FgI\s data from real devices may differ from the ideal
case presented in Figure 2.7.2. For example gatentuleakage through the Schottky
barrier will significantly distort the results amoadi the origin i.e. significant current is still
flowing even at ¥s = O but between the gate and channel. If this ibesoa critical
problem it may be worth considering the depositbm dielectric material between metal
and semiconductor to create a metal-insulator-semdiector FET (MISFET). There is
currently some debate as to the existence of amfawial layer between the aluminium
gate metal and semiconductor surface in surfacesfea doped diamond FETs [2.56]. In
addition it is unclear if the aqueous atmospheaiget remains during the deposition

process and hence forms an interfacial layer witlerént properties to pure aluminium.

Another issue is the existence of higher eleciatdftowards the drain side of the FET.
This arises from a large potential difference betwéhe gate and drain terminals and can
lead to the possibility of buffer leakage throughad amounts of residual boron in bulk
diamond or at least the trapping of charge [2.5li]s can also cause premature breakdown
at applied fields much lower than the intrinsic emal breakdown field. Because of
localised increases in electric field, carrier camtcation becomes non-uniform and carriers
can reach very large velocities in certain regiolisis worth noting in regards to
breakdown that these surface transfer doped FEJendeintimately on the adsorbate layer
which is far more likely to impact device operatioefore breakdown of the bulk diamond

is reached.

When designing short gate length devices thereatiiome point be a limit at which the
gate can no longer fully deplete the channel withapplied bias and hence pinch-off
cannot be reached. This results in what is knowshast channel effects. It is also true that
the effective channel length (the region of infloerthe gate has over the semiconductor) is
different to the physical length of metal deposiied¢an differ by potentially tens of
nanometres giving a larger (or even smaller if gheminium gate contact becomes

oxidised) depletion region than expected.
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Figure 2.7.3:Ron in MESFET

The slope in the linear region of thg-V4s characteristics may be used to extract on
resistance (By). This comprises a combination of resistancesutiinout the device as
shown in Figure 2.7.3. The resistance of the chadinectly beneath the gate in what is
known as the intrinsic part of the device combimgth the sum of contact and sheet
resistance through the contact and semiconductaeriah respectively (collectively
termed access resistance) present in what is dedcais the extrinsic region of the device
make up Rn. It is important when discussing the merits of idevperformance to

distinguish between intrinsic and extrinsic deviigares of merit.

2.8 DC Figures of Merit

After fabrication of FET devices is complete thaeeds to be a method of judging exactly
how well they perform. This can be split in to teections - the DC figures of merit and

the RF figures of merit (to be presented in thofwing section).
An important metric of DC performance is the totaive current that can be passed
through the device between source and drain tetmiifiie total current beneath the gate

contact can be related to the two dimensional eédepsity present in the device channel
(n), the charge velocity (v) and the device widths{:

I =W,vnq 2.8.1

As has been discussed, v varies with field up wdturation so the saturation current

varies depending on the amount of charge and thieeeimensions. With the ability to
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accumulate and deplete charge it is important wakjust how well the device is able to
do this which can be defined via a quantity knowrransconductance. Transconductance
is defined as the rate of change of drain currég) ith applied gate voltage ¢y at
constant source drain voltage ¢ There are two measures of this: Intrinsic
transconductance £g involving the charge accumulation in the gate ioegjust
considering gate voltage between gate and chamukleatrinsic transconductancenjg
accounting for the applied gate voltage betweemncgoand gate contact which is subject to

a voltage drop in the source access region.

g =[ s
", ) 2.8.2

S

Treating the gate contact and the channel as alisdd parallel plate capacitor i.e. no
charge leaks across the barrier and permittivitgsdnot change and assuming again a
simplified two-dimensional model the intrinsic temonductance can be expressed as
[2.58]:

. EWv
gm_ h

2.8.3

Where h is the spacing between gate and channejeland v is carrier velocity at the
source end of the gate. Hence critical to achietiigly transconductance is high velocity
of carriers beneath the gate and low gate-champaration. When considering the entire
device, the total source access resistance becomeml as charge carriers will pass
through this region introducing a drop in voltagefdre reaching the charge modulation
region beneath the gate. Extrinsic transconductémgeafter accounting for this can then
be shown to be [2.59]:

*

O = I

—m 2.8.4

High transconductance can be observed graphicalythe differential of the g¢-Vgys

response as shown in Figure 2.8.1.
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Figure 2.8.1 Changing transconductance as seen ogsafydplot
for 250 nm FET

Continued increase in drain current even afterradttn due to effects such as buffer
leakage are seen graphically as a sloped ratherhibidzontal saturation current as seen in
Figure 2.8.2. This slope still relates to the masise of the device but is now dominated by
the resistance in the channel or alternativelyatsprocal termed the output conductance
(ggs) Which is the rate of change of the drain curneith respect to drain voltage at a

constant gate voltage within the ‘saturation’ regio

o <[ de
“=av, |, 2.85
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Figure 2.8.2: Output conductance seen graphically

2.9 RF Figures of Merit and the Small Signal Equivient Circuit

It is possible to better understand FET operatignmodelling each parameter of the
devices as individual lumped circuit elements whadmbined provide an equivalent

circuit of FET behaviour for small signals at REdquencies.

At low frequency, DC characterisation techniquesy mpeovide a realistic view of FET
operation. However modelling the equivalent circi@lls us more about the extrinsic
device parts and how performance alters partigulatl higher frequencies. It is then
possible to determine exactly how each elementributés to overall performance and
scale the device parameters suitably to improve fiiires of merit. An example of the
RF equivalent circuit for a diamond MESFET is prded in Figure 2.9.1 with the
individual elements described in Table 2.9.1 [2.58]
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Figure 2.9.1 Extrinsic diamond MESFET equivalent circuit witftrinsic
region highlighted

Circuit Element

Description

Current Sourcégm .Vge

Model for the source-drain current modulat
(intrinsic transconductance) controlled by volta
across gate capacitor.

Source-Drain Resistan¢Bys)

The source-drain resistance of the intrinsic dev|

Intrinsic Channel Resistan¢i)

Finite channel resistance through the distriby
capacitance of &

Gate-Source Capacitan(@,s)

Gate capacitive coupling to channel distributec
the source side of the gate

Gate-Drain Capacitand€yq)

Gate capacitive coupling to channel distributec
the drain side of the gate

Drain-Source Capacitan¢€qs)

Capacitance along channel due to varying ch
carrier density

Gate Resistanaf,)

Resistance associated with gate contact

Gate Inductancé.y)

Inductance associated with gate contact

Source Resistand®;)

Resistance associated with source contact

Source Inductancg.s)

Inductance associated with source contact

Drain ResistancéRy)

Resistance associated with drain contact

on
ge

c
ited

] to

] to

arge

Drain Inductancél y)

Inductance associated with drain contact

Gate-Source Pad Capacitarf€gsp

Capacitance between gate and source contacts

Gate-Drain Pad Capacitan@yqp)

Capacitance between gate and drain contacts

Drain-Source Pad Capacitansy

Capacitance between drain and source contact

Table 2.9.1:Description of equivalent circuit elements
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To maximise FET performance it is essential foriagic and external elements that act to
impede charge flow to be as low as possible. Famgte to minimise extrinsic resistances
thick layers of metal are normally deposited. Homrethere is a trade-off between
lowering the resistance and raising other imporfarasitics such as capacitance which
will allow signal to travel between the gate antestparts of the device outside the gate
region. In terms of the gate, multiple gate finges be used to reduce the totgl R
(additional gate fingers will act as resistors arglel, meaning the totalgRs the sum of
the reciprocal of each finger’s resistance). Thi also increase the width of the channel
to increase maximum drive current. To further red®, a T-shaped gate may be
employed to increase cross sectional area (reduesigtance) without increasing the gate
length as seen in Figure 2.9.2. It should alsodiechthat RF gate resistance as seen in the

equivalent circuit is roughly one third of the valior DC characterisation [2.60].

Length

N

Cross-Sectional
Area

Figure 2.9.2 Increase in cross-sectional gate area benefitorg a T-
shaped gate structure

For RF operation it is desirable for an FET to bkhgain in terms of both current and
power. The gain a device provides tends to decnedberequency until a point where no
more is given by the device. The frequency at wigsighrent gain reaches unity (ie: where

lin = louy) is known as the ‘Cut-Off FrequencyXfthe maximum frequency at which the
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device exhibits current gain. The difference betwedrinsic and extrinsic performance
has been touched upon already and again for RFumeFaent access resistances along
with other parasitic elements will be detrimental performance. In the case of f
particularly, access resistances can play a laige so intrinsic and extrinsig £an vary
substantially. For the case of intrinsicthe magnitude of the current signal input to the

device (J,) will be:
1] = Ve, 278 (C,) 2.9.1

Where G is the total gate capacitance (i.gs € Cyq). The current signal flowing out of the

device (bu) becomes:
Lo = OV, 2.9.2
Hence when;| = loyintrinsic fr is given by:

gtz On -V 2.9.3
2nC, 2rlL,

It may be also written in terms of the average e#joof carriers under the gate and gate
length (Lg) as shown. Hence intrinsic transconductance, d¢ewgth and total gate
capacitance are crucial tp dnd as L is the easiest to scale during fabrication itasyeto
see why FET gate length is so aggressively scaten accounting for how parasitic
elements can affect this frequency performanceréselt may be seen below for the
extrinsic f [2.59]:

On
fText - 27T

.+ ng]{1+ RI;'F)} +C.0,(R+R,)

2.9.4

This is the value as measured for the entire deVige clear that if (R+ Ry) is large and

Rgs is small then the extrinsig Will be much reduced from the intrinsic valueisliikely
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that as gate dimension is reduceds Rill also be reduced as the output conductance
increases due to potential short channel effects.

The second important figure of merit for RF perfamoe detailed here igdx which is
defined as the point where there is unity powend®&, = P..). Access resistances will
still have a negative influence ovajak including the gate resistancey. Rhe equation

below describes the intrinsic expression fguf[2.60]:

. /
fint — met —Rds " 2.9.5
max 2 Rg + R PRV

As (Ry; + R) becomes larger andqRsmaller then the smallef£x will become. As
discussed previously a common method used to I®yand increasajhx is employing a
T-shaped gate feature (Figure 2.9.2). This maxisntee cross-sectional area of the gate
and hence lowers its cross-sectional resistancenVéhtrinsic components are accounted

for fuax can be shown to be [2.61]:

int
ext _ fT

max ~ 1/2
+ R + )
SCELEL e

S

2.9.6

Again while other extrinsic factors play a rolevéih fr, Ry is perhaps the most important
component affecting the extrinsigak figure. Also this equation is only valid for cdrta
approximations. — Namely&is << 1, Gq << Cgsand Rogm << 1[2.58].

So scaling FET devices is very much a trade-ofiveen achieving the smallest possible
dimensions fabrication processes will allow andueng extrinsic components do not
dominate the DC and RF performance. There are &Rdrgures applicable to high power
measurement and although this is the ultimate ga#h diamond these cannot be
considered seriously until areas such as repeiyahihd stability of FETs have been

addressed.

2.10 Summary

This chapter has provided a brief background orthgfit diamond and why it is an

attractive material for high performance electrsni€he challenges in doping have been
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summarised with a promising solution known as sfmansfer doping discussed. Having
addressed the theoretical and basic principlesashond FET operation in Chapter 2, the
physical fabrication processes used to producettiegices are presented in Chapter 3.
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3. Fabrication

The scaling of electronic devices to nanometre dsrans naturally leads to the need for
ever more advanced fabrication techniques andbit®mes even more apparent when
working with a material as challenging to processdmmond. This chapter details some
standard tools and procedures and how they maylédyeted for diamond FET fabrication,

allowing for the production of the devices chardetdl in later chapters of this thesis.

First there is a brief look at sample preparatind hydrogen-termination procedures, then
electron beam lithography is investigated as agrraditive to optical UV lithography for

reasons such as minimum feature size amongst offerkniques to metallise samples are
discussed and how these can be adapted to createsh quality contacts to the surface
transfer doped diamond material. Intimately linkexd this is the sensitivity of the

hydrogen-terminated diamond surface and how thesls¢o be accounted for in the form
of metal sacrificial layers (which will also neegesialised etching techniques to be
selectively removed) amongst other processing dersiions. Then after all the tools
necessary to produce a diamond MESFET are presémettandard’ process flow for

these devices is reviewed and the best way totafédg scale gate geometry is discussed.
Finally there is a brief discussion of some altéugafabrication techniques that were

investigated over the course of this research lagid telative merits.
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3.1 Hydrogen-Termination and Sample Preparation

As with all nanoscale fabrication a clean unconteted surface is essential and this is
particularly true for this research with its strosgpendence on the quality of the diamond
surface. Ideally the hydrogen-terminated diamomfiase would be atomically smooth so

as to minimise trapped charge and scattering irstiniace channel FETs [3.1]. It has been
shown that one of the best possible ways to produs@ooth clean diamond surface with
little in the way of contamination from non-diamondrbon is to expose the diamond to
hydrogen plasma at the end of growth [3.2]. Thisageficial for this research for another

reason in that the samples are required to be bgdrterminated for surface transfer

doping to occur. While it is also true that strgngkidic solutions such as aqua regia or
combinations of sulphuric and nitric acids will reme graphitic contaminants these cleans
will also oxidise the diamond surface leaving theedh for a subsequent hydrogen-

termination process anyway [3.1].

Hydrogen-termination was typically performed by labbrators at Université Paris 13
before arrival at Glasgow which involved a high povinydrogen plasma performed at a
temperature of 580° C for 30 minutes. Upon arri@blGlasgow the samples should be
relatively clean of non-diamond carbons but a sarge-grease was performed to remove
any mild organic contamination from transit. Thiwolved a 2 hour soak in acetone in a
50° C water bath followed by isopropyl alcohol ([PAnse and blow dry with pure
nitrogen (N). These have no known detrimental effect on thdrdyen-termination
however it is good practice to leave the diamondma for 24 hours before commencing
further fabrication to allow for atmospheric adsaigh molecules to fully maximise the

surface transfer doping effect [3.3].

3.2 Electron Beam Lithography

Lithography is perhaps the most crucial tool inenlvin this research and semiconductor
device fabrication in general. It allows for thdidiion of patterns of any shape down to
the nanometre scale and encompasses optical Bthlogrwhich is the most commonly
used lithography method in the semiconductor ingustrough to electron beam (e-beam)
lithography and even lithography via imprint tecjues. Both optical and e-beam
techniques derive from the same principle, the fimation of a thin radiation sensitive

coating known as resist and selective removalisfafter exposure.
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All fabrication carried out in this research usedeam rather than optical lithography as
the FETs fabricated all contain nanometre sizeé @@atures and while modern optical
lithography techniques are capable of these dirasdi3.4], ever changing patterns from
sample to sample would be an uneconomical usagéthafgraphy masks. E-beam

lithography may be slower and costlier but it idtéeeadapted for research due to the
versatility with changing devices (e-beam pattaraus be altered electronically as they are
electronically stored and the pattern is directiytten with no need for a mask).The e-

beam lithography process is shown in Figure 3.@dLdescribed below.

Resist Bi-Layer

AusL ]

Diamond

Diamond

Incident Radiation

4o
Dissipation Layer Chemical Development

Diamond

Figure 3.2.1 Lithography procedure
involving a positive resi

First the clean diamond sample is coated with m $hirificial layer (SL) of Au which is a
special requirement of the hydrogen-terminated diainto protect it from subsequent
processing. Au is used as it can be etched witdcathwhich does not cause any detriment
to the atmospheric induced sub-surface conductj8i§]. The substrate is then coated in a
polymer (dissolved into the solvent oxylene) reasing a spin-coating technique. This is
performed at high RPM (typically around 5k) to gie¢al uniform sample coverage apart
from narrow edge beading towards the edge of thgpka Adapting the RPM as well as
the ratio of polymer to solvent can very accuratwntrol the thickness of resist coating
down to nanometre scales. Once coated the samplakisd with all bakes undertaken

during this research at a relatively low 120° Gitimpt to minimise any potential damage
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to the surface adsorbate layer from baking whilesstitable to evaporate the solvent and
leave just the desired polymer coating. All fabtiima in this project involved the use of
the positive e-beam resist poly(methyl methacrylé@@MA) in different concentrations.
Being a positive resist, when exposed to a sigamficdose of electrons the exposed area
will de-polymerise and become easier to dissolva suitable chemical developer. To aid
metal lift-off a bi-layer of resist is spun on teetsample with different molecular weights,

this will be discussed in detail later.

The inverse process is possible using a negatsistreuch as hydrogen silsesquioxane
(HSQ) where during exposure more cross-linkinghef polymer chains will occur making

it denser and less easily dissolved in developegative resist tends to be used for etching
small features from a substrate i.e. 'subtracpvecesses and is not utilised in this work.
Instead positive resist is used to define smallesteatures for metal deposition on to the

substrate, an 'additive’ process.

The final step before submission to the e-beanodithphy tool is the deposition of a thin
charge dissipation layer (CDL). This is necessaryha insulating diamond substrate will
qguickly become charged under e-beam exposure begomiproblem when the charge
build up begins to deflect the incident electromarneand hence distorts the pattern being
written. The CDL needs to be thick enough to prewédectrons with a fast path to ground
but not too thick so as to impede electrons petiegrét and expose the resist. In this work
15 nm of Al is used as it is relatively cheap aad be easily removed using MF-CD26

developer with no detriment to the resist belovg].3.

The James Watt Nano-fabrication Centre (JWNC) at thiversity of Glasgow is
equipped with a Vistec Vector Beam 6 Ultra-High &aton Extremely-Wide Field (VB6
UHR EWEF) lithography tool capable of ~ 3 nm beamesb0 MHz writing speed and 1.3
mm field at 100 kV acceleration voltage along witte capability for lower 50 kV
acceleration. The VB6 is displayed in a diagrammagpresentation in Figure 3.2.2. It
contains a thermionic field emission tungsten tihva zirconium oxide (ZrO) bead which
can emit a beam of electrons in a similar mannsecmged in section 2.7. This beam is
then focused and aligned by a series of coils aagnetic lenses along the column and
then either blanked or deflected as required byptiteern. The Faraday cup is placed on

the stage to monitor the beam current and the sampl be loaded under vacuum via the
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load-lock with the stage also capable of movemeuleu the beam to produce the desired

pattern.

< - Electron
- Gun

< /Alignment
~ _Coils

~ Beam
L < - Blanker

s

< Deflectors
~

Chamber g~ Faraday Cup

S I ,,,_..szﬁ_l.ll Load-Lock
ample Stage -

Figure 3.2.2 Simplified schematic of VB6 bean
lithography toc

To create the pattern a computer aided design (GxEldkage may be used for multi-layer
GDSlI file creation, although as the VB6 has a maxn field of 1.3 mm this needs to be
fractured via a computer aided transcription syst€MTS) in to sub-fields and written as
CFLT files. The pattern is fractured as standartbit200 x 120Qum blocks and stitched
together with accuracy of within 10 nm. These figs finally converted to IWFL files that
are readable by the VB6 hardware via in house soéwalled 'Belle’. Once the pattern is
read by the software the beam is blanked and thgestmoved beneath it to each
determined exposure. For the general set-up there dotal of & exposure sub fields

along each axis giving a resolution of:

1.31072 mm
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Parameters input by the user may then further taffattern and exposure for example the
amount the beam moves between each exposure stefissize which is equal to the
resolution multiplied by a term known as varialdsalution unit (VRU). It is sensible to
choose a step size equal to the minimum requeatlife size divided by ~ 5 to give well
defined spot features if it is too large lines ma@come tapered, too large and over-
exposure may occur. The length of time (T) the bedwells on each sub-field is

determined by an input known as dose. This isadlaly:

—=T 3.2.2

Where D is the dose parameter, A the sub-field arehl beam current. Other factors to
consider in pattern creation are electron forward back scattering. This is where the
resist alters an incident electron's velocity aimdation slightly exposing more resist than

specified (forward scattering) or the substratenstaleflect electrons greater than 90° and
hence back through the resist again exposing nasistrthan desired (back scattering). In
extreme cases patterns need to be altered withnpitgxcorrections to account for this

however this tends to be needed only for smallcaires close together such as gratings
and the fact high accelerating voltages (100 k\@ ased in this work also lessens

scattering and reduces the need for this.

Once the pattern has been written, the resisteam lbe ‘developed’. The CDL is removed
first with a soak in MF-CD26 developer. The resisheath can be developed in a solution
of methyl isobutyl ketone (MIBK) diluted with IPAot specific concentrations and

submerged at specific temperatures depending oiedere size required.

Many of the devices fabricated in this researchuiregmulti-layer patterns which require
accurate alignment between them by a technique Rrasaregistration. When required, an
extra lithography step is therefore performed ptmrdevice fabrication to create small

metallic markers to give the e-beam a referenadigo later lithography levels to.

3.3 Selective Etching of Metals

Apart from a mild plasma etch used for removal efist residue from samples, no other

dry etches were used in this project due to theni@l damage to the hydrogen-terminated

Chapter 3 — Fabrication 54



diamond surface. Instead wet etches were undertakén samples submerged in a

potassium iodide (KIg) solution used to selectively etch the Au SL Via teaction [3.6]:

2Au+1, 0 - 2Aul, 3.3.1

This is chosen as it does not oxidise the diamamthse. Other acids may etch gold but
will leave the surface oxygen-terminated and henselating [3.3]. Not much more is
known about the interaction between Kldnd hydrogen-terminated diamond beyond the
fact it does not seem to damage the surface condycilo achieve a sensible etch rate,
the Au etch solution is diluted with reverse osradqfO) water by a ratio of RO water
10:1 Au etch. Unfortunately although this form aéleng has its benefits in protecting the
surface termination it leads to a rough Au etch isngnrepeatable. It is used to create the
source-drain gap in FETs by etching through theSAwtand undercutting beneath the resist
layer to leave a gap as shown in Figure 3.3.1. Tages the ohmic contact edges rough
and the source-drain gap unpredictable as seeigure=3.3.2. Other pitfalls include the
re-deposition of Au residue from the etch solutiorio the diamond surface even after the

sample is thoroughly rinsed in RO water.

Developed
and Etched
Sample

A T
e ——

Source-Drain Gap

Figure 3.3.1: Approximate source-drain gap formed by Au etch
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10.0kV 12.5mm x40.0k SE(U)

Figure 3.3.2 SEM image odiamond MESFET gate with roug
ohmic contact edges visible

3.4 Metallisation Deposition, Ashing and Lift-Off Techniques

Metal can be deposited in the exposed and developgidns of the sample and then
'lifted-off' where not required by soaking in waanetone for 2 hours which is enough to
dissolve and strip the PMMA from the sample. To thid process it is beneficial to spin
on a bi-layer of resist with the bottom layer besdower molecular weight and hence
more sensitive to e-beam exposure than the top.|®evelopment will then produce an
undercut profile which aids the lift-off processitsreates a clean break between the metal

in contact with the semiconductor and that on toihe resist as shown in Figure 3.4.1:

Developed
and Etched
Sample

N N ..

Source-Drain Gap

Metallisation Lift-Off

Figure 3.4.1 Metallisation and lifteff with the aic
of bi-layer resis
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Prior to etching the Au SL it is necessary to perf@a low power oxygen plasma 'ash' to
remove resist residue which is always present efter development and resembles
granules of a few nanometres in size [3.7]. Plagtehing is a process whereby a high
electric field ionises electrons from their atonmsthis case oxygen) giving radical species
which will react with the resist and the productgtos reaction are removed with the gas
flow. The SL is used to provide protection to thedrogen-terminated diamond surface
from this process but nevertheless care is takererntsure preservation of surface
conductivity so the power is kept down to a releljndow 40 watts and only performed for
1 minute. This same oxygen based ash process magedakto provide electronic isolation
around the outside of individual devices by sel@tyi removing the hydrogen-termination
from the diamond surface. In FET processing, typica mesa-etch is required for
electronic isolation, however here a weak oxygesipla is sufficient to provide insulating
regions. As diamond does not grow a native oxiffer alevelopment and etching the
sample may be left in atmosphere until metal dejosiwith no de-oxidisation step
required. Metal may then be deposited via a nurnbewaporation or sputtering methods.
The majority of metal deposition in this work w#id a Plassys MEB 550S e-beam

evaporation tool as shown in Figure 3.4.2.

Sample / Holder

O _____ Substrate Shutter
O_ - 7 _Source Shutter

Magnetic Field
(Outward)

Metal Source

S

Electron Gun

Figure 3.4.2 Simplified schematic of Plassys e-beam
metal evaporation tool
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This tool contains an electron gun operating sirlyildo the VB6 but using lower
accelerating voltages (<50 kV) creating a beam Wwhécmagnetically focused on to an
ingot of the required source metal to locally haptand eventually sublimate specific
regions of this metal yielding very high purity tiogs over the sample. A quartz crystal is
used to monitor the deposition rate, which is eatdcillate at a resonant frequency so as
evaporated material hits the crystal it alters thiesquency. With typical evaporation
pressures being at 10rorr the metal will travel unimpeded towards tlaengle giving a

non-conformal, directional coating.

The e-beam lithography CDL is an example of mesafion with aluminium used as it can
be completely removed via a short submersion in ®PB-26 with this developer not
having any adverse effect on the resist beneatis. Allayer is kept at 15 nm for reasons
discussed earlier although instead of being depasit a standard Plassys deposition rate
of 0.3 nm.& a much slower rate of 0.05 ni.is used to keep stress on the resist and SL

below to a minimum and prevent damage.

As mentioned in section 2.3 the hydrogen-terminatissnond surface leaves the Fermi
level unpinned hence the metal-diamond interfage m tailored depending upon work
function to give ohmic or Schottky contacts. Fag FET gates aluminium is chosen as it
has a low work function creating a Schottky barbetween diamond surface and metal.
Gold is chosen for the ohmic contacts due to ighhwvork function and the ability to

selectively etch the Au SL to give ready-made ohnuatacts and minimise fabrication

steps.

3.5 Standard Diamond MESFET Process Flow

The design of FETs for RF measurement is slightrencomplex than for purely DC

measurement (which will be shown in Section 4.4ppl@nar waveguides need to be
incorporated into the device structure to landttiree-armed RF probes on with a ground-
signal-ground set-up to transmit the RF signambire conventional FET fabrication these
waveguides would be deposited as bond pads to #Hie device in the final fabrication

step but for this technology some essential altsiatneed to be made. Since a final
additional layer of lithography (resist spin, bad®d e-beam exposure) may well damage
the surface conductivity of the exposed gate redio& waveguides here are incorporated

in to the device structure partly in to the ohmintact Au SL etch as extension of source

Chapter 3 — Fabrication 58



and drain contact pads and partly in to the gaposion as an extension of the gate

contact pad. Although this method works in as mastsuccessful measurements can be
obtained it leaves several non-ideal scenarios. RIR&ET design can be seen in Figure

3.5.1.

__ .

p—
——

500 pm

Figure 3.5.1 Layout of an RF FET with zoomed in view of device
which utilises two gate fingers

The waveguide metal tends to be much thinner tharoimal for such structures meaning
these contacts are more resistive than would bieedeand they will scratch off from the
surface very easily usually after a single measergmmaking re-measurement difficult if
not impossible. This also gives the undesirablgasibn of the waveguides being partly on
insulating (gate pad) and partly on conducting {seuand drain pads) material. Ideally
these would all be on insulating material so aminimise interaction between the metal

and charge present in the substrate.

As the FETSs are scaled to sub-100-nm dimensiondékize yield becomes far less due to
a higher probability of damage to the gate from enchallenging lithography. With
coplanar waveguides added to FET devices the detsate size now takes up a significant
amount of the usable surface area (each singléatrgmmond sample is only 4.7 x 4.7
mm). So with a lower yield and only ~ 20 RF devipessent on each sample measurement
becomes extremely challenging and is compoundeddwce degradation from repeat

measurement as will be discussed in the resultoseaf this thesis.
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The extra metal associated with the waveguides Wwiihg additional resistance,
capacitance and inductance which although not glathe device itself act as external
parasitic components to degrade RF performancecéiéimese need to be subtracted to
give an accurate picture of the actual device dmeraspecially as the source and drain

RF pads are placed on non-insulating material.

The most straightforward way of doing this is cnegittwo extra structures (a short and
open) and measure and subtract the RF respon$esd# from the overall measurements
the process of which will be described in more dleétasection 4.6. These on-wafer de-
embedding structures can be seen in Figure 3.%1&.0pen structure can be fabricated
alongside the rest of the RF FETs with an extenseldtion etch. However the short will
require an extra fabrication step to deposit therded gate pad and overlap the existing

metal.

10.0kN 12 5mirn 1. 20k SE(L) 10.0kY 12.5mim x1.30k SE(U) 40.0um

Open Short

Figure 3.5.2: SEM images of on-wafer de-embedding structures

With this in mind the process flow by which the miand MESFETSs fabricated in this
project follow can be categorised as seen in T&8del. With a summary of the gate

contact deposition and source-drain gap definigileo shown in Figure 3.5.3.
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Step Description

1 Sacrificial layer deposition

2 Marker deposition

3 Isolation/ohmic contact definition (plus waveguide)

4 De-embedding structure ‘gate pad’ deposition

5 Gate contact deposition (plus waveguide)

6 Acceptor material depositionot required for devices b
investigated as a potential final step to provithbdity)

Table 3.5.1:Process flow for diamond MESFET fabrication

1. Gate Profile

2. Au Etch
Diamond
Al + Au
3. Gate Metal
Diamond
E c P
4. Lift-off Diamond

Figure 3.5.3:Gate contact deposition and source-drain gap itiefin

Chapter 3 — Fabrication

61



Note that the order of these steps is crucial argddssential that the gate is deposited after
the previous fabrication steps to ensure the expeadgace region may receive minimum
exposure to high energy electrons and resist apatim the case of acceptor material
deposition it is particularly important that thepesed surface region does not have other
contaminants such as resist residue prior to déposirhe details for each of these steps is

described below with full details for each indivadyprocess being given in Appendix A.

1. Sacrificial Layer Deposition:

After the Hydrogen-terminated diamond sample iaéel and ready for use an 80 nm Au
SL is deposited to protect the hydrogen-terminadémond surface from potentially
damaging fabrication processes such as e-beam uepos oxygen plasma [3.8]. Gold is
chosen due to the ability to etch it with a cherweat etch and the process of doing so not
having a negative impact on the surface condugtivithere is however a significant
challenge in using gold for this layer in that dha&res poorly to hydrogen-terminated
diamond, so badly so in fact that a tiny scratchihi@ SL will cause the entire layer to
buckle and begin peeling off when next exposedaimuum (see Figure 3.5.4). Similarly if
deposited all the way towards the edge of the sangald will begin peeling away from

the edges due to this poor adhesion.

Figure 3.5.4: Au SL adhesion issues imaged via optical microscop
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A specialised holder was therefore designed as showigure 3.5.5 and used for the SL
deposition where the sample sits in a shallow dbe same dimensions as itself
(typically 4 x 4 x 0.5 mm for single crystal matriand 10 x 10 x 0.5 mm for
polycrystalline) and is clamped securely from bdhivith the front containing a rounded
window slightly smaller than the sample to allow &1L deposition up to almost the edge
of the sample leaving ~ 5Q0n around the edges which can be used for e-begmnadint
markers.

Figure 3.5.5: Specialised holder created for Au SL deposition

2. Marker Deposition:

As device fabrication requires several individuaydrs of lithography, it is essential to
align each layer to the previous one accuratelnceithis involves aligning the gate
contacts to sulpm accuracy it needs to be done by the e-beam todl veould be
unrealistic to do by hand. Hence the first layeedieam lithography defines small arrays
of metallic markers between the Au SL and the exfghe sample with several 20 x g
squares in each along with a row of 150 x 1@ crosses along the bottom edge of the

sample as pictured in Figure 3.5.6.
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Figure 3.5.6:Marker and cross layout on typical diamond sample

The e-beam prior to performing lithography can thetect these markers. To ensure this
can be done accurately a metallisation is usedn®marker layer (20 nm Ti to promote
adhesion to the diamond substrate topped with b¥d@un) where the contrast between this
and the substrate is clear from the backscattdesmdren intensity. It is important to have
several markers in each array as this processpafsexe can deform markers especially if
subjected to an Au etch processing step. In peifgnalignment for a subsequent
lithography level (referred to as a registrationelg the beam begins by locating the
bottom left hand corner of the sample and then oreasthe distance from here to the
cross specified for use by the user. This detersnaweurately any difference between the
pattern distance and the physical distance whicly heve arisen in deposition of the
markers. Next the e-beam will attempt to locateliyefour markers around the edges of
the sample (ideally in the corners) to produce eteureference points across the substrate
from which transformations can be made to write $ibstrate pattern exactly where
required.
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Due to the small size of the diamond samples anathecialised holder needed to be
created for the purposes of e-beam lithography hasvs in Figure 3.5.7. This was
necessary for the purposes of alignment.

Figure 3.5.7: Specialised holder created for e-beam lithography

3. Isolation/Ohmic Contact Definition (Plus Waveqguide)

Following the marker layer deposition, the Au SLynmow be selectively etched to form
the outer edge of source and drain ohmic conteste/edl as the extended waveguides
required for RF measurement. The exposed hydragramisiated diamond surface post-
etch is then subjected to a brief oxygen plasnmaéoctrically isolate individual devices, the
recipe of which is the same as the resist ash @dtndere the oxygen plasma interacts
directly with the exposed hydrogen-terminated diachcsurface leaving it oxygen-
terminated and insulating [3.8]. The region intahder gate deposition at this point
remains encapsulated by the Au SL and ready totddee@ after further lithography. A

device after isolation can be seen in Figure 3.5.8.
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Figure 3.5.8:Isolated RF diamond MESFET

4. De-Embedding Structure 'Gate Pad' Deposition:

At this point an extra stage of lithography is usedleposit an extended gate pad for the
short de-embedding structure. This cannot be imatpd in with the regular gate
lithography level as it involves etching to remawed undercut the metal which would
leave the short structure disconnected. Al is diggpadSor an extended gate pad which
overlaps the device region creating an effectivartsht is clearer now how some of the
pads are on conductive material and some noteagdte pad region will have received the
oxygen isolation treatment prior to deposition. Hear the source and drain pads as well
as device region will be protected by Au SL and héve conductive material underneath,
making de-embedding the pad contributions from mesasent all the more essential for

accurate results.

5. Gate Contact Deposition (Plus Wavequide):

This is the most crucial step of the fabricatioogadure as it defines the FET intrinsic
properties and to a large extent the overall depdormance. Simple rectangular gates
were fabricated here using a much thinner bi-layeating of PMMA than would be
utilised for markers/isolation along with highebeam dose and lower VRU. Development
is undertaken in a more highly diluted solutionMiBK for longer along with a standard
ash, then as touched upon in section 3.3 a wetthtoigh the SL is performed with an
undercut to create the source-drain gap. Gate hsatadn takes place on top of the
exposed diamond surface with a standard depogitiddd nm Al / 25 nm Au employed.
The height being low so as to maximise lift-off sess, it is generally recommended that
the maximum deposition height should be 1.5x feailength as above this in-fill will

occur where the metal on the surface of resistlapsrthe gap completely and blocks any
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further deposition. Longer gate lengths could empiloicker metallisations but when
scaled down to 50 nm thin metal layers are esdeAlilnough T-gates would be desirable
for lower gate resistance and hence bettgex performance this process is as yet unrefined
and will take some additional research to incorfrato the Au SL process. The in-fill
problem is illustrated in Figure 3.5.9.

Extra Resist Layer
for T-gate

Metallised Sample Metallised Sample

(No In-Fill) In-Fill
Al/Au Gate Metal
Au SL 50 nm ISO nm 50 nm
Diamond

Figure 3.5.9 50 nm length gates are limited to ~ 80 nm high
metallisations

Al is chosen for its low work function and creathe necessary Schottky barrier between
gate and diamond. As Al readily oxidises in atm@sphan Au cap is deposited while still
under vacuum to minimise this although oxidatiornyretill take place around the sides and
minimise the effective gate length. The gate ‘feisdformed as a large square feature at
the end of the gate on oxygen-terminated mateoiaid adhesion to the substrate and
again maximise lift-off success which is achievedstandard by a 2 hour strip submerged
in 50° C acetone. Full realisation of 50 nm gatek e discussed in greater depth in
Chapter 6 along with optimisation of other compdsesuch as the waveguides. A
completed RF device is shown in Figure 3.5.10 alsith the two finger gate region in
Figure 3.5.11. Note that two gate fingers are usednable the coplanar waveguide

configuration but also increase gate width to imseedrive current through the device.
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Figure 3.5.10:Completed RF device

5.0kV 12.9mm x4.50k SE(U) 8/11/11 15:43

Figure 3.5.11:SEM image of two completed gate fingers

6. Acceptor Material Deposition:

Deposition of alternative acceptor materials wadentaken at the National University of

Singapore and at Glasgow. Botiy®uPc and Mo@materials were deposited via resistive
(thermal) evaporation. This being a similar procdssthat described for e-beam

metallisation however instead of heating via arcteten beam the sample holder itself is
heated to temperatures hot enough to sublimatentiterial to be deposited. There is also
the capability to heat the substrate holder anémiatlly drive off adsorbed atmospheric

particles from the surface prior to deposition. diletl results from these procedures are
given in sections 7.2 and 7.3
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3.6 Alternative Fabrication Procedures

An attempt was made to fabricate bond pad strustbyea slightly modified fabrication
procedure, instead of isolating the Au as seenigarE 3.5.8. Instead just a small square

was isolated as seen in Figure 3.6.1.

. Y :
Developed Bond Pad

Resist

Isolated Au—p

- 500 pm ST

Figure 3.6.1:Isolated Au SL prior to bond pad deposition

A thick Au layer of 300 nm could then be deposit@ith the bonus of being upon oxygen-
terminated and hence insulating material), ther gHtography was undertaken as normal.
Unfortunately this resulted in a very poor lift-cdfter gate lithography as seen in Figure
3.6.2, thought to be due to the thin resist biHaysed for gate lithography not fully

overlapping the thick bond pads hence not allovdngtone to reach and lift-off the gate

metal.
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Figure 3.6.2: Poor gate lift-off due to thick bond pads

Alternatives to the standard fabrication proceduege investigated over the course of this
work to try and replace the non-ideal Au SL proceSser example an Al SL was

implemented as an inverse process with the ideagbitiat Au ohmic contacts could be
deposited after an Al etch with MF CD26. The benleéing these ohmic contacts would
be perfectly smooth as defined by the lift-off pges. Other variations included an
alternative ash process using SF6 gas rather tkyggeo for the plasma. Metallisation via
thermal evaporator deposition and also standaok twaveguides were also attempted to
try and maximise stability and repeatability of mevmeasurement. Results of these

processes can be seen in section 7.1

3.7 Summary

This chapter has outlined the fabrication techmsqused for diamond MESFETS giving
processing details as well as the equipment usef@dlioication. Most of these are based on
standard semiconductor fabrication techniques lyetst all have needed some adaptation
to ensure preservation of diamond sub-surface adivily. Particular attention has been
paid to successful fabrication of an RF device layend the challenges in scaling to sub-
100-nm gate lengths as well as potential technifoesnhancing and stabilising the
surface conductivity.
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The following chapter continues with details of hdw characterise these devices to

determine the figures of merit for measuring deyiegormance.
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4. Characterisation and Metrology

To fully understand device operation and to be ableompare their relative performance,
accurate characterisation techniques are crudms dhcompasses not only device figures
of merit but also material properties with partaufocus on surfaces for this research.
Knowledge of both the material and device allowsher refinements which can then be
made to fabrication procedures discussed in Ch&pterproduce improved devices in the

future.

This chapter details all forms of characterisatimdertaken during this project. The Van
der Pauw (VDP) method, which is used to extractaheunt of charge present in the
diamond material and its mobility, is initially digssed. This is complemented by
transmission line method (TLM) measurements whiskeas parasitic resistances from
ohmic contact structures. Capacitance-voltage mmeasnt gives insight into the
performance of the gate contact, while currentagdt measurements help analyse gate
leakage. MESFET device characterisation followshwibth DC and RF measurements
discussed and the extraction of various figuregnefit for the extrinsic and intrinsic
device. Surface profiling is touched upon with airforce (AFM) microscopy and
scanning electron microscopy (SEM) used to invastigample properties such as surface
roughness as well as mechanical yield of devicésally photoelectron spectroscopy
(PES) shows accurate material composition duringitin growth with insight into any
impurity incorporation and can also monitor any rggeshifts during acceptor material

deposition.
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4.1 Material Characterisation

To achieve competitive device performance it isci@uto ensure material quality is
exceptional with as few defects or impurities assilde to hinder movement of charge. It
is also imperative the hydrogen-termination proces®f diamond samples is a high
quality again with little in the way of impuritiess this contributes greatly to the surface
structure as well as the ability to accumulate ghaAs seen in Section 2.8 the amount of
charge directly influences the drain current inF&T. Low-field mobility can tell us about
device performance as it will have an effect on Rag of an FET it can also shed some
light on the nature of charge transport through dremond and if it is significantly

impeded. All these factors are crucial for deviterealise their full potential.

The Hall effect utilises an external magnetic figlmhsverse to a sample to exert a Lorentz
force on the charge moving within it. The chargehen deflected perpendicular to the
magnetic field (B) and its direction of motion as seen in Figure.#.desulting in an
electric field (E) between the difference in charge across the saoygposing the Lorentz
force which continues until equilibrium is reachédhis potential difference is known as
the Hall voltage (V) which is equal to Emultiplied by the width of the sample (w) [4.1].

N,

Figure 4.1.1: Deflection of charge carriers via the Hall Effect

Chapter 4 — Characterisation and Metrology 73



The Hall Effect may be applied to a semiconduct@terial such as diamond via four
ohmic contacts in a technique invented by Leo Vam Pauw. As long as the sample is
flat, relatively two-dimensional and homogeneougasurement using this technique is
independent of sample geometry [4.2]. A VDP streefabricated on a diamond sample is
shown in Figure 4.1.2. The Au SL layer is etched similar manner to that during device
fabrication. Firstly isolation is performed usinbet same oxygen plasma as during
MESFET fabrication around the edges of the VDPcstme as seen on the left of Figure
4.1.2. An active region is fabricated in the cergain using the Au SL etch but without
the plasma isolation.

Figure 4.1.2 Van der Pauw structure as fabricated on diamond
(isolated structure on the left, finished VDP oa tight)

As this structure is symmetrical, we can write:

E:E:R 4.1.1
VR P

Meaning if a current is made to flow between twmteats i.e. 3 & 4 then the voltage
measured across the opposite side (1 & 2) givestdsa resistance that is symmetrical
around the whole sample. Van der Pauw then shoatd4.2]:
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expg - ni Ri= E
0 > 41.2

Where t is the thickness of the sample paritd resistivity which can be simplified to:

p=—R 4.1.3

Sheet resistance,gRs a material’s resistivity divided by its thiclseeand can be used to
simplify the above expressions further as well esviging a useful, easily measurable

figure of merit for characterising the sample scefa

- R
In2

R, = 4.1.4

Rsh can be measured from four point current-voltagebimg of the pads without an
external magnetic field. Mobility and carrier cont@tion however requires the magnetic
field to instigate the Hall Effect. So if for exatapa small voltage (so that transport is
linear and not saturated) is applied between paaisdl3 (Ms) and a transverse magnetic
field is applied, the current flow will become dsfted and charge will begin to
accumulate at pads 2 and 4 building up an elefigiid between them (&). This continues
until equilibrium is reached and no more chargevllovhere an expression can be stated
for the forces in equilibrium [4.1]:

gE,, =qv;3B, 415

Where qysB; is the Lorentz force felt by charge carriers witg being the drift velocity
and gk, being the force opposing movement built up bydleetric field k4. Voltage can
be measured between pads 2 and 4 and is equivaldgrg Hall voltage (M) which may be

related to the sheet carrier concentratiqg) oy [4.1]:

11:5, 4.1.6

n,, =
" V|
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The mobility may then be determined from [4.1]:

1
an,,R,

4.1.7

ﬂ:

Further measurements may then be taken betweenoéablk diagonal contacts in both

directions with a total averaged value for a ma®usate measurement.

This technique is useful for characterising matgrraperties such as carrier concentration
and mobility which can vary significantly due toparities such as boron contamination or
poor quality hydrogen-termination. This should lesyeto discern from Van der Pauw

measurements as carrier concentration would berldlasn expected due to less free
charge being present. Mobility may be lower or kiglthan expected depending on
trapping within the crystal structure and scatgmmechanisms. Unfortunately if there are
similar amounts of holes and electrons it is nosgide to discern the two using this

technique. The Hall voltage accounts for the ovarahrge difference between pads and
hence it is more suitable for use on samples wtherearrier concentration for one charge
carrier is orders of magnitude higher than the rothdis should be true of hydrogen-

terminated diamond. However in diamond structurgagielectron acceptor materials on
the diamond surface there may be two effective rhBnwith opposite charge carriers in

each. This will need to be carefully consideredrugeposition of these materials.

4.2 — Ohmic Contact/Sheet Resistance Measurement

In FET devices to maximise performance, extrinsgistance needs to be kept as low as
possible, especially as dimensions are scaledetodhometre scale. Creating transmission
line model (TLM) structures allows the determinatiof these resistances as they
essentially resemble FET devices minus the gatechwhillows for the accurate
measurement of the extrinsic parasitic resistamicat contribute to By. Looking back
again at Figure 2.7.4 we can see the elementsdnétbute to By in a MESFET. Several
gaps of differing separation are required to deiteema trend. Fabricated TLM test

structures may be seen in Figure 4.2.1.
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Figure 4.2.1 Fabricated TLM structure with approximate gapatises
and SEM image of the @n gap (actual gap distance of grh)

The sheet resistance is assumed to be the sam@clinhence the resistance measured
should increase proportionally to gap separatiorchvimay be plotted as in Figure 4.2.2
[4.3].

A
—i I = ot
Lt ..............!;}4
o .u..mm L
..mu.mn .m“.m.

\ m...m.-.uu. e

] -.|.m...um\u.

Lr ..n.-.--.m.-.um...

m..mn.mu \

Figure 4.2.2 Plot of resistance with varying gap separationess
in a TLM structure
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The total contact resistance for both ohmic costa(@R) may be extracted by
extrapolating the trend backwards to zero contagasation whilst the gradient of the line
gives the sheet resistanceg)(Rlivided by the contact width (W).tLis known as the
transfer length and gives the minimum contact lengtcessary for a contact to display

ohmic type behaviour.

There are two conventions for quoting contact tasise: That normalised to the width of
the device Q. mm) or that normalised to the area of the coritaat contributes to current
flow (Q.cn?). The second, which is also referred to as theiipeontact resistance, is
useful as it takes in to account &nd hence current crowding where a non-unifornmecur
density is present through a contact. Howeverghosess assumes that the sheet resistance
under the contact is equal to the sheet resistainte material between the contacts, thus
potentially giving an inaccurate value due to th@ccurate value extracted for. Due to
difficulty in determining an accurate vale fogRbeneath the ohmic conta&.mm is

quoted in this work.

Structures were designed to have 150 x @fs0ohmic pads with separations of 1, 2, 3 and
4 microns although as the Au etch process is usddhiricate these gaps they may vary
substantially from these designed values. It waseflore important to observe each under
a microscope to determine the exact separationhaluitt still involve a large margin for

error due to the rough contact edges formed byettie

The outside of each rectangular structure is iedlatith an oxygen plasma to remove the
hydrogen-termination and oxygen-terminate the serfa these areas. This acts to isolate
the TLMs electrically and prevent any fringing @nt around the edges of each gap,

ensuring an accurate measurement.

4.3 - CV Measurement

As well as testing the quality of the ohmic corgaittis also important to characterise the
gate contact so the full picture of device operatimay be broken down in to its
component parts. To do this, diode structuresaveadated with a circular aluminium gate

contact surrounded by an Au ohmic as pictured guifg 4.3.1.
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Figure 4.3.1 CV structurcduring fabicatior with Au etch undercutting resist (top left)
leave a gap between Al and Au post deposition

This diode structure serves several purposes Wwilkfitst being the ability to demonstrate
accumulation and depletion beneath the gate coriigctneasuring capacitance with
respect to voltage as well as shedding some lightrapping mechanisms between the
material and gate contact. This is seen in hystemdscapacitance sweeps by measuring
both from off to on and on to off voltages whileetimability to maintain accumulated
charge may indicate leakage. Sweeps may be perfoamgifferent frequencies with lower
frequencies more likely to reveal trapping as éhérgrequency sweep will move charge
faster than the time constant of most trapping mems. This structure also gives the

potential to test for gate leakage current by méagwurrent with respect to voltage.
Figure 4.3.2 shows a typical capacitance-voltageegvwith capacitance normalised to the

area of the Al gate contact and both forward angnse sweeps present showing some
hysteresis between the two.
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Figure 4.3.2 CV sweep for 10jum diameter diode structure -
hydrogen-terminated diamond at 1 MHz

4.4 - DC Device Characterisation

The RF device setup as discussed in Chapter 2 fos the majority of measurements in
this work however some more basic preliminary FBATe also discussed which employ
just a single finger gate and small pads for DC sueamment. This allows FET
characterisation via standard DC probes without need to fabricate more complex
waveguide structures. FET characterisation as a®IlTLM and CV measurement was
performed using an Agilent B1500 semiconductor petar analyser (SPA) running
Agilent's EasyEXPERT measurement software. The DET Ktructures are shown in
Figure 4.4.1
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Figure 4.4.1 Fabricated DC FET structure utilising single finge
gate and basic probe pads

To measure the drain current characteristics dfEh device, the source is kept at ground
while the drain voltage is swept across the desiegwje. This may be repeated several
times with varying gate voltages to give full-V4s characteristics, an example of which
may be seen in Figure 4.4.2. These are known asutpeit characteristics with the current

conventionally normalised to gate width i.e. mA.thm
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Figure 4.4.2: Output characteristics for 100 nm gate FET
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To measure transconductance, a similar processrfsrmed but instead gate voltage is
swept while the drain voltage is incrementally p&g to give angkVgs plot. This is
known as the FET transfer characteristics. The gham the drain current with respect to
gate voltage may then be plotted to give transcotaghece as seen in Figure 4.4.3 and as
discussed previously in Section 2.8. These measmenyield the important DC figures of
merit also discussed in Section 2.8. Finally gatekdge may also be monitored for
different gate or drain voltages by measuring gateent with respect to either drain or

gate voltage.
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Figure 4.4.3: Transconductance for 120 nm gate FET

4.5 - RF Characterisation

For DC characterisation relevant performance metan be related to static currents and
voltages. However as measurements move to highgudéncy, small signal parameters (S-
parameters) become more relevant. These descrebantount of RF signal transmitted
and reflected through a device at a given frequemay hence vary with both frequency
and bias. It is possible to model a diamond MESEBE® 2-port network for this purpose
as shown in Figure 4.5.1. A signal is sent in tthimorts and four s-parameters describe

the resulting signal as described in Table 4.5.1.
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Figure 4.5.1 2-port network including input and output sign@bove).
Visual representation of MESFET 2-port network @oél

S-Parameter Description
Si1 Input Reflection Coefficient
S, Output Reflection Coefficient
Si2 Reverse Gain
S Forward Gain

Table 4.5.1:S-parameters and their meaning

In this work there is a particular interest iny 8s this can be converted to the H-parameter
H.1 which represents the current gain of the deviaeviSualise the complex impedance
response with frequency of the MESFET device a ISrnoitart is plotted as shown in

Figure 4.5.2 where all S-parameters may be plaitedlitaneously.
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Figure 4.5.2: Example Smith chart

The horizontal axis represents the real part freno at the left hand side to 1 in the centre
and infinity at the right hand side with circlespresenting constant real values. The
complex part of the impedance is represented adistibeing zero at the centre, positive
(or inductive) in the top half and negative (or @aifive) in the bottom half of the chart.
The curved lines represent constant imaginary galliee Smith charts shown in this work
are normalised to a characteristic impedance d256o the centre where Z = 1 represents
a 50Q load.

RF characterisation in this project was carried with the SPA with Picoprobe probes

replacing the standard DC probes as these are leapfiboth DC and RF measurement.
These are connected via Agilent frequency exterders to an Agilent E8361A PNA

network analyser. As touched upon in Section 2.82rwih comes to RF measurement the
FET needs to be treated as a two-port device ggnalgnay be sent into each port and the
fraction of reflected and transmitted signal is swad by scattering parameters (S-
parameters) which describe both magnitude and pbiadeese signals across a specified

frequency range and bias conditions. The diamon&ME can be treated as such with
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port 1 being the gate, port 2 drain and the soascearth as seen in with the input §ad

a) and output (band b) signal contributions also shown.

The signals are related to each other in a matnimnét and it is not only S-parameters
which may be used to describe the action of thevordt on these signals, there are also H,
Y and Z parameters although S-parameters are tisé straightforward to obtain with two

simple expressions relating them to the signaésah port:

b =S,a +S,a, 45.1
b,=S,a +S,a, 45.2

If the 2-port network is modified so that ar a = O by creating a signal source at port 1
and terminating port 2 with a 0 load to ensure no reflection makingreegligible or vice

versa making anegligible then the S-parameters are related:as so

Calibration of the measurement apparatus is reguice obtain accurate S-parameter
measurements. This effectively removes the corttabuof the probes, cables and the
actual network analyser system itself from measerdgndata. Several structures with a
known signal response may be used to calibratesylséeem. These are taken from a
Cascade Microtech Impedance standard substratg. (B8&dard short, open, load, thru
(SOLT) calibration was utilised in measurementstifis research where an open circuit is
created by simply raising the probes from the sabst The short, load and thru are
fabricated on the ISS where the short resemblestims of metal to short circuit the three
tips on each probe together, thru is a strip ofahfer each tip between ports 1 and 2 and
finally line consists of two 10@ resistors in parallel between the tips on eaclh@ro

give in total a 5@ characteristic impedance. These structures asgrshroFigure 4.5.3.
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Short Load

Figure 4.5.3:Short, through and line calibration structures

Although this allows for accurate RF measuremeaetehs still a significant contribution
to the S-parameters present from the on-wafer oaplevaveguides connecting the probes
to the device. To accurately measure the FET respdanis important to de-embed the
effects of these and be left with the extrinsicideperformance as this is how the device
would appear in a potential integrated circuit (I€) the waveguides are purely to enable
RF measurement. There are two methods of achi¢kiag- they may be modelled as part
of the equivalent circuit if enough is known abthgir precise dimensions and interaction
with the substrate. However the situation is coogtéd here in that the waveguides sit on
both insulating and semiconducting material giviogmplex interactions which are
extremely challenging to model. Hence the on-wdieembedding structures as discussed
in Section 3.5 were employed with their S-paransetedependently measured and then
their contributions subsequently removed. This wWase via a two-step de-embedding
procedure on each device removing the parallel series parasitic elements of the
waveguides leaving just the device under test (D{#T3]. The parallel elements are
obtained by converting S-parameters of the opercisire to Y-parameters while the series

elements are obtained from the Z-parameters dflibe structure.

Getting from device S-parameters to RF figures efitrstill requires some manipulation.
To obtain cut-off frequency {f S-parameters may be converted in to H-parameters

shown in equation 4.5.3 with,ldgiving the current gain of the FET [4.5].

_ ~ 2821

H,, 453
(1_ Sll)(1+ Szz) + (812821)
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If this is then plotted against frequency the pautiere Hi reaches unity gives the value
for fr. Current gain decreases at a rate of -20 dB/deifatie cut-off frequency occurs

higher than the upper limit of the measurementuesgy this line may be extrapolated to
give an accurate value. In terms of power gain extdacting f1ax the process becomes
more complex and it becomes necessary to dealMékimum Stable Gain (MSG) and

Maximum Available Gain (MAG). MSG is simply defined [4.6]:

MSG= @ 454

Sl

This applies to the region of operation where tBa ks described as ‘conditionally stable’
as it could potentially oscillate under certaindaompedances. This region can be defined
by Rollet’s stability factor (K) [4.6]:
2 2 2
K = 1+|811822 - S12821| _|Sn| _|Szz|

455
2|821812|

When K < 1 the device obeys the MSG regime abdvéowever K > 1 the device

becomes ‘unconditionally stable’ where the powen gaw follows MAG [4.6]:

MAG:i[K +(K2—1);} 456

2
The second important RF figure of megjx% can then be extracted at the frequency at

which the power gain becomes zero. The method toheting fuax here is graphically and

is the method employed throughout this work andlsareen in Figure 4.5.4.
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Figure 4.5.4 Example plots of H21, MSG and MAG with extractiain
figures of merit taken from 50 nm gate length FET

Unfortunately due to the thin poorly adhering wavidg metal used to fabricate the FETs
in this work, it is difficult to characterise RF\wees more than once and even so repeat
measurements are seen to reduce the DC currerdrpearice slightly each time most
likely due to instabilities in the adsorbate layeresh devices for each measurement are
therefore desirable, although limited structures available per 4.7 x 4.7 mm single
crystal diamond sample which presents difficulire®btaining large systematic volumes

of data as well as making measurement of multi@e points unrealistic for this work.

4.6 - Surface Profiling

In addition to device electrical characterisatibere are some tools which further detail
device structure along with material quality and shed light on issues with device yield.
The Atomic Force Microscopy (AFM) technique usesil@on cantilever with a sharp tip
of the order of a few nm across which is scannadavpiezoelectric scanner. This moves
across the specified sample area and the vertdedation of the tip by sample features is
measured by a laser providing feedback to the AFRMwsre which produces a

topographical map of the area scanned. All AFM wonkiertaken in this project used a
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Veeco Dimension 3100 SPM. There are many diffeopetating modes available however
only contact mode was used for this work as featare not so fragile the tip would cause

them damage.

The AFM allows accurate measurement of surface moegs of the diamond sample
before any fabrication takes place. For devicei¢ation, samples should be as smooth as
possible (ideally sub-nm) to produce less scatgemiechanisms at the surface which could
heavily impact device performance. The AFM may aeofirm metallisation thicknesses
or resist profiles although it is somewhat lesspads lateral measurement due to the
limitations associated with the dimensions and getioymof the AFM tip. The tip is only
capable of measuring features larger than its owmensions i.e. for a trench that is
smaller than the size of the tip accurate measurermempossible. Other features such as

an overhang would also be difficult to measure WEM.

Scanning Electron Microscopy (SEM) may be usedfsessing features that are too small
for optical microscopy and will readily pick up sknaurface features as well as giving
very accurate lateral measurements. Operation g s@nilar to the electron beam
lithography set up described in Section 3.2 alttoting accelerating voltage is either 10 or
20 kV, so much lower than for lithography purposEsis project’s work was carried out
with a Hitachi S4700 Field emission SEM and rebesthe measurement of the emission
of secondary electrons from a sample. This is lisaefwbserving features such as the
source-drain gap of a finished FET or an Au etché&dl. It can also shed light on

fabrication errors such as broken or discontinuigaiss and residue from the Au etch.

4.7 Photoelectron Spectroscopy (PES)

X-ray photoelectron spectroscopy (XPS) is a teammigrhich enables characterisation of
the composition of materials and their electrométes. Relying on the photoelectric effect
the sample is exposed to x-ray radiation and aialsed synchrotron facility is required to
produce the high energy x-rays used in this wor# kance XPS characterisation was
performed by collaborators at the National Univgrsif Singapore. Lower energy ultra
violet radiation was also used for UVPES. Due tdasie contamination post atmospheric

exposure it is desirable to measure in-situ duoingnmediately after growth.
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The binding energy @ of an electron emitted via the XPS process isgiby [4.7]:
Es =E, - (Ece *+¢) 47.1
With Ey being the x-ray photon energyg Ethe emitted electron’s kinetic energy agd

the work function of the spectrometer. From measerg i may be accurately worked

out and a plot may be produced as shown in Figiid 4

T ' T ' | ' T '
hv= 350 eV
C1s

clean surface

Intensity (arb.units)

| 1 | 1 | 1 | 1
288 286 284 282
Binding Energy (eV)

Figure 4.7.1 XPS plot showing the C1s peak characteristicdéan
diamond surface (irradiated with 350 eV x-ray syotion radiation)

Each element has a characteristic XPS peak anduimder of counts for each binding
energy is directly related to the amount of thahednt present within the surface of that
sample hence an accurate picture of sample conmositay be obtained including any

potential contamination i.e. residual boron oragen within diamond.

4.8 Summary

The various techniques used to characterise thatid material and devices fabricated

upon it have been summarised in this chapter. kricial to fully understand these
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methods their calibration and application to beeabl produce accurate measurements as

well as de-embedding external measurement datadaiual devices.

Particularly important is the Hall effect which cahow to an extent material purity and
doping while TLM and device measurement allow aatardevice modelling and

extraction of figures of merit to assess overalfggenance. PES is used to monitor the
composition of the diamond surface during acceptaterial deposition. Before discussing
the results of this research the next Chapter lgrisimmarises the very latest

developments in diamond FET technology.
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5. Current Technology Review

In this chapter, the current state of the art iamthind FET technology is discussed.
Compiling the latest developments in surface trmngioping of diamond, device
fabrication and performance a benchmark can beoseto compare the results in the
following chapters to as well as giving insightdoimew routes to repeatability and

eventual commercialisation of this technology.
Other routes to diamond FET fabrication are alsgsulsed such as, boron delta-doping of

diamond which has yielded some preliminary deviatadalthough the performance of

these FETs has some way to go to match surfacanehBRTS.
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5.1 Surface Transfer Doping

Since the surface transfer doping model for atmesplexposed hydrogen-terminated
diamond was proposed by F. Maddral in 2000, the development in understanding of the
interaction between atmospheric particles and tamaond surface has slowly developed
with much still to be explained about this interaiet[5.1]. It is however the most widely

accepted theory for the p-type doping at the hyelmeigrminated diamond surface and is
gaining more support such as work by V. Chakramanal who performed a detailed

investigation into the redox reactions at the stgfahile attempting to explain issues such

as how an aqueous layer adsorbs on to what istedsea hydrophobic surface [5.2].

Meanwhile separate research has confirmed justdttnactive intrinsic diamond is as an
electronic material with proof of intrinsic high iitity (4500 cnf.vV1.s* for electrons and
3800 cm.V1.s® for holes) by J. Isbergt al encouraging further research into diamond
electronics [5.3]. Significant progress has beedena the search for alternative acceptor
materials to replace atmospheric particles at tlaendnd surface with a more stable
solution. P. Strobett al demonstrated from photoyield spectra in 2004 @Gagtmolecules
could produce the same sub-surface p-type dopiiegtedind fluorinating these molecules
enhances their doping efficiency [5.4-5]. After aaling at 400° C, enough to remove
atmospheric particles but not damage the hydrogenibation of the diamond surface,
they deposited £ and GoFss molecules. With electrical characterisation parfed in-situ
saw an increase in conductivity from™£@ to 10° S for Gy and 10 for CeoFss in the case
of CgoF4g they predict a 1:1 doping for each fullerene moleowith sheet hole density

induced in the diamond above*iam?.

This has led others such as W. Cle¢ral to search out other organic molecules to provide
stable doping alternatives with surface transfeuimp also observed using a covering of
F,-TCNQ [5.6]. D. P. Langleyet al have demonstrated doping via a molecular
heterojunction of ZnTPP andsfFss with the ZnTPP layer acting to prevent atmospheric
doping while allowing fullerene induced doping [b.To the authors knowledge there has
yet to be any research into inorganic surface ngatwith the aim of replacing the electron
accepting layer by using a dielectric with electadfinity > 4.2 eV. To date, dielectrics
have only been utilised as encapsulation layetsytand preserve surface transfer doping
instigated by atmospheric particles. It seems #st oute forward would be to employ a

high electron affinity dielectric for the purposé @lectron accepting rather than purely
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encapsulation as they will tend to be far morelstain the diamond surface assuming a
low stress conformal film can be successfully dépds Figure 5.1.1 shows the relative

band energy levels of semiconductors and some datedsurface acceptor materials as
speculated by W. Chen et al [5.6]. A preliminarydstigation into alternative surface

acceptor materials is presented in Chapter 7 sfth@sis.
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Figure 5.1.1:Relative band energies of semiconductors and variou
organic acceptor material candidates [5.6]

5.2 Surface ChanneDiamond Transistors

It is widely accepted that minimisation of FET gdength improves its frequency
performance and this is no different in diamond EBWhich employ surface transfer
doping. Over the past decade, diamond FET gateHers been gradually reduced from
~2.5um to 100 nm, with the expected enhancement in &eqy performance observed.
Beginning with H. Taniuchi et al in 2001 and thestfireported microwave measurements
using a 2-3um gate, an+fof 2.2 GHz andpax of 7 GHz was obtained from a hydrogen-
terminated diamond FET [5.8]. Since this initialndenstration, two independent groups
had reported the highest microwave performanceate ¢br diamond FETs using a T-
shaped gate. Firstly K. Ued# al in 2006 where+f of 45 GHz andiax of 120 GHz were
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observed for two separate MESFET devices optimigéid different gate widths and gate
length of 100 nm as seen in Figure 5.2.1 [5.9].
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Figure 5.2.1:RF measurement for diamond MESFET [5.9]

K. Hirama et al replicated similar results with an experiment éast using a 3 nm
dielectric layer of AIO; beneath the gate to create a MISFET device arBDanfin gate
length. Both authors used polycrystalline diamantheir respective research [5.10].

Power measurement for surface channel FETs isistills infancy as degradation and
repeatability is currently a huge challenge witts technology. However K. Hiramet al
managed to produce 2.14 W.Mroutput power with a power added efficiency (PAE) o
42% from a surface channel MISFET with gate lergtBO0 nm and unquoted gate width
operating at 1 GHz [5.10]. M. Kasat al again achieved very similar results 2.1 W.mm-1
output power, maximum power gain of 10.9 dB and RAB1.8% from a surface channel
MESFET with gate length of 100 nm and gate widthl®0 um operating at 1 GHz as
shown in Figure 5.2.2 [5.11].
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Figure 5.2.2:Power measurement for diamond MESFET [5.11]

P. Glucheet al have performed some preliminary investigatioroitnigh voltage operation
for a device with 3uim gate length, 100m gate width and 1@m source-drain spacing.
They obtained a maximum drain-source voltage of 2@@ior to breakdown [5.12]. Other
research groups have attempted power measurementese types of devices, most
notably in Italy where attempts have also been niadaodel the large-signal equivalent
circuit although their performance is as yet notcampetitive as that described above
[5.13]. Prior to this project, no research has begorted on the operation of sub-100 nm
diamond FETs where parasitic resistances need teebeusly considered in scaling to
keep improving device performance. Results of Wisk are presented in the following

Chapter.

As well as the search for alternative electron pticg materials effort has been made to
provide passivation for the exposed region of aphesc FET devices. Attempts to grow
AIN via MOCVD on top of existing devices would seéamdamentally flawed due to the
high deposition of > 800° C potentially removinge thydrogen-termination yet some
success has been observed and put down to theagpont polarisation of AIN films
instigating some charge transfer [5.14]. More ssscgen with atomic layer deposition
(ALD), D. Kueck et al report maintaining 65% of the original device et from this

method even with a deposition temperature of 370WKich is high enough to remove
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atmospheric adsorbates [5.15]. Other dielectries Have been investigated as potential
gate insulating materials in MISFET devices incl®i€, and CaF, but have not yet been
investigated for passivation of the active deviegions exposed between source and gate

and gate and drain contacts.

Makoto Kasu’s research group at NTT in Japan heed tarious experiments involving
gas exposure of devices to individual constitueftdhe atmosphere. They have observed
particular success when exposing devices to ¥ and recently combined this process
with an ALD Al,O; layer recording record output current density & A.mm* from a
diamond MESFET [5.16]. However the ALD depositi@mperature (< 150° C) is below
that at which atmospheric particles desorb fromhydrogen-terminated diamond surface,
raising the issue of whether this process modiiesl encapsulates the atmospheric

adsorbate molecules rather than replacing them.

Hiroshi Kawarada's group at Waseda University ipajahave also attempted various
other alternative fabrication procedures for swefabannel diamond FETs. A recent paper
describes a ‘hydrogenation last’ process wheregstotitanium carbide contacts are initially
made to an oxygen-terminated diamond surface krtovwamovide an ohmic contact which
is far more strongly bonded to the diamond surthes the standard Au process [5.17].
This is followed by selective hydrogen-terminatafrthe active regions with their standard
gate process. Although this procedure is yet talppee competitive device results it is
foreseeable that its refinement, possibly incorpoegaanother electron accepting material,
could be a potential route to more stable diamda@is- They have also experimented with
different crystal orientations of diamond to produmore carriers for devices theorising
that more exposed dangling bonds given by a (1ifase termination gives the potential

for a greater electron transfer [5.18].

Device Instability

All surface channel FETs to date have demonstratedihherent instability with repeat

measurement leading to seriously degraded drairemist Ever since the first surface
channel transistor reported by H. Kawaradaal in 1994 these problems have persisted
with little discussion in the literature addressithg@se issues. In one publication it was
noted that the FETs were only stable up to 2003 @, far lower than would be hoped for
with diamond technology [5.19]. M. Kubovét al reported in 2002 that fabricating surface
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channel FETs by conventional lift-off lithographyasv detrimental to the atmospheric
adsorbate layer and suggested that the now widsdgd hu SL and etch technique has a
‘slightly passivating’ effect on the surface duetie Ki/I, based etch [5.20]. Little more is
known about this interaction apart from the factiéges not lead to oxygen-termination of
diamond.

A thorough report investigating degradation duegjpeat measurement is to the author’s
knowledge as yet unpublished. However there haea Ipéenty of anecdotal mentions of
this phenomenon [5.20-22]. M. Kast al investigated a device close to breakdown with
source-drain voltage pushed to -100 V at which fpthiry saw bubbles forming on their
ohmic contacts. These are suggested to be hydtmgssies evaporating from the diamond
surface due to high energy carriers breaking thd Bond. They believe this to be the
cause for premature breakdown in surface chann&sFis it is a function of the surface
and not the intrinsic diamond itself. This theosyyet to garner wide scale acceptance and

the debate over degradation and premature breakdomtimues.

K. Hiramaet al recently reported their AD; encapsulation layer combined with a pre-
deposition exposure to NOgas is sufficient to prevent degradation due tpeag¢
measurement in their FETs however there doesagipear to be ~ 12.5% drain current

degradation after 250 measurements [5.23]

Another theory is the Schottky barrier between diachand gate metal contact is not
sufficient to prevent significant gate leakage iESMET devices hence why some groups
employ MISFET devices instead [5.10]. These do mmivever show vastly improved
performance compared to their MESFET counterp&:8].[ Another controversial theory
by J. A. Garridcet al suggests the gate does not in fact accumulatgelmemeath it at all
instead they describe an ‘in-plane’ capacitancethat edge of the gate contact as

capacitance does not scale with gate area butthéatperiphery [5.24].

Although device performance is being improved uploere is still much to understand

about the hydrogen-terminated diamond surface tanaroperties.
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5.3 Boron Delta-Doped Diamond Transistors

The delta-doping of diamond with boron has beersgmted as a potential competitor to
the hydrogen-terminated surface channel FET discussthis project. It has the benefit of
being stable due to an oxygen-terminated surfacegbemployed and all conduction

taking place within the bulk diamond. However ir tRET devices fabricated so far via
this method the gates ability to control the chahas been poor meaning full pinch-off is
difficult to achieve [5.25].

A gate recess is a potential solution to bring dage closer to the delta layer as seen in
Figure 5.3.1.

Gate Aluminum

\.

Intrinsic cap

ALO,

Intrinsic buffer

HPHT substrate

P N

Figure 5.3.1:Boron delta-doped diamond FET design [5.25]

High power dry etches involving bombardment witlg&ions such as an argon plasma are
required to etch diamond. This leads to damagegaaphitisation of the diamond surface
and give the need for another acid etch clean,h&® dquickly becomes a complex
fabrication processes [5.26]. Even if this is altsessful a dielectric is then required to
prevent gate leakage and buffer leakage from raklaloron doping is also an issue [5.25].
Finally there is a need for highly doped regioner@ate ohmic contacts and provide low
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resistance access to the channel. Even with tlestlatructures channel mobility is still
only ~20 cmiV*s? as limited by the doping profile [5.25].

5.4 Summary

This chapter has summarised the current stateaofiahd surface channel FET technology
which although in its infancy has seen plenty of@maging results including a vast
potential of materials which could provide a rodtestable devices along with some

already very promising device results.

The following chapter now deals with this projeat@ntribution to diamond FET scaling
to below 100 nm gate dimensions and the improveguiency performance achieved with
this study. Chapter 7 then contributes to furthedarstanding of electron accepting
materials on diamond with two alternative electamgepting materials that to the author’s
knowledge have not yet been investigated as acgigaceptor on diamond. These results

include the first example of a potential inorgagliectron accepting material.
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6. Device Results - Scaling Diamond FETs to Sub-10én
Gate Length

Previous chapters have outlined the basics of RiEFation while showing how important
scaling the physical dimensions of the gate cambelation to improving the intrinsic
performance of a device. The current technologyeme\chapter discussed how various
groups have already worked to reduce the dimensibdmmond FET gate lengths to sub-
micron dimensions with significant success but esno research has been published on
sub-100 nm gate length devices. This chapter detairk done throughout this project

with this goal in mind.

Prior chapters have also shown it is sensible tdats the individual components
comprising the FET to assess and improve theseithdilly before combining them to
make a device. So this chapter begins with theyaisalof basic material and contact
properties from VDP, TLM and CV measurements. Theoving on to DC and RF
characterisation of RF FET structures with gatgtles of 250, 150 and 50 nm to produce
a full picture of the effects of scaling on diamdfETs and the potential limiting factors

involved in terms of their operation and peak peniance.
Finally there is a brief investigation in to thdeet of measurement and how it can lead to

degradation of the drain current in a surface ceBR&T and what may be the underlying

cause of this phenomenon.
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6.1 VDP and TLM Measurements

Several single crystal and polycrystalline diamaamples were used throughout the
course of this research all of which were souraednfElement Six Ltd and Diamond
Microwave Devices Ltd. Hydrogen-termination procesuon the other hand evolved over
the course of this research to produce cleanere megreatable and improved processes at

several facilities outside of Glasgow.

To begin with, experimental work was undertakemggpolycrystalline samples as they
are slightly larger (10 x 10 mm) compared to thegks crystal (4.7 x 4.7 mm) and hence
are easier to handle and process, along with havioigeg space on each sample to create
structures. The vast majority of surface chann€l BEvices reported to date have been

fabricated on polycrystalline material so it iscagsuseful comparison to have.

To assess material quality, VDP measurements wertormed on the electron beam
defined structures described in Section 4.1 wittblda6.1.1 showing a comparison
between an early polycrystalline sample at the rbegg of the hydrogen-termination

process development and the single crystal matesé later to fabricate RF devices.

Early Polycrystalline | Single Crystal Sample Used
Sample for Device Fabrication
Carrier Concentration (cm™) 5.51 x 10" 5.55 x 16°
Sheet ResistancékQ/[1) 46.7 11.3
Mobility (cm?.V='.sh 211 90

Table 6.1.1:Comparison of VDP measurement

It is clear these values differ greatly and theeetevo possible explanations for this. Firstly
the difference in quality between polycrystallinedasingle crystal diamond. The grain
boundaries present in the polycrystalline matemiay perhaps impede the charge transport
although this does not fit with the results seeretgnce mobility is in fact higher on the
polycrystalline sample. There have also been pusvieports of VDP measurements on
diamond which are comparable to those obtainechersingle crystal sample here [6.1].

Instead it is speculated that the difference oleskhere is due to the hydrogen-termination
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procedure. The values for the single crystal sarmapteclose to what has been previously

reported with perhaps just a slightly low valuettoe sheet carrier concentration.

The hydrogen-termination for the early experimemtatk undertaken here was performed
in an old hot filament system at Heriot-Watt Unsigr which has been used for many
different experiments including doping with bororhieh is known to contaminate

chambers and be extremely difficult to remove hesgesequently contaminating other
substrates [6.2]. The sheet carrier concentrascamiorder of magnitude lower than may
be expected. This would suggest possible contamomatf the hydrogen-terminated

diamond surface with impurities which impede thefate transfer doping mechanism,

giving less active carriers and also leading toghdr sheet resistance. The mobility is
higher than anticipated which may be explaineddsg Iscattering mechanisms present, for
example if the surface transfer doping mechanisimpeded the charge may not be drawn

as close to the surface as would normally be tee.ca

TLM measurements were then performed to confirm gheet resistance seen in VDP
measurements and to also obtain the contact nesestaetween the Au ohmic metal and
diamond. This was undertaken on electron beam elgfstructures as described in Section
4.2. Figure 6.1.1 shows current voltage sweepsfdar separate TLM gaps on the

polycrystalline sample along with an average gregrhbining four TLM structures.
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Figure 6.1.1 a) TLM measurements for polycrystalline samplehwit
possible boron contamination, b) average graph

The sweeps were performed between 0 and -10 V théhindividual sweeps not quite
saturating before the -10 V final measurement valués important to only extract the
resistance where the current-voltage plot is lirseat hence ohmic prior to saturation. The
gradient of each sweep up to -3 V gives resistamaieh is averaged over four TLM
structures to give the average plot. It is impdrtannote that even though the gaps are
designed to be 1, 2, 3 anduwh respectively this is not actually the real phgsseparation
as previously mentioned in section 4.2 so befortipg the resistance against gap
distance it is crucial to observe the structuredenthe SEM. Even for a short 1 minute Au
etch used as standard there can be significardti@riin etch distances between samples,
especially for larger gaps. E.g. theuh polycrystalline sample is actually ~ 4ufn
whereas on the single crystal sample the gap isbygt 5.5um.

The TLM plots for the single crystal sample canseen in Figure 6.1.2. This hydrogen-
termination procedure took place at Université $4d18, it involved a pre-clean with

H.SO/HNO;3; to remove any graphitic contaminants on the diamsmrface as well as

leaving it oxygen-terminated. Subsequently the damwgas loaded in to a CVD reactor and
exposed to high power hydrogen plasma for 30 mgaté&80° C.
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Figure 6.1.2 a) TLM measurements for single crystal sample with
hydrogen-termination used later in the projecagrage graph

From observing the plots we see an order of madeitiifference in carrier concentration
between the two samples gives rise to a much langeent in the TLM structure on the

single crystal sample. For the single crystal samiple TLM sweeps have not fully
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saturated by -10 V but it is still a sufficient gento obtain an average TLM plot as shown.
The error in resistance measurement is relatiamlyds long as the gradient of the plots is
averaged over a wide range of linear behaviourcmea several TLM structures. This can
be attributed to errors in the measurement appaeatd is small enough that the error bars
are not visible on the average TLM plot. The efrogap distance however is a different
matter. As can be seen in Figure 6.1.3 the acthilio contact edge can be difficult to
define. In this instance the variation can be saide ~ 250 nm. This introduces an error of
500 nm in the ohmic contact spacing. The extratied results are summarised in Table
6.1.2.

Figure 6.1.3:Ohmic contact edge roughness due to Au etch

Polycrystalline Sample Single Crystal
Contact Resistance@.mm) 10.1 (£5.3) 5.7 (£ 1.3)
Sheet ResistancékQ/[7) 42.5 (£ 6.0) 10.3 (x 2.0)

Table 6.1.2:Comparison of TLM measurement

The 42.5kQ/] value for sheet resistance for the polycrystaliample agrees within error
with the value obtained from Hall measurement. Assd10.3 R/ for the single crystal

sample. The margin for error is more significantéarms of contact resistance as the large
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error in gap distance (the x-axis) will significhntshift the y-intercept whereas the
gradient is not as substantially affected. A shesistance of 10.3(K[] is comparable to
sheet resistances obtained by other groups [6.8pwi2.5 K)/[1 again suggests an un-

optimised hydrogen-termination procedure.

As for contact resistance, 5.70mm is perhaps a little high but still comparalmentork
done by other groups [6.3] and although both sheetcontact resistance are very high
compared to a more mature material technology saghsilicon, competitive device
performance has still been achieved with simildues and work can be undertaken to

improve this although it is not currently a prigrit

The hydrogen-termination process successfully eyggldor the single crystal sample was
then used for all subsequent samples to obtain @d gguality sub-surface hole

accumulation layer for device fabrication. Also doea lack of polycrystalline material as
well as an interest to produce FETs on single atysaterial to compare the performance,

the rest of this work involves single crystal diardo

6.2 CV Results

Following material quality analysis by VDP and hayiachieved a competitive ohmic
contact resistance it was important to analyse ghte contact employed by the FET
device. This was done using CV measurement as sfisduin Section 4.3 with electron
beam defined diode structures as discussed préyiollsese measurements took place on

a single crystal sample.

Sweeps can be performed at a range of frequeriEsolv data relating to trapping at the
surface which while interesting would be difficuth discern correctly from just this
measurement as the knowledge of the surface trasigpeng process is still in its infancy.
Here data for just 1 MHz is presented at whichdralpould be less noticeable due to the
charge being shifted faster so some basic infoonagbout the sub-surface hole
accumulation layer may be deciphered. Sweepingdtiage across the gate from +2 to -4
V allows for both depletion and accumulation behetite gate contact, with sweep
performed in both directions to show any hysteresise results can be seen in Figure
6.2.1.
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Figure 6.2.1:CV sweep at 1 MHz on single crystal diamond sample
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The sweep shows clear accumulation underneathatgevghich tends to disagree with the
theory of in-plane capacitance suggested by J. ari@ et al. The saturated capacitance

extracted from the graph can be related to a @analihite capacitor to get an idea of how
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Figure 6.2.2:1V sweep for gate contact

deep the sub-surface hole layer is below the diahsonface [6.4].
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The parallel plate capacitor equation is as foltows

c=—2° 6.2.1

Where C represents the capacitangethe relative dielectric constant of the medium
between the parallel plates the permittivity of free space, A the area of tharallel
plates and d the distance between the plates. i€lexttic constant for diamond is known
to be 5.7 while the permittivity of free space i8®B x 10'? F.m™. The radius of the
fabricated gate contact is 50n giving a plate area of 7858n? (+ 157). Extracting the
capacitance per unit area from the graph in Figuel which saturates at ~ (Qu§.cm?
and then dividing the relative permittivity by thédiould yield the spacing between gate

contact and hole accumulation layer (which acthasecond plate) in the diamond.

The distance in this instance is found to be 6.8Lwhich seems to fit with the figure
generally quoted of 5 - 15 nm although there averseg factors which may introduce error
into this result [6.3, 6.5]. The area of the gatatact is unlikely to be exact especially as
the contact is aluminium which readily oxidizes npexposure to the atmosphere so the
effective area of the gate contact may be reduééth the area of the gate contact being
large in relation to possible nanometre scale diidaaround the edge however, this
should not have a large impact upon the overa#t gaga. It is also possible and has been
speculated by M. Kasat al that upon Al deposition on to an atmosphericallyface
transfer doped diamond surface a thin intermedeer may form [6.6]. This is most
likely a form of aluminium oxide formed at the diand surface. If indeed this is the case

theng, may become significantly different.

The current-voltage sweep shown in Figure 6.2.2gan insight into gate leakage through
the Al gate contact which acts as a Schottky distlacture due to the Al forming a
Schottky contact to hydrogen-terminated diamondrr&u through the structure is
negligible up to ~ -4 V (in both sweep directiormd)hough beyond this current readily
flows and increases rapidly. It should be noted thia will not be identical for FET gates
as they are used to modulate the current betweartes@nd drain rather than purely for
accumulation. It does however give an insight thi behaviour of this gate metallisation

on hydrogen-terminated diamond.
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6.3 Original 150nm DC Transistor Measurement and 50nm

Gate Length Realisation

Although the polycrystalline material was showrbtoless suitable for high quality device
performance, it still proved a useful starting poiior developing the fabrication
procedures previously discussed on a relativetyelarea substrate. As seen in Section 6.1,
although the current achieved is comparatively Vath few carriers there are still enough
to create a functioning device. This substrate plewed useful in scaling the fabrication
procedures for the gate contact down to 50 nm. Beszaling, an array of forty DC
designed FETs (as seen in Section 4.4) with 15@at® lengths were fabricated to assess
yield as well as device performance. The yield afrking FETs i.e. produced a drain
current in the region of hundreds of mA and cont@ra gate capable of modulating this
current worked out to be ~ 50% and presented inrEi@.3.1 is the output characteristics

for one of these devices.

25
V,,-5to +4 V (AV = 1) Vgs;f}.r"
20 L
g f’//:‘/
15 "
< .
S
2 10 1
5 + .
0 ‘::-
0 2 4 5] 8 10
- Vds (V)

Figure 6.3.1: Output characteristics for 150 nrg EET

Each device is characterised over a range of dfito -10 V) and gate (-5 to +4 V)
voltages and exhibits transistor behaviour in ashms the gate contact is able to control
the amount of current between source and drainactsitand the device can be fully
pinched off at \js = +3 V. The device never fully saturates withirstioltage range which

would suggest a large value forpR This agrees with the results previously seen in

Chapter 6 — Device Results 112



Section 6.1 where the TLM structures showed laajaes for sheet and contact resistance

speculated to be due to sample contamination.

Looking next at the transfer characteristics asvshim Figure 6.3.2, there are a few points
worth noting. The threshold voltage is not cleanfrthe plot of transfer characteristics it
appears to change withy/It is also important to note that the total drainrent found at
Vgs= -5V and \is = - 10 V which reaches only -13 mA.rffmiThis is less than two thirds
of the original current measured at the same biastp for the dsVy4s measurement and

suggests significant drain current degradatiomdpeat measurement.

15
V. -10to 0V (AV = 2)
Lvdsz-mv ®

- las (mA/mm)

-5 -4 -3 -2 -1 0 1 2 3 4

Vgs (V)

Figure 6.3.2: Transfer characteristics for 150 njEET

Figure 6.3.3 shows a transconductance plot foringrgate and drain voltages which as
may be expected presents low values with peakdeenaictance of 5 mS.nihat Vygs=-5
V and Vys = -10 V although it is not saturated and appeaii$ iais still increasing beyond

these bias points so further measurements wera takattempt to push this value higher.
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Figure 6.3.3: Transconductance plot for 150 njpEET

Figure 6.3.4 shows the FET re-measured but pushad;s of -20 V and the device still
does not quite saturate. The current now reachgan&.mni* for Vgs = -5 V although at

Vgs = -10 V it remains degraded at -13 mA.fhm

30
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Figure 6.3.4: Output characteristics for 150 nrg EET up to 20 V Vs

Chapter 6 — Device Results 114



Pushing Vs higher lead to failure in the device gate so #&nsconductance could be
increased it is not physically possible to reacthia device. Although the measurement of
these 150 nm gate length devices did not yieldoéns performance in comparison with
that reported elsewhere, they do demonstrate tilglity of the fabrication procedure so
the rest of the polycrystalline material was thesedi for 50 nm gate realisation. This
involved the use of a much thinner resist and higklectron beam dose for pattern

definition with the full details of the process hgistated in Appendix A.

As has previously been discussed, the fabricatiooguure contains various elements such
as the Au etch procedure that are difficult to cainand are inherently low yield. A
combination of repeat experiments with tweaks te firocedure eventually yielded
working 50 nm gate length FETs but several germnatof devices were required to reach

this point.

Figure 6.3.5 shows an early experiment with the &ah recipe demonstrating the
unreliable nature of this process. Of the two sajgaetches performed (isolation first
around the active area of the device then etchinth@ source-drain gap prior to gate
deposition) the procedure and etch time is kepstzon yet producing radically different
results. For a reason that wasn’t fully determitiee isolation etch has only partially

removed the Au metal leaving the devices with psolation.

T ——————————
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5.0kV 12.3mm x35.0k SE(M) 1.00um

Figure 6.3.5:SEM image showing poor isolation from Au etch
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Another pitfall in this process can be seen in Feghi3.6 where residue can be clearly seen
within the source-drain gap thought to be re-ddpdsiby the Au etch solution. To try and
minimise this effect subsequent etches employegaaus 1 minute rinse in RO water
along with sample agitation. The extra care iningds necessary due to the Au etch
solution doing most of its work beneath the undeofuhe resist layer as shown in Figure

6.3.7, hence a quick rinse is not sufficient toegenall the Au etch solution.

5.0kV 12.8mm x50.0k SE(U) 8/11/11 15:58

Figure 6.3.6 SEM image showng re-deposition of Au from etchinc
solution

Au Etch Undercut

>
Source-Drain Gap

Figure 6.3.7:Au etch producing an undercut profile

Figure 6.3.8 shows that even when thoroughly ringed the etch residue removed as
much as possible, other factors may still impedeetich. Two things should be noted from
this image. Firstly the ohmic contact edge is patérly rough and secondly the gate is
patchy and not fully deposited. It is believed ttias is related to poor development of the
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gate resist profile hence impeding the effectivereshe Au etch with residue in the gate

region and also producing a poor lift off profiler the gate contact.

- . i : [
5.0kV 12.8mm x50.0k SE(U) 8/11/11 16:08

Figure 6.3.8 SEM image showing poor Au etch due to poor resist
development

Figure 6.3.9 shows that even with a thorough rarseé reasonable Au etch profile the very
nature of the small gate contact can cause probbeitis lift-off of the gate metals.
Although the gate is complete it can be seen then&tal appears poorly adhered to the
underlying Al with parts clearly flaking off.

: - : (!
5.0kV 12.9mm x50.0k SE(U) 8/11/11 16:12

Figure 6.3.9: SEM image showing poor gate metal adhesion
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Finally Figure 6.3.10 shows when the procedureicgsssful with a 50 nm gate length
FET produced.

10.0kV 12.6mm x80.1k SE(U)

Figure 6.3.10:SEM image of 50 nm gate

6.4 DC Measurement for 250, 120 and 50nm Devices

With a sufficiently optimised hydrogenation proces$ieved and an improved lithography
procedure allowing for gate feature definition dotenat least 50 nm (as seen in Figure
6.3.5) research then shifted to producing highgrerdnce devices. To give a comparison
to previous work and also a deeper insight in ® ghaling of these devices three gate
nodes were investigated with gate lengths of 220, dnd 50 nm. All these devices were
fabricated on the same single crystal sample totaiai continuity between the material

properties for each device. This sample had theedaydrogenation procedure applied to it
as the single crystal sample in Section 6.1 anccéng@ossessed very similar material
properties. Each device was designed to have tweofgegers each with a width of 26n

to give a total device gate width of hfh.

First the 250 nm gate length devices are discusse@&EM image of one can be seen in
Figure 6.4.1. The DC output characteristics arewshan Figure 6.4.2 and transfer

characteristics in Figure 6.4.3 with a transcondoce plot for this device given in Figure

6.4.4.
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Figure 6.4.1 SEM of 250 nm FET
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Figure 6.4.2: Output characteristics for 250 nrg EET
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Figure 6.4.3: Transfer characteristics for 250 njEET
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Figure 6.4.4: Transconductance plot for 250 nEET

The output characteristics at this gate lengtty fséiturate at aroundgy= -5 V so although
this still represents a substantiab\Rit is reasonable for this technology and a vast

improvement on the preliminary devices seen iniBed.3. The drain current saturates at
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-280 mA.mm" for a gate voltage of -2.5 V and the device chhbeeomes depleted of
carriers to the point there is negligible currerggent at a y of +1 V. The gate voltage
was not pushed to beyond -2.5 V due to concerns oran current degradation and
looking at the next measurement of the transferattaristics this seems to have sustained
the same saturation current confirming that a Igigte voltage is intimately related to this
phenomenon. Extracting linearly from the transflaracteristics graph the threshold
voltage for this device is atgy~ +0.75 V with a peak transconductance extracteuh f
Figure 6.4.4 of 92 mS.mmwith a plateau between af -7 and -10 V and agdof -1to

-2 V.

The gate leakage observed in this device was st #mtit was below the noise floor of

the measurement system. It can be seen plotteidume=6.4.5 on a logarithmic scale.

1,000
1 V, -2.5t0 +2 V (AV = 0.5)

100 +

10 4; “‘ . l| ..i*\' 1!. mﬁﬁ“ h"ﬁf&l 1£u..| fhd
' ' 4 11- |\ ,I

1 lil | !

= Igs (nA)

- Vas (V)

Figure 6.4.5:Gate leakage plot for 250 nng EET

Moving on to the 120 nm gate length device as seéiigure 6.4.6 with the plot of output
characteristics in Figure 6.4.7, transfer charésttes in Figure 6.4.8 and transconductance

displayed in Figure 6.4.9.
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Figure 6.4.6 SEM of 120 nm FE
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Figure 6.4.7:Output characteristics for 120 nrg EET
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Figure 6.4.8: Transfer characteristics for 120 nEET
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Figure 6.4.9:Transconductance plot for 120 ngEET

To again try and maintain the drain current wittnimial degradation care was taken to not
apply too high a negative gate voltage to the devitis is because degradation appears to
occur when charge is brought close to the surfllees. time s was taken between -2 and

+ 2 V with 0.5 V intervals and again the devicedraes depleted of carriers so as to give

Chapter 6 — Device Results 123



no substantial current at aroungs¥ +1 V. Saturation appears to occur at reducgdhan
for the 250 nm | FET which would suggest a slightly lowepRmost likely attributed to

a smaller source-drain gap from the variable Alnethe two SEM plots images (Figure
6.4.1 and 6.4.5) however show similar spacing algihothe 120 nm device has marginally
smoother ohmic contact edges. The maximum drairentihere is higher than the 250 nm
gate length device, reaching -360 mA.that Vgs = -2 V. The transfer characteristics seen
in Figure 6.4.7 confirm the threshold voltage againbe at \s ~ +0.75 V and again
maintaining the same maximum drain current as frdme output characteristics
measurement. A peak transconductance of 137 m3.ismextracted from Figure 6.4.6 and
again the transconductance plateaus betwegmf\47 and -10 V with Ys between -0.5
and -1.5 V.

Again the gate leakage observed in this device belew the noise floor of the

measurement system.

Finally the 50 nm gate length FET was character{teel device is shown previously in
Figure 6.3.10). The output characteristics are show Figure 6.4.10, transfer
characteristics in Figure 6.4.11 and transcondgetam Figure 6.4.12. Extra care was once
again taken to not push the gate voltage too higiheé negative direction initially, hence

due to the reduced gate length measurements whréaken between yof -1 and +2 V.
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§ 200 - ’ ' N
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Figure 6.4.10:Output characteristics for 50 nng EET
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Figure 6.4.11:Transfer characteristics for 50 npEET
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Figure 6.4.12:Transconductance plot for 50 nrp EET

The maximum drain current is still high with -325Armm™ achieved at a ) of -1 V

although the devices take a large drain voltageatorate fully requiring a ¥ ~ -8 V.
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Even at a s of + 2 V the channel is still showing significadrain current at this smaller
gate dimension. An attempt was made to depletehibanel further but not until after the
transfer characteristics were taken. Even thougtaesare was taken not too push the gate
voltage too negative current degradation was abiflerved. The peak transconductance is
extracted from Figure 6.4.13 to be just 78 mS:hagain with a plateau between a gf
-7to-10Vanda };of -0.5to +1 V.

As for the prior devices with longer gate lengths gate leakage observed in this device

was below the noise floor of the measurement system

Figure 6.4.13 shows a repeat measurement of tipeiocharacteristics between gs\df -2
and +4 V. The drain current is once again degrankedall giving credit to the theory this
is intimately linked to the gate bias perhaps dusttonger negative gate voltages bringing
charge closer to the surface and populating trdpss measurement also shows it was

possible to deplete the channel of this device ewnrot until a gate bias of +4 V.

300

V,, -2to +4 V (AV = 0.5) f
250 i i
Vi = ;2)’/#-"'

200

150

- las (MAfmm)

100

50

- Vds (V)

Figure 6.4.13 Output characteristics for 50 nng EET with increased
range of gate bias

This is the first time any characterisation hasnbesported on sub 100 nm gate length
diamond FETs and has yielded some interesting teesuith the details published in
relevant scientific literature [6.7]. There appe#osbe a gradual shift in the threshold

voltage linked to the scaling of the gate suggegsitiinecomes more and more difficult to
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deplete the channel at these reduced gate lerigthghought any further reduction of the
gate length would likely lead to these effects Ineibg even more apparent. A reduced
extrinsic transconductance compared to the previmarsl of increase with reduction of
gate length appears to suggest further evident¢eathhis gate length the gate is losing the
ability to control the channel as well as before. tlere is increased access resistance
present although from the SEM image the sourcerdyap appears smaller than for the
other devices suggesting the total access resestahould be smaller. Nevertheless,
competitive drain current is still observed withetHollowing sub-section detailing
successful RF measurement and further informationthe make-up of these devices as

well as trying to build up an accurate model ofrtloperation.

The DC figures of merit for these three devicessamamarised in Table 6.4.1.

250 nm Device 120 nm Device 50 nm Device
Peak Drain
Saturation Current -280 (at -2.5 V) -360 (at -2 \s) -325 (at -1 )
(ma.mmY)
Threshold Voltage (V) +1 +1 +4
Extrinsic
Transconductance 92 137 78
(mS.mm%)

Table 6.4.1:Summary of DC figures of merit for scaling study

6.5 250 nm RF Transistor Measurement

Along with obtaining results for DC measuremeneath of the three device gate lengths
RF characterisation was undertaken. As mentione@hapter 3 and expanded upon in
Section 6.8, concerns regarding possible draineotirdegradation led to the use of a
‘fresh’ FET structure for RF measurement. Since@eyield is low and there are a limited

number of devices on each small diamond substrateleaves few attempts for successful
RF measurements after DC characterisation. Therbestts are discussed here with S-

parameter measurements taken from 1 to 20 GHA e twere the only probes available
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for the network analyser at the time) at the DCsbpoints at which peak DC

transconductance was observed to ensure thatghedtipossible RF figures of merit may
be extracted.

The de-embedded S-parameter measurements (i.ecatheibution of the co-planar
waveguides having been removed) for a 250 grdiamond FET at a bias ofgy= -8 V
and Vgs = -1 V are shown in Figure 6.5.1 plotted usinglégi’'s Advanced Design System
(ADS) software and displayed in the Smith chartfat for ease of visualisation.

"
12
21

\_/

freg (1.000GHz to 20.00GHz)

Figure 6.5.1:S-Parameter data for 250 niEET
From these measurements, a small signal equivalentit model at this bias point was

extracted as discussed in Section 2.9. As candrefsem Figure 6.5.2 a reasonable model

was achieved for the 250 nm device with only slidistrepancies present.
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Figure 6.5.2 S-Parameter matching between measured data (blue
modelled (red) for 250 nmylFET

Starting from a rough knowledge of the individuafrgameters as extracted from DC device
and test structure measurement a range for eaamptgr can be assigned, then tuning

may be performed in the ADS software to create aurate model for the device at this
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bias point and frequency range. E.g. TLM measuréngives us contact and sheet
resistances and although &d R cannot be explicitly calculated from this measugam

(due to different ohmic contact spacing amongseiotactors such as variable ohmic edge
roughness) a reasonable range within which the ocoemt value lies can be expressed

nonetheless.

The magnitude and phase plots for each of the &peters show the matching in more
detail. The Smith chart displays the complex impegaresponse of the FET with varying
frequency, but the magnitude of each parametert&ams how much of the respective
signal is being reflected or transmitted througé tievice while the phase describes any
delay in the signal. Due to the mismatch in inpud autput impedances:Ss in fact less
than zero although gain is still present in theickey6.8]. Precise matching is challenging
due to the model being dependent on a large rahgaloes a large range of values.
Traditional parameter extraction techniques suchcakl FET' measurement were not
possible here again due to repeat measuremenn¢etcurrent degradation as mentioned
previously which would lead to inaccurate parametdues. Extracted equivalent circuit

values for the 250 nm device are presented in Tabld.

Circuit Element | Value | Circuit Element | Value

Om 6.82 mS R 144.60Q
Ras 1.60 K2 Ly 0.13 fH
R 14.120 Ls 0.26 pH
Cys 45.06 fF Ly 0.13 pH
Cyd 2.35 fF Gsp 0.18 fF
Cus 3.89 fF Gap 0.56 aF
Ry 184.01Q Cusp 1.55 aF
Rs 144.13Q

Table 6.5.1:Extracted equivalent circuit elements for 250 rewide

There is some margin for error associated withettpeivalent circuit extraction and there

are numerous reasons why the values may diffeetasled below.
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Beginning with transconductance which is not qagehigh as one would expect from the
extracted DC intrinsic value, although it is nobtéar off if compared to the value
extracted from the DC plot of 92 mS.inin Figure 6.4.3. If this is converted from
intrinsic to extrinsic transconductance as seef&dnation 2.8.4 we obtain 69 mS.Mm
(normalizing to a gate width of 50m). The fabrication procedure for creating the gate
the Au etched diamond surface is not well undedstand although it was rinsed
thoroughly there will still inevitably be residueggent as has been seen in SEM pictures in
this chapter. This could lead to surface statesteaqus which vary with frequency and
affect the RF transconductance more than for the mdasurement. These traps may
indeed be present even if deposition was posstidéght on to the diamond without the
Au etch process as unfortunately knowledge of ¢histact is still minimal. Finally there
may even be traps present along the exposed sudgmns. Source-drain resistancggR

is of a reasonably high value as would be expeetiedhis gate length, there is no
noticeable slope observed in the saturation cuiretiie output characteristics as seen in

Figure 6.4.2 and hence low output conductance.

The total gate capacitancey@ Cyq) is smaller than may be expected when modeling the
gate and channel as a parallel plate capacitorhmioica 10 nm separation between gate
contact and device channel gives 63 fF. The eqeimatircuit suggests it to be 47 fF, so
only 75% of the parallel plate capacitor model'suea It is thought that since the gate
metal is aluminium which oxidizes easily in aireth may be significant oxidation at the
gate edges, reducing the effective gate area dsawehe effective gate length. Also if an
interfacial layer is present between Al and diamdhis may well have a different

dielectric constant. Finally the separation betwgate and channel is also far from certain.

Gate resistance @Ris high but this is to be expected from a norirojsed gate design
rather than employing a T-shape. Oxidation of tategnetal would also play a role with
the gate stack consisting of just 25 nm Al toppeth\#5 nm Au. The source and drain
access resistance are a reasonable value (both bé#Q)) given the contact and sheet
resistance values mentioned previously. The indueet@apacitances are small in value
compared to the rest of the device elements hermeénd little effect on device

performance.

Chapter 6 — Device Results 131



Using the equations discussed in Section 4.5, resitrifr and fiax were extracted as
shown in Figure 6.5.3. With-f= 19 GHz andyax = 18GHz, these results are comparable
to those obtained by M. Kubovet alfor a 200 nm gate length device [6.3].

20 i VeV

Lg =250 nm

MSG W, =50 pm

Gain (dB)

—_
(o]

1 0
Frequency (GHz)

Figure 6.5.3 Extracted values for extrinsir and jyax for 250 nm gat
length FET

Using the equations given in Section 2.9 and camsig the equivalent circuit values
established from the device RF model, it is possiblcalculate a value for intrinsig &nd
fuax and to compare these with the extrinsic values.imtimsic value for f is calculated
to be 23 GHz in comparison with an extrinsic vatfid9 GHz. For fiax an intrinsic value
of 27 GHz was calculated compared to the extracahise of 18 GHz. Hence it is clear that
access resistances don't have a significantly rdetital effect on the value of &t this
gate length and output conductance is still lowugioto not impact the performance with
fr reaching 83 % of its potential andak 67 % (again both intrinsic and extrinsigak

could be increased further by minimising With a T-shaped gate structure).

As shown in Section 2.9 intrinsig Mmay also be related to velocity of carriers bemela¢

gate region. Using the value of 23 GHz extracta lgtves an average velocity of 0.36 x
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10" cm.$'. This value lies well below the saturation velpaf holes in intrinsic diamond
(0.8 x 1d cm.sY) and suggests velocity overshoot does not occuhiatgate length
agreeing with the value observed by H. Matsudeiral for a 200 nm FET [6.3].

6.6 120 nm RF Transistor Measurement

Moving to the 120 nm gate length device, biasetth@tsame values as the 250 nm device,
a Vgs of -8 V and a Vs of -1 V, the S-parameter plot is noticeably diéfiet as shown in
Figure 6.6.1. The impedance response@faBpears to vary with frequency more than the

250 nm device besides which the other parametponses appear similar.

=

—3S

%z

freq (1.000GHz to 20.00GHz)

Figure 6.6.1: S-Parameter data for 120 nipREET

In creating the extracted equivalent circuit mo&parameter magnitude and phase were
again matched as closely as possible and tunetetaneasured values. The measured
signal response is again plotted against the elguvaircuit response as pictured in Figure
6.6.2
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Figure 6.6.2 S-Parameter matching between measured data ¢ide)
modelled (red) for 120 nmy FET

Extracted equivalent circuit values are presentedable 6.6.1 and would seem to obey
the scaling trend as observed in the DC measursmddginning with intrinsic
transconductance, this is as expected from the B&uarement higher than for the 250 nm

device. Once again when converting and normalibinthe gate width 128 mS.mhuoes
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not quite match the value from the extrinsic Dhs@nductance measurement of 137
mS.mnt'.

Circuit Element | Value | Circuit Element | Value

Om. 17.00 mS Ry 97.30Q
Rus 0.90 K2 L 3.22 pH
R 16.09Q Ls 9.54 pH
Cgs 39.76 fF Ly 1.52 pH
Cyd 1.80 fF Gsp 4.90 aF
Cus 3.10 fF Gap 0.56 fF
Ry 508.00Q Cusp 0.01 fF
Rs 97.30Q

Table 6.6.1:Extracted equivalent circuit elements for 120 rewide

Output resistance is slightly lower here at ®dompared to 1.6 for the 250 nm gate
length. This may be expected due to the gate hashigltly less control of the channel but
not to the point where short channel effects amgniicantly hampering device
performance.

Total gate capacitance is lower than for the previdevice but only by ~5 fF to 42 fF
suggesting that capacitance of the gate contad doenecessarily scale with gate length
as we would expect. A gate capacitance of 30 fRoisnd from the parallel plate
approximation which is smaller than the equivaleintuit value. Perhaps the oxidation
speculated for the previous device gate is noregafent here, the intermediate layer may
be larger or the different gate lengths draw thargé to slightly different distances
beneath the diamond surface as they apply diffeskeatric fields accounting for why this
value is in fact larger than predicted. It shoulsbabe reinforced at this point the values
extracted from the equivalent circuit are only aate for this bias point. It is clear the
parallel plate approximation is not entirely suieabere. Although the transconductance is
significantly improved at this gate length capawita still ultimately limits the
performance. Access resistances are lower with Batland R = 97 Q which is in

agreement with the lowerdr seen for the DC measurement even though ther® is n
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discernable difference in the ohmic contact spabetyveen SEM images of the 250 nm
and 120 nm devices (seen in Figures 6.4.1 and Bedectively) although thisdr value
also accounts for the resistance beneath the datd\as stated above is lower than for the
250 nm device.

One anomalous value in this model is the gateteagis. In comparison with the 250 nm
gate, one would expect this to increase purelytdube smaller cross-sectional gate area.
However the increase here is fairly substantiamnfrb84 to 508Q. A crude calculation
taking the average resistivity of Al and Au to h62x 10° yields a predicted resistance of
105 Q for the 250 nm gate and 219 for the 120 nm gate. It could be suggested that
oxidation of the gate metal could account for thaavever that would also affect other
parameters such as gate capacitance and transtamckeicOther causes could be defects
in the gate structure - for example regions whieeegate has been unusually constricted or
deformed due to lithographic defects (an exampitelmseen in Figure 6.6.3) or perhaps
even when metal has been deposited especiallyeagatk is topped with Au this layer may

not contact the Al producing a much thinner depmsithan expected.

10.0kV 12.4mm x50.0k SE(U)

Figure 6.6.3: Deformation of gate due to lithographic deffect

Values for § and f;ax were again extracted as seen in Figure 6.6.4¢wdth this time a
small amount of extrapolation is required as batlues lie above the maximum measured
frequency of 20 GHz. Therfvalue of 45 GHz is a significant result, as it om&s the

values obtained by both K. Uedaal and K. Hiramaet al although with some differences
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in device design [6.9-10]. The result obtained Bdbl was from a 100 nm device while
Hirama’s was 150 nm and utilised a gate insulafoAleOs;, while both devices used

polycrystalline material. This is by far the bessult obtained to date on single crystal
diamond proving it is just as viable for produciRT devices as polycrystalline material.
Again the 25 GHz value fogfix is not as high as could be achieved with an optihiT-

gate design.
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Figure 6.6.4: Extracted values for extrinsi¢ &nd f;ax for 120 nm FET

Calculating the intrinsic values yields$ 65 GHz andfax = 42 GHz with the extrinsicf
now 69 % of the intrinsic value and the extrinsig,f just 60 % of the intrinsic value
showing that as these devices are scaled the pareffect of access resistance becomes
more pronounced as well as an increased outpuiuctemce. It should be noted the figure
for fuax may have the potential to be higher due to thesually large and perhaps

anomalous Rfor this device.

Relating intrinsic fT to the carrier velocity betieshe gate as done for the previous device

using the value of 65 GHz extracted here gives\amage velocity of 0.49 x 1&m.s".
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This value albeit faster again lies below the sdtan velocity of holes in intrinsic

diamond and suggests velocity overshoot does ratrat this gate length.

6.7 50 nm RF Transistor Measurement
The Smith chart for the 50 nm devices (biased@t\V8 V and s = -0.4 V) is noticeably

different to the other two devices as seen in Edur.1.

— Sy
/\ - S12

- S21

\/

freq (1.000GHz to 20.00GHz)
Figure 6.7.1:S-Parameters for 50 nmy EET

All parameters are once again matched to the elgmiaircuit model with the matching
plots picture in Figure 6.7.2. The matching achieweas worse than for the larger gate
length devices although this may be expected cerisigl the relative magnitude of the S-

parameters here are much smaller than for predeuies.

The equivalent circuit values are displayed in €hl7.1 and seem to agree with the trends
observed in DC device measurement. The intrinaitstonductance is smaller than for the
120 nm FET but larger than the 250 nm device andvexing to extrinsic
transconductance then comparing to the extractedd@ this time it roughly matches at

84 mS.mni. Although this transconductance value is signiftbasmaller than for the 120
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nm FET the intrinsic gate capacitances have alatedcso as not to fundamentally limit
the RF performance.
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Figure 6.7.2 S-Parameter matching between measured data @iide)
modelled (red) for 50 nmgy FET
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Circuit Element Value Circuit Element Value

Om 8.75mS R 119.00Q
Ras 0.37 Lg 0.70 pH
Ri 27.20Q Ls 1.80 pH
Cys 15.20 fF la 1.44 pH
Cyd 0.30 fF Gsp 1.15 aF
Cus 5.02 fF Gap 0.17 fF
Ry 370.40Q Casp 0.89 fF
Rs 125.00Q

Table 6.7.1:Extracted equivalent circuit elements for 50 nmicke

Other circuit values have also changed at this lgaigth however and will have an impact
on the RF figures of merit. Output resistance $s ldhan half the value of the 120 nm FET
at 0.37 I rather than 0.9® and a quarter of that of the 250 nm (1®) KET. This
suggests that short channel effects although naiaty diminishing device performance,
are becoming important as has been noted in thetid@cterisation. Where g\of +2 V
would be sufficient to pinch off the larger gatedéh devices there is still drain current
present here and takes g 9f +4 V to fully achieve pinch off.

Total gate capacitance is smaller at 16 fF thafiF4f&r 120 nm gate length device and 37
fF for the 250 nm gate length device. The pargllate capacitor model suggests a total
gate capacitance of 12.6 fF for 50 nm gate lendtichvis close to this result.

The gate resistance is larger at 8¥than for the 250 nm FET (18%) but smaller than for
120 nm (508). This is unexpected but this increased resistavaiddd seem reasonable
for this gate length due to the smaller cross-emati gate area (which from a crude
resistivity calculation yields 528). This also suggests that the high\Rlue seen for the
120 nm gate may indeed be anomalous. Both accsssarces Rand R at 125Q and
119 Q respectively again seem reasonable consideringaiinge of values possible from
variable source-drain gap spacing and contact emlgghness.
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Extrapolation of the data seen in Figure 6.7.3 agein necessary to find the RF figures of
merit with fr = 53 GHz andyiax = 27 GHz being observed. This is the largestaiue yet
reported from a diamond FET as well as being trst RF data reported from a sub-100
nm diamond FET. [6.11]
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Figure 6.7.3: Extracted values for extrinsi¢ &nd f;ax for 50 nm FET

Although this is the highest fvalue yet reported and it is an improvement uguan 45
GHz observed for the 120 nm FET it is not as sigaift an improvement as was seen
moving from 250 to 120 nm where more than doubled. Again looking at the intrinsic
values for § and fiax, intrinsic fr = 90 GHz and intrinsic\fax = 43 GHz for this 50 nm

device. So extrinsicrfis now just 59 % of the intrinsic value withak being 63 %.

Relating intrinsic fT to the carrier velocity betieghe gate as done for the previous device
using the value of 90 GHz extracted here yieldawmrage velocity of 0.28 x 1@m.s' for
carriers beneath the gate. This value is slowen floa both the 250 nm and 120 nm
devices, once again lying below the saturation aigloof holes in intrinsic diamond and

suggests velocity overshoot does not occur evénsagate length.
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Hence the effect of access resistance along with dbtput conductance becomes
significantly more prominent as is common when isgatlevices to shorter gate lengths.
This trend as seen in Figure 6.7.4 indicating indikely that further scaling of the gate

length geometry would lead to a large improvemerhe f of these devices.
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Figure 6.7.4 Plot comparing extrinsic a intrinsic fr and jyax for each
device gate length

This trend may also be seen in Table 6.7.2 whiaghnsarises the performance of each
device gate length and highlighting the effect clsng on equivalent circuit elements
important to the value off It shows that instead of further gate lengthisgalocus now

needs to be shifted in to minimising the extringlements that limit the potential RF

performance and/or if possible increasing the dutgsistance at reduced gate lengths.
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250 nm Ly 120 nm Ly 50 nm Ly

fr Extrinsic 19 GHz 45 GHz 53 GHz
fr Intrinsic 23 GHz 65 GHz 90 GHz
Extrinsic Percentage 83 % 69 % 59 %
of Intrinsic Value
fuax Extrinsic 18 GHz 25 GHz 27 GHz
fuax Intrinsic 27 GHz 42 GHz 43 GHz
Extrinsic Percentage 67 % 60 % 63 %

of Intrinsic Value

Extracted Carrier 0.36 x 16 cm.s" 0.49 x 10 cm.s' 0.28 x 10 cm.g"
Velocity Beneath Gate

*

Om 6.82 mS 17 mS 8.75mS
Total Cgq 47.41 fF 41.56 fF 15.5fF
(Cgst Cga)
Access Resistance 288.73Q 194.6Q 246Q
(Rs + Ru)
Ruas 1.6 kQ 0.9 0.37 k2

Table 6.7.2 Comparison of device performance with gate |lemgtth
effect of scaling on important equivalent circuadwes

6.8 Degradation

As has already been mentioned repeat measurenteatSigh negative gate bias leads to
drain current degradation in these surface chdfBe€sk. It is thought that this phenomenon
is intimately linked to the gate contact as repaaasurement at low gate voltages or on
TLM structures does not appear to noticeably degthd current and the smaller the gate
length the less gate bias will cause degradateriar a 50 nm device no greater thanga V

of -1 should be applied. However as shown theneoisignificant gate leakage in these
devices, hence it is thought a trapping mechaniswolving the gate contact may be

responsible.
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To try to provide some insight as to why this happeDC current-voltage measurements
at a constant bias were taken for various periédsne using the 50 nm gate length FET
as well as a um TLM gap for a comparison. Interestingly everygénmeasurement
showed a change in the measured current with respeacne. Beginning with the im

TLM gap, Figures 6.8.1 and 6.8.2 show measureméntuorent at -5 and -20 V
respectively for a time of 30 seconds.
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Figure 6.8.1:1 um TLM gap timed 30 s measurement for -5V
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Figure 6.8.2:1 um TLM gap timed 30 s measurement for -20 V

In this timeframe, in the case of the -5 V swed turrent degrades by ~ 6% of its
original value by the end of the measurement with-20 V measurement also degrading

by ~6%. When the next measurements were taken leswie® current had fully recovered
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at time = 0 s, (see Figures 6.8.3 and 6.8.4) whiglgests degradation of current in the
TLM structure i.e. without a gate is only temporagd recovers very quickly when
biasing is removed. Figures 6.8.3 and 6.8.4 dematesthis degradation across a shorter
scan of just 1 second. Degradation is again obdeaitbough this time much more so for
the -20 V bias which loses ~ 1% of its current canagd to ~0.3% for the -5V scan.
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Figure 6.8.3:1 um TLM gap timed 1 s measurement for -5 V

300

299 -\\""-

€
£ ~=—-20V TLM Sweep
£
~— 298
e \
o
5
3 297
]
296 T T T T
0 0.2 0.4 0.6 0.8 1

Time (s)

Figure 6.8.4:1 um TLM gap timed 1 s measurement for -20 V

A final set of measurements can be observed inré&g6.8.5 and 6.8.6 showing the same
bias points again for the dm TLM gap, only this time over 3 minutes. The anagji
current is again fully recovered from the last saatime = 0 s and over the course of the 3

minutes the -5 V bias scan shows a current loss-8% as opposed to 16% for -20 V.
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Hence it appears the larger the bias the fastaadatgon ensues. Also in Figure 6.8.5 the
loss of current appears to be beginning to satumat8 minutes whereas in Figure 6.8.6

degradation continues.
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Figure 6.8.5:1 um TLM gap timed 3 mins measurement for -5 V
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Figure 6.8.6:1 um TLM gap timed 3 mins measurement for -20 V

Moving to the 50 nm gate length device, a gate bfag,s = 0 V was inspected to give a
contrast to the TLM measurements, although thepaabe compared directly as the built
in voltage the gate provides makes these structncesnparable. A measurement at & V
of -1 V which is within the linear operating regiraéthis device is shown in Figure 6.8.7.

A loss of ~ 3% in current is seen over a 30 seamedsurement and in contrast to the
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TLM structure, the current does not fully recoveetvieen each of the following
measurements, but instead decreases slightly &br. #dhen measured at a:\0f -10 V as
shown in Figure 6.8.8 a ~ 36% drop can be seehnerctirrent over 30 seconds suggesting
that whatever mechanism degrades the current gsepce of the gate contact certainly

appears to accentuate it.
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Figure 6.8.7:50 nm FET timed measurement, 30 seconds -ks/OWgs
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Figure 6.8.8:50 nm FET timed measurement, 30 seconds -1QsV0Wgs
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Two final graphs in Figure 6.8.9 and 6.8.10 sho#& same measurement of the 50 nm
device but with a ¥ of -4 V applied. In contrast to the previous measents, current

actually increases here with time. This suggegsriechanism involved is detrimental due
to its instability and is indeed intimately linked the gate contact although it does not

necessarily involve a decrease or ‘degradatioouiment.
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Figure 6.8.9:50 nm FET timed measurement, 30 seconds -LsV-¥V Vs
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Figure 6.8.10:50 nm FET timed measurement, 30 seconds -1QsV-#V Vgs

Tables 6.8.1 and 6.8.2 provides a summary of thesorements undertaken in this section
for ease of comparison.
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S5V 20V
Original Current -82.5 mA.mnt" -300 mA.mnt
After 1 second bias | -82.2 mA.mnT -297 mA.mnt
Percentage Change -0.3% -1%
Original Current -82.5 mA.mnt -300 mA.mnt
After 30 second bias| -77.8 mA.mnt -281 mA.mnt
Percentage Change -6 % -6 %
Original Current -82.5 mA.mnt -300 mA.mnt
After 3 minutes bias | -75.5 mA.mnt -250 mA.mnt
Percentage Change -8 % -16 %

Table 6.8.1:Summary of current degradation for arh TLM gap

Sweep 1 Sweep 2 Sweep 3
Original Current -60.5 mA.mn -60.0 MA.mnT | -58.8 mA.mnt
After Bias -58.3 mA.mnt -57.9 mA.mmt | -57.2 mA.mnt
(-1 V Vgs, 0V Vg9
Percentage Change -3.6 % -3.5% 2.7 %
Original Current -104 mA.mnm" -91.1 mA.mnm | -89.6 mA.mnT
After Bias -58.3 mA.mnt -57.5 mA.mnt | -57.0 mA.mnt
(-10 V Vgs, O V Vg9
Percentage Change -43.9 % -36.8 % -36.4 %
Original Current -76.4 mA.mnT -77.0 mA.mnt | -77.5 mA.mnt
After Bias -78.6 mA.mn1 -78.6 MA.mnT | -78.7 mA.mnt
(-1V Vgs, -4V Vg
Percentage Change +2.9 % +2.1% +1.5%
Original Current -292 mA.mntt -308 mA.mnt -314 mA.mnt
After Bias -335 mA.mnt -342 mA.mnt -344 mA.mnt
(-10 V Vgs, -4 V Vgo
Percentage Change +14.7 % +11.0 % +9.6 %

Table 6.8.2:Summary of current degradation for 50 nm gatetle T
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Conclusive explanations for the mechanism behind tegradation/instability remain
unclear. In terms of surface quality, all samplesreafter hydrogen-termination exhibit a
very smooth surface as shown by an AFM scan ferghimple in Figure 6.8.11 where an

RMS roughness of 0.31 nm was measured.

—Colar Table
1.56 nm

18 nm |

Figure 6.8.11:AFM surface roughness scan on sample post-hydabigen

The explanation may be associated with the atmogphdsorbate particles be it that they
move during measurement as has been suggested BKpaddet al [6.12], the hydrogen
itself evaporates beneath the contacts [6.12]yen & simpler charge trapping mechanism
at the diamond adsorbate interface. This final @xglion seems to be the most likely
especially as slight degradation still appears ewenrecently fabricated devices
encapsulated by AD; [6.13]. An effect known as 'current collapse’ isrsén GaN FETs
where charge may populate surface traps causwigual gate' to deplete the channel and
degrade the current and it is possible a similaraiobn occurs here especially as the
degradation appears to be linked to the gate lids\v@l even act to increase the current at
certain biases [6.14].

It would appear this effect is related to the exgobsegions between source and gate and
gate and drain as well as the gate contact itsesifead of being charged by a virtual gate it

is possible the relative electric field acrossshmple acts to further trap charge or remove
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it from surface traps upon the diamond surfaces the only explanation which fits with
the measurements taken here and emphasises thetmgadsue a suitable electron
accepting layer with minimal charge trapping. Ferthvork also needs to be done on

understanding the gate contact.

6.9 Summary

This chapter has summarised the FET device resbttsned during this research. It has
built on work done by previous groups in realising high frequency potential of diamond
transistors and provided a comparison betweenrdiifegate length devices as they are
scaled. For the first time, a sub-100 nm diamond R&s been realised and rigorously
characterised. The data shows improvement uponqueW¥ETSs in the literature with the

highest { obtained to date.

These results have also indicated the limitati@s®eaiated with scaling and that for further
significant improvement new fabrication techniqnegd to be implemented. It emphasises
the need to replace the atmospheric dopant mokeauith a more robust solution and
degradation measurements also highlight this nee@vell as the potential need for a

passivation layer.
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7. Preliminary Investigations into Alternative Device

Design

The research shown so far throughout this thegislights the potential of diamond as an
electronic material. Although some of the best deviesults yet seen for diamond have
been shown in this work, the need for an alteredtbrication method to the conventional
atmosphere exposed surface channel FET has alaacbasistently highlighted. This will

lead to a more stable, repeatable and perhapsayneodnmercial set of devices as well as

to fulfil diamond'’s potential as a substrate fogthpower electronic devices.

The greatest fabrication challenge in this work esnfrom the Au etch process used to
create ohmic contacts. It is necessary to prothet lydrogen-termination beneath,
however the etch is far from ideal and Au doesadalbtere to hydrogen-terminated diamond
at all well so the most obvious route to improvihg repeatability of these devices is to
eliminate this Au etch process. Attempts at thisevmade and are presented in this
chapter including the use of an ‘inverse procest &n Al sacrificial layer and using an

alternative ash with a non-oxygen containing §&s mixture.

The atmosphere exposed diamond surface itselfs® mbn-ideal and a big factor in the
instability of FETs. Two routes to encapsulating tvere attempted both with moderate
success as well as trying to find an alternatieetebn accepting material to replace the

atmospheric particles all together which has shewbstantial promise.
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7.1 Alternative Fabrication Procedures

When investigating an alternative to the traditiola sacrificial layer with its subsequent

etch to produce ohmic contacts, one place to begiattempting an inverse process
whereby an Al sacrificial layer is deposited fitstprotect the surface and subsequently
etched back in the same manner although to prodate features instead of the ohmic

contact as seen in Figure 7.1.1.

=1 ™
1. Ohmic Profile

Diamond
Etch Etch
2. Al Etch - i
Diamond
3. Ohmic Metal ‘ ' ' -
Diamond
S G D
4. Lift-off .
Diamond

Figure 7.1.1 Inverse Al SL proce:

The success of this method relies on a numbeaatbfs, namely the ability to produce a
lower roughness contact edge than is possible Avithespecially as small gate features are
desirable. The nature of the Al etch and if it adety affects the sub-surface conductivity

will also be crucial.
The Al etch was performed using the same MF CD-@étbping solution as is used to

remove the Al charge dissipation layer subsequentdctron beam lithography. An initial

investigation was undertaken with a 1 minute etcla &V structure as this has a relatively
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large gate area. Etching showed that althoughdbe soughness may be slightly smoother
than its Au counterpart it is not significantly $bcan be seen via inspection of the SEM
images in Figures 7.1.2 and 7.1.3 that metal edgghmess is still present and of the order
of ~100 nm. It should also be noted this etch apgptaleave significant re-deposition of
material even with a thorough rinse with RO wakégnce with any improvement over the
Au etch being marginal at best along with the pssceeeming to complicate rather than

simplify matters it was quickly discarded.

(R
$S4700 10.0kV 12.2mm x30.0k SE(U) 5/11/10 14:52 1.00um

Figure 7.1.2 Al etch on diamond with -depositior
clearly visible

T
$4700 10.0kV 12.2mm x180k SE(V) §/11/10 14:53 300nm

Figure 7.13: Zoomed in Al etch on diamond with-
deposition clearly visible
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One method of potentially achieving reduced rougbrand anisotropic metal etch profiles
is by using a dry etch technique. This raises thestion is there a gas chemistry which
will produce the desired result of etching the Althgut damaging the hydrogen-
termination of the diamond and degrading the sufasa conductivity? This to the

author’s knowledge has yet to be discovered.

Another potential route to avoid the use of an AarHicial layer is to use an alternative
plasma ashing technique to the process mention&gdtion 3.4, which does not contain
oxygen as this would remove the necessity to etghnaetals. Instead resist could be spun
directly on to the diamond surface, developed asited with this gas prior to metal
deposition assuming that no significant damageaissed by high energy electrons to the

surface termination during lithography. This potainprocess is illustrated in Figure 7.1.4.

1. Resist Spin 4. Lift-off
on S D
Bare Diamond Djamond

Diamond

! ; — Lithography,
2. Isolation SF, Ash s 2

via O, Ach  |Diamond & Deposition Diamond  SF. Ashed
Region

3. Ohmic

SF_Ash . Lift- _
& Deposition : Y Diamond
P Diamond X\sF, ashed A
Regions

Figure 7.14: Alternative ash proce

A possibility is to use sulphur hexafluoride gpRs it is a mild etch used in silicon
processing to give anisotropic profiles at reldgidew temperature and pressures [7.1]. It
does not contain oxygen so should not lead to axygemination of the diamond surface.
To test this ashing technique some TLM structuresewabricated on the bare hydrogen-
terminated diamond surface (i.e. without an Au ifa@l layer) using an Sfash and
standard lift-off to produce smooth ohmic contadfjess. The parameters for the SF6 ash
were unchanged from the standard low power oxygdn(a minute at 40 Watts) so as to

give a comparison between the two.
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Figure 7.1.5 shows the results of DC measuremerthese SE ashed TLMs. There is
clearly very little current present and where weuldousually expect to see hundreds of
mA instead there is only a fraction of @ so something in this method has almost
completely destroyed the sub-surface conductivitysamehow left the charge carriers
immobile. This highlights just how delicate thisrfage transfer doping effect is. It is
impossible to decouple whether the conductivitgiestroyed due to a reaction between the
diamond surface and the gas mixture (it is posdiblerination of the diamond surface
may have occurred which although still under debsatbelieved to give the surface a
positive electron affinity much like oxygen-termiiwa), coating the bare diamond with
resist or electron beam damage [7.2]. Further exyts should look in to decoupling
these as although unsuccessful, this method wghitable gas mixture may provide an
efficient method of improving the yield of the fadation process and would address many

of the issues currently associated with fabricatiagace channel diamond FETSs.

Due to the limited amount of diamond material aaalé for experimentation, other
parameter Sfashes were not attempted here, as the initialtsesthis experiment were
particularly damaging to the sub-surface condustivii was decided a method of

encapsulation was a sensible way forward.
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Figure 7.15: TLM measurement for im gap after
SF6 Ash for 1 minute at 40 Watts
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7.2 Organic Coating

There is an obvious need for a passivation layentmpsulate finished diamond devices to
try and prevent performance degradation. In regaars there has been a growing
consensus that organic materials suchg@s@oF4s and B-TCNQ may induce sub-surface

conductivity as well as or even better than thditi@al atmospheric particle method and
may also be more stable [7.3-7.4]. Some prelimin@search was thus performed to
investigate these claims further as so far publistiata focuses on purely simulations,
material characterisation, spectroscopic data arsitii conductivity measurements with

little in the literature to date in regards to argasurface accepting materials and their

incorporation into devices.

An organic material worth consideration that isniveked yet already universally used to
coat diamond for processing is electron beam rdsmfowing from the alternative $Rsh
experiment, poly(methyl methacrylate) (PMMA) electrbeam resist (which is used for
electron-beam lithography pattern transfer throwghbis work) was spin-coated over an
already fabricated TLM and any degradation of tberent through it was measured to
decouple one variable from the many discussededrptivious section as well as finding
out if it can in fact provide a stable encapsulato the surface. Three TLM measurements
were taken on previously fabricated and atmospbep®sed structures initially to check
the resistance values were stable as 6 monthsdss@ since the previous measurement.
Measurement was then taken immediately after cgdtia TLM structure with resist by
probing through the resist layer. A following measuent was performed after the resist
was removed with a warm acetone soak and the TelMs$d acclimatise in atmosphere for
24 hours. Figure 7.2.1 displays these measurergesmpéically while the sheet and contact
resistances for each measurement with associateds eran be seen in Table 7.2.1. It
should be noted the sample was baked to 120° Cextsh resist layer deposition to mimic

the standard process, this should be considered anaysing the results.
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Sheet Resistance ®/(1) | Contact Resistance@.mm)
Original 10.3 (x 2.0) 5.7 (£ 1.3)
After 6 Months 14.4 (£ 0.40) 6.38 (+ 0.71)
With PMMA Coating 24.5 (+ 1.80) 9.00 (+ 3.26)
After PMMA Removal 16.0 (x 1.20) 2.22 (£ 1.22)
Two Days After Removal 16.0 (x 1.20) 2.22 (£ 1.22)

Table 7.2.2 TLM resist measurement summary

1200
— After 6 Months _—
@ 1000 Resist
—— Post-Resist /

S
s

Resistance (Ohms

Distance (um)

Figure 7.2.1: TLM resist comparison measureme

The results show an increased sheet resistance 1@® K2/ obtained 6 months
previously to 14.4 ®/[1. The contact resistance also sees some sligiegaser There is
some debate over the degradation with time of gbmesc induced sub-surface
conductivity. Popular consensus appears to sudigatsthere is no degradation of the sub-
surface conductivity with time [7.5]. Although sonbelieve there is slight degradation
thought to be due to partial oxidation of the diashsurface with time [7.6]. This result

appears to support the latter observation.

The PMMA resist bi-layer coating along with subsexqjubake clearly has an impact with

the sheet resistance almost doubling and contsistaece also seeing significant increase.
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The change in contact resistance should only bibatied to the resist bake as the PMMA
should not interact with the region beneath thetain The increase in sheet resistance
however is likely related to the coating of the es@d areas and shows that although
surface transfer doping still exists in some redutmm, this organic coating clearly

hampers its efficiency. Even after being left faotdays to recover from the bake the

TLM measurements yielded the same results.

Once the PMMA is removed, the sheet resistance sdlfiody recovers showing that the
atmospheric adsorbate molecules are able to rekadtithough perhaps to a slightly lesser
extent due to potential resist residue still beprgsent. The large decrease in contact
resistance is unexplained however it should bedhibtese measurements are susceptible to

large errors as seen in Table 7.2.1 and discussetpsly.

Copper Phtalocyanine Electron Acceptors

Recent experiments using copper phtalocyanine (Co&ee shown its inability to induce
surface transfer doping on a hydrogen-terminatachdnd surface due to having too low
an electron affinity (2.7 — 2.9 eV) [7.4]. Much dilGs, a fluorinated form of this material
exists known as copper hexadecafluorophtalocyafiuPc) which possesses a higher
electron affinity than CuPc. Due to its higher &lec affinity (4.7 — 5.0 eV), CuPc is
more likely to be more efficient than CuPc at indgcthe sub-surface conductivity and
has already seen success in organic electroni€p [he chemical structure of both these

organic compounds is shown in Figure 7.2.2.

CuPc

Figure 7.2.2: Chemical structure of CuPc and
fluorinated counterpart;ECuPc
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Similar to coating the already fabricated TLM stwres with PMMA resist, 100 nm of
F16CuPc was deposited on to some ‘fresh’ TLM strudufiee. no resist history) on a
sample via thermal evaporation with the substraté intentionally heated although
somewhat susceptible to the temperature changeeirevaporation chamber (~200° C).
Several TLM measurements from these structureswarenarised below in Figure 7.2.3 as
well as resistance values presented in Table 7al.easurements were performed on the

same apparatus.

Sheet Resistance | Contact Resistance Time Since
(kQ/1) (2.mm) Deposition
Before Deposition 12.2 (£ 0.85) 9.12 (£ 1.69) 0

After Deposition 16.9 (£ 1.08) 10.50 (+ 2.15) 30 minutes

After Recovery 13.9 (x 0.77) 8.17 (£ 1.53) 2 days

Before Bake 13.9 (£ 0.77) 8.17 (x 1.53) 7 days

After Bake 31.9 (= 0.80) 10.20 (¥ 1.59) 7 days

After Recovery 21.8 (£ 1.00) 8.36 (x 1.96) 9 days

Table 7.2.;: TLM F16CuPc measurement summary
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Figure 7.2.3: Access resistances for TLM encapsulated
with F1¢CuPc after various processing conditions
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Prior to RgCuPc deposition, the original TLM measurement gagbeet resistance of 12.2
kQ/[] although contaatesistance is relatively high at 9.22mm which should be kept in
mind for the following results. After;gCuPc deposition the sample was removed from the
deposition chamber and the TLMs were re-measur@ti(w30 minutes after deposition)
giving an increased sheet resistance of 188 kand increased contact resistance of 10.5
Q.mm. Although no intentional substrate heating t@d&ce during the deposition it is
likely that unintentional heating occurred duehe heat of the thermal evaporation up to
200° C. Two days later another measurement warmpeetd this time yielding sheet
resistance of 13.9¢¥[1 and contact resistance 8.&mm. These figures do not quite
match the original measurements but do suggesight slecovery of the sub-surface

conductivity does occur.

This result is similar to that seen with PMMA depios where surface transfer doping is
diminished by its initial encapsulation althought no the same extent here as with the
PMMA. There are two possibilities here: either fFhgCuPc is instigating surface transfer
doping in combination with the residual atmosphgacticles present on the surface or at
the very least it is encapsulating the atmosphadsorbate molecules in a far more

efficient manner than PMMA.

A week after the deposition another measurement taken which confirmed identical
results to the previous measurement taken two dtigs FsCuPc deposition suggesting a
stabilization of the TLM characteristics. Immedigtafter this the sample was baked on a
180° C hot plate and immediately re-measured with $heet resistance more than
doubling to 31.9 /(] and contact resistance also increasing to @2m. Even after a
two day recovery period following heating of thergde, the sheet resistance did reduce
but still remained relatively high at 21.8Kk 1 with contact resistance reducing slightly to
8.36Q.mm.

This suggests that if thgdeuPc is indeed instigating surface transfer dogfea it is not

stable on the surface and hence is not necessawylynore worthwhile a pursuit than the
atmospheric adsorbate molecules. There are somiivpssto note in these results
however. The initial deposition clearly did not iege the sub-surface conductivity to an
extent that it would be unfeasible to incorpordis process in to FET devices. It may be

possible to encapsulate thesEuPc layer with another material so surface tramdping
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is preserved by the 100 nmgEuPc coating which is in turn encapsulated by table
dielectric although this thick multi-layer stack ynarove problematic if an FET gate was

intended to be placed on top.

Future work in this area should look into depositiof the F¢CuPc material on to
hydrogen-terminated diamond surface baked to aB6@ C and kept under vacuum to
ensure all the atmospheric particles are remove the surface prior to deposition and
then see if it is capable of inducing surface ti@ndoping by itself [7.8]. Unfortunately
this substrate heating capability was not availalieghe thermal evaporator used for this
F16CuPc work. It is possible that thggEuPc just acted to encapsulate the atmospheric
particles already present on the surface or evantbie gCuPc layer is porous to these
atmospheric particles. This may explain the lacla dtll recovery in the sheet resistance

after heating.

7.3 Transition Metal Oxide Coating

Although various inorganic coatings have been d#égdson to hydrogen-terminated
diamond in an attempt to stabilise their conduttithey have as yet involved relatively

low electron affinity materials such as AIN and®{ [7.9-7.10].

As explained in Section 2.4 it is thought that aarganic material with a high enough
electron affinity material could induce surfacenster doping at the hydrogen-terminated
diamond surface in the same way various organie®g leen shown to with the added
benefit that inorganic materials tend to be fas leslatile in atmosphere. There are many
candidate materials which may be tried such anbuexclusively Cr@ V,0s WO3, TiO;

etc. The energy band levels of some of these catefids illustrated in Figure 7.3.1. Here
we have opted for Mo£due to its high electron affinity, low reactivityase of deposition
(via thermal evaporation) and knowledge of priorccass as an electron acceptor material

in organic electronic systems [7.11].
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Figure 7.2.1: Comparison of transition metal oxide electronrafies
(right) with diamond energy band levels as seebdation 2.2 [7.12]

A similar experiment to that usingdeuPc was performed with deposition of 100 nm of
MoOs on to readily fabricated fresh TLM and VDP struetion a single crystal sample.
Again no intentional substrate heating was perfarns® possible encapsulation of

atmospheric particles may have occurred.

A second single crystal sample was prepared atem thate and sent to the National
University of Singapore to gain insight through tbdtigh energy x-ray photoelectron
spectroscopy (XPS) and lower energy ultravioleitliQJPS) into in-situ surface transfer
doping using Mo@ It had a 1um thick epitaxial layer grown on top by collaborst@t
Université Paris 13, lightly doped with boron toable the XPS measurement before
subsequent acid clean and hydrogen-terminatiorepkges as discussed in Section 3.1. In
contrast to the electrical test sample, this sample annealed at a temperature ~ 437° C in
vacuum immediately prior to MoQOdeposition to ensure removal of any residual

atmospheric material. Both are shown in Figure27.3.
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Figure 7.5.2: Dual MoG; Experiments

The TLM encapsulation experiment much like thegQaPc deposition showed promising

results as summarised in Table 7.3.1 and preséntéidure 7.3.3.

Sheet Resistance ®/(1) | Contact Resistance@Q.mm)
Before Deposition 15.8 (£ 0.12) 8.21 (£ 0.23)
After Deposition 11.3 (¢ 0.27) 5.86 (x 0.49)
After 1 Day Recovery 11.7 (£ 0.49) 6.43 (£ 0.87)

Table 7.3.2 TLM MoO3; measurement summary
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Figure 7.2.3: TLM MoO3; comparison measurements
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An original sheet resistance value of 15®k was measured and improved to 118k
after deposition of Mo®along with a somewhat unexplained reduction of ¢batact
resistance from 8.20.mm to 5.86Q.mm. The improvement in sheet resistance is still
clearly visible after 1 day so this does indeedrs&@be promoting surface transfer doping
very well. However after a day the current-voltagaracteristics became slightly more
Schottky in nature making TLM measurements unrédigdnd suggesting a significant
increase in the sheet resistance (assuming thaaamsistance didn’t change over time)
possibly due to a gradual interaction between gbfmesc particles under the coating and
the MoQ; itself.

Again with future experiments it will be essenttal instigate a pre-deposition bake in
vacuum of at least over 300° C for similar TLM epsalation experiments to decouple
whether the Mo@is indeed inducing surface transfer doping byifitde this preliminary

experiment, it was unknown as to whether the Auichtontacts would be degraded by

this high temperature anneal, which was therefeoédad at this stage.

The VDP characterisation done in parallel with Tlhieasurements can perhaps shed
some light on how this degradation manifests. Tak#e2 summarises VDP measurements

taken over the course of 4 weeks along with FiguBe4 presenting this in graphical form.

Carrier Concentration | Sheet Resistance  Mobility
(x 10"cm?) (kQ/1) (cm?/V.s)

Before Deposition 3.63 135 130

After Deposition 9.88 9.75 63.2

1 Day After Deposition 7.66 10.0 81.6

4 Days After Deposition 8.64 10.1 71.2

1 Week After Deposition 7.36 9.42 90.2

2 Weeks After 5.15 14.2 85.1
Deposition

1 Month After 3.29 155 123
Deposition

Table 7.3.2 VDP MoGO; measurement summary
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Figure 7.2.4: VDP MoQ; comparison measurements

It is clear that deposition of the Mg@(@®ad to a significant increase in carrier concdign
with the figure almost trebling from 3.63 x Qo 9.88 x 16? cm? leading to a reduced
sheet resistance and mobility. This strongly sutpgist MoQ is increasing the efficiency
of surface transfer doping even if it is impossitdeseparate its contribution conclusively
from the atmospherically induced process in thigegexnent which does not include a pre-
deposition bake. To ensure parallel conduction natsoccurring through the MaCa
sample of silicon dioxide (SKp was used to also deposit 100 nm of Mo@hto and
measured simultaneously via two probes placed withifew um. This registered no
current, just noise suggesting no conduction thinahe MoQ. Over the course of the next
month further measurements were taken and the theasured values gradually returned
to approximately their pre-Mofvalues over this time, suggesting once again eélsow
reaction between adsorbate molecules and Makes place or the Ma@s porous to the
atmospheric molecules gradually reducing the valbask to an equilibrium. The
likelihood of this process could be further invgated by depositing an additional capping
layer material onto the Mo

The second sample used for XPS involved depositibiMoO; after a 437° C pre-
deposition bake was performed in vacuum so asnmve any atmospheric particles from

the surface and attempt to induce surface tradsfiging by the Mo@alone. The substrate
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was then cooled to room temperature and then kepé tduring deposition so as to avoid
stress on the MogXilm upon cooling. Figure 7.3.5 shows the C 1soarbinding energy
peak as measured by XPS in Singapore for the ateamond surface with a sharp
characteristic sppeak visible at 284.2 eV for an incident photoergy of 350 eV. This
can be seen to significantly shift the binding gygBE) upon deposition of Mofby ~ 1

eV until it is no longer visible after 3.2 nm filooverage due to the XPS only capable of
measuring the surface of a sample and the Muo@sking the diamond by this point. The 1
eV shift seen in the C 1s peak is indicative of ddending at the diamond surface
associated with transfer of electrons as part@ftirface transfer doping process.

T ' T - I - I '
hv=350 eV
C1s

clean surface

1A
2A
4A L

Intensity (arb.units)

8A

32A
64A

288 286 284 282
Binding Energy (eV)

Figure 7..5: C 1s binding energy peak shift as measured by XPS
during MoG; deposition

Figure 7.3.6 shows the Mo 3d binding energy peak® @re visible due to spin-orbit
coupling associated with the d core level) and thiative intensity upon increasing
deposition of Mo@ material. Note there is an increase in intensityrio significant shift
suggesting no substantial band bending in the Ma@face layer. It should also be noted
XPS shows relative amounts of atoms not absoluteesaand is not entirely conclusive as

it is unable to detect small atoms such as H wasifstem although it can give a good idea
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of the relative composition of the surface. Thisvisy the y-axis is arbitrary units and not

an absolute value.
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Figure 7.5.6: Mo 3d binding energy peak as measured by XPS
during MoO3 deposition

Figure 7.3.7 shows UPS spectra with incident raahiatf 60 eV allowing the valence level
to be probed and the low kinetic energy (KE) pathe spectra displayed. The low energy
cut-off for the KE shows the vacuum level posita@rin this case where the energy scale is
referenced to the Fermi Level the work functiontlod diamond surface. Before MO
deposition the work function is ~ 4 eV as shouldegpected from a hydrogen-terminated
diamond surface with a sharp emission peak predeatto the surface NEA. Upon
deposition the work function increases rapidly luntl.6 nm is deposited and a shift of ~ 3
eV has occurred. This shift is related to the fais¥ dipole initiated by charge separation

along with band bending at the diamond surface.

The work function shift can be seen more clearlizigure 7.3.8 along with the shift in BE
from the C 1s core spectra associated with upwaadd bending due to hole accumulation

in the diamond at the interface.
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This data shows that MaGs sufficient alone to induce surface transferidgpn diamond
and while further research will need to be donertsure this provides a suitable and stable
alternative to the atmospheric process all sigas tar are positive. While we cannot draw
definitive conclusions from the VDP measurementsitais possible that atmospheric
particles remain on the surface along with Mo@e can conclude that the MgO
deposition certainly does not hinder carrier tramsput in fact it acts to improve it, at
least temporarily as observed in this as yet unupéd experiment. With the significant
shift seen in the XPS and UPS spectra it is pléaidiboO; could cause accumulation
layers of concentrations ~ 1 x *#@vhich is comparable to the best values achieved fo
hydrogen-terminated diamond to date [7.9]. Again futly verify this electrically,
TLM/VDP measurements should be performed after siépa of a MoQ layer following

a high temperature anneal to ensure removal ohmgspheric based residue.

Another positive to note from this process is thits in XPS and UPS spectra all appear
to saturate by 1.6 nm of deposition which is veenédficial if FET devices are to be
eventually made from this technology, as an extanin spacing between gate contact and

drain should not diminish the transconductanceewiaks a great deal.

7.4 Summary

Following on from the device results of the lashpter and the need for a paradigm shift
in diamond FET fabrication to continue to improvevide figures of merit, an initial

investigation was undertaken to this end.

Beginning by trying the same basic principles dirfeation on the volatile surface but
substituting conventional fabrication techniqueshwother alternative methods little
progress was made. However when it came to tryanghinge the surface and maximise
its potential via incorporation of new materialejre very promising initial results were
achieved. Several as before untested materials eegesited on to the diamond surface,
both organic and inorganic in nature. Again a finated molecule (ECuPc) shows the
potential to electrically match other proven matksrisuch as £Fss and B-TCNQ along
with an inorganic material in the form of M@®eing electrically and spectrographically
tested for the first time.
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The crucial next stage in development of this tetdgy will be to electrically characterise
TLM and VDP structures which have had a pre-defwosdnneal to drive off atmospheric
molecules prior to electron acceptor material dgéjpos This will reveal critical

information on the potential to integrate theseemals into FET devices.
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8. Conclusions and Future Work

The potential of diamond as an electronic materad been well known for over fifty

years. However it is only over the last two decatibas begun to be exploited in the form
of active electronic components. Initial progres$-ET design was very encouraging but
has somewhat stalled in recent years due to the dd@an efficient and stable doping
process, with the only real success being seen themquasi-doping effect bought about
by hydrogen-termination of the diamond surfaceite gt NEA and subsequent exposure

to a suitably high electron affinity material.

These FET devices have to date displayed high tipgrzequencies with a recorg £ 45
GHz and fiax = 120 GHz being seen in devices with 100 nm gategth [8.1].
Unfortunately due to the instability associatedhvihte surface transfer doping effect due
to its use of atmospheric particles, in most casasiond is yet to reach its potential as a

suitable platform for high power and high tempemteiectronics.

The two main aims of this research were to impngyen the already impressive frequency
performance of surface channel diamond FETs (anduin investigate their scaling

potential) and to look into methods of producingtable alternative to the atmospheric
induced sub-surface conductivity. Much more hasnblearnt regarding the nature of

surface channel FETs and the surface transfer gagffact.

Device scaling was focused upon to see if thisueegy performance could be improved
further. Three different gate length RF geometry&kvere produced on a single diamond
sample, 250 nm and 120 nm to try and repeat anéircoprevious results and then

continued scaling to sub-100 nm dimensions with Kigfe lengths of 50 nm being

fabricated on diamond for the first time. Thesedmwed a new record; fof 53 GHz
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although f1ax did not reach the same record breaking levels.r®ason for this is the gate

design did not involve a T-shape due to fabricatiballenges.

The larger gate length devices (250 nm) producelasi results to those achieved by H.
Matsudaira eal [8.2]. The 120 nm gate length device matched teshieved by both K.
Uedaet aland K. Hiramaet al for 200 nm and 150 nm respectively proving theitation
process developed throughout this project worketla@uld match the very best diamond
FETs produced to date [8.1, 8.3].

Although the 50 nm device did achieve unique REgoerance it also showed perhaps for
the first time the limits of this technology. Asostn in the extracted equivalent circuit for
the 50 nm device the gate capacitance and transctamte have scaled to allow for
improved intrinsic frequency performance, extringactors such as source and drain
resistances remain the same (within error assacvaité the unrepeatable nature of the Au
ohmic contact etch). This combined with an increaseoutput conductance means
although the intrinsicfof this device has increased substantially to 8 &e extrinsic

value of 53 GHz is only 59% of this potential valueis expected then that further

reduction of gate length would only lead to a samiharginal improvement.

All of this coupled with the instability associatedith atmospheric surface transfer doping
leads to the need to investigate alternative metlwddabrication to further improve upon
repeatability and perhaps increase the device qpesioce further. Some attempt was made
to improve the stability of these devices during tlesearch by modifying the fabrication
procedure slightly while sticking with the atmosphenduced sub-surface conductivity. It
quickly became evident that this task was notgittéorward and the volatile nature of the
atmospheric particles on the diamond surface anditdaty of the hydrogen-termination
leaves very little room for alternative fabricatichniques, hence the motivation for the

incorporation of the Au sacrificial layer techniguethe first place.

To truly improve upon the stability of this techagl a different, more stable electron
accepting material needs to be successfully ingatpd in to the fabrication of hydrogen-
terminated diamond surface channel transistors f#search took the initial work done by

various groups and extended the scope of organtierirals looked at so far to include both
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PMMA and FeCuPc. Coating TLM structures with both these organaterials managed

to preserve the sub-surface conductivity to diffiéextents [8.4-8.6].

In the case of PMMA, not known for having a higeaton affinity the sheet resistance
almost doubled upon deposition from 14@/k to 25.5 K2/[1 making it impractical as an
encapsulation layer for diamond surface channels=EECuPc on the other hand which is
known to have a high electron affinity ~ 5 eV emmptes the TLM structures leading to
no significant degradation of the sheet resist48cg. However upon heating to just 180°
C the sheet resistance does almost treble from K3/9 to 31.9 K)/[1 and never fully
recovers suggesting it is just as volatile upon dieemond surface as the atmospheric

particles.

Towards the end of this project it was suggested tihe search for alternative acceptor
materials should be extended further to include-oxganic materials of suitable electron
affinity (> 4.2 eV) as they should perform the sai@gk as their organic counterparts but
with the prospect of also being relatively stablpomu the diamond surface. Some
preliminary tests at encapsulating TLM structureshwMoOs; which has an electron
affinity of 6.7 eV have proved very promising asniot only preserved sub-surface
conductivity but initially at least lead to a dease in the sheet resistance from 138k

to 11.3 /(1 [8.8].

A separate sample used for photoelectron specpgdcomeasure the energy make-up of
the sample surface in-situ during Me@eposition after a 400° C pre-bake to remove
atmospheric particles showed all the charactesistissociated with the valence band
bending upward due to an accumulation of holeshendiamond side of the interface and
an increase in work function. This suggests thas ihighly probable Mo@and other
inorganic materials of suitable electron affinityllunstigate surface transfer doping at the
hydrogen-terminated diamond surface on their owdhatra very low coverage of just 1.6

nm.

Future Work
Although this research has succeeded in its twonna@ns it has also raised many
guestions for the future but fortunately thererarenerous exciting routes left to explore to

enhance this emerging technology. The main tafiksthains to completely stabilise the
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hydrogen-terminated diamond surface and while usitigospheric particles for FETs
appears ultimately doomed because of the inhenstability associated with them there
are still other fabrication techniques which may draployed to try and improve the
performance of FETs fabricated in this manner. Ateraative ashing method was
attempted in this research with S#mployed as it is a non-oxygen containing compound
Although this was unsuccessful it is feasible thereanother gas mixture that could
successfully remove resist particles from the diathsurface without hampering the
surface transfer doping effect. If this can be fbtimen there would be no need for an Au
sacrificial layer to be employed making ohmic caetgafar more controllable and

repeatable along with the source-drain gap spacing.

It is clear however that ultimately Au is a faifipor ohmic contact to use for hydrogen-
terminated diamond FETs as contact resistanceliesit2Q.mm and can reach as high as
10 Q.mm. There has been various research already lgy gtbups showing the potential
of carbide based contacts on diamond such as TiCa@r to have a far lower contact
resistance [8.9]. However this would involve a htgimperature anneal hence requiring a

whole new method of fabrication.

A host of organic materials have already been d&gmbson to hydrogen-terminated
diamond with encouraging results yet there stilhaen many more to try and with
inorganic materials of high enough electron affirilso now showing promise there is
surely a material capable of preserving the sufasar conductivity associated with
hydrogen-terminated diamond if not enhancing itnef5]. This may finally let diamond
truly realise its potential as an electronic matewith high temperature, voltage and

power operation within reach.

It is still feasible that gate length could be sdakven further below 50 nm once other
issues with this technology have been resolvedctile beam lithography at the
University of Glasgow has demonstrated line feawfjust 3 nm and recently sub-10 nm
silicon nanowires incorporating electron beam liftaphy and a dry etch process to give
an aspect ratio ~ 50:1 [8.10-11]. Although thibysno means straightforward it just shows
that the potential for further high frequency entenent via lithographical techniques is
there.

Chapter 8 — Conclusions & Future Work 177



The thermal properties of diamond are well known isoterms of the maximum
temperature a diamond device could eventually dpexg it is really in fact dependent on
how high a temperature the acceptor material amdtinface transfer doping process could

cope with.

As for diamond’s high power operation potentialcerthe surface is stable and repeat
measurement of FETs can be done with ease thelebevih far clearer picture of its

ultimate potential.

Several groups have already performed power measute on non-encapsulated
hydrogen-terminated diamond FETs with 2 W.thbeing the record output power seen to
date. One prediction has suggested that diamondt ceentually reach 75 W.nmih
although this has been suggested for boron defiegoemploying a field plate the
potential of hydrogen-terminated diamond couldaialy reach this and could well exceed

the potential of any other wide bandgap materialenuly under development [8.12].
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Appendix A. Fabrication Procedures

Sample Pre-Treatment/Protection via Sacrificial LayDeposition

Substrate Cleaning: - 5 min soak in acetone masdnic bath
- 5 min soak in IPA in ultrasonic bath
- Blow dry with N> gun

Sacrificial Layer Deposition: - Deposit 80 nm Awa\g-beam evaporation

Standard Marker Deposition

Substrate Cleaning: - 20 minute soak in acetoB®dt
- IPA rinse
- Blow dry with N, gun

Resist Spin: - 12% 2010 PMMA spun at 5k RPM fors60
- 120°C bake for 20 min
- 4% 2041 PMMA spun at 5k RPM for 60 s
- 120°C bake for 20 min

Metallisation: - Deposit 15 nm Al via e-beam evaporation
Electron Beam Lithography: - Dose 7(00cmi?, 64 nA beam spot size, VRU 40
Metal Etch: - MF CD-26 soak for 60 s

- RO water rinse
- Blow dry with N, gun
Development: - MIBK:IPA (1:1) soak for 30 s at 23
- IPA rinse
- Blow dry with N, gun
Resist Ash: - O; plasma at 40 W for 60 s
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Metallisation: - Deposit 20 nm Ti/100 nm Au via e-beam evaporation

Lift-Off: - 2 hour soak in acetone at 8D°
- IPA rinse
- Nodry

Standard Isolation/Ohmic Contact Definition

Substrate Cleaning: - 20 minute soak in aceto®®dt
- IPA rinse
- Blow dry with N, gun
Resist Spin: - 12% 2010 PMMA spun at 5k RPM fors60
- 120°C bake for 20 min
- 4% 2041 PMMA spun at 5k RPM for 60 s
- 120°C bake for 20 min
Metallisation: - Deposit 15 nm Al via e-beam evaporation
Electron Beam Lithography: - Dose 70QuCcmi?, 64 nA beam spot size, VRU 40
Metal Etch: - MF CD-26 soak for 60 s
- RO water rinse
- Blow dry with N, gun
Development: - MIBK:IPA (1:1) soak for 30 s at 23
- IPA rinse

- Blow dry with N, gun

Resist Ash: - O, plasma at 40 W for 60 s
Metal Etch: - KI2:RO water (1:10) soak for 60 s
- RO water rinse
- Naodry
Plasma Induced Isolation: - Oz plasma at 40 W for 60 s
Lift-Off: - 2 hour soak in acetone at 3D°
- IPA rinse

- Blow dry with N, gun
De-Embedding Structure Gate Pad Definition

Substrate Cleaning: - 20 minute soak in aceto®®dt

- IPA rinse
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- Blow dry with N, gun

Resist Spin: - 12% 2010 PMMA spun at 5k RPM fors60
- 120°C bake for 20 min
- 4% 2041 PMMA spun at 5k RPM for 60 s
- 120°C bake for 20 min

Metallisation: - Deposit 15 nm Al via e-beam evaporation
Electron Beam Lithography: - Dose 70QuCcmi?, 64 nA beam spot size, VRU 40
Metal Etch: - MF CD-26 soak for 60 s

- RO water rinse
- Blow dry with N, gun

Development: - MIBK:IPA (1:1) soak for 30 s at 23
- IPA rinse

- Blow dry with N, gun

Resist Ash: - O; plasma at 40 W for 60 s
Metallisation: - Deposit 25 nm Al/25 nm Au via e-beam evaporation
Lift-Off: - 2 hour soak in acetone at 3D°

- IPA rinse

- Blow dry with N, gun

250 nm Gate Contact Definition

Substrate Cleaning: - 20 minute soak in aceto®®dt
- IPA rinse
- Blow dry with N, gun

Resist Spin: - 4% 2010 PMMA spun at 3k RPM for 60 s
- 120°C bake for 20 min
- 2.5% 2041 PMMA spun at 5k RPM for 60 s
- 120°C bake for 20 min

Metallisation: - Deposit 15 nm Al via e-beam evaporation

Electron Beam Lithography: - Dose 2500cm?, 8 nA beam spot size, VRU 18
(For Gate Line)
- Dose 180QCcmi?, 32 nA beam spot size, VRU 32
(For Gate Feed)
Metal Etch: - MF CD-26 soak for 60 s

- RO water rinse
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- Blow dry with N, gun
Development: - MIBK:IPA (1:2.5) soak for 1 min at 232
- IPArinse
- Blow dry with N, gun
Resist Ash: - O, plasma at 40 W for 60 s
Metal Etch: - KI;:RO water (1:10) soak for 60 s
- RO water rinse

- Blow dry with N, gun

Metallisation: - Deposit 25 nm Al/25 nm Au via e-beam evaporation
Lift-Off: - 2 hour soak in acetone at 3D°
- IPA rinse

- Blow dry with N, gun

120 nm Gate Contact Definition

Substrate Cleaning: - 20 minute soak in acetoB®dt
- IPA rinse
- Blow dry with N, gun

Resist Spin: - 4% 2010 PMMA spun at 3k RPM for 60 s
- 120°C bake for 20 min
- 2.5% 2041 PMMA spun at 5k RPM for 60 s
- 120°C bake for 20 min

Metallisation: - Deposit 15 nm Al via e-beam evaporation

Electron Beam Lithography: - Dose 2500cm?, 2 nA beam spot size, VRU 8
(For Gate Line)
- Dose 18OQILCcm'2, 32 nA beam spot size, VRU 32
(For Gate Feed)
Metal Etch: - MF CD-26 soak for 60 s

- RO water rinse
- Blow dry with N, gun
Development: - MIBK:IPA (1:2.5) soak for 1 min at 232
- IPA rinse
- Blow dry with N, gun
Resist Ash: - O, plasma at 40 W for 60 s
Metal Etch: - KI2:RO water (1:10) soak for 60 s
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- RO water rinse

- Blow dry with N, gun

Metallisation: - Deposit 25 nm Al/25 nm Au via e-beam evaporation
Lift-Off: - 2 hour soak in acetone at 80°
- IPA rinse

- Blow dry with N, gun

50 nm Gate Contact Definition

Substrate Cleaning: - 20 minute soak in aceto®®dt
- IPA rinse
- Blow dry with N, gun

Resist Spin: - 4% 2010 PMMA spun at 3k RPM for 60 s
- 120°C bake for 20 min
- 2.5% 2041 PMMA spun at 5k RPM for 60 s
- 120°C bake for 20 min

Metallisation: - Deposit 15 nm Al via e-beam evaporation

Electron Beam Lithography: - Dose 2500cm?, 1 nA beam spot size, VRU 5
(For Gate Line)
- Dose 180QCcmi?, 32 nA beam spot size, VRU 32
(For Gate Feed)
Metal Etch: - MF CD-26 soak for 60 s

- RO water rinse
- Blow dry with N, gun
Development: - MIBK:IPA (1:2.5) soak for 1 min at 232
- IPA rinse
- Blow dry with N, gun
Resist Ash: - O; plasma at 40 W for 60 s
Metal Etch: - KI2:RO water (1:10) soak for 60 s
- RO water rinse

- Blow dry with N, gun

Metallisation: - Deposit 25 nm Al/25 nm Au via e-beam evaporation
Lift-Off: - 2 hour soak in acetone at 5G°
- IPA rinse

- Blow dry with N, gun
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Acceptor Material Deposition

Substrate Cleaning: - 20 minute soak in acetoB®dt
- IPA rinse
- Blow dry with N, gun
Sacrificial Layer Deposition: - Deposit 100 nmy®&uPc or MoQ via thermal

evaporation
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