==ROMA
A:TRE

UNIVERSITA DEGLI STUDI

EDEMOM

European Doctorate in Electronic Materials, Optoetmics and Microsyster
Electronics Sectio: From Nanostructures to Syste
XXIIl doctoralcycle

Charge Control Devices baseion
Wide Band Gap Semiconductor

Paolo Calvar

Tutor: Prof. Gennaro Con
Coordinator Prof. Giuseppe Schirripa Spagn

A.Y. 2010/201



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

INDEX

AB S T R A T e e e e s 6
INTRODUCGCTION . ...t e e e e e et e et e e e eeas 8
CHAPTER 1 ..o, 10
1. SYNTHETIC DIAMOND HISTORY ...coviiiiiiiiiiiiie et 10
2. DIAMOND PROPERTIES ..uuuciittieitteeeitieeeitneeessteeessnnaesennsaneesssneesssnnaaees 12
2.1. MECHANICAL AND WEAR PROPERTIES....ccuiiittiiiiieiiieeeiieeiieeeeeeennns 5.1
2.2. THERMAL PROPERTIES....uuiituiiitieiieeiiiee e e e e et e e et eeeeneee et eeenneeannns 15
2.3. OPTICAL PROPERTIES. ..uueituiitteitteeiteeetaeeetaeetneeetneeennaeessneeenneeeneeens 28
2.4 . ELECTRONICPROPERTIES .. .ccuuiiitieitieeiteeiteeeeeeeaee et e snneeeesneeennnes 20
3. DIAMOND GROWTH .1iiiiiiiiieiiieiieeeteeetieeeteeeetaeeaneeseneeesneeetneesneeaneesnns 22
3.1.HTHP: THERMODINAMICALY STABLE SYNTHESIS......ceeevvvieeerrieeennnnn. 22
3.2.CVD: METASTABLE SYNTHESIS....uccittuieeiiiieeeetieeeesneeeeennneessnnaeeennns 24
3.2.1. FORMS OFCVD ....uiiiiiiiiiiiie e eeeem e 25
3.2.2. HOTFILAMENT CVD ... meee e 25
3.2.3. MICROWAVE CVD ...couiii et 27
4. DIAMOND GROWTH ..iitiiiiiiiiiieiieeeee et e et e et eeemeee et e e e et e eenneesnnnas 30
4.1 INSITU DOPING. .. ittt e et e e et e e e eeas 30
4.2.EX SITU DOPING (DIFFUSION AND ION-IMPLANTATION ...covvvvieeeeeeannnn. 31
4. 3. DELTA DOPING.....cuuieiiiieeiei ettt e e e e e e et e et eeaaaas 33
4.4, SURFACE TRANSFERDOPING......cccvuiiiiiiiieeiiiieeeite e e e e eena e 34
4.4.1. GENERAL CONCEPTS.....iiiiteeeitiieeeiiieeeeteeeeeneeeeraeeeennnnnnas 37
5. ELECTRONIC CONTACTS ON DIAMOND ....cccvvvnieeiiieeeeiieeeeere e e eeeen, 41
5. 1. CONTACT THEORY. .. ittt et e et et e et e e e e e et e e e e e eaaans 41
5.2. SCHOTTKY JUNCTION ..cuuuiitniiiieei et ee e e et e e ete e et e eemaee e e eaneeeaneeeas 42
5.3, OHMIC CONTACT ..ttt eiti et e et et e e e e e et e e e e e e et e e et e e e e eaneeeans 46
5.4. CONTACTING DIAMOND ....cvuiiiiiiiiieiii et e e eme e eaa e 50
6. METAL SEMICONDUCTOR FIELD EFFECT TRANSISTOR (MESFET) ....52
6.1. MESFETOPERATION.....ccuuiiiiiiieeeiiieeeeteeeeeteeeeea e e e esmnn e eeenn e e eennnns 53

6.2. OUTLINE ON PARASITIC ELEMENTS AND SHORT CHANNEL EFFECTS.55
3



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

B6.3. MESFETMODEL ...ccivtiiiiiiiee e e e et e s 57
7. DIAMOND BASED TRANSISTORS ...cuitiiitieiieetieeteeieeteeeneeteetaesneeenneennns 59
7.1.WHY DIAMOND FORPOWERELECTRONICS? .....covviiiieiiiieiieeeieeennns 59
7.2.DIAMOND TRANSISTORSHISTORY.....civiiiiiiiiieiiieeeieeee e e 61
7.3.HYDROGENTERMINATED DIAMOND FETS......cioviiiiiiiiiieeieeeeee, 65
S N 1 = N = o 66
7.4.1. MESFETSTECHNOLOGY ....cccvuiiiiitiieeiiiieeeiiieeeeeineeeenneeeeenns 66
7.4.2. DC CHARACTERISTICS ...cuuiiitieeeitieeeeeteeeerieeeeetneeeesrnneaeaens 67
7.4.3. RFPERFORMANCES......uiiiiiiiiieiiieeeeeeee et e e enn e e 71
CHAPTER 2 ..., 76
1. MESFETSFABRICATION TECHNOLOGY ..cccvuiiitieirieeeieeeiieereeeneeanneenns 1.7
2. DIAMOND SAMPLES .1utiituiiiteitiieeteeiteetteeeteeetee st eentasesseesnessnaeesneeens 77
3. SURFACE CLEANING .tuuieiitieeiiteeretieeeseteeeetteeeessaeseennsaeeeannaesesnneesennns 80
4. HYDROGEN TERMINATION ..iituuieiitiieeitieeeetieeeeeteeestneeesssnnesesesnneesennnnns 83
5. DEVICE LAYOUT DESIGN ....uuiiiiiiiiiiii ettt e e e e 84
B. OHMIC CONTACTS .uiittiitieeiieeei et e e e e et e e et eeeea e e et e e et eean e eaneeennaees 87
6.1. PHOTOLITHOGRAPHY.....uiitiiiiieeiiieeei et e e et e et e e e e e e et e e e e aneeeas 88
6.2. ELECTRONBEAM LITOGRAPHY ....ittiiiiiecii e eeee 88
6.3. STANDARD TECHNIQUE .. ...uciiuuiiiueiiieeeteeeteeeee e et eeeteeennneeesneeennnees 89
6.4. SELF ALIGNED GATE TECHNIQUE......ccuuiiitieiiieeetieeeieeeieeeeiee e eennns 92
7. DEVICE I SOLATION ..uuiiiiiiieiiii e e e e e et e e et s e e et e e e eemna e e eann e e e eaaeeeenneeees 94
8. GATE ELECTRODE ...iivuiiiiiiiieeiii e et e e et e et e e e eeme e e e e eaa e e e e e e e eraneeeannns 95
9. HYPOTHESIS FOR | MPROVEMENT AND DEVELOPMENT .....ccccvvneeiiinnnnnn. 97
CHAPTER 3 ..o, 99
1. HYDROGEN TERMINATED LAYER CHARACTERIZATION ......ccceevvuneennn.. 100
2. GATE JUNCTION ..etuiiueitieeetee e et e e e e et e e et e e eneee st e e s eeaaeeesneeenneeannns 103
3. OHMIC CONTACTS 1ittiiitiieiieeti et ee et ae et e et e e et e eenneeeteesnaessnseesneesnnns 111
4. MESFETSDC CHARACTERISTICS ..evvvuiiiiiieeeiineeeeteeeesneeeenneeessnnnns 113
4. 1. INPUT CHARACTERISTICS ....uuiiitieeeiieeeetieeeesteeeesnneesssneeesrsnneeeens 113
4.2. TRANSCONDUCTANCE G «evvvunereruneeernneeeeunaeesssneeeesseesssnnaessrsnneeeens 114



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

4. 3. THRESHOLDY OLTAGE VT ottt ittt ettt et eee e e e e s rmnenseneneen 116
4.4, OUTPUT CHARACTERISTICS. et ttuttteeeteeeeeee e eeeeeeeeeaensemaaaneaenees 116
5. MESFETSRF PERFROMANCES ... .uenieieit et eaeeeemaaanenan 119
5.1. RFSMALL SIGNAL PERFORMANCES. .. . cuieteete e eeeeeeeeeaeneaanns 119
5.2. RFEQUIVALENT CIRCUIT ..uuiiieiieeiieeeee e eeee et e e e e enea e e e 126
5.3.RFLARGE SIGNAL PERFROMANCES. .. ..ctuitttieieeeeeieieeeenaeneenns 128
CON CLUSIONS .o e 132
AKNOWLED GEMENT ...t 135
LIST OF PUBLICATIONS ... et 136
CONFERENCES ... oottt aeas 139
REFERENCES. ... ettt e e e e e naaaes 140
LIST OF FIGURES ..o et e 148



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

Abstract

Metal-Semiconductor Field Effect Transistors (MESFEDssed on Hydrogen
Terminated Diamond have been fabricated accordingdifterent layouts and
technologies with different gate lengths. Aluminurf-aigned and fixed drain-source
distance (in the following standard) gates and gold ohmic contacts have been
fabricated both on single crystal and polycrystalldiamonds supplied by Element Six
and by Russian Academy of Sciences. Aluminum asdowesideality factor gate-
source diodes, high rectification ratio and low bgdx currents (basically higher for
polycrystalline samples). Gold contacts, after adhamork of development and
improvement, resulted in good mechanical adhesmah sirength as well as contact
resistivity, lower enough to allow an excellent devioperation. The smalkLresulting
from transfer length method (TLM) analysis, allov® tsupposition of a completely
lateral charge transfer and hydrogen terminated di@ension reduction close to gate
junction does not negatively affect device perfamoes. Hydrogen terminated layer
has been deeply investigated by means of Hall bBk8/s and gate junctions
characterization: hydrogen induced two dimensio lyas (2DHG) results in sheet
resistances essentially stable and repeatable diegeon substrate quality.

Results achieved for self-aligned and standard FEbsicated on nominally
identical large-grain size, low quality, polycryditad diamonds TM180 by Element
Six are presented and investigated in order toimb#a better understanding of
hydrogen terminated diamond transistors. DC chaiiatitss clearly point out the
presence of 2DHG as well as an operation typical tdrbgunction FETs. Anyway,
achieved results seem to highlight the presenandéffective insulating layer at the
aluminum-diamond interface. Self-aligned 200 nmegkngth FETs show current
density and transcondutance values of 100 mA/mm 4hdnS/mm, respectively.
Higher values have been obtained on higher quadityptes by Russian Academy of
Sciences, with anbgmax 0f 120 mA/mm, stable up to ap¥= -80 V (corresponding to
an applied electric field £= 2 MV/cm) and a maximum transconductance exceeding
70 mS/mm. It is worth to notice as all devices fedwied in this thesis are not affected
by self-heating effect.

RF small signal performances of fabricated FETsehaeen investigated for both
self-aligned and standard devices fabricated omé&te Six TM180 diamond plates.
Established technology allows the fabrication ahsistors with operation frequencies
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always in the X and C band of the radio spectrungne¥ based on low quality
substrates.

Self-aligned 200 nm gate length FETs fabricatedrbt180 achieved a maximum
oscillation frequencyuax = 15 GHz and a current gain cut-off frequeiicy 6 GHz
resulting in a power output at 1 GHz of 800 mW/mmnt thaup to now, the best result
in literature for polycrystalline diamond basedsistors. From S-parameters analysis,
it has been possible to extract a FET small sigradel.

Best results in terms of operation frequencies hsaan obtained, also in this case,
for single crystal and polycrystalline diamond pkasupplied by Russian Academy of
Sciences. Single crystal plate achievegsa = 27 GHz and & = 14 GHz when Ys=
-15 V and \6s= -0.2 V and polycrystalline diamond exceed 30 GHzr@aximum
oscillation frequency while 9 GHz have been achiefgedr. Completely satisfying
reasons for better performances, in termiQf obtained for polycrystalline diamond
have not been found, probably such a trend is dw@esort of mobility increase owing
to grain boundaries and bulk interface (bulk mapil diamond is 1600 cffVs).

Results of this thesis have pointed out the supcgnwd the self-aligned gate
structure and the development of an RF optimizegwut specifically for diamond
results in a DC characteristics improvement afighdfr ratio reduction that will lead
to better RF performances. Quality of substrate riglemfluence the hydrogen
termination and so, in terms of FETs operation.



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

Introduction

Wide band gap materials are semiconductors with lgapd greater than 1.7 eV.
The magnitude of the coulomb potential, the sizeatofins and electro-negativities
determine the band gap. Materials with small atoma &strong, electro-
negative atomic bonds are associated with wide bams.gSmaller lattice spacing
results in a higher perturbing potential of neigisbdelements in the right top part of
periodic table are more likely to be wide band gatemals. There are many Ill-V and
II-VI compound semiconductors with high band gapse Tdnly high band gap
materials in group IV are diamond and silicon cael{fiC). The position of
the conduction band minima respect the valence barakimum in the band
diagram determine whether a band gap is directdirdat. Most wide band gap
materials are associated with a direct band gap,SWthand diamond as exceptions.

Wide band gap semiconductors show incredible phlyaité electronics properties
that allow the use of such materials as substratdifferent applications: solid state
lighting could reduce the amount of energy requi@gbrovide lighting as compared
with incandescent lights and they can be also usedette light throughout the visible
spectrum: the next generation of DVD players (Blpaad HD DVD formats) uses
GaN based blue lasers. Wide bandgap semiconductersalsm be used in RF
signal processing. Gallium Arsenide (GaAs) and Galliuntriddi (GaN) based
Heterojunction Bipolar Transistors (HBTs) and High dilen Mobility Transistors
(HEMTs) have shown current gain to frequencies grehtmn 600 GHz and power
gain to frequencies greater than 1 THz. Wide bandgajerials can be used in high-
temperature and power switching applications.

Wide band gap semiconductors are the actual techival answer for the three
fundamental requirements of emerging communicati@iems: high RF output-power
density at more than 1 GHz; high energy efficiencterms of power added efficiency
(PAE); higher operation voltages with energy constimnpas low as it is possible.
Present days well-established technology of GaAs msetaiconductor field electric
transistors (MESFETS) largely used in base stationsradars offers about 1 W/mm
for output-power density with a not negligible enempnsumption. Groundbreaking
technology development of GaN seems to be the tealteyond for devices working
in extreme conditions in terms of communicationelié¢s. However, the extreme
substrate cost and frailty added to the pesteraifgjhgating effects shown by GaN

8
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based devices, foster the research of alternatatemals for applications in the same
areas.

Diamond is the widest band gap semiconductor (5.5a&d)shows several physical
properties that make it interesting for microwaveteonics. Very high breakdown
electric field (16 V/cm), high carriers saturation velocity (16m/s) and mobility are
advantages for high power applications.

Electrical conductivity of diamond as-grown is quidev. In 1980s, first diamond
based active devices had been fabricated with héawgn and phosphorous ion
implantation in order to induce conductive channblst it was very expensive and
inaccurate because of diamond very tight crystdicka In 1989, the conductivity of
hydrogen terminated diamond layers have been désedy in this structure, diamond
surface behaves as a hole conductive channel withewtddiction of extrinsic doping
impurities and such a channel can be used fordation of field effect transistors.

This PhD thesis has been focused on fabrication chradacterization of metal-
semiconductor field effect transistors (MESFETSduhon hydrogen terminated single
crystal and polycrystalline diamond.
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Chapter 1

In this chapter, author would like to introduce déaard as an electronic material.
The great physical, optical and electronic propsriof diamond will be reviewed in
order to understand how the material quality is irtgpt for electronic device
applications. A brief review of the growth technique#l be followed by a deep
speculation on doping techniques, especially orfasar conductivity induced by
hydrogen termination.

Theory of ohmic and Schottky contacts will be expdal with a specific attention to
the age-old issues related to diamond contactsicklim. A model of metal-
semiconductor field effect transistor will be propdgor results that will be presented
in this thesis and conclusively a review of actiwvides based on diamond will be
provided. Greatest as well as disputed results wiltliseussed in order to supply a
self-consistent state-of-art of diamond based tstors.

1. Synthetic Diamond History

Historically, earlier single crystals were probablyned in India and mainly used as
cutting tools rather than as jewels. Today diamardsmined in Africa, Russia, Brazil
and Australia. The colors of natural diamond crigstzan be quite different, from
white-transparent to pink, yellow, green and blupesieling on the impurities present
in the crystal. They are polished to jewels anduase for cutting tool applications.

In the 18th century several scientists realized dieenond is a high-pressure, high-
temperature modification of carbon. Probably the Breccessful diamond synthesis
was performed by Scot J. B. Hannay in 188band by the 1906 Nobel Prize F. F. H.

10
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Moissan in 189%. Hannay used a mixture of hydrocarbonates, lithaumd oil which
was heated up in iron pipes until it blasted. Treetien products were quite similar to
diamond with a density of 3,5 g/cm consisting of 9¢&bon. Moissan’s method
involved heating charcoal at up to 3500 °C with itaside a carbon crucible in his
newly developed electric arc furnace, in which arctele arc was struck between
carbon rods inside blocks of lime: The molten ireas then rapidly cooled by
immersion in water. The contraction generated byctwing supposedly produced the
high pressure required to transform graphite imsondnd .

In 1941, an agreement was made between the Generti€(6&E), Norton and
Carborundum companies to further develop diamomthggis: they achieved the first
commercially successful synthesis of diamond on Der 16, 1954, and this was
announced on February 15, 1955The breakthrough was using a "belt" press, which
was capable of producing pressures above 10 GPa ammpetatures above
2000 °C. The "belt" press (see below) used a pyitighgontainer in which graphite
was dissolved within molten nickel, cobalt or irorhoBe metals acted as a "solvent-
catalyst", which both dissolved carbon and acceddrés conversion into diamond. He
was the first person to grow a synthetic diamond witteproducible, verifiable and
well-documented proces§.

However, an independent successfully diamond syrthesis achieved on
February 16, 1953 in Stockholm by the ASEA (Allméanr&venska Elektriska
Aktiebolaget), one of Sweden's major electrical maotuiring companies. The results
were, however, not published due to reasons of cordfale

The key process step for the production of synthétéamond today requires the
transformation of graphite into diamond at presswkroughly 6 GPa, temperatures
up to 1600°C and the use of catalysts. Up to nowethgists a great industrial need for
synthetic diamond. Roughly 80000 kg synthetic diathois used every year
worldwide. Greater industrial use of diamond was alwlapged by the small size,
normally not more than a few millimetres in diametdrnatural or synthetic diamond
crystals.

With the invention of the chemical vapour deposit{€VD) of diamond on various
substrates this problem was solved. In the 1958@gareh started in the Soviet Union
and the US on the growth of diamond by pirolysis glrbcarbon gases at the
relatively low temperature of 800 °C with the CVD lowegsure process. William G.
Eversole reportedly achieved vapor deposition afrdind over diamond substrate in
1953, but it was not reported until 19%62Diamond film deposition was independently
reproduced by Angus and coworkers in 186td by Deryagin and Fedoseev in
1968%, 197G'” and 1978". Whereas Angus used large, expensive, single-trysta
diamonds as substrates, Deryagin and Fedoseev dedcieemaking diamond films on
non-diamond materials (silicon and metals), whicll ® massive research on

11
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inexpensive diamond coatings in the 1980s. Hydragehe key to growing diamond

and not graphite under these conditions, Angusy @tk showed. At the surface, the
carbon lattice of diamond is decorated with "dargyllbonds” that can potentially

cross-link to reorganize the surface into more lstapaphite. Capping these bonds
with hydrogen prevents graphite formation and gemeraeactive surface sites for
attachment of carbon radicals.

In 1992 the first heteroepitaxial growth of diamdilchs on (001) silicon was
reporteff?. However, these heteroepitaxial fims are essentjalycrystalline with
pronounced grain boundaries. The stunning achientsved the Japanese researchers
rekindled commercial interest in CVD diamond, patacly in the USA, where, by the
end of the 1980s more than 30 companies were igatisty the possibilities of this
new diamond material and how it could be appliedh&irtbusinesses. Up to now
several research groups worldwide are investigathmy improvement of growth
methods and the improvement of the thermal, electrand mechanical properties of
these films, with a special focus on industrial aggtlons. The magnitude of research
on the properties and growth of CVD diamond is lamgye @uthor would like to cite the
works of V. G. Ralchenko at the Russian Academy ofriseie*4*%!

In 2002 a key publication by Element Six Ltd., femy known as De Beers
Industrial Diamonds, on CVD diamond’s electronics pemies was published in
Scienc&®. This work, combined with increased commercial ity of the
material, has rekindled major interest in CVD diaghon

2. Diamond properties
Table 1 is a synthesis of diamond mechanical, aptihermal and electronic
properties:

Table 1 - Properties of CVD Diamond

Property Value Units
Hardness 1x10 kg/mnt
Strength, tensile >1.2 Gpa
Strength, compressive >110 Gpa
Fracture Strength 400-800 MPa at <1 mm thickness
Sound Velocity 1.8x1D m/sec
Density 3.52 g/crh
Young’'s modulus 1200 Gpa
Poisson’s ratio 0.2 dimensionless
Atomic density 1.77x18 atoms/crm
Lattice Constant 3.567 A
Thermal Expansion coefficient  1.1-5.0 (300-1300K) mpiR

12
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Thermal Conductivity 10-20 W/cmK
Thermal shock parameter 3X10 W/im
Coefficient of friction 0.05 (dry) dimensionless
Derbye temperature 2200 K
Melting point 4100 K
Optical index of refraction 2.41 (591 nm) dimenssss
Optical Transmissivity range 225 to far IR nm
Emissivity 0.02-0.03 At 10 pm
Optical absorption coefficient 0.05-0.3 At 10 um
Absorption edge 0.20 pm
Loss tangent at 40 Hz 0.0006 dimensionless
Loss tangent at 140 GHz <10 dimensionless
Dielectric constant 5.7 dimensionless
Dielectric strength 1x10 V/cm
Electron mobility 2200 CcAiVs
Hole mobility 1600 cfVs
Electron saturation velocity 2.7x10 cm/s
Hole saturation velocity 1x10 cm/s
Work function small and negative on [111] surface
Bandgap 5.45-5.7 eVv
Resistivity 16°-10' Qcm
Definitions:

v' Hardnessis the measure of how resistant solid matter isvaoious kinds of
permanent shape change when a force is applied.

v Tensile strength is the maximum stressthat a material can withstand
before necking, which is when the specimen's crossesestarts to significantly
contract.

v' Compressive strengthis the capacity of a material to withstand axialiyected
pushing forces. When the limit of compressive gitkns reached, materials are
crushed.

v Fracture strength is a mechanical parameter for brittle materialdédined as a
material's ability to resist deformation under load

v Sound velocity is the distance traveled during a unit of time hyound
wave propagating through material.

v' Density of a material is defined as its mass per unitmau

v Young's modulus also known as thetensile modulus, is a measure of
the stiffness of an isotropic elastic material. idt defined as the ratio of the

13
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uniaxial stress over the uniaxial strain in the gewnof stress in which Hooke's
Law holds.

Poisson's ratiois the ratio, when a sample object is stretcheth@ficontraction or
transverse strain (perpendicular to the applied)lo@ the extension or axial strain
(in the direction of the applied load).

Atomic density refers to the number of atoms per unit volume.

Lattice constant refers to the constant distance between unit welbs crystal
lattice.

Coefficient of thermal expansionrefers to the degree of expansion divided by the
change in temperature.

Thermal conductivity is the property of a material reflecting its ailito
conduct heat.

Thermal shockis the name given to cracking as a result of rapitperature
change.

Coefficient of friction is a dimensionless scalar value which describesatie of
the force of friction between two bodies and thedguressing them together.
Debye temperatureis, in Debye theory, the temperature of arystal’
highest normal mode of vibration, i.e., the hightestperatur¢hat can be achiev
due to a single normal vibration.

Melting point of a solid is the temperature at which the vapossuree of the solid
and the liquid are equal. At the melting point tledidsand liquid phase exist in
equilibrium.

Index of refraction of a substance is a measure of the speed of ifigtitat
substance. It is expressed as a ratio of the spideght in vacuum relative to that in
the considered medium. The velocity at which lighvéls in vacuum is a physical
constant, and the fastest speed at which energyamiation can be transferred.
Transmittivity is the fraction of incident light at a specifiedweiength that passes
through a sample.

Emissivity of a material is the relative ability of its swéato emit energy by
radiation. It is the ratio of energy radiated byaaticular material to energy radiated
by a black body at the same temperature. It is asore of a material's ability to
radiate absorbed energy.

Absorption  coefficientis  a quantity that  characterizes  how  easily
a material or medium can be penetrated by a beafighdfsound, particles, or
other energy or matter.

Absorption edgeis a sharp discontinuity in the absorption speutad X-rays by
an element that occurs when the energy of the plaioesponds to the energy of a
shell of the atom.

14
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v Loss tangentis a parameter of a dielectric material that gii@st its inherent
dissipation of electromagnetic energy. The termrefo the tangent of the angle in
a complex plane between the resistive (lossy) compoiof an electromagnetic
field and its reactive (lossless) component.

v Dielectric Constantof a material under given conditions reflects thdent to
which it concentrates electrostatic lines of fluk.id the ratio of the amount of
electrical energy stored in a material by an applieltage, relative to that stored in
a vacuum; similarly, it is the ratio of the capanite of a capacitor using that
material as a dielectric, compared to a similaracépr which has a vacuum as its
dielectric.

v" Dielectric strength is the maximum electric stress the dielectric maltecan
withstand withoubreakdown (breakdown electric field).

v Mobility relates the drift velocity of electrons in relatidzo an applied electric
field across a material.

v Saturation velocity is the maximum velocity a charge carrier in a semductor,
generally an electron, attains in the presencenf kiigh electric fields.

v" Work function is the minimum energy (usually measured in electrolts) needed
to remove an electron from a solid to a point imiaedly outside the solid surface
(or energy needed to move an electron from the Herral into vacuum).

v/ Bandgapis an energy range in a solid where no electraestzan exist.

v’ Resistivity is a measure of how strongly a material opposedlthe of electric
current.

2.1. Mechanical and wear properties

Diamond is the hardest natural material known andtiength is obviously related
to its high density of very strong bonds. An anaysased on elastic modulus, fracture
surface energy and nearest neighbor distance gitlesoretical strength of about 100-
200 GP#&”. Diamond hardness depends on its purity, cryseljierfection and
orientation: hardness is higher for flawless, puystals oriented to the (111) direction
8] Combining its wear properties with low friction ahigh thermal conductivity
makes diamond a suitable material for cutting eqmplications. A lot of studies have
been reported in literatubg2°%

2.2. Thermal Properties

The thermal conductivity of diamond is higher thamy other material at room
temperature, and contributes significantly to itsrfprmance in a number of
applications including windows for multi-kilowatt GO laser§?, megawatt
gyrotron&¥ and even cutting tools. The main heat conducti@thanism for many
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materials is by electrons; high thermal condugtivét associated with high electrical
conductivity. In diamond, vibrations of lattice ggtons provide the main mechanism.
Therefore any lattice defect acts to reduce itgntlaé conductivity by scattering
phonons. With a sound velocity of 18 kfffls diamond is the material with the highest
Debye temperature (2200 K), exceeding that of mdstroinsulators by an order of
magnitude. With a thermal conductivity of 20-25cWiK at room temperatufd,
natural diamond is the material with the highestrtte conductivity, exceeding that of
copper by a factor of 5. Even lower grades with tteroonductivities of 10 W/cmK
exceed other competitor ceramics such as aluminitnde by a factor of four to six.
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Figure 1 - Thermal conductivity of LiF, AlOs, copper and type Ila natural diam&itl

In recent years, progress in the CVD deposition riegles allowed the thermal
properties of CVD diamond to become comparable tat thf the best natural
diamonds. Large-area CVD diamond plates with theromedductivities around 20
W/cmK became availabfé®®, increasing the demand for CVD diamond for various
thermal management applications. The thermal cdiltycof non-metallic crystals
and copper is compared with that of diamond in fifjurBor all insulators, the
temperature dependence of the thermal conductisityualitatively similar. At low
temperatures, the thermal conductivity is proposico T . It reaches its maximum at
temperatures of about 1/20 of the Debye temperaindeit decreases again for higher
temperatures. The only difference between diamounidtlaa other insulating materials
is a shift of the maximum for the thermal conduitfito higher temperatures, thereby
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leading to the highest thermal conductivity of angterial at room temperature. Due
the wide bandgap of diamond (5.47 eV), even at teatpeys as high as the Det
temperature, virtually all the heat is conducted ghonng®!. The theory of hes
conduction due to lattice vibrations is known asKlemen—Callaway theor?®*°.

The phononsscattering mechanisms involved are scattering aingooundaries
extende-defec and poin-defect scattering and the intrinsic uapp scatterin (an
anharmoni phonoi-phonor scatterine process, creating a phonon with a momm
outside the fir¢ Brillouin zone, a uniquely definiprimitive cell in reciprocal spac.
Each of these scattering mechanisnfluences the thermal condudty in a certair
temperature range. At low temperatures the thermadwttivity of CVD diamond is
proportional to * and the sample siz
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Figure 2 - Thermal conductivity of diamond according to theeiken—Callaway theory if only
umklapp scattering is present (u). The other cuasescalculated with successive additior
boundary scattering (b), scattering at extendedatefe) and point defecip), respectivel®.

The thermal resistance is dominated by grain boyndaattering. At mediur
temperatures, extenc-defect and poir-defect scattering contribute to the then
resistance and affect the maximum of the thermaduaotivity. At high terperatures
intrinsic umklapp scattering is the main source thiermal resistance.The
characterization of CVD diamonfilms and plates with respect to their ther
conductivity has been the subject of extended #fic investigation in the past fe
years A multitude of characterization techniques were deyadio each one havir
certain advantages and drawbz. Figure 3 reports a comparison of different diam
quality grades (by Element ¢ Ltd.) in the room temperature ran
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Figure 3 - Thermal conductivity versus temperature for ndtdype lla and CVD polycrystalline
diamond. Thermal 1, 2 and 3 are representativgraddes with nominal room temperature conductivities
of 18, 15 and 10 W/cmK respectively.

2.3. Optical Properties

Diamond is unique among all materials in its optipedperties. Its transparency
ranges from the UV just beyond the bandgap edg@@mnin (5.5 eV) all the way to
the far IR and even to microwave and radio frequeEncsuch transmission properties
make diamond ideally suitable for various optigaplecations. The progress made in
producing CVD diamond with an optical quality comgdeato the best natural
diamonds has stimulated efforts to exploit CVD diaoh@s well for solar blind UV
detectioff®3¥ as for IR optics, especially in the region aroulduin. The absorption
coefficient for intrinsic diamond from the UV to Igiwavelength IR is illustrated in
figure 4.
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Figure 4 — Absorptiof?* spectrum (b, right) of CVD diamond from the UVIR
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The maximum absorption coefficient in this specteaige amounts to 14 ¢hat
2158 cm™®. Wide spectral transparency can be seen (Figgeven extending to 500
un*™ except for regions of absorption in the infra-tetween around 2.5 to 6.5 pm
(4000 to 1500 ci), and below the bandgap at around 226#nThe spectra of both
natural and CVD diamond exhibit a multitude of alpsion lines and bands which can
be attributed to impurities and defects.

The most important impurity is nitrogen which formarious optical centres as
single substitutional nitrogen and multi-atom aggttes which are responsible for the
yellow or green colour of many natural diamonds.sSitdttional boron leads to a blue
coloration. Further optical centres can be produmenradiation. The absorption in the
infra-red is due to two-phonon and three-phonon gsses. Two-phonon (1332-2664
cmY) and three-phonon (2665-3994 ¢mtransitions are responsible for the only
intrinsic absorption. These are temperature dependad the absorption is
successfully described by the model developed byirtio et a*®. Apart from the
intrinsic absorption, the most frequently obsereattinsic absorption bands of CVD
diamond are the CH-stretch vibrations between 2703900 crit* **>%%, |ts strength
can be used to estimate the hydrogen cdfitettfowever, these absorption bands are
negligible in high-quality CVD diamond films.

Wavenumber (em’)
100 4 2000 1000

Transmission {%)

1

025 0 15 20
Wavelength (um)

Figure 5— Transmissioft’ spectrum (b, right) of CVD diamond from the UVIR

Other IR transmitting materials, such as ZnS andeZoBe their transparency to
heavy atoms and weak bonds, resulting in low phormargees and thus a cut-off
frequency in the far IR. Diamond with its low masgsl aigid lattice possesses the
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highest fundamental phonon (absorption) frequerfcgny material, with the single
phonon mode centred at 7.5 pm (1332.5'cmWhile the lattice remains defect free,
and thus symmetric, absorption at this frequendpiidden. Recent measurements
of absorption by calorimetry at 1064 fthyield values of 0.003 to 0.07 énfior single
crystal CVD diamond, while the absorption coefficiabtl0.6 um has been found to
be between 0.02 and 0.05 cm-1 on both single argcrystalline samplé¥.
Polycrystalline diamond causes significant Raylesghttering losses at wavelengths
below approximately 1 p#d.

2.4. Electronic Properties

Diamond is a wide bandgap semiconductor with an intigap of about 5.47 eV.
One of the benefits of this is that diamond can euppigh electric fields before
breakdown. Experiments on high purity CVD diamonaéehaeported high mobility
values and long lifetimes for electrons and hofésmbined with the high thermal
conductivity, diamond can be the preferred matefosl a number of demanding
electronic applications. The concentration of etats in the conduction band)(of an
intrinsic semiconductor, assuming a mid-bandgapmidevel, is approximately
n=Ncxexp[Ey/(2ksT)] where N is the effective density of states in the condurcti
band, E is the energy gapghkis Boltzmann’s constant and T is temperature. Atro
temperature N~ 2 x 13° cmi®**! andn is very much less than one electron pef.km

5000 -
7144

4000 %
@ 3000 -
2 ™
E
S 2000
o)
=
o
=

1000

900 1

800

700

300 400 500
T (K)

Figure 6 - Carriers mobility in high purity intrinsic CVDiamond'®.

High carrier mobility in high purity intrinsic CVD dmond (Fig. 5) was first
reported in 200%". In the high carrier injection regime (when Q>CV, wh€} is the
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charge, C is the capacitance and V is the voltage)mobility decreases with &%
dependence, indicative of acoustic phonon scattesi limiting mechanism up to
temperatures ~400 K. At higher temperatures, it srow3>’ dependence consistent
with measurements on natural diamond. At room teatpee a hole mobility of 3800
(+400) cni/Vs was reported.

1 I L] ] T I T I 1 ] L) I L]
10000 o GaAe
0Ge OInP

(o)
o Diamond
£ . GaN
T > %5 ome O
S &S 1000 Osc
c g NSI)O s ZnSe
o = GaPOgo Cds ©Zn0
"E w @ InN O
@ = o ZnS AN
o = 100 QAP
O ©
e E
@
-1 0 [ l 1 I [ I [ l 1 I L l 1
0 1 2 3 4 5 6 7
Bandgap (eV)

Figure 7 - Combined electron and hole mobility (room tempeagttor electronics materials.
Mobility circles have an area proportional to thertmal conductivity

Even at 400 K the mobility still exceeds 2000 28rs. Scientific community
accepts undoped diamond hole and electron mobility1900 and 2200 éfw's
respectively, in agreement with theoretical re§ift8. The combined electron and
hole room temperature mobility for a number of &latic materials is plotted against
bandgap in Figure 6.

Diamond’s unique position is evident, especially whbarmal conductivity is
considered (the circle in the plot). Diamond’s reaiow dielectric constant and large
bandgap combine to predict a widely quoted breakddietd of 10 V/emi*®.
Breakdown voltage measurements have been perforaredgidfmond based Schottky
diodes. For planar diode structures, a breakdowtagelof 6 kV has been attained
using a wide contact spacingresulting in a 50V/umbieakdown electric fieltf!, a
146 V/um breakdown field for micron-scale separatiemice§” and up to 2kV/um
for a microstrips diode structt€. In vertical device structures, 2.5 kV breakdown has
been reported for 18 pm thickness of intrinsic diach (140 V/umy®3. Others have
also achieved breakdown fields of this magnittidé.
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3. Diamond Growth

The development of diamond growth using CVD techrsgstarted in the 1950s,
when Union Carbide laboratories achieved the firgrgnowth of diamond from the
gas phase on the surface of diamond powder pafficlpsobably before the first
successful high-pressure, high-temperature syrgt{e?HT) of diamond obtained at
the General Electric Compdrly The results were only of scientific interest anel th
field was abandoned for more than a decade untili®&ussientists found that the
growth of diamond by CVD methods could be widely emeanin the presence of a
superequilibrium concentration of atomic hydrd§&H** Although this achievement
can probably be dated back between the late 19GDshanearly 1970s, the first two
techniques described in detail were the hot-filan@WDP® and the microwave-
plasma CVD method (MWCVIDf.. Although strong efforts were made to develop a
multitude of diamond CVD processes, the HFCVD and the GV processes
continued to be the techniques most used: the HFC\8Bdban its simplicity and up-
scaling potential and the MWCVD as a result of thestanding quality of the CVD
wafers prepared with this technique and also itsoafirgy potential because of the
increasing availability of high-power microwave geaters.

3.1.HTHP: thermodynamically stable synthesis

At room temperature and pressure, graphite is thi@estllotrope of carbon while
diamond is a metastable allotrope. The genesisinfral diamond is believed to occur
at depths of around 200 km, corresponding to pressand temperatures of 7-8 GPa
and 1400-1600°C°"*8 This is in the region of the carbon phase diagrahere
diamond is thermodynamically stable (Fig. 8).
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Figure 8 —Carbon Phase Diagram indicating main regions e$qure-temperature space
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Natural diamonds have grown in a variety of uncotgtbenvironments and their
composition and growth habits vary significantlypég | and Il are the main divisions
on the basis of optical absorptith

Table 2
Type lla SC Type Ib Type la Type lla
Propert
perty CvD HPHT natural natural
Nitrogen (ppm) <1 150-200 200-3000 <10
Dominant Single Single Aggregates or
Nitrogen form substitutional  substitutional Aggregates substitutional
Colour Colourless Yellow Colourless — Brown -
yellow to brown colourless
Thermal Cond.
(W/cmK) @300K 18-22 8-12 4-12 18-22
Dislocations <1bcm? 10-10° cmi? <10 cm® 10°-10° cmi®

The first industrialized method of synthesisingndimd was the HPHY. In the
HPHT method, there are three main press designs tosedpply the pressure and
temperature necessary to produce synthetic diantbadelt press, the cubic press and
the split-sphere (BARS) press:

v In thebelt presghe upper and lower anvils supply the pressure toadcylindrical
inner cell. This internal pressure is confined atldiby a belt of pre-stressed steel
bands.

v" Thecubic presshas six anvils which provide pressure simultangoasto all faces
of a cube-shaped volume. A cubic press is typicathaller than a belt press and
can more rapidly achieve the pressure and temperagcessary to create synthetic
diamond.

v' TheBARS apparatus is the most compact, efficient, and @oicael of all the
diamond-producing presses. In the centre of devimre is a ceramic cylindrical
"synthesis capsule”. The cell is placed into a cofogressure-transmitting material
which is pressed by inner anvils made from cemecéebide. The outer octahedral
cavity is pressed by 8 steel outer anvils. After mimg, the whole assembly is
locked in a disc-type barrel with a diameter abouteter. The barrel is filled with
oil, which pressurizes upon heating, and the oibguee is transferred to the central
cell. The synthesis capsule is heated up by a abaiaphite heater and the
temperature is measured with a thermocouple.

All methods use a core reaction cell in which themdiads are grown. This reaction
cell is submitted to the extreme temperatures aedspres needed. Inside the reaction
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cell a carbon source is placed, as well as someagstdls. One of the most important
elements in the process is the presence of a reebadnt or ‘flux’, which acts as a
solvent and transport material of the carbon sotod¢be seedThis solvent can bEe,

Co, Ni or mixture of theliree. This flux makes it possible to synthesize a diathat
much lower temperatures and pressures than necefwargirect conversion of
graphite into diamondThe exact composition of the flux strongly influescthe
properties of the synthetic diamond. A slow, well-colkéd growth is essential for
growing high quality diamonds. Only a few minutesm@eded to convert graphite into
powder sized diamond, but it takes about three taysystallize rough gem-quality
stone. The HPHT growth process offers a significagteks of control over the quality
and geometry of diamond obtaif@d". Most HPHT diamond is small grains of type
Ib for use in grinding and other abrasive applmadi Longer, controlled growth
periods enable production of single crystal b e®with dimensions routinely up to 8
mm. Addition of selected getter mixtures to the cépgqfor example Ti, Al, Zr)
removes nitrogen atoms and enables growth of typdidmon&?°%: nitrogen present
is preferentially bound to the getter, rather theing incorporated in the diamond
lattice. Extraordinary degrees of lattice perfectivave been achieved in processes
similar to this, where the slow, well-controlled grovitas generated areas of over 4x4
mn? with no detectable extended deféts

3.2.CVD: metastable synthesis

Diamond can also be synthesized in its metastalgienee Growth by Chemical
Vapour Deposition (CVD) was first performed in 1853and work leading to
industrialized processes was reported in the 19806§" Being in the region where
diamond is metastable compared to graphite, syisthefs diamond under CVD
conditions is driven by kinetics and not by therymaimics. Diamond synthesis by
CVD is normally performed using a small fraction @rlwon (typically <5%) in an
excess of hydrogéfl. If molecular hydrogen is heated to temperatunesxcess of
2000K, there is a significant dissociation to atommjgirogen. The heating techniques
can be various (arc-f&t®”, hot filament, microwave plasma or DC &’ or even by
using an oxy-acetylene flaf¥®. In the presence of a suitable substrate matéSial
Mo, W, Ti, diamond), diamond can be deposited. Tlagonty of the impurities in the
gas mixture come from the source gases. The lowertrations of impurities in
nowadays available source gases, have contributédetgrowth of diamond with
exceptionally high purit§?’*? Another significant aspect of CVD diamond growth is
that large areas of diamond can be obtained. Whitg few natural, single crystal gem
diamonds have dimensions exceeding 15 mm, freaagpmblycrystalline diamond
wafers are routinely manufactured in discs exceeding mn¥°” four inches
polycrystalline diamond is currently commercialiyadable.
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3.2.1Forms of CVD Diamond

Solid materials can be divided into three broads#a - amorphous, polycrystalline
and single crystal. Amorphous materials are chataetéby a lack of long range order
(glasses, plastics and diamond-like carbons DLGCalycPystalline materials are also
common, including most metals, metal alloys, ameeaus rocks: these are composed
of small single crystals (grains) bound tightly eéttwer by a thin disordered interface.
Macroscopic single crystals do exist, but are mess common: the most widely used
macroscopic single crystal of our era is silicon.

Diamond grown by CVD can fall into two of these categgripolycrystalline and
single crystal. Single crystal diamond is formedHmmoepitaxial growth, where the
seed, or substrate, is a single crystal diamondtu@a HPHT, or CVD).
Polycrystalline diamond is typically formed whenewgrowth occurs on a non-
diamond substratéJnlike many other polycrystalline materials, theigrstructure of
polycrystalline diamond has a non-uniform compositi The grains show a preferred
direction, and vary dramatically in size from oridesof a polycrystalline diamond
wafer to the other. This is due to the growth procAdsigh density of nucleation sites
is initially formed on the substrate. Each of thees grows, but grains with favoured
facets and orientations grow preferentially with etpto their less favoured
neighbours. This growth competition increases the &f grains to around 10% of the
layer thickness; each surviving grain can be trdzak to a single nucleation point at
the substrate surface. In addition to homoepitagtiaivth, significant efforts have gone
into single crystal diamond growth by heteroepitaXize non-diamond substrate is
chosen so that nucleating grains are crystallogcaf aligned, and strain and lattice
mismatch are minimized. Careful control of the vgito conditions is required to
ensure that the grains remain aligned in both tbevih planeand growth direction and
can coalesce. As with heteroepitaxial growth of othmaterials, extended defects
propagate from the original grain boundaries butjke them, diamond cannot be
readily annealed to create a low defect single atyst

3.2.2Hot Filament CVD

In the case of the Hot Filament CVD (HFCVD) techniqu®mac hydrogen is
produced by a heated refractory metal wire (for gdamV) in the immediate vicinity
of the substrate. The elementary principle was fiissished by Matsumoto in 1983
and is depicted in figure 9: practically, all conpmrary HFCVD processes for
diamond deposition are derived from this publicatibhe Japanese scientists used a
coiled tungsten filament mounted near the subsaatkelectrically heated to about
2000°C.
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The temperature in the deposition chamber was megdwy a thermocouple in
contact with the silica substrate holder and amaltdédetween 700 and 1000° C. The
process gas was composed of about 1% methane ditutgdirogen with a total flow
rate of 10—100 cifmin.

gas feed
W
Tungsten filamen
Substrate (Mo, S
EPLTAVAVA VLY
Substrate holder - -3

Thermocouple

to pump

Figure 9 - Schematic sketch of the hot-filament depositioancber as used by Matsunioto

Diamond was formed at chamber pressures between LGkéPa. The samples
were characterized in order to provide evidence dliethond particles or films had
been formed and Scanning Electron Micrographs (SEMWejved the cubo-octahedral
morphology typical for CVD diamond while the Ramaralpat 1334.5 cil was very
close to the position reported for single-crysiahtbnds. Under the conditions quoted
above, linear growth rates of roughly 1 pum/h werdeadd, a growth velocity which
can still be considered as typical for HFCVD proesssSince the fundamental
Japanese work, numerous investigations have be@rmped in order to clarify which
and how parameters influence diamond growth ratesfitndqualities. The most
important factoré*’* can be summarized in:

a) In order to form a closed film as fast as possibleigh nucleation density has

to be achieved. It can be realized by a propertsathspre-treatment (e.g.
ultrasonic irradiation in a diamond powder suspeamnsio

b) Maximum growth rates are achieved for temperaturedoiit 850° C

c) The growth rate increases with the filament tempegatiigher growth rates

are achieved at lower filament—substrate distances

d) The growth rate increases with increasing methaneerdration: the non-

diamond carbon components will also increase

e) As a function of gas pressure, the growth rate mmaxamum at about 10 kPa.
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One inevitable effect of applying the HFCVD technigsethe incorporation of
filament impurities in the diamond film. A lot of stad were performed on the three
most typical filament materials: tungsten, tantaland rheniuti®””. In contrast to
tungsten and tantalum, rhenium does not form aidarlbut carbon diffuses rhenium
rapidly. Nevertheless, rhenium remains ductile ahdrefore, has a longer lifetime
than the brittle tungsten and tantalum carbidesilgh rhenium is more expensive, it
might be the appropriate filament material if lifeti aspects are important and the
impurity incorporation originating from the filamentan be ignored. On the other
hand, if impurity incorporation has to be minimizédntalum and tungsten filaments
are more appropriate because the pre-carburizaifothe filaments reduces the
impurity concentration in the chamber. The impurttgncentration can be further
reduced by applying low filament temperatures andiocreased methane
concentrations. However, the first has a negativectefia the growth rate and the
second deteriorates the phase purity of the degubsltamond. Since the Japanese
work, many scientific groups have investigated anihoped the HFCVD process in
order to increase the depostion rate and to degiasitond on larger aré&% HFCVD
diamond films generally have a lower purity than kagiality plasma CVD films so
that the potential of HFCVD diamond films is limitedthviregard to optical and
electronic applications. However, the HFCVD techniqusuperior to the MWCVD
technique concerning the deposition on complex-atigorfaces. Because of its higher
flexibility and its up-scaling potential it is thechnique of choice for the deposition on
cutting tools and wear parts.

3.2.3Microwave CVD

Along with HFCVD, it was microwave-plasma enhanced CVD B@®D) which
moved diamond deposition from its niche of scientiduriosity into the area of
industrially applicable technologies. It was firstnamstrated in 1982 at NIRIM
(National Institute for Research in Inorganic Matisliagn Japafi®. Since then this
technique has found a lot of success because sihitglicity, flexibility, and the early
commercial availability of reactors from New Japardi@aCorporation based on the
NIRIM work. Also, great progress was made in the uphsgadf microwave reactors
in order to enlarge the deposition area and toeame growth rates. Generally, in a
microwave-plasma diamond deposition reactor, progases are introduced into a
reactor chamber which contains the substrate toohted. Microwave power is then
coupled into the chamber in order to create a diggh The chamber is an integral part
of an electromagnetic cavity and consequently ésngetry has a strong influence on
the location and the extent of the microwave disphaltt is of great importance to
create a stable plasma which can be reproducibliated. Typically, the substrate to
be coated with diamond is immersed into the plasm#ninvithis cavity. The
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microwaves couple energy into the electrons whictuin transfer their energy to the
gas through collisiodS®%. As a result of these collisions the process gasased and
chemical reactions in the gas phase lead to tmedfion of diamond precursors which
impinge on the substrate surface. If the surfaceditions are carefully adjusted,
diamond starts growing on the substrate. The micrewdasmas are excited by 915
MHz (32.8 cm) and 2.45 GHz (12.2 cm). The choiceheé very specific frequencies
is mainly due to the availability of componentstthamply with national regulations.
Undoubtedly, Microwave Plasma Enhanced CVD (MPECVD) iseay \flexible
technique in terms of the variety of gas precurseingch can be used for diamond
growth. In contrast to the HFCVD, where thémixture of aggressive reactant gases
like oxygen or halogens would destroy the filameatsjost every conceivable gas
mixture can be used. The use of liquid precursemiso commdff’. Obviously, not
every possible gas combination will lead to sucegsibmond growth. Since the start
of CVD diamond growth in the early 1980s, a lot ofitspvere dicussed: it should be
mentioned that besides the great importance otdneect gas composition, it is also
necessary to choose the correct surface temperangechamber pressure. Other
aspects such as surface material and surface aireet are also required for a
successful growth. The efforts to commercialize CVBrbnd products have also
triggered the development of microwave CVD reactorgelwidistinguish themselves
by increasing power, increasing size and increasiagnond deposition rate. This
evolution will likely continue as new commercial apptions of diamond appear in
the marketplace. Historically, the evolution stargith the NIRIM reactor in 198%!
and went on with the development of the bell jar t@aby Bachmanf” at ASTeX
(Applied Science and Technology) in 1987.

v" The NIRIM tubular reactor
The microwave-plasma reactor developed at NIRIM wag pepular in the early

1980s because of its simplicity. A quartz dischérgee is inserted through the broad
side of a fundamental mode rectangular waveguideogppte for the propagation of
microwaves at 2.45 GHz. The TEmode (the dominant mode of a rectangular
waveguide with inside width larger than inside heigihtias the lowest attenuation of
all modes) which propagates in this waveguide islighta the short dimension of the
guide (y-direction) and varies sinusoidally aloing tbroad length of the guide (x-
direction). Along the propagation direction and b&ythe discharge tube location, the
waveguide is normally terminated by a sliding shdnich can be adjusted to maintain
the plasma location in the middle of the dischardee. The choice of the position of
the short is such that a maximum of the microwaeetst field is obtained at the
plasma location. Furthermore, a tuner is placedéen the microwave source and the
discharge tube to ensure that all the power is aksoin the plasma load. The
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substrate to be coated is introduced from the botd the discharge tube using a
dielectric rod to prevent microwave leakage to theside. Although this reactor
design has become very popular among scientistgsitseveral disadvantages which
prevented the use of this reactor type for comraggapplications:
a) The deposition area is only 1-2 cm since the plasipa is limited by the
presence of the nearby walls and the microwave wagtien
b) The power that can be coupled into this configuratiod the plasma operating
pressure is limited by the possible destructionthed discharge tube. As a
consequence, both the linear and mass deposities passible with this reactor
are small and of the order of 0.5 mg/h
¢) Plasma etching of the quartz tube often leads tdacoination of the diamond
deposited
d) The substrate is heated by the microwave plasmarefidre, the substrate
temperature cannot be adjusted independently ofmibeowave power coupled

into the system.

v 2.45 GHz microwave reactors

In the late 1980s, ASTeX developed a different sefisuf2.45 GHz microwave plasma
CVD of diamond which would soon overcome many of thatétions of the NIRIM
design. With the this ‘bell jar’ reactor, it was pise to produce diamond films of up
to 7.5 cm diameter. In that set-up a silica bellrgplaces the silica tube of a NIRIM-

type reactor.

Figure 10 -The silica microwave window CVD reactor developgddsTeX

A microwave coupler picks up the 2.45 GHz radiatiosida the rectangular
waveguide and, via an antenna, emits it centro-syincally into an air-cooled
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circular waveguide that contains the evacuatedjdellThe plasma is generated at the
point of highest electrical field strength inside thell jar. Its shape, size and also its
stability is dependent on the deposition conditjadhe plasma power, the pressure and
the gas composition. If correct conditions are ehos ball-shaped, stable plasma is
formed in the centre of the bell jar, far away frtm reactor walls. Between 1988 and
1992, ASTeX improved and commercialized this reattpe, thereby replacing the
bell jar by a flat silica microwave window (Fig. 10). &q, the inner chamber diameter
is chosen so that only one microwave radial modebeasustained inside the cavity at
2.45 GHz. The substrate is located on top of an iiMklg heated substrate stage
which allows substrate temperature control indepehdef plasma conditions. The
microwave power which could be coupled into the plagmeaeased up to 8 kW in
19974, The ASTeX reactors overcame a lot of the limitati@i the NIRIM-type
reactors. Because the plasma has no contact tedictor walls, the incorporation of
impurities is greatly reduced. If operated underefined deposition conditions, it is
possible to deposit diamond continuously and und#d for several days or even
weeks and to produce diamond wafers up to 3bareas and 1 mm thickn&és

4. Doping Diamond

Because of its large bandgap, undoped diam@ndnormally electrically
insulating and cannot be used as an semiconduciterial. But, as other large band-
gap materials, diamond can be made conductive lpynddt with certain elements.
Currently, boron and so-colled surface transferimp@are used to obtain a p-type
conduction and phosphorus or nitrogen are typiaadgd for n-type behavior.

4.1.In situ doping

The effects caused by incorporation of dopantsnguirities in CVD diamond films
during the deposition have been studied extensivetiie 1990s. This was motivated
by the wish to make CVD diamond conducting in orderréalize electronic
applications and by the more fundamental objediivetudy the structural effects of
dopants or impurities on the growth on CVD diamond dilfithe most prominent
impurities in diamond are boron and nitrogen. Tdedaonly boron has been
demonstrated conclusively to be an electricallyvactiopant in diamond. It makes
diamond p-type with an activation energy of 0.3780e¥ above the top of the valence
band. Nitrogen forms a deep donor with a level ateM7elow the conduction band
and is electrically inactive at room temperatuts.itportance results from its strong
influence on the structural properties and the grovelocity of the CVD diamond
films®®Y. In order to realize n-type conductivity, sevestiier dopants such as lithium
and sodium have been propd&8d particularly CVD diamond films doped with
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phosphorous which exhibit n-type conductivity with aativation energy of 0.43
eVi®,

Boron has to be admixed to the reactant gas il skidjuid or gaseous form. The
only gaseous form of boron at room temperature,idsBlt has been used widely to
dope CVD diamond films in the 98>%¢)but because of its high toxicity, more easily
handled sources in solid or liquid form have bewrestigated. Solid sources used for
boron doping include boron pow#&r and boron trioxide (BD;)®®. Boric acid
(HsBO3)®  cyclic organic borinate ester BORf® and trimethylborate
(B(OCHy),)®Y are successfully applied liquid sources. Such geseous boron sources
must be heated or dissolved in a high-pressuréliguenhance their vapour pressure;
otherwise they have also often been placed neasuhstrate and heated in order to
diffuse them into the growth surface. The boron ipocation is dependent on the
texture of the diamond film or the orientation ok tkingle-crystal diamond. An
enhanced boron incorporation one order of magnithger than in the <100>
oriented films has been observed in <111> diamowpstalé®®. The total amount of
boron incorporated into CVD diamond films can be e@rbver several orders of
magnitude up to concentrations of about' In ® without significant deterioration of
the structural quality under appropriate depositionditions. Normally, nitrogen and
phosphorous can be simply introduced to the gasenusoment as Nor NH; and
PH; respectively. However, whereas the probability farom and phosphorlid
incorporation can be higher than 0.1, nitrogen ipomation probability was found to
be only about 5x10, also dependent on growth directiéh

4.2.EXx situ doping (diffusion and ion-implantation)

Ex situ doping of diamond can be performed by diffa or ion-implantation.
Diffusion of impurities in diamond requires extremndligh temperatures due to the
low diffusion coefficient at moderate temperaturesiccessful boron doping by
diffusion was first reported for the fabrication afdiamond MEtal Semiconductor
Field Effect Transistor (MESFE®]. Other group&*®°® performed experiments for
boron diffusion with different techniques obtainiagdiffusion coefficient of about
4x10™ cnf/s at 1000°C, resulting in a dopant concentratiomiad 2-5x16° cm®,

lon implantation studies on diamond have been tedosince 1960%°. Since
then, a better understanding of defect creation aedumulation during ion
implantation has emerged. This has made it possiblievise successful routes that
enabled diamond to be doped p-type by boron-ionlanmgption whereas limited
success has also been achieved for phosphorustyijthitrogen and oxygen doping to
generate n-type layers. lon-implantation is the hmét of choice for modern
microelectronics in silicon technology. However, iaation requires annealing to
remove the damage and to electrically activateitmglants: in this case diamond
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behaves quite differently than silicon. Misleadiegults for diamond can be obtained
due to the electrical activity of damage in diamoodused by graphitization,
amorphization or point-defect agglomerates. Forlamiation energies from tens to
hundreds of keV, the penetration of energetic iorthé diamond lattice creates mainly
vacancies and interstitial carbon atoms. B-impldr@&®D diamond was characterized
by electron spin resonance and defect formatiawais estimated to be 36 defects per
implanted ion. For doses above the spin numbee#@sing saturation threshold, the
defects concentration was estimated to be in theraf1G* cm>. Once thesp3bonds

of diamond have been broken they revert to the mtatglesp2bonds, thus giving rise
to a crystalline graphite phase. For doses belowatherphization threshold it is
important to remove the implantation damage andleatrically activate the dopant.
This is normally achieved by annealing. Due to te that the diffusion coefficients
of most impurities in diamond are very low, high-f@rature annealing steps are
necessary. Over the years several implantation/éingesthemes have been proposed.
One way is high-dose implantation above the amogpioiz threshold and a
subsequent high-temperature anneal. The purpos® islectrically activate the
‘implantation tail’ and create a graphite layertla¢ damaged surface which can be
removed by wet chemical etching. When the tempezaturing implantation is
significantly increased the amorphozation thresheldalso shifted towards higher
implantation dosé¥.. Furthermore, this procedure should allow an in aitneal of the
implanted area, thus reducing implantation damagether method is based on the
assumption that the vacancies and interstitialsvakile at different temperatufes.
The implantation scheme (Cold Implantation and BRahermal Annealing - CIRA)
consists of two steps, a cold implantation typicalt liquid nitrogen temperature and
rapid anneal typically above 1000°C. Cold implaptatfreezes in’ the implant and
damage so that the interstials and vacancies geikeclose proximity. The high-
temperature anneal is assumed to take advantage tire close proximity of the
interstial and vacancies and enhances the protyabif interstial-vacancy
recombination.

A homogeneously boron doped layer of about 750 nm whined and
characterized by Fontairet all*® applying CIRA method using energies up to 0.7
MeV: such implantation leads to a dopant concemtnatif 4x10° cm® and a p-type
mobility up to 385 crflVs. During the same experiment, also phosphorus, litramch
nitrogen were successfully implanted on diamond.nEweygen has been proposed as
a n-type dopant to be implanted into diam8Bt However, implantation techniques to
introduce dopants in diamond have had limited ssgcaliamond’'s metastable
properties at room temperature and pressure mesrnntiplantation creates damaged
or graphitic regions; even if post-implantation ealing can remove the majority of
damage, it cannot restore the diamond to a pddtitte.
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4.3.Delta doping

Recently, another technique of doping diamond s bntroduced. The so-colled
“d doping” has been firstly demonstrated as a bomsepdoped buried layer to be
used as a channel for diamond based transi§tbr¥he idea was inspired by tlse
MESFET theory proposed by Boaed al. in 1981°! in order to reach the ultimate
physical limit of miniaturization normal to the etal surface by confining a high
carrier density to a very thin layer.

o
(a) {b)

(c) (d)
Figure 11 - Schematic of the steps required to fabricateiolmontacts to buried doped layers. (a)
MeV ion implantation; (b) thermal annealing to 9609c) laser irradiation to fabricate vertical
graphitic contacts; (d) silver paint baked onto tihye of the contacts; between steps (c) and (d) a
further high temperature anneal at 1450°C is cuoigt.

Figure 11 shows the technique proposed by Watkeal!** for the realization of
the 5-doped layer: deeply buried boron doped layers rasized using MeV ion
implantation, contact to the buried layers is agolished using pulsed focused laser
irradiation which is selectively absorbed in the iamped layer to form a graphite
column up to the surface, the contacts are ohmet awide range of applied voltage.
Implantation induced defects that are responsiileédmpensation of the acceptors are
identified. It is found that removal of these defa@quires annealing temperatures of
about 1450°C, but once these defects are remowetuhed B doped layer displays
excellent activation of the acceptors with an atiiraenergy of 0.372 eV. High holes
mobility of 600 cni/Vs has been achieved with a boron concentration bofuta
1.3x1G° cm®,
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Figure 12 shows a Secondary lon Mass Spectrometi§ySBtlepth profile of the B
concentration. The peak vacancy concentration pediby a dose of 1x¥0B/cn? at
77 K is 8x16' vacancies/ct which is just below the critical vacancy concefirat
for graphitization upon annealing of 1¥4@acancies/cth The density of defects in
the cap layer is much lower than the peak values #ilowing for very good recovery
of the cap layer following annealing. It should atsonoted that no diffusion of B can
be observeéd®. Recently, Element Six Ltd?'°" developed &-doping process during
diamond deposition, interrupting CVD with the creatiof the boron doped layer by
using a boron rod source in the chamber and themplating the deposition with a
diamond cap layer at high temperature in order ir@imize memory effects from the
residual borof®!,
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Figure 12 - Secondary ion mass spectrometry (SIMS) deptfilpraf the B concentration in type
Ila diamond implanted with 1x1015 B/cm2 at 2 MeVli@ line). The broken lines show the
calculated B and vacancy concentration producettiéymplantatiot®,

4.4. Surface transfer doping

Although intrinsic diamond is highly insulating, &ilking surface conductivity (SC)
of hydrogenated diamond was firstly discovered byiRend Landstrass on both
natural diamond surfacd®¥’ and on CVD diamond filnis? after exposure to
hydrogen plasma. The measured areal hole densipomnsible for the p-type surface
conductivity (10~10° Q%) lies in the range of 16-10"* cm? with Hall mobility
between 10 and 100 éms.

the outstanding traits of diamond ranks a propéhngt it shares with no other
semiconductor: a highly stable intrinsic Negativeediion Affinity (NEA). The
electron affinity of a semiconductor is definedthe energy difference between the
vacuum level and the Conduction Band Minimum (CBM)ewlin a semiconductor an
electron is raised from the valence band to the CRivlexample by light, such an

34



P. Calvani- Charge Control Devices based on Wide BGap Semiconductc

electron is not free to leave the sample becauseeaurface it encounters an energe
barrier of a few eV, the electron affinifyand in this case the crystal has a pos
electron affinity (PEAM!2. The negative electronfinity of diamond is stable in a
up to several hundred °C and its most spicuous consequence is a yield
photoelectrons that exceeds that of a surface wHA By several orders «
magnitud™=* From a diamond surface coming from the polisheriseel or
synthesized by CVD, an electron at the CBM is freledwe the ¢ystal because sucl
barrier does not exisy;is negative and consequently the surface has Negatectror
Affinity. The NEA of diamond has been discussed qatliely using secondal
electron microscopy (SEM), -ray induced photoelectron spectroscc¢(XPS) anc
ultraviolet light induced photoelectron spectroscqp/PS): the formation of —H
dipoles is considered to be the origin of the niggaglectron affinity of hydroge-
terminated diamond. In case of oxidized diamond,dipole is reversed whichves
rise to a positive electron affinity (PEA) and toiasulating surfac''*12%,
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Among The surface conductivity is only observed gdrbgenated diamond, and
disappears when the surface undergoes dehydrogematixidatiof*®!.

Therefore several mechanisms have been proposegtain how hydrogen causes
surface hole accumulation layer leading to theamariconductivity:

a) the passivation of deep levels (e.g. trap stateg,sgates) and grain boundaries
by subsurface hydroget’: this theory was basically hazarded during a safdy
hydrogenation as an alternative to Deep Level TeamsSpectroscopy (DLTS),
suitable for characterization of traps in a wide<bgap material like diamond;

b) the formation of shallow acceptor states by hydrogeorporated to a depth of
around 0.6 pm in diamond subsurfatt®

c) the existence of hydrogen-induced shallow acceptotfse surface region of as-
deposited hydrogenated diamond films within a regddn200A below the
surfac&*%12%

d) the possible existence of acceptor-type energgstatiudes surface C—H bonds
with energy levels around diamond VBR#! that would explain the surface
conductivity'??;

e) the ionization of acid in water produced oxonium {RO") which reacts with
hydrogen on diamond film and causes the creatidrolefs in diamond il
However, none of these mechanisms satisfactorily a@xgl this intriguing
phenomenon of surface conductivity due to confligth experimental results as well

as theoretical calculatiof$**%!

In 2000, inspired by the electrochemical model &gahese researchers {¢j**°!
Maier et al. proposed the so-callesurface transfer doping modéf. Under the
framework of the electrochemical surface transfegimp model [127], red/ox couples
in the adsorbed water layer provide the surfacepdocéevels necessary for initiating
electron transfer across the diamond/air interfdegreby resulting in an accumulation
of subsurface holes in diamond. The charge transfeceeds until thermodynamic
equilibrium between the electrochemical potentialtlé electrons involved in the
red/ox reaction and the Fermi level of diamondeached. Such red/ox couple was
initially to be HO'/H,1*?*.. More recently, alternative ed/ox couple (i.e. §H,0 for
acid condition, @OH for basic condition) has been propd$8dand experimentally
verified as more realistic surface acceptors totrelelsemically facilitate interfacial
electron transféf®**% owing to their lower electrochemical windows thant tb&
HsO'/H, red/ox coupléand higher @ concentration dissolved in the adsorbed water
layer. Although it is still not clear which red/ox wgme is mainly responsible for
inducing surface conductivity in diamond, the elechemical surface transfer doping
model is well-accepted over other competing modetzan not only explain the p-type
surface conductivity of diamond, but also can beepially implemented as an
alternative way to dope diamond with unprecedentedradges. For example, the
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ultrashallow junction formation crucial to nanoscalevices is readily achieved by
surface transfer doping because the resulting aoteimulation layer in diamond is
confined to the top few nanomef&ts

Substantial p-type surface conductivity of diamamah be readily achieved via
surface transfer doping using atmospheric surfacemors. However, problems are
encountered in applying this method as a practiming scheme for diamond
electronic device applications include the lackcohtrollability of the induced hole
concentration, and the volatile device performashee to the poor thermal-stability of
the physisorbed wetting layer.

Therefore, organic molecules have been proposedltasnative ‘“solid-state”
surface transfer dopants due to their good thernsahbility, non-volatility after
adsorption, compatibility with low-temperature odlwtimn processing, the ability to
selectively dope and hence pattern the diamondacairivia thermal evaporation,
tunability of electronic properties by chemicalusture modifications, and the wide
selection of molecules with suitable electron affés (EA). A number of organic
molecules have already been demonstrated by piéscigalculations to be effective
surface acceptors on diamond, including fullereme &uorinated fullerene (£
CooF20)™*2*¥ and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DEf))High surface
conductivity in diamond induced by deposition ofidtenes and fluorinated fullerenes
has been observed experiment&if}

4.4.1 General Concepts

For classical doping of semiconductors, the dopaogrporated atoms into the host
lattice, releases an eccess of electron as a fegmtime charge carrier to the
semiconductor (n-type) or consumes one more eledtmochemical bounding than it
brought whit them (p-type). The electrons or hokrsaain weakly bound to the dopants
that carry their respective counter charge, atakiés a characteristic activation energy
to release them as free charge carriers (Figurkefti,

However doping can also be achieved by an electrarhagge between a
semiconductor and dopants situated at its surfiacgeneral terms, surface transfer
doping relies on exchange of electrons between taingic semiconductor on the one
side and an electron accepting reservoir at thiaseiron the other side. This electron
accepting reservoir can be less or more compler) fsolated molecules to thin solid
layers up to electrochemical phases with variouts suir solvated ionic species. This
electronic reservoir can be called “surface acaspto

The surface dopants (e.g. acceptors) possess Unedciyolecular Orbitals
(UMOs). If the energetically Lowest Unoccupied Molecutxbital (LUMO) is close
to the Valence Band Maximum (VBM) of the semiconducibwill steal an electron

from the semiconductor, just like classical acceptin. As a result, holes will form in
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the semiconductor, and negative charge will be ipedlon the surface acceptors:
charge separation will automatically established edectrostatical potential th
confines the oles in a perpendicular direction but leaves thexa fo move parallel
the surface

Classical doping Surface transfer doping

,,,,,,,,,,,,,,,, Vacuum level
E.
] UMO +1
- ‘EF‘ ------ F----= LUMO
=r -2 -2 —— - -5 o] -
[, 00 610 ® Ny
A
HOMO

Figure 14 - Beyond conventional doping. This band diagram titates classical-type doping
(left) and j-type surface transfer doping (right), using thergnef an electron in free space a
reference (vacuum level) and E, are the energies of the condun band minimun(CBM) and
the valence band maximi VBM), respectively. The balance between electrons ifmarhlin
acceptor states and free holes in the valence isaexpressed by the constant Fermi enere.
The closer I is to E,, the higher the localensity of holes. LUMO and HOMO are the low
unoccupied and highest occupied molecular orbiththe wrface acceptors, respective

More specifically, when diamond is brought togethehwsurface acceptors, whi
in principle can be solvateelectrochemical species , red/ox couples), isolate
molecules or solid adsorbates, the Fermi enerdgrdiice between diamond and
surface adsorbates (electrochemical potential edpnt for aqueous solution) w
drive electrons from diamond valee band to the electronic empty acceptor leve
the surface adsorbates (e.g. LUMOS). As a resulteofrtterfacial charge transfer, t
surface adsorbates became negatively charged, gual rumbers of compensati
holes accumulate in diamond valencend. Together they build up a sp-charge
layer with associated upward band bending toward diansarface. This in turn rais
the Fermi level of the surface adsorbates so thaligns with the Fermi energy
diamond at thermodynamic equilibrium (F.). The upward band bending can be
strong that the Fermi level of diamond is forcetbisethe VBM at the surface for tr
highly doped case, resulting in a degenerate 8t

Two prerequisites must be satisfied for effectivecafe transfer dopingf diamond
(or other semiconductor

a) To induce significant interfacial charge separatibetween the surfac

adsorbates and diamond, the LUMO of the surface hds® must be close
or below the VBM of diamond for surface transfe-type doping, or higest
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occupied molecular orbital (HOMO) of the surface aldates must lie close
or above the CBM of semiconductor for surface tramne-type dopinc

b) The excessive holes or electrons resulting frorariatial charge transfer mt
be delocalized in theear interface region yet mobile parallel to surfaxeerve
as effective charge carriers. The accumulated hoteslectrons tend to
confined (squeezed) normal to the surface by tletet field created b
interfacial charge separation, thereby rting in a narrow spar-charge layer o
the order of several n

(a) Before electron transfer (b) after equilibrium
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Diamond Surface Blamond acceptors
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Figure 15 - Schematic energy levels for-type surface transfer doping process. (a) Be
electron transfer, the Fermi level°®)or electrochemical potential ) of the adsorbates
lower than that of the diamond. Electron transfemf diamond valence band to adsorba
unoccupied acceptor states (LUMO) is energeticidiyored. (b) In thermal equilibrium aft
electron transfer, Fermi levels on both sidire aligned and the diamond has a laye!
accumulated holes at its surface, with equal amofiodmpensating electrons in adsorb:i

In 200¢ Nebel et al’*!%" summarized the results of several experiment:
hydrogen terminated diamond and prese theoretical calculations of the den-of-
states (DOS) in diamond at the interface to an hdserlayer, starting from Maier
explicatior™® of the origin of surface conductivit

Maier proposed that pH value of water is about 6 dugd, content or other ioni
contamination, so they calculated the chemicalmi@kfor such an aqueous wetti
layer to be abou-4.26 eV. Considering hydrogen terminated diamondatieg
electron affinity to be-1.3eV, the pinning position of the Fermi Il Er at the
water/diamond interface would be about 50 meV belowMB®#: this is enough t
generate a hole accumulation layer at the surfdadiasnond. Figure 16 shows t
schematic energy band diagram of the density déstat the interface diamonc-
terminated diamond surface-H)/adsorbate layer, as measured by Contact Pot
Difference (CPD) experiments applied to charactetiee surface Ferr-level with
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respect to an Au and Al structure (Au work-function baen used for calibration of
the Kelvin probe experiment) where the NEA of -1.3 e¥ haen taken into account.
The C-H dipole energy has been calculated to becV6&.

Energy

¥ = -1.3 eV, neg. electron affinity

CBM E yac (H-term)
Work-Function Au: 4.9 eV
I AE=0.7 eV
Fermi level - .
VBM , 1.68 eV dipole barrier
Diamond C-H Auor

Water Layer
Figure 16 - Schematic energy band diagram of the densisfaiés at the interface
diamond/H-terminated diamond surface (C—H)/adserlzater.

Figure 17 shows a schematic view of the electronpérties at the surface of H-
terminated diamond, where valence-band electronsdiarse into empty electronic
states of an adsorbate layer. Such diffusion gmes to a band-bending which
decrease in diamond with increasing distance tetinface. To calculate the width of
band-bending in proximity of the surface of diamandumerical approach has been
developed to solve the schrodinger and Poissontieqaasimultaneously based on the
narrow GaAs/GaAlAs hetero-junctions modéi¥. It has to be taken into account
that in case of band-bending over a distance wtdchhorter than the De Broglie
wavelength of about 100 A for holes (in diamond), tree dimensional (3D) DOS is
changing to a two dimensional (2D) DOS as shown inréigivb. Calculations have
been performed for hole sheet density of 5x1012camd 5x1013 cm-2. In the first
case (N=5x18 cm?), the Fermi energy is 237 meV below VBM the interface
(VBM n7), In the second case Fermi energy is close to &@@:nm both situations three
different discrete energy levels below VRMare present. In 2010 a detailed study of
the 2D Hole Gas (2DHG) underlying the C(001):H surfaae been presented based
on a 1D self-consistent Poisson-Schrodinger Mi8elSurface transfer doping gives
rise to a potential which confines a sheet of haligkin a depth of 0.2 nm of the C:H
interface. The occupation of these states has timaputed to allow a determination of
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the Fermi level as a function of temperature anié Isheet density: the Fermi level
resides below the VBM in the valence band and preljodscussed results are
substantially confirmed.

a) non-equilibrated b) in equilibrium
Energy Energy
A
Er - -
VBM|—geoe Chemical Chemical
Potential y, Potential 1,
v I Wi N v
Diamond Adsorbate VBM Adsorbate
Layer > Diamond Layer
C-H X C-H x

Figure 17 - Schematic drawing of the diamond/adsorbate hgtarction for the non-equilibrated
(@) and for the equilibrated (b) case. Electrormmfrthe valence-band diffuse into empty
electronic states of the adsorbate layer as lorigeashemical potentialgis lower than the Fermi
energy.

Experiments in combination with numerical calculatimdicate that the Fermi
energy in diamond at the interface of H-terminatié@mond/adsorbate layer is deep
below the VBMyr. Due to the high density of states in the valenardb a Two
Dimensional Density of States (2D-DOS) for holes isggated.

Other groups experimentally showed the formation df-defined quantum states
of holes in the 2D surface layer present on hydragehair-exposed diamond surface
by means of Field Emission Measurem@fis This quantization is evident from the
appearance of discrete jumps in the electron eomssirrent, at well-defined values of
the extracting electric field. The fact that quantefiects are fourftf?, at RT, in the
field emission from a front contacted surface canitig diamond and that they can be
theoretically reproduced, supports the hypothésisit is the “surface transfer doping”
model that gives rise to surface conduction of Hateated diamond, also showing
that such field emission properties of H-terminadtednsic diamond covered with an
adsorbate layer can be attributed to the 2D-DOBeatliamond surfacg$’.

5. Electronic Contacts on Diamond
5.1.Contact theory

Metal and semiconductor have to be considered asgliffevent energy levels. They
can be seen as completely full for energies lowan thermi level (electrons) and
completely empty for higher energies (holes). fufe 18 E, represents the energy of
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free electron in vacuuny the work function (energy needed for electronsditam
from Fermi level to vacuum level) ang is the semiconductor electron affinity.
Besides,Ec and Ey are obviously conduction and valence band eneegpectively
while E; is the gap between thef,£E-Ey)

E,
" £ qo,
E g
fm Y Efs
E

Figure 18 —Energy levels for a metal and a semiconductor

Different situations can be found in dependencehef fiositions of the different
energy levels: in @-type semiconductor the Fermi level will be closehe valence
band E while for an-type semiconductor it will be close to conducticant E.
Considering the contact between a metal and p-tgpeiconductors wherey<es
(Schottky contact), holes will be the carriers fbe tconduction phenomena in the
material and the semiconductor Fermi level will ieér than the metal Fermi level.

At thermodynamic equilibrium, Fermi levels must i@ so the semiconductor
needs a holes depletion at the interface, an eleffow from metal to semiconductor:
this process will result in a electric field that lvehturate creating a rectifying junction,
the Schottky junction.

5.1.1.Schottky Junction

The built in voltagey; is defined agi- pn-ps andqp; is the barrier height bring by
holes from semiconductor to metal. Schottky barisedefined asgggo-Eg+0y-0¢m,
basically the barrier height bring by holes fromtahéo semiconductor.

Electric field is completely localized in the sewmmductor depleted layer and, in the
ideal hypothesis of full depletion, charge disttibn and electric field for a p-type
metal-semiconductor junction are shown in figure® Hhd 18c. If metal can be
considered a perfect conductor, charge distributionld be parallel to its surface. By
the way in an ideap-type semiconductor, negative charge would be dthereto
ionized acceptors and free electrons, while holesldvbe responsible of positive
charge. In depletion approximatiog,is the spatial charge extension and the maximum
for electric field is at the interface. From the Maell equations E/dx=p/e) result,
with p=gNa:
qN

A
Xqg — X
G =)

E(x) =
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b) c)
Figure 19— a) band diagram of &type semiconductor Schottky junction, b) chargéridigtion
in the full depletion hypothesis, c) electric fibehavior for full depletio

And soEn.,=(qNaxg)/e.. ConsiderincE(x)=-grad[¢(x)], built-in is:
2
0 =@ =xq) = _%Emaxxd = _%ql\(];xd

Fromg; equation, it is possible to find the extensiontaf tiepletion regiorSo, the
surfacespece chargi density in the semiconductorQa=qNax=(-2q &sNa ¢)*2

The entire voltage drop is extended only in semiconductor. If an extern
voltage would be applied, it would be supported byisenductor and it would rest
in a modification of the band diagram, changingtagé bending ang; value. Wher
the metal is negative biasas for the semiconductor, re is a reduction of such
barrier and, the other way round, it increases endpposite conditiol (see Fig 20i
and 20b.

In inverse biasing conditions a positive voltagapplied on the metal and the b-
in voltage drops down to a negative valip;-V,). The space charge in the deple
region increase tQx=[-2q & Na(¢i-V.)]“% Applying a small alternate signal, t
junction points out a capacitive behavior, changmtel by a specific capacitan

_(’)Qs= _ qesNy _5
2((pi_Va) Xd

oy,
qssNA 1

Cs

that could be explicited fcV, as:
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It is worth to notice that the slope of such a cupants out the accepto
concentration and the interception with the voltages provide an approximation
the buil-in value

@ (b)
Figure 2C — Band bendin for ap-type semiconduct: a) direct biasing for ,<0 results in ¢
barrier lowering, b) inverse biasiifor V>0 resulsin a barrier incresin

-1

M) = —— < ¢/,
xd = — = —
qES ac 2/a]/ qgs v

The current across a mesemiconductor junction is mainly due to majo
carriers. Three distinctly different mechanismssexdiffusion of carriers from th
semiconductor into the metal, thermionic emissidncarriers across the Schott
barrier and quantu-mechanical tunneling through the barrier. The diffa theory
assumes that the driving force is distributed dkierlength of the depletion layer. T
thermionic emission theory on the other hand pagtgl tht only energetic carrier.
those, which have an energy equal to or larger tharconduction band energy at-
meta-semiconductor interface, contribute to the curfdmiv. Quantun-mechanica
tunneling through the barrier takes into accour tavenaure of the electron:
allowing them to penetrate through thin barriersalgiven junction, a combination
all three mechanisms could exist. However, typicalie finds that only one curre
mechanism dominate

The analysis reveals that the diffusiand thermionic emission currents can
written in the following forrr

-¢8) Va/
Jp = quN_e Vt (e Vi — 1)

This expression states that the current is theymtodf the electronic charge, g
velocity, v, and the density of available carrigrghe senconductor located next -
the interface. The velocity equals the mobility tiplied with the field at the interfac
for the diffusion current and the Richardson velpdor the thermionic emissic
current. The minus one term ensures that the duiseero if no voltage is applied i
in thermal equilibrium any motion of carriers iddyaced by a motion of carriers in t
opposite directiol
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The tunneling current is of a similar form, namely= q vsn ©, wherew is the
Richardson velocity andis the density of carriers in the semiconducttre Tunneling
probability term,®, is added since the total current depends onahéec flux arriving
at the tunnel barrier multiplied with the probalyili®, that they tunnel through the
barrier.

e 1
(cm*/F?)

.
.
.
d)i

Figure 21 —Capacitance dependence on applied voltage expleeteiour

v' Diffusion current

This analysis assumes that the depletion layesrigel compared to the mean free
path, so that the concepts of drift and diffusiom alid. The resulting current density
equals:

= q?’D,N. [2q(@; — V)N, [e—qDB/Vt (eva/Vt 3 1)]
Vi s

The current therefore depends exponentially orafiied voltageV,, and the barrier

height, gg. Considering x=[2e(¢i-Va)/qNa] Y%, the prefactor can more easily be

understood if one rewrites it as a function of tHeckic field at the metal-

semiconductor interfac&ma=(qNax)/es=[2q(pi-Va)NA/ & 2, yielding:

_‘PB/ Va/
Jp = qbpEnaxNe [e Ve <€ Ve — 1)]

wherey, is the holes mobility from Einstein-SmoluchowsKat®n (=D/KT), so that
the prefactor equals the drift current at the ms¢smhiconductor interface, which for
zero applied voltage exactly balances the diffusioment.

v Thermionic emission

The thermionic emission theory assumes that @estrwith an energy larger than
the top of the barrier, will cross the barrier pdad they move towards the barrier.
The actual shape of the barrier is hereby ignored.
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The current can be expressed as:
-¢B V.
Jus = AT?%e /% (e e — 1)

Where A'=(4zqgm k?)/h® is the Richardson constant ang is the Schottky barrier
height. The expression for the current due to ti@mia emission can also be written as
a function of the average velocity with which thectlens at the interface approach the
barrier. This velocity is referred to as the Ridsam velocity given by
ve=[KT/(2zm)]*?, so that the current density becomes:

_‘PB/ Va/
Jp = qugNce Ve (e Ve — 1)

v Tunneling

The tunneling current is obtained from the prodofcthe carrier charge, velocity
and density. The velocity equals the Richardsoooigl, the velocity with which on
average the carriers approach the barrier. Thaecatensity equals the density of
available electrons, n, multiplied with the tunngliprobability,®, yielding J,=qvgné,
where the tunneling probability is obtained from:

8m 2qm*<p33/2
O=exp| -3

and the electric field equal&= ¢g/L. The tunneling current therefore depends
exponentially on the barrier heighg, to the 3/2 power.

5.1.2.0hmic contacts

Metal-semiconductor contacts are an obvious compookrany semiconductor
device. At the same time, such contacts cannot figmeed to have a resistance as low
as that of two connected metals. In particular, lasady said, a large mismatch
between the Fermi energy of the metal and semicdodwan result is a high-
resistance rectifying contact. A proper choice oferials can provide otherwise a low
resistance Ohmic contact. However for a lot of sendactors there is no appropriate
metal available. Instead one then creates a tworghct. Such contact consists of a
thin barrier through which carriers can readily teiniThin interfacial layers also affect
contact formation. Most metal-semiconductor contaotsannealed or alloyed after the
initial deposition of the metal in an effort to flaer improve the contact resistivity.

A metal-semiconductor junction results in an Ohmiataot (i.e. a contact with
voltage independent resistance) if the Schottkyidraheight,eg, is zero or negative.
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In such case, the carriers are free to flow in drodihe semiconductor so that thert
a minimal resistance across the con

Figure 22 —Band diagram for an ohmic junctiop-type;

For ann-type semiconductor, this means that the work functibthe metal mus
be close to or smaller than the electron affiniftythee semiconductor. For p-type
semiconductor, it requires that the w function of the metal must be close to or lar
than thcsum of the electron affinity and the bandgap ene&jyce the work functio
of most metals is less than 5 V and a typical ebecaffinity is about 4 V, it can
problematic to find a metal that provides an Ohnuntact top-type semiconductol
with g large bandgap such as GaN, SiC or Diarr

Figure 23— Applied voltage drop is distributed beside x in ieeniconducto
sc the Fermi level has a dependence on x: a) direst bi) inverse bi

Considering epr>ps meta-semiconductor junction, Fermi levels are not aldji
The only condition for such an alignment is a h@ekancement at the semicondu:
interface with the metal, that is an elecs flow from semiconductor toward tt
metal. In this case, e baids bend in the Schottky contact opposite way (fi@2¥

For directand inversebiasing condition, holes have no barrier to crossvber
semiconductor and metal: such a crossing is eneafjgtfavorite (figure 23a and 23
respectively’

v Tunnel contac

An alternate and more practical contact is a tunoetact. Such contacts do hav
positive barrier at the me-semiconductor interface, but also have a high em
doping in the semiconductor that there is onlyia Harrier separating the metal fr
the semiconduct (x4 is proportional ttNy ™). If the width of the depletion region at t
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metal-semiconductor interface is very thin, on ¢néer of 3 nm or less, carriers can
readily tunnel across such barrier. The requiredirdp density for such contact is
theoretically higher than 1bcm?.

v' Annealed and alloyed contacts

The fabrication of Ohmic contacts frequently inclside high temperature step so
that the deposited metals can either alloy with $eeniconductor or the high-
temperature anneal reduces the unintentional baati¢he interface. In the case of
silicon, one can simply deposit a metal such asigwm and obtain a reasonable
Ohmic contact. However, subsequent annealing at 4irb@Ceducing ambient such as
forming gas (20:1 MHy) will further improve the contact resistivity. Tiemperature
is chosen below the eutectic temperature of the SilAdctic composition. Annealing
at higher temperature causes the formation of Zilldlys, which in turn causes pits in
the silicon. This effect is also referred to aki#g and when penetrating through an
underlying p-n junction these “spikes” dramaticaliffect the quality of the p-n
junction as can be observed in the form of an ecddrieakage current or reduced
breakdown voltage. The use of a reducing atmospdesiels any further oxidation of
the metal during annealing, while it can also redacg interfacial oxide between the
metal and semiconductor. Aluminum deposited onto-dowed silicon (< 18 cni®)
tends to form Schottky barriers, so that it is adageous to provided a more-highly
doped contact region underneath the contact meked. small barrier height can be
overcome through thermionic emission, while the aohtresistance is further
improved by creating a tunnel barrier using degatiedy doped contact layers.

Contacts to compound semiconductors require some m@atbtention. Selecting a
material with the right work function might still neésult in the expected Ohmic
contact. This is caused by pinning of the Fermrgyat the interface due to the large
number of surface states at the metal-semiconducterface. This only leaves the
tunnel contact as a viable low resistance contaxfuither improve the tunnel contact
one adds dopants. An anneal at 400°C in a formisgag#ient for ten minutes causes
the dopants to alloy with the semiconductor, ther@ioming a thin high-doped region
as desired for a tunnel contact.

v' Contact resistance to a thin semiconductor layer

The contact between a metal and a thin semicondiagter can be described with
the resistive network shown in Figure 24.

This equivalent circuit is obtained by slicing thteucture into small sections with
length Ax, so that the contact resistangg, and the semiconductor resistanBg, are
given byR;=pJ(WAx) andR,=R«x/W wherep, is the contact resistance of the metal-
to-semiconductor interface per unit area with uoft€en?, R, is the sheet resistance
of the semiconductor layer (the sheet resistanéarisally a measure of resistance of

48



P. Calvani- Charge Control Devices based on Wide BGap Semiconductc

thin films that are namely uniform in thickne with units of Q,;, (Ohms per square
and W is the width of the conte

|
| Metal ‘ | ey e s L“l‘
< s
. < (}
Semiconductor AN v,\j_,\ arLagsg A
B, E, E, B, B,
| ] ! ! ! -
-L o G x x+& d

Figure 24 - Distributed resistance model of a contact to a seimiconductor laye

Using Kirchoff's laws one obtains the following relatiadbetween the voltagV(x),
across the I-S interface and the currell(x), parallel to the interface x andx+4x.

V(x+Ax) —V(x) =I1(x)R, = I(x)%Ax

%4 w
I(x +Ax) —I(x) = ) =V(x)—Ax
Ry Pc
By letting Ax approach zeland combining the two obtained differential equationc

2
0 1(x) =I(x)&:@ with A = Pe

d0x? pe  A? R,

The parametel is the characteristic distance over which the ctercbanges under tt
metal contact and is alreferred to as the penetration length. The gersedation for
I(x) and V(x) ar, whered is the distanc:

sinh &% AR cosh &%
I(x) = Io—g and V(x) = I(,—S—éll
sinh= W sinh<
Pl 2
The total resistance of the contac
V(0 AR d +/p.R d
Rczﬁz ® coth— = Pe ® coth—
1(0) w A w A

In the limit for an infinitely long contact («d>>/) the contact resistance is given

R, = \/’]’AC/RS
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5.2.Contacting Diamond

For diamond to be used as a semiconductor in devidgh quality contacts are
essential and the requirements on such contacysfr@n application to application.
Metallurgical stability at elevated temperatures goddd adhesion, such as for the
bonding of components on CVD diamond heat sinks nfiti-chip modules, are
important for any of these. These two requiremdrisjever, are difficult to meet with
a single film, since good adhesion requires a readietween the covalently bonded
diamond and the metal. However, metallurgical inttwas degrade adhesion and
electrical properties at the bond, thus limitinge thapplicability of these
metallization8**. In general the requirements for ohmic contacts wa summarized
as follows™*k

a) low contact resistivity (for ohmic/non-rectifying m@cts);

b) good adhesion;

¢) high thermal stability;

d) high corrosion resistance;

e) bondable top-layer;

f) suitable for micro-patterning.

Most metal contacts to semiconductors are non-oklmnécto surface depletion. The
most common method used to achieve ohmic behav®wo increase the doping
concentration, and this has been employed in didmon

(a) (b)

depletion region

B A B
|| metal ||
& e
diamond | p-type surface p-type surface
A layer Leel layer

(©)

depletion region

c

¥ pulk diamond

metal residual By

p-type surface
layer

Figure 25 —Band diagram of metal-hydrogen terminated diamaondtjon:
a) contact scheme, b) BB’ band diagram, c) AA’ bdiadjram
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This has the effect of reducing the depletion wialtld hence the contact resistance
by increasing tunnelling through the Schottky kerrit has been found that by using
carbide-forming metals (such as Mo, Ta, Ti) in camalion with annealing, it is
possible to make ohmic contacts to p-type diatéd” with specific contact
resistance as low as ~i@cn?*8. This is thought to be due to enhanced conduction
through areas in which metal-carbide formation lasired. Ohmic contacts tetype
diamond have been much more difficult to realizetokat al'**” reported Ti contacts
to heavily phosphorus-doped diamond films~«N*®° cm®) that, although non-ideal,
exhibited contact resistances down t6® I®cn?. Schottky contacts to diamond have
been fabricated using both non-carbide forming.(ély Pt) and carbide forming
metals, although the latter metals should not mealed.

Metal contacts to H-terminated electronic surfaceiad#s such as surface field-
effect transistors often use Al for the gate andféwuthe source and drain. Further
details will be discussed in section 7.3.

Properties of a junction betwegnrtype diamond and a metal can be interpreted
with the already exposed Schottky barrier theotkintain to account the high number
of diamond surface defects that cramp the bareeht to a value independent on the
metal work functiof****'and considering the hydrogen terminated surfacethmp-
type semiconductor layer. THEB' part in figure 25a induces a band bending over as
shown in figure 25b and therefore it acts like aalkeeémiconductor junction. In order
to be a rectifying junction on a p-type semiconduthe hydrogen terminated layer) it
has to bep<ps wheregs is the distance between the Fermi level of ktgpe layer
and the vacuum level. The depletion region begiomfthe metal-diamond interface
and its extension depends on the metal work functodmigher Schottky barrier for a
smaller work function resulting in a higher banddieg and depletion length.

The AA’ section in figure 25a presents a path fromtaheacross hydrogen
terminated surface, down to diamond (assumed ideaigcts free). Considering the
theoretical model of hydrogen as a acceptor sggegrator on diamond surface, the
band diagram is shown in figure 25c. Besides, thgletien region is not deeply
extended in the conductive layer, resulting in anband bending. Going toward the
bulk diamond, Fermi level returns the same as tlik. INevertheless, it is possible to
point out a residual holes accumulation just beytheddepletion region: the junction
depletion region length is smaller than the hydroggminated layer air exposed.

The following table presents a simple breviary oftatee behavior on hydrogen
terminated diamond surface.

Establishing high quality contacts to the diamasdlso important. Repeated re-
contacting of the same diamond device has shown glgatificant variations in
performance can occur, for the same contact redijyaporated gold can work well in
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many circumstances but can suffer from low mecharmchesion and thus poor
longevity. Other successful schemes include layetis @édrbide formers such as Cr or
Ti, and one type of DLC developed by Diamond Detedtta$®®.

Table 3 - metals behavior on hydrogen terminated dianmmal surface

Metal Electron Contact Schottky Barrier  Rectification
Affinity Behavior Height (eV) Ratio
Mg 1.2 Schottky 0.94 fo
Zn 1.5 Schottky 0.92 10
Al 1.5 Schottky 0.85 10
Ta 1.5 Schottky 0.80 fo
In 1.7 Schottky 0.81 fo
Pb 1.7 Schottky 0.80 fo
Ni 1.8 Schottky 0.58 10
Fe 1.8 Schottky 0.54 io
Ag 1.9 Ohmic <0.3 -
Pd 2,2 Ohmic <0.3 -
Au 2.3 Ohmic <0.3 -
Pt 2.4 Ohmic <0.3 -

6. Metal Semiconductor Field Effect Transistor (MESFET)

Even if a model for metal semiconductor field effe@ansistor is not completely
accepted by scientific community, hydrogen termédatdiamond based devices
fabricated in this thesis could be associated ¢h sudevice. Here author reports a brief
theoretical model of MESFET in order to relate faling characterization results to
this structure.

Source Gate Drain

n-channel

p-type or semi-insulating substrate depiclinaiegian

Figure 26 —Schematic of a n-type channel MESFET

Typical structure of a metal semiconductor fielteef transistor is made up with a
Schottky junction, acting like a control electrofegate), in between of two ohmic
contacts, the source and the drain. Current betwhenc contacts depends on the
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cross sectional of conductive channel under gatetrelde, that in turn depends on
applied voltage: the control of the channel is wied by varying the depletion layer
width underneath the metal contact which modulatestitickness of the conducting
channel and thereby the current between source emd. MESFET is basically a
different kind of JFET (Junction Field Effect Tréster), an amplifier device that differ
from MESFET in apn instead of a Schottky junction. Schottky junctignactually
important for semiconductors that present a diffidoping process.

The key advantage of the MESFET is the higher migbdi the carriers in the
channel as compared to the MOSFET. Since the catdeated in the inversion layer
of a MOSFET have a wave function, which extends intootkide, their mobility - also
referred to as surface mobility - is less than bathe mobility of bulk material. As the
depletion region separates the carriers from thiasel their mobility is close to that of
bulk material. The higher mobility leads to a higlirrent, transconductance and
transition frequency of the device. The drawbackthed MESFET structure is the
presence of the Schottky metal gate. It limitsfurvard bias voltage on the gate to the
turn-on voltage of the Schottky diode. This turnvaitage is typically 0.7 V for GaAs
Schottky diodes. The threshold voltage thereforestnhe lower than this turn-on
voltage. As a result it is more difficult to fabrieacircuits containing a large number of
enhancement-mode MESFET.

The higher transition frequency of the MESFET maiteenyway particularly of
interest for microwave circuits. While the advantagfethe MESFET provides a
superior microwave amplifier or circuit, the limitat by the diode turn-on is easily
tolerated. Typically depletion-mode devices aredusice they provide a larger
current and larger transconductance and the circaihtain only a few transistors, so
that threshold control is not a limiting factor. éfburied channel also yields a better
noise performance as trapping and release of cairigo and from surface states and
defects is eliminated.

The use of wide band gap semiconductors basedrrétha silicon MESFETs
provides two more significant advantages: first, thlectron mobility at room
temperature is larger while the peak carriers vgtasi higher; Second, it is easy to
fabricate semi-insulating or insulating substratehjch eliminates the problem of
absorbing microwave power in the substrate due ®dagrier absorption.

6.1. MESFET Operation

The threshold voltagd/r, of a MESFET is the voltage required to fully deplthe
doped channel layer. This threshold voltage equals:
qNyd?
2¢&;

Ve =¢; —
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whereg; is the buil-in potential ancd is the thickness of the doped region. 1
threshold voltage can also be written as a funaiiothe pincl-off voltage, Vi=¢i-Vp,
where the pinc-off voltage equal:

_ qNgd®
P 2&g

The derivation of the current in a MESFET startscbpsidering a sall section of
the device betweey andy+dy. The current density at that point can be writtera
function of the gradient of the channel volt V¢:

Ve (y)

dy

The drain currenlp is related to the current densand the part of the MESFE
channel that is not deplet

J = qnv = qNgu,E = —qNgp,

Ip =—JW(d —x,())
Where the depletion layer width at positiy is related to the channel voltag

Vel(y), by:

|25 = Vg + Ve ()
xn(y) = N
qiNg
The equation for the current can now be inteed from source to drain, yieldir

3
w % (‘P'—VG‘l‘Vc)/ZV
Ip = qup'nd_ VCloD - |0D
L /VP
Since the stearstate current in the device is independent of mosithe left hant
term equaldp timesL, so tha integration results (Fig. 27

3 3
w 2((pi—Ve+Vp) /2 (p;—Va)/2
Ip = qNgu,d—|Vp — 3 -
nt 3 Vs JVp

This result is valid as long as the width of the-depleted channgd — x,(y)] is
positive, namely foVp<Vs-V. This condition also defines the quadratic regiora
MESFET. For larger drain voltage, the current satsr(Fig. 28) and equals that
Vb=Ve-Vi=Vpsa The corresponding current is the saturation cuylp sa:

—v)Y
w VG_VT_g(VP_Mﬂ

ID,sat = qu/undT \/VP

Y,

Figure 27 — linear operation region for &type channel MESFE
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Figure 28 -saturated operation region for a n-type channel MES

An example of the resulting |-V characteristics iswh in figure below (Fig. 29).
The transfer characteristic of a MESFET is compaoea quadratic expression of the
form:

es W (Vg — Vr)?

ID,sat = pnw I 2

wherew is the average depletion layer width in the charagér. The quadratic
expression yields the same currenVgt ¢; for w=3d/8. The close fit is at times used
to justify using the simpler quadratic equation.

-804
V= -4.5Y
604
E
3
E A0 - -_W"G= -0.5V
_ﬂ
204
Ve: =1.5%
o T T T T
0 -2 -4 ] -8 -10

VIJS M

Figure 29 -DC output characteristic of a p-channel diamond MES with Lc=1 um and
We=20 um. Drain current density reaches 75 mA/mm & 3~4.5 V and pinch off is observed
atVes=—1.5V

6.2.Outline on parasitic elements and short channelaff

Gate length and gate width are two critical FET charsstics: a short and wide
gate ensures higher performances. Neverthelesssveayl gate fabrication requires
expensive and elaborate processes. In microwavéaiars, little parasitic elements
(i.e. gate resistance) cannot be neglected becafistheir device performances
influence. Gate resistance can be considerable ialsoatched with gate-source
capacitance: they establish a RC filter at FET firipat reduces device gain. With the
introduction of multifinger gate structures andhgpes, such parasitic elements can be
strongly reduces, even if not erased. Source cobmésistance is often an annoying
parasitic element as well because it introducesgative feedback reducing FET gain
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and it affects device input characteristics spgilimmise figure: a lot of structures,
basically recessed gate based, have been implednenteinimize this kind of effects.

Source contact inductance is a parasitic compotiemit mostly affects power
amplifier introducing areal parameter for input impedance that increases neguc
FET gain: a solution to the problem is often torfedteviasto ground the source.

Parasitic capacitances are the main limitatioRE® operative frequencies. Gate to
source capacitance is mostly formed by Schottkgtjon and gate-channel respective
capacitances. To find the right equilibrium betwedrannel doping and resulting
channel conductance in the main key for a perfestog operation. In saturation
region, Schottky capacitance is completely assigntbgate to source area and a shift
toward source electrode is often suggested in dodetinimize such a parasitic effect,
increasing also gate to drain breakdown voltage.

As already said, a short and wide gate ensures hjggdormances: a device is
considered to be short when the channel lengtheiséime order of magnitude as the
depletion-layer widthsx{p, X4g) of the source and drain junction. Neverthelesshas
channel length L is reduced to increase both theratipn speed, and however
obviously the number of components per chip, thealled short-channel effects arise.
Short-channel effectis an effect whereby a FET behaifferently from expected
FETs operations. Such a effect can be attributetdwvto physical phenomena: the
limitation imposed on electron drift characteristio the channel and the modification
of the threshold voltage due to the shortening olhbiength.

In particular five different short-channel effectn be distinguished:

a) drain-induced barrier lowering and punch-throughen the depletion regions
surrounding the drain extends to the source, dattlestwo depletion layer merge (i.e.,
whenxgstXgp=L), punch-trough occurs. Punch-through can be migdhiwith thinner
oxides, larger substrate doping, shallower junctioasd obviously with longer
channels. The current flow in the channel dependsreating and sustaining an
inversion layer on the surface. If the gate biabage is not sufficient to invert the
surface (\és<Vr), the carriers in the channel face a potentiatiathat blocks the
flow. Increasing the gate voltage reduces this pi@tebarrier and, eventually, allows
the flow of carriers under the influence of the atrelectric field. In small-geometry
FETSs, the potential barrier is controlled by bdth gate to source voltagesyand the
drain to source voltage p¥. If Vps is increased, the potential barrier in the channel
decreases, leading to drain-induced barrier lowe(DBL). The reduction of the
potential barrier eventually allows electron flowwseén the source and the drain, even
if the gate-to-source voltage is lower than theghodd voltage. The channel current
that flows under this conditions V) is called the sub-threshold current.

b) surface scatteringas the channel length becomes smaller due tdatieeal
extension of the depletion layer into the chanegion, the longitudinal electric field
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componentE, increases, and the surface mobility becomes tlefjpendent. Since the
carrier transport in a FET is confined within therog inversion layer, and the surface
scattering (that is the collisions suffered by ¢fextrons that are accelerated toward the
interface byE,) causes reduction of the mobility, the electronsvenwith great
difficulty parallel to the interface, so that theesage surface mobility, even for small
values ofE,, is about half as much as that of the bulk mahbilit

¢) velocity saturation The performance short-channel devices is alsectdftl by
velocity saturation, which reduces the transconcheetan the saturation mode. At low
E,, the carriers drift velocityvy in the channel varies linearly with the electrieldi
intensity. However, ag, increases above 1®/cm, the drift velocity tends to increase
more slowly, and approaches a saturation valug&i=10" cm/s around,=10° V/cm
at 300 K. Note that the drain current is limited ®jocity saturation instead of pinch-
off. This occurs in short channel devices when dimaensions are scaled without
lowering the bias voltages. Usingsa, the maximum gain possible for a FET can be
defined ag)=WC\Vysar

d) impact ionizationit occurs due to the high velocity of electronspresence of
high longitudinal fields that can generate electhofe pairs by impact ionization, that
is, by impacting on substrate material atoms anizing them. Normally, in a nFET,
most of the electrons are attracted by the drainlewthe holes enter the substrate to
form part of the parasitic substrate current. Moegpthe region between the source
and the drain can act like the base of an npnis@mswith the source playing the role
of the emitter and the drain that of the collectbrthe aforementioned holes are
collected by the source, and the corresponding bwieent creates a voltage drop in
the substrate material of the order of 6V, the ndlsmaversed-biased substrate-source
pn junction will conduct appreciably. Then electraas be injected from the source to
the substrate, similar to the injection of elec&rénom the emitter to the base. They can
gain enough energy as they travel toward the dmicreate new electron-hole pairs.
The situation can worsen if some electrons generdtedto high fields escape the
drain field to travel into the substrate, therefig@ting other devices on a chip.

e) hot electronshigh energy electrons can enter the interfacerlayhere they can
be trapped, giving rise to oxide charging that aacumulate with time and degrade the
device performance by increasiMy and affect adversely the gate’s control on the
drain current.

6.3.MESFET model

MESFET large signal model can be obtained from maysstructure of such a
device (Fig. 30). Figure 31 and 32 present smgiiaiand large signal models and the
relationships between physical structure and cirelginents. Small signal model is a
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direct consequence of large signal model and itdshdfue up to more than ten

gigahertz. Such a model can be split in two partated to device intrinsic and

extrinsic parameters respectively. Intrinsic parergecharacterize device active area
and depend on bias conditions while extrinsic onaa be roughly related to

fabrication technology.
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1 |1
! 11
4| Cep
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Figure 30— Schematic MESFET model parameters origin

v Rs, Rs andRy, are the gate, source and drain resistances resggand belong to
model extrinsic sectiorR, andRs regard the ohmic contact resistance at the metal-
semiconductor interface and other resistances batvibedk and FET conductive
channel. On the other hangg is the metal resistance of gate Schottky contaitt.
these resistance values are in the order of few ohms
v Lg, LsandLp are due to the contact pads inductances. In sharinel FETs, gate
inductance_g is typically greater than the others, althougteipends on device layout.
v R is the semiconductor resistance beneath the datdraae, between source
contact and conductive channel.
v Cps s the drain to source capacitance, controlledidsyice geometrical parameters
and usually considered as a constant.

G L, R, C R. L D

o__/{'x‘\qu' }&Tﬁ_ﬁ\__o
C
Ces | Rg Gs C C

Figure 31— MESFET small signal model

v' Css andCgp are channel capacitance, typically non linearlpeshelent on applied

voltages. They model the space charge effect indggetion region when gate to

source and gate to drain voltages vary respecti¥agping in to account capacitance
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decreasing behavior when inverse bias increases 8clettky junction,Cgs is
noticeably greater thabps.

v’ Ipsis the controlled drain to source current.

v' Cpg andCpp are the gate and drain pads to source capacitaspectively. They
depends on FET layout and they need particularde¥ices structures to be
extrapolated.

G
[ —

Figure 32— MESFET large signal model

v Om Named transconductance, is thg Variation increase dependence on input
voltage \&s. It is basically the slope dbg(Vsg characteristic whelWps is constant.
Device transconductance is an indicative parametar microwaves device
performances.

v Rps describes the resistance between drain and sduis@ften expressed in terms
of output conductanchszRDs'l, defined as thepk variation increase dependence on
input voltageVps and so the slope dfg(Vps) characteristic wheWgs is constant.
Output conductance is an indicative characteristicahalogical operations because of
its outstanding contribution to device maximum &gk gain and output impedance
matching. Even if a low output conductance is sigtaib typically increases with gate
length reduction.

7. Diamond based Transistors

7.1.Why diamond for power electronics?

New semiconductor technologies are currently in dgraent in order to address
the demanding requirements of the emerging teleaamization systems for devices
able to operate in high frequency and high powegeaat the same time. For example,
120 W and 10 GHz are needed for communications sasellSuch performance is
beyond the ability of conventional semiconductovides, so these applications still
rely on vacuum tubes. However, the power efficiencywafuum tubes is quite low,
because almost all of their input power is consumasdheat. Wide band gap
semiconductors are the actual technological answer tlie three fundamental
requirements of emerging communication systemsh IR§ output-power density at
more than 1 GHz , high energy efficiency in termgoiver added efficiency (PAE)
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and higher operation voltages with energy consumgmlow as it is possible. Present
days well-established technology of GaAs MESFETS Igrgséd in base stations and
radars offers about 1 W/mm for output-power dengitth a not negligible energy
consumption.
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Groundbreaking technology development of Galliumitl&(GaN) seems to be the
real step beyond for devices working in extreme @@ in terms communication
satellites. However the extreme substrate cost amllyfadded to the pestering self-
heating effects shown by GaN based devices, encouthga®search of alternative
materials for applications in the same areas. Diaman the widest band gap
semiconductor (5.5 eV) and shows several physicadesties that make it interesting
for microwaves electronics. Already discussed vegh lireakdown electric field (10
V/cm), high carriers saturation velocity (16m/s) and mobility are advantages for
high power applications: among all semiconductoasndind presents the best Johnson
(Jeom) and Keyes Figures of Mef?*>¥ that could be easily related with available
frequencies and expected RF output-power according t

E 2
Jrom = ( baVsat/ 21‘:) = Vmax X fuax

Added to such promising characteristics, diamondsents the highest thermal
conductivity: about 15 times larger than GaN andh#htGaAs (see following table
4). These properties offer the possibility of realy electronic devices with far
superior performances regarding high frequency, pos¥iciency, power density,
power loss, cooling and robustness in harsh envieminOwing to the potentiality of
enabling high performance microwave power devicesRBICs, the technology of
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diamond is currently receiving much interest fag thbrication of FETs with high cut-
off frequencies and high output power.

Table 4 — Semiconductors Physical Properties

Material  Band gap coqgjir(r:rt]ie: ty E, Mobility Ve 3
unit eV W/cmK 10° Vicm cnfiVs 10 cm/s
Diamond 55 20 10 2000 1.0 5.7
GaN 34 1.5 2.5 2000 2.5 8.§I‘
SiC 3.27 4.9 3.0 1000 2.0 9.7!
GaAs 1.42 0.55 04 8500 1.29 l?_‘lg
InP 1.34 0.68 0.5 5400 2.6 12.I4
Si 1.12 15 0.3 1400 1.0 11.:3
Ge 0.67 0.58 0.1 3900 1.0 16.I2

7.2.Diamond transistors history

Even if diamond can be considered in its infancyaasemiconductor material, a
wealth of proof-of-principle two-terminal and threm+ninal devices has been
fabricated and tested. Two-terminal diamond devicetuded the literature arpn
diodes, UV emittingpn diodes, p-i-n diodes, various types of radiation detectors,
Schottky diodes and photoconductive or electrombemgered switches.

The first transistor action in diamond was reportgd Rsind*** in 1982. He
demonstrated a bipolapn transistor made from natural p-type diamond. THgpe
regions were created by carbon ion-implantatiomating zones with high defect
concentration that exhibitadtype behavior (Fig. 33).
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Figure 33 —First transistor action demonstrated on diamon@tiys in 1988°?
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However, it should be noted, that owing to the latgesimetry of the transistor, the
current amplification factohg, the ratio of the collector current to the basgant, is
very low and equal to only 0.11. Prins supposed tiiatvery low current gain was
related to the fact that only the small junctioaaaof 0.3 um depth and 2.4 mm length,
facing the similar sized area of the collector-bpsetion (Fig. 33), was involved in
promoting transistor conduction between collectat emitter.

EMITTER COLLECTOR

TUNGSTEN PROBES

OHMIC
CONTACT DIAMOND
SUBSTRATE
BASE TUNGSTEN <111=

Figure 34 —Point contact transistor introduced by Geis in7'68

More interesting for implementation in diamond am@polar devices, such as
MISFETs (metal-insulator-semiconductor field effecdnsistor), MESFETs (metal
epitaxial semiconductor field effect transistor) adBETs (junction field effect
transistor). The experimental efforts in investigatsuch devices, however, have been
largely focused on devices for RF applications. Teeelopment of diamond high-
voltage/high-power devices poses some additionallecigees since power devices
require relatively large areas of near defect-freerial. In addition, a high aspect
ratio structure is necessary to allow for high forveurrents.
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Figure 35 —Zeisse first ion-implanted MISFEF]

The first transistor with significant gain was a mtetontact transistor made by
Gied™ in 1987. Tungsten points were pressed against uiface of a synthetic
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boror-doped dimond crystal, formin Schottky diode emission and cottion regions
in the bull p-type base material (Fig. 34). room temperatu the sma-signal curren
gain was aboi 20, decreasing to abouat an (perating temperature 783 K

In 198¢, Shiom™® reported MESFEs fabricated using bor-doped
homoepitaxial diamond thin films. 11991, Tsa**? demonstrated tenfold modulati
of the channel arent in aMESFET. His device was madby rapic thermal processing
using cubic boron nitride a p-type dopant sourc In the same year, Gildent!**®
made the first diamond MISFI by deposition ¢ silicon dioide (SiC;) onto a
selectively grown homoepitaxial channel of b-doped diamonc

non-daped layer
GATE '

SOURCE ! DRAIN
A -~
I B doped

| - — |ﬁ'y"Er

SUBSTRATE

Figure 36 — Schematic of Fujimori firsé-dopet-like transisto*®®

In 1991 as well, a-type conducting layer has been formed in a sulestaten-
insulating natural diamond by boron implantation 2sisst**? (Fig. 35. It was the
first reported use of ion implantation to fabricatetransisto on diamond. In the
structure again, Si; was deposited over conductive layer to make an atext-gate
field-effect transisto

M-doped -20 p— AR
layer = 20pm
pr-doped ; W= 100, —]
SOUrce drain  {n*-and A5} o= 100um ]
contact layar wansiion T T = 200°C ____,_:_ _
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layer E — ]
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(mominally ] 10 20 30
Undoped) Vo (V)

Figure 37— Schemac of Aleksovs-doped FETs with first remarkable characterif*¢?

The first demonstratiolof field effect transistors fabricatefrom polycrystalline
diamond thin films was reported by Tess™ in 199z lon implantation wa:
employed to forna B-doped conducting surface char, SiO, was used to form th
gate dielectricstructure andlthough the channel did not reach the p-off condition,
modulation of the channel conductance was obse¢ In the same year, the fi
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8-dopec-like based traristor was demonstrated by Fujir™® (Fig. 36): this
structure, having a n-doped layer between the gate electrode and the -doped
layer, was fabricated using selective epitaxial ghpvgate electrode was made
aluminum and the source and drelectrodes were made of tungsten. Such a d:
was found to have a tendency toward drain curreota#®n at room temperature ev
if it was still very far from an appreciable transiseffect evidenc

In 1995 and 1997, Shio™? and Koht**¥ respctively, obtained preliminar
successfully results fob-doped diamond based transi: and 1999, Aleksc*®?
fabricateds-doped FETs with finally remarkable characteristieg(37), resulting it
output currents up to 20 mA/mi

Gate Aluminum

“

= W =
Source I | Drain

= ]
Infrinsic cap

Delta channel

AL,

Intrinsic buffer

HPHT substrate

Frequency, (GHz)
Figure 38 - El-Hajj 6-doped FET with an 40; insulating layer recessed gate rec
fr and {4ax have been reported to be approximately 1 GHz aBt 3 respectivel*64

In the last ten years a strong effort has been rbg Kohn’s Ulm University groug.
in Germany together wi Element SixLtd. in order to improves-doped device
performanc: in 2005 an in principle paper has been publishgdDenisenk!*®%,
exhibiting the enormous potentiality of this teajue and the collaboration st
appreciable results, also in terms of RF perforraanbhave been published in 2008
El-Hajj**® (Fig. 38). Thes-doping concept has been applied to a diamond &ttt
transistor structure with a garecess with A,0; insulating laye, resultingin full
channel carrier activation at room temperature emahnel current malation with
complete pinc-off: a channel current density more thar30 mA/mmandf; (current
gain cu-off frequency)and fax (maximum available gain c-off frequency) of
afproximately 1 GHz and 3 GHz respectively has been irdada with sern-
enhancement mode operati

The very hard process fé-doped substrates fabrication, the lack of expexnta
comparable resultand the impossibilii, at the momel, to obtain a sharidoping
profile, have slow down the research effort in tréshhique, and many involve
groups have turned to hydrogen terminated surfacEMEH s technolog
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7.3.Hydrogen Terminated Diamond FETs

After the astonishing and revolutionary discoveryLahdstrass and Ra{**'% in
1989 (see section 4.4), a new concept of activecdehias been assumed to be
fabricated on diamond and such hydrogen terminatedace based FETs were
pioneered by Kawaral&". For the first time, the transistor operation veased on
the control of surfac@-type conduction of a hydrogen terminated layer hotbn
doping was not used for the conduction. An aluminumntact was used for the
Schottky gate and gold ohmic contacts were usedhirsource and drain (Fig. 39).
Kawarada obtained transconductance of 200 ps/mm wiithjam gate length that was
the highest value ever reported for diamond: it n@ge an alternative way for
fabrication of high frequency and high power fieftket transistors on diamond.

Undoped type
Homoepitaxial emiconductive

Diamond La
Depletion Region yer

Figure 39 —Schematic of first hydrogen terminated diamond 8a4ESFET by Kawarad4”!

Two different concepts of hydrogen terminated diathbased FETs with different
gate structures have been studied in late 90 dritst structure, the gate metal was
evaporated directly onto the H-terminated diamondasé™®” %3 |n the other, it
was evaporated on a thin insulator layer on H-teaeith diamond surfac&’®*"%72
The first structure is MESFET and the latter strueduare called a MISFET. In the
latter, thin insulator layers, C#F®''"? and ALOJ*™, have been used. Also
MOSFET structure has been proposed using, 88gate oxid¥*. MISFETs with a
CaF, insulator layer show a large drop in RF current tiudeep traps in the insulator
layet*’? and therefore do not seem suitable as RF powecevHowever, even for
the first structure, the electrical properties sH@WSFET-like behavior, rather than
MESFET behavior.

First worthy of remark demonstration of RF perforieesfor hydrogen terminated
diamond based MESFETSs has been reported in 200&iipdh”®. Cu was used for
the fabrication of a 2 um gate-length MESFET on drbgen terminated diamond with
a carriers mobility of approximately 40 &Ws, showing transconductangg of 70
mS/mm andfr and fyax of 2.2 GHz and 7 GHz respectively. In 2002, the same
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groupg'"®**"limproved such promising results with a MISFET suiiet using a CaF2
insulating layer for a 0.7 um gate-length electradd obtainingy,, of 100 mS/mm and
maximum drain to source current of about 160 mA/raut:off frequencies of 10 GHz
and 17 GHz for{fand f,;ax respectively have been reported. For the reasqriaired
above, MISFET structure, except for few unremarkaimeks on nanocrystalline and
black diamond, has been abandoned. Between"280ghd 2004, Aleksov and
Kohn's group at Ulm University in Germany reported timo main papers, the
summary of their studies, already exposed in samnéecences®®*® on RF small and
large signals performances: 0.2 pm gate-length MHSFHEabricated on a
homoepitaxial hydrogen terminated diamond layer Hvét carriers mobility of 150
cm?/Vs) resulted in a maximum current gain cut-offfisencyf; of 25 GHz and &yax
of 63 GHz, achieving a saturated output power dems$ity.35 W/mm at 1 GHz. The
author’s group,S’DEL (Solid State and Diamond Electronics Lab), is\aciin this
context since 20062 obtaining encouraging results: on homoepitaxiairdind grown
by Marinelli's group in Tor Vergata Univerisity labaogies in Rome, a 4 um gate-
length MESFET results in & of 0.8 GHz andfyax of 2 GHZ#®! while for
polycrystalline diamond, a 0.35 gate-length dewchkieved approximately 1 GHz and
5 GHz for f; and fuax respectively, both on commercial available substfd and
Russian Academy of Science small grain size develdpmond®s.

7.4.State of Art

DC and RF higher performances regarding H-terminatafhce diamond based
MESFETs have been achieved by Japanese groups dfatdarada at Waseda
University on homoepitaxial diamond and of M. Kasu NiIT Basic Research
Laboratories on polycrystalline diamond. Here ththaureports and briefly discusses
a review of best results taken from literature.

7.4.1MESFETSs technology

Figure 40 shows a schematic cross-section of anrrlittated diamond FET
fabricated by the University of Ulm and N\, In this case, a T-shaped gate with a
length of 0.2um was fabricated by using electron-beam lithograftne T-shape can
reduce gate resistance in RF and increase theffdueguency.

T-shaped gate (Al) T-shaped gate

2um . e N

Source EREEIDrain: Ey I Source -
[ Au [Au . f Au ana—
H-induced _+ : T : '
vl ehanriel Homoepitaxial diamond layer _ 1 02pum

HPHT diameond substrate .
\,

Figure 40 —-MESFET schematic structure developed by Kasu at dbdratories
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In this structure, Au is used for ohmic contactsrifaiion and it is directl
deposited on hydrogen terminated surface. Al iseadstused for Schottky contac
Gate electrode is typically fabricated with iself aligned technique, in order to obt
a drain to source resistances and capacitancescti@tu Further mentionab
improvements have been implemented by Waseda Uitivgrsup, successfully usir
TiC ohmic contats and later hydrogenation techr**® (Fig. 41)

ik

T ] Civain

Ciamond

Figure 41 - MESFET schematic structure developed by Kawaragtasp at Waseda Univers

Recently, Kueck published his results about theipaissn of FETs by using £0;
and AIN deposited by Atomic Layer Derition (ALD)"**'*°*  with a negligible
reduction of performances, opening the road to tebeinderstanding of chanr
properties, reliability and stabilization of diamibRETs (Fig. 42

Cmpation on passivation
S D

ohmic metal m ! ohmic metal

-------------------------

H-induced channel diamond
Figure 42 - MESFET schematic structudeveloped by Kueck and Kohn at Ulm Univer

In this structurs, also a loron doped layer has been used beneath Au fo
fabrication of very low resistance ohmic cont™® anc a first test of field plat
implementation has been carried™. Interesting examination by Kohn's grot
point out the possibility of keep only a small pafrhydrogen terminated surface un
the Au layer in order to improve the mechanical adtire of metal upon the substri
surfac®. It is very important to reark how Kohn’s group, after a long period
studies upord-doped diamond FETs with Element Ltd., is now fabricatincagain
surface channel MESFETSs on hydrogen terminatede

In conclusion, author would like to mention the fahtion by Glasgow Uiversity
of the smallest diamond FET with a gate length oh&™" (Fig. 43)

7.4.2DC Characteristic

In 2010, the maximunvalue fordrain to sourcecurrentlps has been reported |
Hiramé*®d. Such a great result cannot be discussed withontioming the speculatio
that involved Kawarada's group in the last decadeuglthe contribution of the
diamond substrate crystallographic oriente to devices perfromanc.
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Figure 43 — a) Spontaneous polarization model for hole accutiomdayer. b) Top and crc-
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In the summar™®” of such a speculation, he found that the hole eadeénsity o
the hole accumulation layer depends on the orientaif the hydrogen terminate
diamond surface, for which (110) preferentially atesd films show 509-70% lower
sheet resistance than a 1) substrate so | proposd the spontaneous polarizati
model:hole density of the surface accumulation layemdgpprtional to theC-H bond
density on the surfac
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Figure 44 - Sheet carrier concentration dependence of ch
mobility on (001) and (111) diamond surfas
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In this model, the C—H dipole is indispensable for aiccumulation of holes. The
effective electric surface charge density due e&o@kH dipole density is 1x¥0cm?,
which provides the sites for negatively charged duses on the surface. Through the
enhancement of hole accumulated density near hgdrtgyminated (111) diamond
surfaces, low sheet resistance (¥/%q) has been obtained compared with commonly
used (001) diamond surfaces (19Q/&q). Using the hole accumulation layer channel, a
high drain current density of 850mA/mm was obtaiimeg-channel transistors. The
high drain current on the (111) surface is atteluio two factors: the low source and
drain resistances owing to the high hole carriersitgms and the high channel
mobility uc, at a high gate—source voltage on the (111) surdaogpared to standard
(001) oriented surface (Fig. 41y, on the (111) and (001) surfaces at room
temperature have been evaluated to discuss the Ipigh on the (111) diamond
surface. In the lows region, ., increases withms. In addition, ., decreases withs in
the highng region. This tendency is similar to that of sihdglOSFETS.

. H-term. Diamond_

bl N e B
Figure 45 - Cross-sectional transmission electron microscogMYimages of hydrogen-
terminated field-effect transistor gate region ¢AlH-terminated diamond)

It is worth to notice that Kawarada considers suctiesice as a metal-oxide-
semiconductor FET (MOSFET), because of the spontemeridation of the first 30
nm of deposited aluminium gate electrode. Thismhéiads a strong confirmation in a
study from Kasu about an interfacial layer formatioetween thermal evaporated
aluminium and diamond hydrogen terminated sutff&elayer that is not present
under Au ohmic contacts.

The 0.3 um gate length diamond MOSFET fabricated eteriinated (111)
surface exhibitedrs-Vps characteristics with excellent current saturatiod pinch-df
characteristics. Thismaxand transconductancg.§ are 850 mA/mm and 160mS/mm,
respectively (Fig. 43). ThiksmaxiS, up to now, the highest value for diamond FETSs.
As already said, one of the reasons for the highaxof 850 mA/mm is the low sheet
resistance on the H-terminated (111) surface.

On the other hand, for polycrystalline diamond, theximum obtained drain
current has been reported by K&U with a Ipsmax Of 550 mMA/mm (Fig. 44)
corresponding to a maximum transconductance ofcxppately 150 mS/mm. Two
interesting studies by Kubovic and K&&U°Y demonstrate the possibility of
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increasing sheet carriers density by surface etipnsio NC, gas and subsequen
molecules absorptiol
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Figure 46 - IpVpe characteristics of 0.3 p-gate-length FET on the (111) single crystal diamondaste

Output characteristics obtained by Kasu on resuthfachomoepitaxial layer grow
above a polycrystalline substrate supplied by Elarséx Ltd. Such a very high quiy
layer ensures a scattering phenomena reductioa aigher holes concentration.
fact, in the bulk, the diamond layer contains realdmpurities that result in bu
conduction. In FETs operation, both the bulk aredgtrface conduction occur
paiallel. From the environment, adsorbates adsorthersarface and fluence the
surface conductio
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Figure 47 - Ips-Vps characteristics of 0.1 p-gate-length FET on the polycrystalline diamond sur
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Few boron impurities unintentionally residual in thelk result in a high buffer
leakage and short channel effects. That is why, @évarverse bias conditions, it is
possible sometimes to find remarkable drain custent

The contacts resistivityc, both for single crystal and polycrystalline diamdo is
reported to be in the order of 1xA1@cn?*®! and the very high on-resistance,
approximately 25@2, can be easily reduced by implementation of uiadew TiC
contacts with the re-hydrogenation technigug=2.7x10" Qcn?)™¥ or by fabrication
of DLC/Pt/Au contacts (approximately $@cm?)™,

7.4.3.RF performances

RF performances are typically evaluated by theyamalof scattering parameters.
Scattering parameters (or S-parameters) describe etctrical behaviour of linear
electrical networks when undergoing various steadte sttimuli by electrical signals.
Each 2-port network presents S-parameter describéallaw:

S, is the input port voltage reflection coefficient,

S, is the reverse voltage gain,

S is the forward voltage gain,

S, is the output port voltage reflection coefficient.

These parameters can be used to define other iampogarameters for the
evaluation of RF characteristics and performances.

The Maximum Available Gain MAG or Guax), described as the theoretical
maximum power gain available in a transistor stage @ is seldom achieved in
practical circuits because it can be approachey whien feedback is negligible, is
defined as:

mag =321 (K ~JKz - 1)

1S
Where K is the Rollet’ stability factor, a way of demonsing unconditional

stability achieved wheK>1 and|4|=511S>5,$1<1.

1= 1Sy ? = 185,17 + 1417
21821512

The maximum stable gaiMSG is instead defined &Syax with K=1 and therefore
MSG=|S4|/|S4].

Unilateral power gainy) is the gain that would be achieved if the transistere
"unilateralized" (feedback set to zero) and conjelyanatched.

o 3o ) e

Sﬁ_l
S12

S21
512
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Power Gail (Gp) is the tuned gain of a device when the output isgareed with the
appropriat loac-line I'. to produce some specified output power, and thetimgp
matched for minimal reflectiol

1-n)?

Gp = 1S <3
SR FEON IS

In the end, th forward current gaiih,|? is defined a:

Ih |2 _ 2521 2
21 S12821 + (1= 511)(1 + S32)

Figure 48 shows the frequency dependence of thertugain|hy|® and the powe
gains, the maximum stable gaiMSC) maximum available gairMAG) ratio and the
unilateralpowei gains (U).

(b) Lg= 0.1 pm, Wg= 50 pm
40 R —
Vgs=0.5V
30 g Vps=-18V
¢
20 - -
m
= -6 dB/oct
£
]
g 10+ / -
[ Pre———eccccemcemcm————— -.'..---__k--_
fmax=120 GHz —
10 i s s s s saal L& & 4 ssssl

1 10 100

Frequency (GHz)
Figure 48 — Small Signal Performances of Diamond MESF

The FETIn figureis fabricated with ¢Lg of 0.1 um and Ws of 50 um. The cu-off
frequency was extracted by the sloj-6 dB/oct, from the gain values at low
frequency, and thcut-off frequencies for current and power gains wereinbthas 4¢
and 120 GHz, respectivé’®, Thef; value becomes the maximum near the -off
condition Ips becomes almost zert™, becaus¢Cgc drops faster thag,. The fuax
value increases 'th negativeVpe, because with negatiwps, the depletion layer of tt
gate extends on the drain side 8Csp decreases. Another characteristics ¢
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terminated diamond FETs is a hifyh/fr ratio (~2.6), probably because of high drain
conductance (the background resistance of diameraktremely high). Figure 49 is
the diamond-FET equivalent circuit extracted framRE analysi§®,

Gate (Au)
Source (Au) :% Ag Cep Drain (Au)
e ;
L O iV
¥ ______ +
________ Ru’ _f;_____ﬂ gmvr ? "
: - . (-
oo LT | Ape [L.Bm i
#‘u’\v*\,_
Cos | N__ Drit
i Two-dimensional | — region
= hole channel -

Figure 49 -Equivalent circuit of the H-terminated diamond FET.

Anyway, conclusively, it is important to mention thtae reason why large-grain
polycrystalline diamond FETs exhibit higher perfamee than (001) homoepitaxial
diamond FETs is still not understood. Author hypsetbeare related to the better
adhesion of ohmic contacts on polycrystalline diachand the following lower power
consumption on the source electrode.

LG =0.2 wm, WG =200 wm, VDS =-10V

107 Device: KC282 - —2V near
94 T A Y class A
8] 3
¥ 07V

Eg 5: A A Il_g'i:W}ear
u’_§ j: . ﬁ'-‘ 2 : " _‘% o }Pmch—off
-] s e
2]
1]
0] S . — 1
0 5 10 15 20 25
\ Frequency (GHz)

At 3 GHz, F,, ~ 1 dB

Figure 50 -The minimum noise figure {f) as a function of frequency.
Near the pinch-off condition, the lowes};fis obtained

Low-noise amplifiers (LNAs), characteristics of RIEceivers front end, are
qualified by the minimum noise figur&,,: a smallF.;, means low noise generated
from inside the device during amplification. In &ig 50, theF,;, value seems to
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increase linearly with frequency in the high frequemang&’ because of quantum
noise. A valud;, of 0.72 dB at 3 GHzl {s=45 mA/mm) has been obtained at the bias
point corresponding to that of the maximdiyrand fyax values. The,, value (0.72
dB) is lower than Si MOSFET (0.88 dB at 2 GHz). Du¢hi high-impedance level at
this bias condition, the optimum reflection codfitt /5, had a very high magnitude
of 0.951 and the noise resistafiGevas 151Q.

&
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Inpax Output
L T s - —
~
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Figure 51 -Relationship between DC signal and RF output power
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in drain current—voltage characteristics.

Figure 51 explains how RF output power is extractesinfthe output (drain)
voltage (\bs) and current @s). The high voltage and current result in high ottp
power. The maximum voltage mMx, is limited by the breakdown voltaged/ and the
maximum current,\ax, iS proportional to the product of the squarehs maximum
carrier concentration obtainable and the mobility.

Pout (dBm), Gain (dB)

Figure 52 -RF input—output power characteristics measured@iti in
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Class A operation of ahomoepitaxial diamond FET.

PAE (%)

74



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

When specific applied output voltagedVand load resistance (Rare chosen, M
and bs change following the load-line a$¥:Vo — IpsRL. The load-line interceptsg/
and a slope (-1/B. When the bias point is set at the middle poinity@ax and Myax
(Class A operation), the maximum RF output powerolgained without signal
distortion. In Class A operation, the maximum outmpdwer is estimated as
Pout=[(Vmax—Vmin)*Ip max]/8. If Viuax is set at ¥r and Myin is set at Wneg, the knee
voltage, at whichd max is obtained when the linear and saturation regimest, Ryt
becomes the maximum (Fig. 51).

Figure 52 shows a RF power sweep at 1 GHz of a FETctled on single crystal

diamond in Class A operati8?’. The maximum output-power densityod?, is
2.1W/mm, and the power added efficiency (PAE) is 3T#e maximum power gain is
10.9 dB (12 times). Thisdgr is twice that of widely used GaAs MESFETS, about 1
W/mm?®Y, The diamond FET structure is a very simple stmecthat does not use a
field plate to weaken the maximum field between the gad the drain contacts. The
best results for RF power performance on polycripgtadiamond has been obtained
by the author grodfy® during this PhD thesis and will be discussed infiewing.
In contrast, the highest values reported for a GaM Wwithout and with a field plate
are 10 W/mm at 30 8% and 32 W/mm at 120 &%, with a field plate and an
optimized device configuration, the maximum RF atitpower of diamond FET with
boron delta-doping is predicted to be 75 Whfith
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Chapter 2

In this chapter, diamond based MESFETs fabricatemhriology will be briefly
exposed even if each step will be deeply discussestder to justify and understand
the different choices and techniques implementeabtain a technological process as
stable as possible. The entire process has beeyntingas reiterated and each step has
been investigated and analyzed during this threesyeork hence a lot of information
has been obtained about the transistors behavigelas on the hydrogen termination
stability. Each step here reported can be congidesea summary of the technological
improvement due to characterization results reading

Most of this work has been carried on within the Sdiithte and Diamond
Electronics Lab $DEL) at the Electronic Engineering Department of Rofa
University in collaboration with the National Counaif Researches (CNR), in
particular with the Institute of Photonics and Naocbtelogies (IFN) and the Institute
of Inorganic Methodologies and Plasmas (IMIP).

Moreover, part of this thesis has been carried outollaboration with Diamond
Detectors Ltd. in Poole, UK, developing the implenagioh of their property contact
patent with 8DEL transistor technology. Interesting results a$ ttollaboration will
be shortly discussed.
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1. MESFETs Fabrication Technology

Metal Semiconductor Field Effect Transistors devetbmluring this work are a
direct consequence of[BEL past studies and this PhD thesis represents manyrof
the technology improvement.

Basically, two main technique has been implememeddte electrode fabrication:
self aligned technique and what we will call “stamtiaechnique, consisting in a fixed
drain to source channel distance definition. Besidiest devices was fabricated using
a GaN oriented transistor layout supplied ®i¥LEX Sistemi Integratn a previous
collaboration, then such a layout has been modihed improved for diamond
characteristics by means of microwave devices desticsoftware.

ohmic contacts deposition

surface acid cleamng

LULLLLLLLLILLLL

diamond

N H-terminated layer

(a) (c)

hydrogen termination gate electrode fabrication

H* Microwave Flasma

hfens oo NENENENENENENENRENOEN OB RN

BN Huerminated layer

diamond

()

BN Hiemidded layer

diamond

(d

Figure 53 —Schematic of MESFETS fabrication steps

The fabrication process is schematically outlinedigure 53. After acid surface
cleaning &), diamond sample surface is hydrogen terminatednigans of a
microwaves plasma treatmen).( Hence, ohmic contactsc)( and schottky gate
electrode are fabricatedd)( Evidently, there are not only the four schernalyc
represented steps because each one presents niffeeceptual issues due to
fabrication techniques. In the following sectiong fbrocesses involved in diamond
MESFETSs technology will be discussed.

2. Diamond Samples

Diamond samples used during this PhD thesis hasswtied by General Physics
Institue of Russian Academy of Science (RAS) in Moscaevithin a scientific
collaboration with Prof. Viktor Ralchenko, and purséd by Element Six Ltd in UK.
In the following, Russian Academy of Science custoadensamples and Element Six
Ltd. commercial available diamond substrates will ibdicated as RAS and E6
respectively.
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RAS Diamond substrate are grown by Microwave Plasma C¥P gection 3.2) b
means of a custom reactor developed jointly wOptosystems Lt (www.cvc-
diamond.ru), D-100 model with microwave power up to 5 kW at 2.45 GHg.(4).

Typical growth conditios for polycrystalline films, ar

v' Gas composition: ~5%) Ck4/H,

v" Pressure: 1(-160 Tor

v Flow rate: 50-1000 sccn

v’ Substrate temperature: 900°C

v’ Substrate diameter: -75 mm

v' Growth rate: -9 um/hou

Polycrystalline substrates grown in these condition a Si wafer upon a M
substrate holdetypically presents a columnar structi(Fig. £5a) and the growth sid
is lapped and polished in order to obtain a surfacghness of -8 nm (Fig.55b):
cas-iron wheel for polishing is charged with-28 um diarrond powder and rotates
3000 rpm speec

Figure 54- CVD reactor D100 developed by G-RAS andObtc;systems L

The high quality of such polycrystalline diamosamples is pointed out by t
extremely narrow Raman’'s peéFig. £6a) and the low impurities conctration
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(Fig.5€b). The average grain size is -20C pm in diameter and typical dimensic
are 8x8 mr? of surface for a 2(-500 pm thicknes

+0,0070

b)o urn 711
Figure 55 — Scanning Electron Microscopy (SEM) picture ¢
polycrystalline diamond by RAS (a) and its surfemaghness profile (|

Overall Nitrogen impurities change betweex10'’ and x10' cm® while thermal
conductivity is stimated to be 21 W/cmK at rootemperatur®®.

Recently, General Physics Institute develo0.1-1 pum thick homoepitaxial laye
grownon highly polishedHPHT commercial substrates. Growth rate is approxim:
between 0.5 and pm/hou, surface roughness aroun-8 nm and (110) and 00)
crystallographic orientation. Preliminaicharacterizatiorresults of characterizatic
point ou the high quality of these sampl

#1032
13325 sTEam 537 am

#n -4y

Intensity, au.
intensity, a.u

73T am
&0

\

\ . — T T T 7T
1200 1400 1600 520 560 &00 &40 630 TZ20 760
a) Raman shift, on’ b) wawvelength, nm

Figure 56 — Raman'’s peak (a) and impurities concentrationdbRAS diamon

Polycrystalline and Single Crystal diamond diregilychased by Element Six Lt
(www.ebcvd.com) are synthesized with a microwave péasissisted CVD react
operating at a frequency of 2.45 GHz, the main diahrgymthesis route that has b
developed ed refined by the company. No information about growtlcess ar
available, Element Six Ltd. never published papgrdeposited patents about grov
conditiont as well as nly few information about quality of samples haveeh
declare..

79



P. Calvani- Charge Control Devices based on Wide BGap Semiconductc

_\
a) b) C)

Figure 57 — Different diamond grades by Element Six Ltd: a) fin@l Management Grad
b) Optical Grade, c) Single Crystal P

Element Six diamond samples used for MESFETSs fafiwitan this thesis are «
three different quety: thermal management grade, optical grade antatd single
crystal diamond plate

Thermal Management Grade diamond sample dimensien0x10 mr” for a 250
pm thickness. Thermal conductivity (Fig7a) is 18 W/cmK and declared surfe
roughness is less than 50 nGrain size is quite variable (average can be cores
around 100 pm for diameter) and the two faces serfacextremely different (
presents both growth side and nucleation side af). Spectral photoconductivity «
this sample typology shows the presence of manyctieiender the gap and a wi
Urbach tail (not shown). Such a sample has been afted essentially because of
low cost and so easy availabilitOptical grade polycistalline CVD diamonc(Fig.
57b) ensures broad transparency, durable and wear rgsists basically suitable fc
use in IR and high power laser optilt comes with a circular shape with 8 n
diameter for a 50um thickness. Thermal conductivity isclared to be more than :
W/cmK for a less than 30 nm surface roughness.|&iogystal diamond plates (Fi
57c) are 500 pm thick for 4.5x4.5 n? grown upon HPHT substrate even if it cor
as an entire CVD sample (laser cut). The crystadlplgic orientzion is (100) for Ik
grade: Element Six declares less than 1 ppm asdie0.05 ppm for Nitrogen an
Boron impurities respectively. Thermal conductivisynot declared but it iplausibly
around 20 W/cmK. Surface roughness is less tham@g

3. Surface deaning

Surface cleaning is obviously a nodal point for imiand nanotechnologies. Mc
of the mainly diffused solutions for semiconductolsaning are oxidant and so tt
cannot be used for -terminated surface because of the hydrogen extremse tc
oxygen lirking. On the other hand, also reactive ion etchRIg] is often oxidant an
it cannot be applied to-terminated surface. Hel report the methods used for surfi
cleaning during this PhD thes
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As grown diamond surface, after polishing process;aided “clean” surface. It
naturally tends to oxidation. This oxidized surfazan be clean with a lot of acid
solutions without damaging it. Such solutions an@artant for residual metallization
removing and graphitic layers due to annealing theloprocesses deleting. Typical
surface cleaning process is composed of n steps:

1. Sulphochromicsolution, an aggressive mixture of@,0; and HSO, useful for its
corrosive power to remove metals. About five mindiesing is often enough to
remove most of metals.

2. Aqua regia another highly corrosive, fuming yellow or red wan, also
called nitro-hydrochloric acid. The mixture is foeth by mixing nitric acid HNO3
and hydrochloric acid HCI in a molar ratio of 1&spectively. It was named so
because it can dissolve noble metals like goldm@athum.

3. RCA cleanstandard cleaning steps for silicon industry tgwed by Werner Kern
in 1965 while working for RCA, the Radio CorporatidnAanerica. It three steps:

a) Organic Clean, performed with a 1:1:5 solution of OH , HOand HO at
80 °C for 10 minutes. This treatment results in tl@mation of a
thin oxide layer that shall be removed in subsets@Eps.

b) Oxide Strip, a short immersion in a 1:50 solutionH# and HO at 25 °C, in
order to remove the thin oxide layer and someifsaadf ionic contaminants.

¢) lonic Clean, performed with a 1:1:6 solution of HELO, and HO at 80 °C.
This treatment effectively removes the remainingcdis of metallic (ionic)
contaminants.

4. Any residual graphite or ion impurities are remougd the so-called Kalish’
cleaning solution, a mixture of HNOHCIO, and HSO, (1:1:1).

During the period spent in UK at Diamond Detectors L@hpther effective
cleaning method has been learned and applied toodid surfaces. Such a method
directly comes from Element Six laboratories anines HSO, and KNQ. A beaker
containing 10 cl of K50, is heated up to 300°C with an hot plate until tibe to give
off white fume. When the solution is fuming, the KN@ added to the beaker, a
spatula-full at a time to a suggested ratio(10 @0 ml). The solution turns a bright
yellow-orange colour and will bubble gently. After papximately 10 minutes of
heating, diamond samples have to be washed withrdeei water into an ultrasonic
bath for approximately 15 minutes.

Hydrogen terminated diamond surface, as already saithot be cleaned with the
previous reported oxidant method. This is a furtheason, in addition to small
dimensions, why H-terminated diamond technology ¢en considered difficult.
However, it is possible to use few industrial solveatsetone, trichloroethylene and
isopropyl acid. Acetone is the organic compound withformula (CH3)2CO and it is
used, in our case, for removing organic residagloperation can be improved heating
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it or by an ultrasonic bath. Trichloroethylene (TICEE a chlorinated hydrocar-
bon commonly used as an industrial solvent for dety of organic materials: its
greatest use has been as a degreaser for metsl [sapropyl alcohol (also known
with the abbreviation IPA) is a common name for anuical compound with
the molecular formula O and like acetone, it dissolves a wide range of non-
polar compounds while it is also relatively non-togind evaporates quickly; thus it is
widely used as a solvent and as a cleaning fluiddifssolving lipophilic contaminants
such as oil essentially (i.e. cleaning electromicides, magnetic tape and lenses
of lasers in optical disc drives).

Aqua Regia at room temperature for 10 minutes has bbso tested as a solvent for
H-terminated surface and experimental evidencest pih conductivity persistence
after such a process. Trials have been run as wtil avsolution of HCI, KD, and
water (1:1:10) at room temperature without conduistigiecreasing.

The most interesting result for hydrogen terminadeinond surface cleaning has
been obtained using acetone. H-terminated sampiest gesistance fRhas been
measured by four point probe technique for differearrent value and, before
processing it has been cleaned by means of uliatath in acetone. has been
measured again for the same current values anesitlted lower than before.
Repeating this process few times, sheet resisteaea Hsaturation” value (read as “it
cannot be lower”).

10 T T T

# Shest Resistance sfter uitrasonic acetone cleaning
@ SheetResistance befare ultrasonic acetone cleaning

— .
—
—

—
—

S

Sheet Resistance R (Ohm/square)
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al 3313l 1 1 13 sl
10° 107 107
Current (A)

Figure 58 —H-terminated surface sheet resistance values @utain
before and after ultrasonic acetone cleaning

Figure 58 shows sheet resistance values obtainedebafid after ultrasonic acetone
cleaning. This process has been repeated many iwitesthree different diamond
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samples, obtaining the same results. It is prob#ide the adsorbate layer does not
involve water particles and the conductivity is anbed when the surface upon the
hydrogen terminated layer is clean. This experimergsults obviously needs more
accurate studies and close examination, but alte $he needing for a passivation
technology that preserve surface from air intecacti

4. Hydrogen termination

Hydrogen termination is obtained by means of a niiere plasma assisted CVD
chamber with easily commercial available microwavenegators. High purity
hydrogen gas at low pressure (10-100 mbar) subjeoted electric field, constant or
time dependent, ionizes and produces a cold plasm@lasma with electrons
equivalent temperature higher than gas temperéf0@ 800°C). H ions are generated
by collisions of high energy electrons, equivalesmperature around 5000°C, with
cold species (positive ions and neuters particl&jnerally, before the hydrogen
termination process, oxidized diamond samples aedeld for about an hour at 850-
900°C in high vacuum (approximately 1@nbar) in order to obtain a desorption of
CVD growth residual hydrogen, a oxygen removal anagngximize the number of
available diamond surface dangling bonds. Besidiet)je end of process, chamber is
slowly cooled down from 900°C to room temperatur@ydrogen atmosphere in order
to avoid a quick hydrogen desorption and surfaddation.

Diamond samples used during this three years thkeai been hydrogen
terminated with two different processes by GenerakRByinstitute in Moscow and by
Institute of Inorganic Methodologies and Plasmas AMh Rome.

v General Physics Institute (RAS, Moscow)

The smoothed film surface was treated in a high-tgatpre microwave hydrogen
plasma by using an Astex PDS19 CVD system (5 kW pofidf GHz frequency).
The reaction chamber was initially heated at 650*¢50nder vacuum; once the
temperature was stabilized, a purified hydrogen {ftate of 500 sccm was established
maintaining the chamber pressure around 60-80 Tidre. hydrogen plasma is then
ignited at 1.6-2.1 kW for 10 min. After the treatrhetme chamber is left to decrease
naturally to room temperature under argon flow beetbe sample removal.

v' Institute of Inorganic Methodologies and Plasmas RZRome)

Diamond sample is introduced in a high-temperatyd¥dgen plasma obtained in a
Astex S-1500 CVD system (2 kW power, 2.45 GHz frequgnElge reaction start at
700°C and the chamber pressure is maintained atoBOwhile a flow-rate of 200
sccm of hydrogen gas is injected in the chambee. fiyldrogen plasma is the ignited at
1.22 kW for 30-35 min. After the treatment, the clhamis left to decrease naturally to
room temperature under argon flow before the sangoh@val.
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5. Device layout design

Diamond MESFETs layout has been studied during thi® Ehesis in order to
improve RF and DC performances. Typical butterflgmdd two gate fingers structure
has been used MESFETS fabrication.

Figure 59 shows the first implemented device layadyeloped in a previous
degree thesis in collaboration wiielex Sistemi Integraith Rome. Such a layout is an
arrangement to hydrogen terminated diamond of sxisting Gallium Nitride based
HEMTSs (High Electron Mobility Transistors) structuresl& leading-edge technology.
This structure has been obviously modified for eechnology requirements and
presented a 4 um drain to source channel in oaetléw optical lithography of at
least ohmic contacts and an I-shaped gate struttufabricated by electron beam
lithography. Besides, the first step was the faliocaof ohmic contacts directly on the
h-terminated surface, a following isolation steptider to allow the conduction only in
the drain to source channel and finally the gagetsbdes.

68 nm 1 f 185 pm

T L

36 un

Gate
Gate Pad

Contact
N —

——— Drain-Source
distanced pm

460 um
We

K “—__| Izolation

Area

Drain
Source Contact - Source Contact
Contact

Figure 59 —the first implemented device layout, developed ipravious degree thesis in
collaboration withSelex Sistemi Integraith Rome. Such a layout is an arrangement to hyrog
terminated diamond of a pre-existing Gallium Niridased HEMTs (High Electron Mobility
Transistors) structure.

The characterization results obtained for that Udywased transistors and the new
technological ideas and issues, lead to a new staudinally based on diamond
characteristics. By means of TxLine tool of AWR Mi¢fave Office software it has
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been possible to evaluate the correct dimensiondgh® coplanar wave guides for
obtaining a suitable input-output impedance mawghih FETs. The layout has been
then redesigned with the new dimensions using the lfoense cad LASI (LAyout
System for Individuals), version 7.0.69.

Microstrip] Stipling TP/ ]CPW' Ground] Round Coaxial] Slotline] Coupled MSLine] Coupled Stripline]

Material Parameters

Diglectric |Alumina j Conductor |Gold j _|“'G "W é -
Dielectric Constant l5?7 Conductivity |4'1 E7 |S.-"m ﬂ |I| By 'T'
Loss Tangent [Dooooos QG i
Electrical Characteristics Physical Charactenistic
Impedance [51.907 [Obms | Physical Length L) |550 [im  ~]
Frequency |2U |GH2 ﬂ E idth [w) |1 Jul=3 |um j
Electical Lenath [24.317 |deg | Gap[G] |20 [um =]
Propagation Constant |4421 4 | deg/m j 3 Height [H] |250 | urn j
Effective Diel. Const. IW Thickness [T] |U,1 50 |um j
Loss [12836 |dBim =]

Figure 60 -TxLine tool of AWR MicroWave Office software

Figure 60 is a thumbnail of the very easily softwiaterface: it is possible to insert
the substrate parameters (dielectric consta=$.7 and loss tangent minor than10
from literature) and the contact metallization coctivity in the first window and
fixing the device layout dimension, the softwaredetes the impedance matching and
the electrical length (electrical length is the dém of a transmission medium or
antenna element expressed as the number of wattedeofythe signal propagating in
the medium) or vice-versa. After many attempts, axipmations and calculations, the
better compromise for an approximately 50 ohms mhapee matching has been
obtained for a device with a gap between drain andcsopads of 20 um and a drain
pad of 106 um (Fig. 61). In this structure, aftee hydrogen terminated active area
definition, ohmic contacts are fabricated on oxy¢emminated diamond except for a
small part in proximity of drain-source channeloirder to obtain a better adhesion of
gold and a higher mechanical and electrical stghiti contacts. Figure 62 shows the
schematic section of such a structure. An on-watdibmation kit has been also
projected and fabricated by’[¥EL group in collaboration with Tor Vergata
Univeristy?®®: a calibration procedure able to remove systematiors due to
measurement set-up non-idealities (related to VNAlesa connectors and planar
probes). On-wafer calibration ensure the possibiidyaccess the intrinsic device
without implementing de-embedding procedure, obtgjirmnore accurate information
on active device characteristics and performance.
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Figure 61 - S°DEL Diamondbased MESFETS layc

The solution proposed has been a -Reflec-Reflec-Match (LRRM) calibratior
which uses a space conservative standard set whidistof a matched Line (Thru)
short delay, two Reflection standard (Open and Shaat)ially unknown (only th
phases needed) and a Match that must be know only in thed3iStance compone
of its impedance

Source Gate Drain

~ -

2
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H-terminated
p-channel

diamond

Figure 62 — Schematic section o?’DEL MESFETS structu

Moreover, the dimension of the gate contact has pegected to be as retive as
the final part of the drain pad. Simply accordimgthe Ohm’s law, keeping in
account the metallization thickness for gold and duminum and the respecti
specific resistivity, it has been possible to fahte two different geometric ar¢ for
gate and drain final parts in order to have appnatéely equally resistive contac
(pa*date)/Acate=(pau*dprain)/Aprain SO, consideringd as the metal thickness and A
the contact areaAcae=AprainX(paXdcae)/(paXdorain). Overlay pads have been
addiction designed to preserve the ohmic contagisg the characterizatic
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6. Ohmic Contact

Ohmic contacts for hydrogen terminated diamond teldgy is probably the most
critical issue. H-terminated surface acts like & b oiled pavement for the contact
metals, creating many adhesion problems. Moreover,viorst adhesion has been
found for gold. This means that devices are quitstable and each measurement
cannot be reiterated. Gold directly on hydrogen teated layer typically presents
scratches after probes contacting and in this sieisémpossible to obtain the same
behavior in a second measurements run. It cannetcbepted for a technology that
would like to be industrialized, so many tricks hdneen found in order to avoid this
annoying phenomenon. Anyway, best way is to changdacommaterial and/or
technology. Nevertheless, for reasons that will arcin the following, gold is the
only metal that could be easily used for self+adig technique: gold can be easily wet
etched by means of a non-oxidizing solution of Kt dg avoiding in this way the
hydrogen atoms removing and the consequently cdivitydoss.
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Figure 63— TLM characteristics for a hydrogen terminatetypystalline diamond

Even if good results have been obtained in termgesformances with an ohmic
contact of gold entirely deposited on hydrogen teated surface, an alternative will
be discussed. A first solution to adhesion issussbegn thought to be the deposition
of part of the contact upon oxidized diamond stefthat, because of group’s previous
experiences, ensure a good gold mechanical adhdsioas been possible after TLM
(Transfer Length Method) structure results integdien (in Figure 63 an example of
TLMs structure characteristics for a hydrogen teated polycrystalline diamond):
such a structure fabricated on few hydrogen terrathaamples pointed out a very
small transfer length {(almost always smaller than 1 pm) so the conduatamm be
considered even lateral. In other words, the hydrdganinated area has been reduced
and it confined in few microns around the gate aasauring a unchanged conduction
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and a better gold adhesion (Fig. 62). This remdr&ge also been important for
projecting different kind of contacts like an anlegiaTitanium/Gold alloy (subject of
another @EL PhD thesis). In fact, the almost uselessnessydfogen presence
underneath the metal and the hypothesis of lateraduction, allow the fabrication of
contacts also with techniques that could damageestraly hydrogen layer beneath
them.

After this brief introduction, techniques and instents used for ohmic contacts
fabricated in this thesis will be reviewed and a isecwill be dedicated to the
integration of Diamond Detectors Ltd. (in the folloginDDL) proprietary contact
with SDEL technology.

6.1.Photolithography

Most of technological steps of devices fabricationld be, and has been, carried
out with standard optical lithography because ofribe critical dimensions involved.
Two contact mask aligners have been used durisghbsis: Karl Suss MA6 aflSEL
and Karl Suss MA150 at IFN-CNR. Megaposit SPR 220-3 @highley Microposit
S18-13 positive photoresist have been used. SPR3 223 been spun for 1 minute at
4000 rpm in order to obtain a 3 um thickness armxuh thoft-baked for 80 seconds in
oven at 120°C; exposure with Karl Suss MA6 equipped ®&itb W lamp, varies
between 20 and 40 seconds, depending on the seuctumplexity; after the post
exposure bake (PEB) of 80 seconds at 120°C, litphgr is developed with NaOH
based solution Microposit MF-321 for 30-90 secondgpemding on structures again.
S18-13 has been spun for 1 minute at 3000 rpm t@irol 1.6 pm thickness and then
soft-baked for 60 seconds in hot plate at 115°Qioenre with Karl Suss MA150
equipped with a 350 W lamp changes in between ofQl8e8onds and after the PEB,
lithography is developed for 20-60 seconds.

For DDL contact fabrication, a clean room has bedld lup, set up and equipped
with contact mask aligner Cobilt CA800. Image reviepbmtoresist AZ 5214 has been
used. Prebake of 2 minutes at 90°C has been paxtbwith hot plate, first exposure of
3 seconds followed by a post bake, for image rengrf 1 minute and 30 seconds.
Sample has been light for last exposure for 150

6.2.Electron Beam Lithography

Optical photolithography presents high resolutiomité in contrast with the
needing for dimensions reduction. The best alter@ais the Electron Beam
Lithography (EBL) that, using the low electrons wkength, is able to avoid
diffraction effects and allows a very high resolati&BL system produces an electrons
beam with a set current densisty by means of antrefecemitter with a
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thermoelectronic emission tungsten (W) cathcSuch an electrons beam is focu
for the desired high resolutio and the direction is determined by interdict
electrodes and deflection coils controlled by dvgafe.Because of the higresolution,
substrate position is criticand needs a precise placement and moreover, them
needs high vacuum conditions to assure perfect lgpgdance

Figure 64 - Leica Microsystem EBPG5HR at Institute of Photo
and Nanotechnologies (II-CNR)

EBL system used for MESFETs fabrication during tliesis is thelLeica
Microsystem EBPG5F (Fig. 64) nearby Institute of Photonics aNanotechnologies
Electrons Emitter is a Schottky Field Effect Gun @JBvith a (100) ciented tungste
tip, a ZrO tank and polycrystalline tungsten filamechottky emission is obtained
supplying to emitter’s electrons a thermic energghér thantheir work functior so
that el«ctrons can ionized and be emitted by cath

Electronic esist used for MESFET fabrication is PMMA 600IPolymethyl
methacrylate), sun on the sample for 60 second at 3000 rpm obgiaithickness ¢
approximately 800 nm, aftpre-heating at 170°C for 5 minut:

6.3 Standard techniqt

Figure 65 is a schematprocess stepof the standard technique for ohmic con
fabrication, s-called “standard” because in contrast with the -aligned gate
techniqur (see next sectionWith this technique, the drain to source distarscert-
defined and fixedSuch a prcess has been carried out both by optical and eldct
lithography, within different runs, and in figurelprihe EBL steps are presented:
optical lithography the steps are basically theesamithout the Cr layer, useless in t
case

After MESFET active area definition steps (see sactip sampleis prepaec and
clearec in hot acetone, IPA and -ionized waterand scresist is spun upon the surfe
(Fig. 65a), then a thin layer of chromium is evaped on the resist in order to id

phenomena of beam reflection and deflection dusutustrate transparency (b). T
8¢9
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mask of the ohmic contact layout is then exposedh@ EBL sense of beam focused
and structures written on the selected areas by srafesoftware controls) for structure
design (c). Hence, after sample removal from mackind Cr etching, resist is

developed and remains only on the areas where magahot to be deposited (positive
resist, Fig. 65d). 150-200 nm of ohmic contactsatlization are so evaporated by
thermal or electron beam procedure (e) and afteamd/or syringe assisted acetone lift
off, ohmic contacts are ready (f).

H-terminated Layer
’ —

diamond diamond

a) Resist Deposition d) Develop

10 nm Crlayer

Ohmic Contact Metal

diamond

b) Anti-deflection Laver

diamond

Electrons Beam

LASI Mask EBL

e) Ohinic Contact Deposition

diamond diamond

¢) Mask e-beam lithography J) Olmiic Contact Lift off
Figure 65 —Ohmic contacts standard fabrication procedure

This standard process can be applied to a lot fédrdnt metals because it does not
involve wet etching steps and so preserve the hwydrogrminated layer from
damaging solutions. The same technique has beehe@pfor DDL contact®®
fabrication. Figure 66 shows a schematic sectiosuch a contabf™: a thin layer of
Diamond-like-Carbon (DLC) is fabricated at the met@mond interface.

DLC is a form of amorphous carbon between diamond gmaghite, containing
significant portion of shbonded atoms in the matrix. DLC films can be growremh
carbon is deposited under energetic (~10-100 eV) bbodment, where the
instantaneous local high temperature and pressdieé a proportion of carbon atoms
to bond as diamond. The conditions for DLC deposiace obtained during a variety
of methods, including CVD, laser ablation, magnesputtering, cathodic arc, and ion
beam deposition. The novel contact consists of rg #@n (1-3 nm) diamond-like
carbon film which was formed on a diamond substrgtenbans of Argon magnetron
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sputterini. The verythin DLC layer allows for the injection of both holasc electrons

in the diamond substra
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Figure 66 - schematic section of DDL proprietary con*%¢207

At the same time tI DLC layer becomes a seed for the sputter dition of high
work function noble metals (Pt, Au) which allows metalstiok or the diamonc
surface. Having both platinum and gold a hitwork function than diamond th
translates into the ability f electrons present at the diamond surface idriven
toward: the noble metalvia quantum mechanical tunnelling through the ixC
layer acting as a quantum mechanical tunnellingtjan.

Figure 67— MESFET fabricated with DDL contact on large grain s
polycrystallinediamond (picture by VeecWyko NT9100 Optical Profil¢)

Figure 67 shows a pictutaken byVeecoWyko NT9100 Optical Profile of a
MESFET fabricateon a highest quality Element Six polycrystallinardbnd sample
with such aDLC/Pt/Au ohmic contac. The fabrication process, entirely carried ou
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Diamond Detectors Ltd. laboratories except for hydrotermination step, includes a
surface damaging that do not obstruct conductiaitgl it is even possible to suppose
that do not seem to remove hydrogen termination.

The same technological process has been also asélef realization of annealed
titanium/gold contacts resulting in a TiC/Au struetuIn this case, the hydrogen
termination process is the following step. Firstutess for this approach are very
encouraging in terms of adhesion and conduction aiidbe deeply analyzed in
another group’s member PhD thesis.

6.4.Self Aligned Gate Technique

Hydrogen termination is essential for generating hearriers and in order to retain
the H-termination there are some restrictions dhadigned gate (SAG) process. For
example, the following processes, which are genetaed for Si technology, cannot
be applied to H-terminated diamond devices.

v Baking or heating in the atmosphere in the presaicexygen molecules at

temperatures over 150 °C

v Dry etching (CCP, ICP, and Ashing)

Due to these restrictions, the baking temperatureaabe increased up to the
recommended temperature for photo and EB resig®lgimide materials (~300 °C).
Also, it is difficult to deposit high-k materials anH-terminated surface because the
high-k materials have high melting points and aeeagally deposited using sputtering.
Therefore, most of structures or patterns on arhhiteated surface have been formed
by the self-alignment gate process that consistg oh wet-etching and vacuum
evaporation.

Figure 68 shows the self-aligned gate process flovso Ah this case, after

MESFET active area definition steps, sample is pegpand cleaned in hot acetone,
IPA and de-ionized water, and so resist is spun dpersurface (Fig. 68a), then a thin
layer of chromium is evaporated on the resist eorto avoid phenomena of beam
reflection and deflection due to substrate trarepar (b). The mask of the ohmic
contact metallization is then exposed (c). So,raftanple removal from machine and
Cr etching, resist is developed and remains onatleas where metal has not to be
deposited (d).
150-200 nm of metal are so evaporated by thermalemtron beam procedure in this
case also upon the drain to source channel (e Bgain sample is prepared and
cleaned for lithography process (f, g). The gaeetebde is then aligned by EBL and
resist is written and so developed (h, i). The &ep is the most critical one: a wet-
etching of the ohmic contact metal is performedrider to “open” the drain to source
channel (1).
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This self-aligned technique arrangement allows & ldgain to source channel
reduction. Several analysis point out a drain tare® channel distance of
approximately (0.8++0.8) um. In the case of figure 69a (SEM) and 69b\MAFRor a
gate length of 400 nm and 1 pm, 2 um and 2.5 pmreHaespectively have been
obtained with SAG technique. It is also possible ® ls@w the ohmic contacts profile
is unmarked and imprecise, creating obvious eledigld issues. This relevant
problem is due to the low controlled wet-etching s

H-terminated Layer

diamond diamond

@) Resist Deposition f) Ohmic Metallization Lift off

diamond diamond

b) Anti-deflection Layer 2/ Resist and Anti-deflection laverdeposition

Electrons Beam LASI Mask EBL Electrons Beam

diamond diamond

¢) Mask e-beam lithography Ty Gate e-becaim lithograply

diamond diamond
dj Develop I i) Develop Il
Ohmic Metallization Wet-Etching
diamond diamond
¢) Ohniic Contact Deposition 1) Olmic contacts wet-etched and

ready for gate fabrication

Figure 68 -Ohmic contacts self-aligned fabrication procedure

As already said, dry etching cannot be performed ouitthydrogen termination
damaging. And, on the other hand, the only ohmictribat can be wet-etched with a
non-oxidant solution (in particular Kl and,),| is gold. In addition, the bad
controllability of the process, gives low repeati#pilo device technology.
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Figure 69-Scanning Electron Microscopy (SEM) picture of.4 @m SAG (a, left) and
Atomic Force Microscopy (AFM) picture of a 1 pm SAK; right)

7. Device Isolation

Device lIsolation is performed together with activeeaardefinition step. After
lithography for marker definition (Ti/Au), the ma$lr isolation is aligned. Then the
sample is treated with a Reactive lon Etching (Ri&) hydrogen removing and
oxygen termination: it is well-known that diamond gey terminated surface presents
a very high resistance (<£010" Q). Up to the acquired experience, 60 seconds of
RIE performed in Argon and Oxygen atmosphere (10 s&grB0 sccm @) with 50 W
RF power assure an excellent device isolation agdaal preservation of hydrogen
termination under the resist film. Figure 70 showsA&M picture of the hydrogen
terminated surface interface with oxygen terminateel and it is possible to appreciate
the absence of evident discontinuities in the diaenidm after RIE process.

‘ Hydrogen Terminated Surface ‘

Oxygen Terminated Surface

Figure 70 -AFM of the hydrogen terminated surface interfacthwixygen terminated one: it is possible
to appreciate the absence of evident discontirsitiehe diamond film after RIE process
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Such a process has been also successfully camiesiog only Argon (10 sccm)
for 3 minutes at 50 W RF power and with a Oxygen/ddién mixture (1:5) for 30
seconds at 400 W DC power. The same processes cmedéor etching diamond.

8. Gate Electrode

Gate electrode is fundamental for device operatimh @& course it is decisive for
performances. Optical lithography allows the pos$ybiio fabricate a 3-4 um gate
length, interesting for device behavior analysist lbunfulfilling for remarkable
performances.

e

Figure 71 —Gate electrode of a MESFHabricated with DDL contact on large grain size
polycrystalline diamond (picture by Veeco Wyko N'D® Optical Profiler)

Best performances with an optical lithography feded gate has been obtained by
means of self-aligned gate technique and notwithigtgna fyax of approximately 2
GHz has been achieVEd with a 4 pm gate length and a drain to source aamin
thereabout 6 pm. Also MESFETSs fabricated at DDL (Fighas been aligned with an
optical lithography, but without self-aligned tectjmé and even if gate length achieved
is approximately 2.5 um, the high drain to soufdtaenmel distance (~12 um) makes RF
performances unremarkable and however estimatedé@20 MHz forfyax.

Performance improvement needing leads to the uiBhf With this technology it
has been possible to reduce gate electrode lewgth tb approximately 100 nm (Fig.
72). It has also been possible to try differenegsdction (for example T-gate) even if
without remarkable results: polycrystalline diamawface roughness and the grain
boundaries presence make this technology quitedliff
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Figure 72 —a 125 nm self aligned gate electrode

Figure 73 shows the current-voltage behavior ofed#iit metals used as gate
electrode for diamond based MESFETSs. It is cleat #haminum presents the best
rectification ratio and for this reason it has adéthalways been used for Schottky

contacts fabrication. Nickel seems to present aiguramic behavior while chromium
is visibly worse than Al.

Current (A)

—%—Chrommum 73
' —&— Aluminum
\/ > Nickel
lo"l 1 ) |
Z 1

0 -I| 2
Voltage (V)

Figure 73— current-voltage behavior of different metals uaedjate electrode
for diamond based MESFETs

Aluminum used for gate fabrication has been depdsiin diamond surface by
different techniques: thermal evaporation, e-beaaperation, flash evaporation and
RF sputtering. Best results in terms of MESFETs quarances have been obtained
depositing aluminum by means of thermal and flashperation. Electron beam
evaporation and RF sputtering very high depositates do not allow aluminum to
create its oxidized layer and so gate leakage wcisi@e typically very high. Thermal
evaporation, on the other hand, enables an alumioxighation at the interface H-

terminated diamond/metal, creating a few nanomei®s, layer that enhances FET
operation.
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9. Hypothesisfor improvement and developmen

Many technological improvements can be applied for dgwelent of highe
performances MESFETSs. The lack of means in terms éocdnomic and of workforc
makes the technology development very slow and subge institutes timetable
Anyway, many improvement have been hypothesiziand lot of them have been fii
tested with encouraging results. In this sectiorth@u presents the technologi
improvements that would like to applied to MESFETsicture in order to obtain tt
desired stability and performees increas

First step would be the realization of stable amés«-resistant ohmic contacts. |
corse, the possibility of creating a thin layercafbide at the mel-diamond interfaci
is a great strategy, but the possibility of a sivalimplantationof boron beneath tt
metallization would allow a higher charge transpoetween the contact and t
hydrogen terminated laye

+5“AI T T T T T T T T

L Depth vs. Y-Axis _

- 50 la‘l | | 1 1 | | | 1
0A -- Target Depth - 100 A

Figure 74 - SRIM calculation for boron soft implantation (0.8\K) in diamont

Such a boron layecould be easily fabricated by energetic sputtenh@ boror
target: SRIM calculation (Fig.4) points out the possibility of obtaining a shall
implantation (-3 nm) with a low energetic sputtering (0.5 k. After a rapic
annealing (4 minutes a 6-70C°C) graphite is formed upon the boron doped layer
it could be etched or used as a buffer layer fortaxt fabricatio, that could be i
addiction electroplated in order to obtain a higteckness and a subsequently loy
contact degradation duringeasuremen.

Hydrogen termination process could be then perforaratia passivation layer
1C-20 nm of ceramic material could be fabricated ideorto preserve the hydrog
termination from atmospheric interaction (see sect8 of this chapter). Suca
ceramic material can be ,0; or AIN, sputtered or deposited by Pulse L:

Deposition (PLD) or Atomic Layer Deposition (ALI
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N — - T-zhaped Gate
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Figure 75 -hypothesized MESFET structure

Such a layer can be also usefull for fabricatioradfeld plate and/or a T-shaped
gate electrode. It is important to notice that suolpothesis are supported by
experimental results and observation for other diaginbased devices obtained during
several collaboration by the author during thissibeperiod and by a scrupulous
literature research. Figure 75 shows the hypothésiewice structure. Morevoer, it is
worth to notice that, in order to improve self aghgate technique, a very thin layer
of gold could be deposited (10-20 nm) for a moneticdled wet etching.
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Chapter 3

In In this chapter, fabricated MESFETs operation Wwél exposed and discussed.
MESFETs have been fabricated on different diamondpses, polycrystalline and
single crystal, with both layouts previously dis@ds

The differences and the analogies between examienddas will be investigated in
order to obtain information about the hydrogen feated surface behavior, the most
critical point, and the fabrication issues. It wik possible to demonstrate how the
characterization data will fit with the theoretical BEETs model previously
illustrated.

MESFETs characterization has been carried on in REr@daboratory ¥DEL) as
far as it concerned the direct current (DC) and ldve frequency behavior. Small
signal analysis and modeling has been accomplishedollaboration with the
Electronic Engineering Department of Tor Vergata Ursitg in Rome while the large
signal characterization is the result of a scientbllaboration with the Department of
Electronics at Politecnico di Torino.

Other interesting devices characterization has baaied out in collaboration with
the Department of Physics and the National InstimiteNuclear Physics (INFN)
section of Roma Tre University.

It is worth to notice, before any results expositithrat our technology is based on
“as supplied” diamond: up to now, our technologreailities do not allow a diamond
structure modification, a custom crystallographiemtation, a further high purity layer
growth nor a surface roughness reduction. Thiskeyapoint for data understanding:
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even if they are very encouraging and of remarkablae compared with literature.
Other groups working on the same field obtained ttesiults on customized diamond
samples, choosing the crystallographic orientagiot the purity level.

Most of the following data have been published in fpapers and presented
successfully in many conferences during such theses. Remarkable results in terms
of RF output power density have been obtained forgpgstalline diamond MESFETSs
that, up to now, are the best in literature. Siigha characteristics are comparable as

well.
1. Hydrogen Terminated Layer Characterization

Hydrogen terminated layers have been characteriazedmbans of Hall bar
structures fabricated on diamond surface. Low teatpeg carriers’ behavior has been
investigated in vacuum in the 17-300 K temperatarge and results are here reported
for different samples analyzed.
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Figure 76 —Hall mobility (a, left) and hole density (b, righdj different
diamond samples as a function of temperature irvers

Figure 76a show the Hall mobility dependence onehgperature. Samples present
similar behaviors, two different regimes are apparéime mobility is temperature
independent at low T whereas, around 50K, an incrgasend is observed as the
temperature rises. In general, higher mobility ealuwp to 130 cfVs, are achieved
for higher quality diamond plates (E6 HQ SCD, RAS SCI2N8S) corresponding to
an almost equal activation energy. Lower qualitygkincrystal (E6 St. SCD) and
polycrystalline plate (RAS PolyD4) shows a higher atton, around 4.2 meV.
Moreover, polycrystalline sample mobility is evidigrihe lower and it can be ascribed
to the grain boundaries scattering phenomena, ynding to different crystallographic
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orientations. It is easily possible to notice tmaobility activation for all samples
occurs around 50 K. Figure 76a also allows to ventueehypothesis of a relation of
mobility and carriers activation energy ®ith diamond surface quality, in particular it
could be related both to surface roughness andatiggraphic defects as well. For
lower temperature, mobility seems to be temperandependent with an Esmaller
than 0.2 meV. Figure 76b presents the carriers geftsi the same samples. Such a
value is almost temperature independent and ardiiti cm? for all investigate
diamond plates, as expected for 2D transport inneleteé states and in the absence of
localizations. Anyway, probably due to uncontrollegstallographic orientation, hole

density results a little lower for RAS PolyD4.
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Figure 77 -Hall mobility (a, left) and hole density (b, righdj and high quality
single crystal diamond plate as a function of terapge

Figure 77a shows the Hall mobility behavior of theestigated E6 HQ SCD
diamond sample as a function of the temperaturdgiad trend is apparent in this
figure. After an almost flat trend below 20K, the nlitpi increases, hydrogen
terminated layer is activated with, Bf 1.6 meV to flat again up to room temperature.
In figure it is also reported the[JT*? trend, which is evidently different from H-
terminated layer behavior so that the dominanttegayg mechanism cannot be
ascribed to ionized impurities. It is possiblettfrazen ions in hydrogen terminated
layer, below 50 K, are limited by a Rutherford-likeattering; the activation that
occurs around 50 K is still not clear. Even if comgaawith figure 77b, in which the

little reduction of carriers density for higher teenature is similar to literature reported
behavior of a theoretical two-dimensional electrgas (2DEG}?, it results very

difficult to infer holes mobility trend of hydrogaerminated layer also with electron-
hole scattering models: it could be suggested teatperature inducted potential
fluctuations on diamond surface, probably causedhbypresence of charged ions or
residual adsorbates, give rise to a situation iricwhmore-conductive and less-
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conductive regions coexist and generate potentairidsys which enhance the
transport™. For T higher than room temperature it is possiblsuppose a mobility
reduction due to phonon scattering. Figure 78a7thtd show the Hall mobility of the
investigated samples in the lower temperature ramgethe activation energies, E
comparison for oxygen terminated and hydrogen teaiteid surfaces.

10— . - 107
i T . "l.- H-Terminated Surface
s ] RIS
Wol—=——de o _ | E <02 meV | | ey .a 3
90 L o T < o A - - _.; _._\.-
80 w'E - 3 me 110°
;.p? r0] S il Tl I W e=e=a= < 2
~ 60 £ | G
HE . H 2 | E =09¢eV =
o 50 O E6 High Quality SCD & 109 s BoUTe . 0t B
: ¢ E6 Standard SCD = | O-Terminated Surface 2‘
= 40 B RAS SCD P14MS = dl. =
=) ® RAS Polverystalline D4 o ] =
S . = 1w | 1107 @
= M TR & = . 2
= ~ e S &
= Drmnsstos e © g
-z . =
. R e R S 10" ‘ RAS PolyD {10*
i E <0.2 meV ! 1em’ Ag contacts
A
107 . . 10
20 30 40 50 60 70 80 90100 0 5 10 15 0
-J -
1000/T (K ) 1000/T (K1)

Figure 78 —Hall mobility dependence of different samples on temperature inverse (a, left)
and conductivity of hydrogen and oxygen terminatienond as a function of temperature inverse

Figure 79 presents a comparison of results achi@vatlis thesis and literature
ones. In the low temperature range, the mobilityalvedr is comparable while obtained
values are evidently higher
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Figure 79 —comparison of results achieved in this thesis @atature for Hall mobility
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It is worth to notice that other groups declarechbigroom temperature valliés.
For very low temperatures, an inversion of trendbeen found, resulting in mobilities
in excess of 400 cm2/Vs.

However, mobility mechanism is still a key point famderstanding of hydrogen
terminated surface behavior and up to now no hygithseem to be completely
satisfying. In fact, 2DHG formation and surface sjaort are strictly dependent on the
surface roughness, grains orientation, averagerdiioe, etc, in such a way different
groups - working on different substrates, and witifecent hydrogenation recipes -
report quite different trends. It is our auspicethe future, to have the possibility to
work on well established diamond plates where all sordependent effects might
be fixed.

2. Gate Junction

Gate junction has been characterized in DC and loguéecy AC mode. Current-
Voltage (I-V) and Capacitance-Voltage (CeY,measurements have been performed
in order to understand junction quality and casrigias dependent behavior.
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Figure 80 —Current dependence on voltage of two diode strasttabricated on

nominally identical samples (TM180 by E6) with the different gate technology techniques.

Characterization has been carried out on diffedimtnond samples. Here, results
obtained for devices and structures fabricated Ipa@n Thermal Management Grade
diamond plates by Element Six (in the following edllTM180) will be reported and

103



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

deeply discussed, without ignoring to notice any sionilar results achieved on other
substrates during this thesis. It is important émark that all TM180 surfaces are
hydrogen terminated by means of the same procésHRHCNR.

Information have been obtained for both standad swif-aligned gate structures,
pointing out few remarkable analogies and intergstiands. From C-V curves it has
been possible to extract charge carriers profiled built-in voltage value. Low
temperature measurements in this optics will beuldef confirming and extending
the discussion. Field effect mobility has been eebd as well from both C-V and I-V
data, finding good agreement with Hall bars charaaton results. Following
characterization has been performed with HP4140B apicoeter and HP4192C
Impedance Analyzer.

Figure 80 shows the current dependence on voltagéwvof diode structures
fabricated on nominally equal samples (TM180 by Eff)with the two different gate
technology techniques. In the inspected range (-1 V), the self-aligned diode shows
a higher rectification ratio due to the smallesicélode distance. On the other hand,
reverse current feels the effect of rugged bordehmic contact, consequence of the
wet etching: unparallel and inconstant electricdfiébses the diode reverse bias
behavior and surface scattering controls chargesfea Surface scattering maybe the
dominant mechanism, for these low quality sampkgense bias current is very high if
compared with other analyzed devices fabricatedigimein quality substrates.

~%——————— Fxponential Region (n=3)

TM180 St. DOT (r,=100 um)

0 B 2 3 4 5 6
|[Voltage| (V)
Figure 81 -Forward bias extended region for standard techriigjoiécated

diode (a, left) and logarithmic plot of the samedd (b, right)

Figure 81 presents the forward bias extended refporthe previously shown

standard technique fabricated diode. Here it is iplesso see two main regions of
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operation, at least: the first exponential regigarsing four orders of magnituc
typical of diode behavior; the second one, shows an increasihg of the qualit
factor that change from 3, in the diode regime3Qaaround 4'. Such behavior can t
ascribed to a bad alignment of the planar diodeutar structure (sedigure 82), in
such a wy the annular crown area defining the lateral distanf diode chang
continuously, leading to theffect found.This change of diode ideality fac has
actually been found in several devices, especifilhased on polycrystalline samp,
without evident series resistance phenomena both for forward iamerse bia:
conditions. It is possible that surface roughness, grain boueslascattering an
different grain mobility enhance or deplete condn. A suggestive supposition cot
be the change of quantum level in hydrogen indimeddimensional hole gas (2DH¢
but it needs low and high temperature investigatiofind a checkin between of 1.!
and 5 volts, a dependence 0*2 seems to found forurrent that coul result in a spac
charge limited current region that could be causetti by hydrogen partiionization
toward bulk diamond and by a charge injection frotacteodes due to loc:
temperature increaslt would also mean a presence ofy holes in the conductiv
region between the electrodes, supporting the 2DH&pratation of the hydroge
terminated laye Further measurements will be necessary to find mpbete
explanation for this behavir

structure could explain the diode ideality factbarge pointed out b-V characteristic

When voltage is higher than 5 V, another diode ivaied with a bad idealit
factor (mae than 35): the explanation for the presence ohsaunexpected regic
could be found in the electric field breakdown aghreent for the Schottky electro

and the formation of this diode with a current flowbiulk diamonc
10¢&
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Measured hydrogen termination layer thickness isurato20 nm and the applied
voltage results in a electric field comparable vEgh(10” V/cm). It results also evident

from figure 83a: in inverse bias conditions, bremkd occurs around 7 V. Figure 83a
shows the |-V characteristic of a planar diode s$tmecfabricated on single crystal
diamond where the ohmic contact is silver Ag. Simitand for forward bias has been
pointed out. Figure 83b plots the same diode fffeint temperatures in the rang 30-
300 K. A clear inverse current reduction and an iaeeeof rectification behavior can

easily be seen.
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Figure 84 —Capacitance and 17®ehavior for two TM180
based diode structure (a, left and b, right re$psig)

Capacitance of hydrogen terminated based devicedden measured in the range
100 Hz — 13 MHz. Figure 84a presents the capacitdependence on applied voltage
of the two already analyzed diode structures fatettaon a TM180, when the AC
frequency is 1 MHz: self aligned structure showsveelocapacitance value due to the
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smaller geometrical distance between electrodes. Wgla forward bias, capacitance

increases as the hole accumulation layer exterwedrdl the ohmic electrode side of

the Schottky contact and the electrode insulatpaci#éance became the dominant part
of C. From the 1/€plot in figure 84b it has been possible to finfirst approximation

of the built-in voltagey;, almost equal for both structures and equal te0R1eV.
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Figure 85 —Capacitance behavior of a standard fabricated dmddifferent frequency
values (a, left) and for low frequencies (b, right)

From this results, the Schottky electrode bias déeece of the hole carrier
concentration can be explained as follows: In thethueshold region, when applied
voltage (\4) is higher than threshold voltage}ythe hole channel under the electrode
is empty and measured capacitance is the serieomiected gate insulator and
depletion layer capacitance. Ag &pproachs ¥, the depletion region decreases so that
when V,=Vt hole accumulation layer connects together ohmit Schottky contacts.

In forward bias condition, hole carriers are accuated and capacitance saturates.

Figure 85a presents the capacitance behavior nflatd diode structure for all the
investigated frequencies that shows a capacitance vaduction with the frequency
increase. Particularly interesting is the lower @rerocy behavior (Fig. 85b), in which
device shows a steeply increase of capacitance riwafd bias condition: this
characteristic is seen in hetero-junction FETs igh helectron mobility transistors
under a higher forward 34 and, according to literature, indicates that, heeathe
energy-barrier height is finite, in this appliedtagle range, the energy barrier becomes
a triangular potential barrier penetrated by haléth the consequently capacitance
second increase.

In figure 86 the frequency behavior of the measwapacitance for a standard
diode structure, points out a sort of cut-off fregay around 10Hz. Anyway, the low
capacitance found for low or sub-threshold voltagéues with the capacitance
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reduction for higher frequency, enhance the petsgeof RF high performances
expected for hydrogen terminated diamond MESFETSs.
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Figure 86 —Capacitance dependence on frequency for differgpited voltages

From C-V measurements, carriers concentration profiuld be easily approxima-
tely estimated according to:
2 1 c3 (ac>‘1

VO = Geae T Tas v

wherexy is the depletion region width, approximately eqaale, ¢/C) whereg, is the
vacuum dielectric permittivity ang the substrate material relative dielectric cortstan
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Figure 87— Hole density dependence on depletion region wimltla
standard diode (a, left) and for a self alignedidifb, right)

Figures 87a and 87b show the hole density profitabe standard diode and self-
aligned structure respectively. As expected, hofesithe maximum is not dependent on
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structure but only on hydrogen termination: samplesirogen terminated with the
same process point out similar hole density valoered 1-2x18 cm?, absolutely
according Hall bars measurements previously predeptailts. Both plots remarks the
maximum of hole density few nanometers below diamsadace and carriers are
essentially confined in 10 nm, gradually disappeaebovesy higher than 20 nm. Such
a confinement is shorter than De Broglie wavelengthhbles in diamond (about 100
A), a condition that points out a two dimensionahsiey of states for hydrogen
terminated surface.
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Figure 88 —Hole density as a function of depletion region WwitH, left)
and hole density and xd behavior as a functiomezfifency

Figures 87 highlight the depletion region width degence on frequency, probably
due to accumulation phenomena in the channel phpbdie to carriers velocity
approach to saturation. Such a behavior, more gestptied for the standard diode
TM180 St. DOT (Fig. 88a), points out a channel regbaiion aroundk;=30 nm: the
formed hole channel could be supposed to extesdhsetrate, giving actually rise to an
presumable three dimensional density of statess Mvorth to notice that carriers
density remains basically the same in the analymxliency range (Fig. 88b), while
depletion region width fits to and exponential trend

Combining results achieved for I-V and C-V charaetions, channel field effect
mobility could be obtained according to:

1w ,
I'=5uC—rVa—Vr)

And so, easily:
2

u=2L aﬁ/
cCw o(Vy —Vr)

Figure 89 presents the field effect channel mghég a function of carriers density.

The maximum of field effect mobility is around 5@vs, according to polycrystalline
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values achieved with Hall bars measurements. Indi@@; trends remarked in figure
89 appear more evident, in correspondence of apptitage V).
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A very low mobility is obviously noticed in inversaal conditions, values that
increase from threshold voltager,Vto find a maximum in effective forward bias
conditions. When space charge limited current regioccurs, mobility starts

decreasing.
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Figure 90 —Field effect mobility and hole density behavior degence on applied voltage

Very interesting is the carriers density behavior:forward bias, hole density
increases remarking an enhancement-like behaviothef junction. Moreover, in
inverse conditions, hole density increases as wedin if mobility values are very low:
this could be explained as a change of activeeararin the junction, a sort of carriers
concentration active in the bulk diamond. Such poflyesis could be applied also to
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the forward bias values higher than the supposeakboevn voltage in forward bias
condition, in which, as already said, a bulk conuctould occur.
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Figure 91 -Field effect mobility behavior as a function of @alensity for polycrystalline
diamond plates (a, left) and for single crystahaimd samples (b, right)

Figure 91, in conclusion, clearly remarks that saamobility dependence on hole
density is typical of hydrogen terminated surfaeesdunl devices. Figure 91a shows
three polycrystalline diamond based diodes in foda@as condition: mobility values
are very similar, as expected, and the differehiakier for low carriers concentration
could be due to grain boundaries scattering, diffein each one because of different
surface morphology. The same trend has been foonddifferent single crystal
diamond based devices where, even if few data hasdmeeved for these structures,
mobility values are higher. Data achieved in theseses confirm hydrogen termination
dependence on substrate quality.

3. Ohmic Contact

Ohmic contact represent probably the most criticahty up to now, for MESFETSs
technology and at the same time, the first limitatio device performances. Of course,
the introduced trick of hydrogen terminated areduotion beneath gold layer
decreases leakage currents and increase contatitystécew experiments with other
contact concepts are actually encouraging and tpemoad to a technology change.
Here data achieved by Transfer Length Method duhimgythesis will be reported and
discussed. Figure 92 summarizes sheet resistdfevdlues achieved for different
diamond samples. Measurements have been performéceibyely current supplier
6221 matched with Keithley 2182A nano-voltmeter.

Sheet resistance results higher for polycrystaliremond samples, according to
previously presented mobility data. It is importaat remark that sheet resistance

111



P. Calvani - Charge Control Devices based on WidedB@ap Semiconductors

values achieved for RAS polycrystalline samples basn obtained with another
measurement setup.
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Figure 92 —Sheet resistance achieved for different diamondotesn

Single crystal diamonds show lower sheet resistameefigure 93, contact
resistivity pc values achivied for ohmic contacts fabricated vdiffierent recipes are
presented. It is immediately possible to notice kigh instability of gold ohmic
contacts. Medium value could be considered 5-18>Qén¥, very high but sufficient
for a good device operation. DIC/Pt/Au and TiC/Au tesulower values, but the case
record is not enough to discuss a trend. AnywaystesiiengthL; results from TLMs
characterization almost always smaller than 1 um.
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Figure 93 —Contact resistivity obtained from different conteatallization
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In conclusion, ohmic contact needs a technologyrefor improvements, not only
as far as it concerns mechanical stability andngtie but also in the sense of a
lowering of contact resistivity in order to reachlues comparable with other well
established technologies. Sheet resistance vatimsvad, agree to mobility discussed
behaviors. It is important to remark that suRh measured data are obtained with
TLMs characterization and agree with data obtaingtl Wall bars measurements and
data obtained from the discussion on the gate ipmctabsolutely different
characterization techniques and different measunesetups.

4. MESFETs DC Characterization

4.1.Input Characteristics

MESFETs DC performances have been measured by mefartdP 4140B
picoammeter. Data presented in the following havelighid and discussed in few
papers during this thesis work: here the author wiiort them for completeness.
Relevant results will be briefly discussed in ortteremarks differences and analogies
between devices fabricated with self-aligned anddstahgate techniquéetween the
first GaN based layout and the diamond optimizedcsire. Figure 94b shows the
input characteristics improvement obtained for FEfBdricated with standard
technique using the diamond based RF layout (s#@®Beb, chapter 2) compared to a
similar structure with first non-optimized layoutigF94a).
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Figure 94 —Input characteristics of a self-aligned gate FETgf#) and
of a standard gate FET (b, right) with#500 nm
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Higher current values resdlts figure 94b in the same bias conditions of fegQda,
with higher linearity in saturation region and andewt threshold voltage reduction.
Such an improvement could be due to sub-thresholcerts reduction (hydrogen
termination is smaller around active area) andtgebenpedance matching.
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Figure 95 - Input characteristics of a self-aligned gate K& Tleft) and
of a standard gate FET (b, right) witg#200 nm

Higher current densities have been always found dtratigned gate FETs (Fig.
95). Also in this case, new layout ensures highereotsvalues (Fig. 95b) even if sub-
threshold current results lower in the first layB®T (Fig. 95a): probably it is only an
effect due to the very high currents and the sgeiti length. In addition, almost linear
trend of input characteristics, noticed for smatjate length, points out short channel
effects.

4.2. Transconductancgn
Transconductance is obtained from input charatiesiasg.=(dlpsd/dVss). Results
achieved for standard structure FETs are presémtigglire 96a and 96b.
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Figure 96 - Transconductance of a standard gate FET (a, ledt) a
of a self-aligned gate FET (b, right) witlz£400 nm

The peak for the standard structure with first lay@ig. 96a) results in 10 mS/mm
while the new layout FET only achieves 8 mS/mm (Bigp), strange behavior that
could be brought back to the larger gate width s different scattering at the grain
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boundaries is active in the gate region. Self-@dygate FETs achieved extremely
higher transcondutance values, due obviously tethaler gate-drain and gate-source
distances, with very similag,, maximum of 34 mS/mm for first layout based FET
(Fig.97a) and 43 mS/mm for the new structure (Frdp)9
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Figure 97 -Transconductance of a standard gate FET (a, ladt) a
of a self-aligned gate FET (b, right) witlz£200 nm

Most of analyzed transistors show the presence afcansl peak for higher gate-
source voltages and it is worth to notice the stifg, peak toward higher §4 in
dependence of applied drain-source voltage (¥ig. 98).
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Figure 98 —Transconductance of a self-aligned gate FET with
Le=1 um, showing a second peak
Such a shift is typically noticed in high electransbility transistors based on two
dimensional channels and the remarkable second gmald be hypothesized as the
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population of the second energetic state of the dimzensional hole gas induced by
hydrogen termination. Another possible cause of sinarge increase might be due to
holes entrapped to grain boundary below the chaameeémitted by field assistance in
such a way contributing to the channel current.

4.3.Threshold Voltage v

Devices analyzed in this thesis work have been fawndemonstrate a quasi-
enhancement behavior with a threshold voltage betw8ehV and 0.3 V. Short
channel effects seem to occur beneath 0.5 um gatgh, pointing out the typical
induced threshold voltage shift: devices witg=D.2 um usually show Vclosely to
1.0 V. Data will not be shown but from input charactici already presented in
previous sections, it is possible to see how thidsémens to depend basically on gate
length.

4.4.Output Characteristics

Output characteristics of MESFETS are plottedpgd/bs in figure 99a and 99b for
standard technique fabricated devices with first aed layout respectively. First
layout based MESFET shows a higher current densilyevaf about 25 mA/mm,
anyway very similar to the one presented by new layased transistor. However,
figure 99b remarks a better channel modulationsatdrated operation for newest FET
that does not show parallel resistance effects.
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Figure 99— Output characteristics of two standard gate febficated with first
layout (a, left) and with diamond optimized laydot right) with Lg=500 nm

Self aligned devices output characteristics aregared in figure 100a and 100b for

the two analyzed layouts, respectively. Such dewviesalt in higher current density,
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obviously due to smaller geometrical channel lend®ramond based layout FET
shows better maximum current value, up to 40 mA/mrh i lowerRoy. channel
modulation appears to be very good for both devices
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Figure 100 -Output characteristics of two self-aligned gate Fa&iricated with first layout (a, left)
and with diamond optimized layout (b, right) witg31 pm

The measured DC output characteristics clearly shawin the linear region the
drain current is almost independent otsV when output conductance forpy
approaches 0.0 V, it is not controlled by the gatitage, contrasting what happens in
conventional FETs. This phenomenon could be relatethe fact that the channel
charge-control model exhibits, after a region whiere sheet hole density linearly
depends on ¥s, saturation of the channel mobile charge for largeabsolute values.
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Figure 101 -statistic for 200 nm gate length transistors FETs
fabricated on hydrogen terminated TM180

Within the framework of a device model based on tm@dual channel
approximation, due to the interplay between the gatbdrain potential, the saturated
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charge-control model vyields the typical saturatedng-characteristics shown in
previous paragraph. Such a charge-control modelbitixiy saturation is formally
similar to thetanh control model proposed for AlGaAs/GaAs HEMTs by Rodin and
Roblin?*7,

Presented results indeed suggest that this HEMTelikegge-control model can be
effectively exploited, together with multi-bias sesing parameter measurements, to
develop large-signal models based on the Chalnpgn®actf*3.

Figure 101 presents a statistic for 200 nm gatgtketransistors FETs fabricated on
hydrogen terminated TM180. Normalized current dgnsdlues in bias condition
Ves=-1.0 V and \s=-10.0 V have been plotted: standard FETs achieweedium
value of 50 mA/mm and self-aligned FETs approac® b2A/mm. For effective
geometrical factor WL, Lg has to considered as the drain-source distandbhas@
self-aligned 200 nm gate electrode results in dectfe Ls=1.8 um (according to
section 6.4, chapter 2). Standard FETs have bdwitéded with a fixed drain-source
distance of 4 um: ratio of the two effective gategkhs explains the current densities
difference.
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Figure 102 —Output characteristics of a 1 um self aligned ¢atgth diamond FET

Remarkable behavior of output characteristics istpd out by a logarithmic plot,
here represented for brevity only by figure 10204€l to threshold voltage, very low
normalized currents have been found, demonstraétiagthe concentration of residual
acceptors in the diamond is extremely low. The pedlserved for lowest gate-source
voltage could be associated to a sort of builtditages related to carriers change for
inverse bias conditions.

Figures 103a and 103b show the bgstMps characteristics obtained in this thesis
for hydrogen terminated diamond. Polycrystalline aimgle crystal diamond samples,
one from Element Six Ltd and the other form Russkrademy of Sciences,
respectively, result in a maximum drain to souragent of about 120 mA/mm. It is
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worth to notice that applied drain voltage for sengirystal diamond is 80 V,
corresponding to an applied electric field of mthran 2 MV/cm, very high but still far
from expected breakdown of 10 MV/cm. Maximum transcmtance of such a device
exceed 70 mS/mm. In both cases, devices are regtedf by self-heating effects that
typically occur in wide band gap semiconductors devi Expected power density is
over 2 W/mm for single crystal diamond.
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Figure 103 —best results achieved for output characteristicpddycrystalline
diamond (a, left) and single crystal diamond (pht)

In conclusion, DC characteristics of hydrogen teatéd diamond based MESFETSs
are essentially dependent on drain to source chalistance and so, self-aligned gate
technique based FETs typically show higher curremtsiies. Hydrogen terminated
area reduction does not affect performances. Opiinilayout basically affects
devices, even if, as already said, fabricationnagke is the most decisive parameter:
self-aligned gate FET result in higher current almdsconductance values.

5. MESFETs RF Performances

Field effect transistors based on hydrogen terrathatiamond fabricated in this
thesis have their first obvious application in thierowaves because of the unmatched
physical properties of diamond, especially the \dgh breakdown electric field, high
carriers mobility and saturation velocity togetlwgth the low dielectric constant. In
addition, the unequalled thermal conductivity, eviigher than copper, allows
diamond based devices to avoid self-heating eftietistypically affect GaN and other
wide band gap materials.

RF performances of devices fabricated in this thaseé steadily in the range of S

and X bands of the radio spectrum, pointing out ntangs higher performances up to
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K band. Such encouraging results allow devices toabpeas satellite television
broadcasting, microwave relays, WiMAX, inter-satelliteks, high resolution radars,
directed-energy weapon and security screening ajalics.

Achieved results will be presented in the followingtly for small signals and then
for large signals. Such characterizations have lbaetied on in collaboration with the
group of prof. E. Limiti at Tor Vergata University Roma and with the group of prof.
G. Ghione at Politecnico di Torino, respectively.

Also in this case, data achieved for different tetbgical structures fabricated on
low quality TM180 diamond plates will be discussed aesults obtained on higher
quality substrates will be presented for completendéisis worth to notice that RF

performances are deeply affected by substratetgutdi example because of the grain
boundaries induced scattering.

5.1.RF Small Signal performances

Small signal characteristics have been measuredliaboration with Tor Vergata
University group of Electronic Engineering Departme@haracterization has been
performed in the range 40 MHz-40 GHz by means of HP854nd Anritsu 37397D
Vector Network Analyzers, a Cascade RF1 Probe Statipimpped with coplanar
Ground Signal Ground (GSG) Probe GGB Picoprobe (witthpif 200um) and CS5

Calibration kit (even if a diamond based calibratiit is eventually available).
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Figure 104 —Frequency dependence of maximum oscillation frequéRAG) and current gain

([Ha1f) for 0.4 um standard gate length FETs fabricatétth ¥irst (a, left) and RF optimized
layout (b, right)

100

Figure 104a and 104b show frequency dependence gimMden Available Gain
(MAG) current gain |k for two 0.4 pm gate length FETs fabricated on TMb§0
Element Six with previously realized layout and disvth based structure, respectively,
both based on the standard gate technique. Gafghpeyiis the same for both devices
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and bias conditions are comparable. Maximum ostidrequencyfyax is completely
comparable.

The improvement achieved by means of the diamorsgddayout is the higher
current gain cut-off frequendy of 0.7 GHz instead of 0.5 GHz: the better impedance
matching allows device to gain at higher frequencies

40 T T 40 T T
TM180 St. FET, First Layout TM180 St. FET, Diamond Layout
o IorrHariio: Wi—s(nm b 20 e L =04 um; W =50 um
30 - - V. =-20V V, _=-08V 1 r i £ 1
N oF - By V16V YV ~-03V
~ -
il L
L . ] L ~ ]
20 N gmg 20 L
! = ~
a \‘\ O jaa] ~ m] B
= 31 = i
s 10k "y 0 1 =19 | ]
& Y .o & 51
QQ) ‘\3‘ fMAX:3'8 GHz i ~
0 0
"oy « oy
£=0.3 GHz 0% \\ f=1.0 GHz i
1} >
10 | O:boo % i 1 -10 F Q -
%, O MAG [dB] 8 MAG [4B]
Ty, O Ju, f [48] © I, 48]
20 1 Q L 20 | 1
0,1 1 10 100 0,1 1 10 100
Frequency (GHz) Frequency (GHz)

Figure 105 -Frequency dependence of maximum oscillation frequéMAG) and current gain

([Ha1f) for 0.4 um standard gate length FETs fabricatétth ¥irst (a, left) and RF optimized
layout (b, right)

The improvement introduced by optimized layout isrenevident in figure 105a
and 105b, where the same previously shown FETs asemied for higher applied
drain to source voltagep¥ in this case, alstyax Shows an evident improvement, from
3.8 GHz up to almost 4.9 GHz whileimproves of 0.7 GHz. Increasingy the RF

optimized layout creates the conditions for bgtenformances.
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Figure 106 —Frequency dependence of maximum oscillation frequéRAG) and current gain
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Current gain presents the typical -20 dB/decademi#gnce on frequency while for
MAG, this behavior is achieved only for high frequgnalues: K, the Rollet’ stability
factor, is less than 1 for low frequency so thatidewas to be considered unstable in
that range. It is important to notice that devifasicated with new layout also include
the hydrogen terminated area reduction that seerdsds not affect negatively FETs

performances.
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Figure 107 —Frequency dependence of maximum oscillation frequéRAG) and current gain
(IHo4P) for 0.2 um self-aligned gate length FETs falisidawith first (a, left) and RF optimized
layout (b, right)

Self-aligned gate FETs behavior in dependence amfuiency is shown in figures
106a and 106b for devices with a 500 nm gate leagth50 um gate width. Cut-off
frequencies for current gain presents an improverdogrsimilar bias conditions, from
2.7 GHz to 3.3 GHz while maximum oscillation frequestyfts form 4.1 GHz up to
5.6 GHz. The higher frequencies, compared with shbrggate length devices
fabricated with standard technique, are due to thallest drain to source distance.
Also in this case, the new layout is associated withydrogen terminated area
reduction with no evident negative effects. The itglof devices for low frequencies
is still not reached. Smallest self-aligned gateiaks fabricated on TM180 during this
PhD thesis present a 200 nm gate length. RF perfar@saof such FETs are shown in
figure 106a and 106b for first and new layout, resipely. Gate reduction obviously
leads to a higher cut-off frequencies, up to alM&sGHz for maximum available gain.
A current gain cut-off frequendy of 4 GHz has been achieved for first layout based
FET (Fig. 107a), while it raises up to 6 GHz for tRE optimized structure (Fig.
107b). The bias condition in which the maximiyry andfr has been obtained is near
the pinch-off region, which seems to be a uniquerattiaristic of diamond FETSs.
Figure 108a shows a gate bias scan of these ciredfiencies at a constant drain bias
Vps of 14 V for self-aligned gate FET with a 200 nm detegth.
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Form figure 108b it is possible to see that @ rather constant across a wide gate
bias range, indicating that the FET mode of openats similar to that of a hetero-
junction FET with constant gate barrier to chanregpasation. Near pinch-off 4g
decreases faster thap:ghe behavior of input capacitancecfCand intrinsic trans-
conductanceg,), which are the essential partfefandfyax, are shown in figure 108b.

It can be hypothesized that near pinch-off the lobi@nnel charge is pushed into the
substrate buffer layer down into a region of highwobility. Residual DC current

injection into this buffer layer and residual bypa®nduction are indeed observed in
DC characteristics, basically sub-threshold curremtserefore, bulk conduction, as

well as surface morphology, affects RF charactessti
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Figure 109— Cut-off frequencies dependence on appligd V

RF small signal performances behavior of devicesafconstant ¥s and scanning
drain to source voltagep¥ is presented in figure 109. Cut-off frequenciesréase
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according to drain source applied electric fieldiggesting that charge carriers
saturation velocity is not reached yet.

Absolutely similar behavior have been found in ttiiesis for self-alinged gate
FETs and for standard FETs fabricated on diffediatmond samples, both single
crystal and polycrystalline, both high and low qyasiamples. As well as single crystal
diamonds show a better DC behavior in terms of marinachieved values, so that
polycrystalline diamonds present higher RF perforoes in terms of cut-off
frequencies. The reason of this strange trendilisnst clear also in literature. It is
possible that the presence of grain boundariesvallolycrystalline diamond to the
bulk conduction, helped by surface scattering phera to higher mobility states.

Following figures 110a and 110b show the better tesadhieved in terms of cut-
off frequencies during this three years work andeady published in many

14,215,216
paperg !
60 ; . 40 = . . :
RAS P7MS SCD SAG FET, Diamond Layout i RAS Poly D4 St. FET, First Layout
L =0.2 um; W =50 um ~ i L =0.2 um; W =25 um
50 29 g g ] 4 - = 1 2 g
s Vi~ 10V Vi =-03V " .20 dBidec~ Vg -10V V. =-02¥
40 F~ ™. =20 dB/dec. B *
= - ~ ™
Pl T 20 F T T
~ 30} - L 4 8\ i)
[as] Sl [aa] ~ =
2 I, T = ~.0O Tal
EW s | S g W “a P b faa 237 Gz
= N = o
] - %.0o & o]
o =263 GHz 3 o

é 5590
T
g
gc

.10 F
A0F O MAG[dB] i ] O MAG [dB]
© [ [dB] © |, 48]
20 1 10 oo ot i 6 100
Frequency (GHz) Frequency (GHz)

Figure 110 - Frequency dependence of maximum oscillation frequéMAG) and current gain

([Ha4f) for 0.2 um gate length FETs fabricated on singigstal (a, left) and polycrystalline
diamond (b, right)

Figure 110a presents the frequency performances sélf-aligned 200 nm gate
length FET fabricated on a high quality homoepab¥ayer by Russian Academy of
Sciences. Device is bias with a§-0.3 V and \Ws=-10 V resulting in a drain-source
current of 1.5 mA (gate width is 50 pm). Maximum dation frequencyfuax achieved
with an RF optimized layout is 26.3 GHz while currgain cut-off frequenc¥ is 13.5
GHz.

A 200 nm gate length standard FET (with asymmetrigate, effectively
comparable with a self-aligned gate FET) fabricaieda high quality large-grain size
polycrystalline diamond by Russian Academy of Scésnachieves afiax of 23.7
GHz and &+ of 6.9 GHz (Fig. 110b). Bias conditions are basjctile same as figure
109a, \6s=-0.2V and \bs=-10 V, resulting in a current of 0.8 mA (gate wiit25 um
instead of 50 pum). Same devices are presentedgbeihdrain to source voltage,y--
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15 V while Vssis -0.2 V in figure 111a and 111b, respectivetytHis case, maximum
oscillation frequency for single crystal diamon@&7 GHz while polycrystalline plate
results exceed 30 GHz, according with literature testat give to polycrystalline
diamonds the RF performances primacy. It is worth ntitice that the same
polycrystalline diamond based FET achievedfign=35 GHz when ¥s=0.0 V and
Vps=-35 V.
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Figure 111 -Frequency dependence of maximum oscillation frequéMAG) and current gain
([Haf) for 0.2 um gate length FETs fabricated on singigstal (a, left) and polycrystalline
diamond (b, right)

Current gain cut-off frequencies obtained are 1GI9z and 9.1 GHz for single
crystal and polycrystalline diamond, respectively.

40 T T T T T T e T
--r -First Layout :
35 | -1 Diamend Layout i |
G first layout
o =32
30 | (€ s fMAX/fT -
. 2
—~ Br ,', D/’--_
N o e i
jam e L
O 22t & et -
g PanE ‘|j/ diamond layout
L i Pt =14
W= 13 OD,E%D-’ s
Fthdn| 0
10 (& g = |
A 0
oo ®
50 of -
e O
0 . 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
£, (GHz)

Figure 112—fyax dependence ok for FETs based on first and on RF optimized lagout

The higher cut-off frequency achieved for singlgstal diamond are due to the
optimized layout (polycrystalline sample based devinas been fabricated with the
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previous structure) and to the absence of surfamdtesing induced by grain
boundaries.

Anyway, in figure 112, it is clearly possible to ds@w the RF optimized layout
introduction results in a lowering of tHgax/fr medium ratio from 3.2 down to 1.4,
leading to a more ideal and controllable FET betravi

5.2.RF equivalent circuit

Also RF equivalent circuit has been extracted ireotd get a better understanding
of devices behavior. Such a modeling procedurebleas applied to a self-aligned 1
um gate length FET fabricated on an Optical Grade/gpgdtalline diamond by
Element Si¥*". Gate width is 100 pm.

Figure 113 shows the S-parameters of analyzed davi&mith chart. § of the
device, which represents the sum of the intrinséistance, the gate metal resistance
and the source parasitic resistance, follows a aahsesistance circle of . This
resistance is mainly due to the high source paragsistance caused by the source—
gate spacing. Other factors such as the intrinsaneél resistance and the gate metal
resistance are ruled out, because the former ergely proportional to the gate length
and the latter hardly contributes to the total sesice due to the low-resistance
material used (Al).

Swp Max
20.1GHz

& S(1,1)
8 8@
©-8(22)
X 8(12)

Figure 113 —S-parameters represented on Smith chart of a 1gtenength FET
fabricated on an Optical Grade polycrystalline diach by Element Six

Assuming a sheet resistance of 28,k the source—gate parasitic resistance is
calculated to be 55 at a source—gate spacing ghipd um and a gate width of 100
pnm. The high source—gate parasitic resistanceligidbihe operation of the MESFET
over the range of measurement frequencies in epitee narrow source—gate spacing.
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The gate-source capacitancegs@ calculated to be 0.5 pF from;SThe depth of the
depletion region under the Schottky gate is catedl#o be 10 nm from &g S» shows

low power loss at the device output due to the lowedidgc constant of diamond,
which is useful for microwave applications of diamoRETs. Because of the low
dielectric constant of diamond, both reactancesSgfand $, are low, which is

advantageous in RF foreground as well. Because gif hiput and output device
mismatch, & parameter magnitude is less than unity, but tlois means that the

device had no gain.

Table 5 - Intrinsic Elements

VGS: -0.8v VDS: -10V

VGSZ -2V VDS: -10V

VG5: 0.8v VDS: -10V

Cos(fF) =483.9831
R (Q) =88.0367
Cop (fF) =9.1509
Rep (Q) =2850.2
Om (MS)=3.7651
Tau (ps)=19.367
Cos(fF) =1.7419
Gps(mS) =0.0807

Gs(fF) =501.7142
R(Q) =66.0317
Gp (fF) =21.2115
Rp(Q) =1373.9
g (MmS)=6.7179
Tau (ps)=11.041
Gs(fF) =2.2304
Gs(mS) =0.2363

Gs(fF) =12.0383
R(Q) =1021.4
Gp (fF) =6.1285
Rp(Q) =757.2259
g (mS)=0.005
Tau (ps) =8.8863
Gs(fF) =0.5
Gs(mS) =0

The starting small-signal equivalent circuit toppfo adapted was based on
Dambrine model. This kind of equivalent circuit geally fits with FET physical
structure and behavior. In this case we adopted aeletients small signal equivalent
circuit where Rp has been useful to represent device symmetry angrove
experimental data fitting in low frequency and dgrimansition from symmetric (low
biasing) conditions to saturation region. Howevdras been necessary to introduce a
current leakage representative resistance betweeragd drain.

Table 6 — Parasitic Elements

Cro(fF) = 24 R;(Ohm) = 10 ls (pH) = 60
Cro (fF) = 26 R (Ohm) = 36 lb (pH) = 25
Crep(fF) = 10 R(Ohm) =45 ls(pH) =7

This element, usually describe surface trappingcgfin HEMT device and in our
case it, probably regards the same kind of effedeakage effect induced by strong
gate inverse polarization tunnel phenomen8tarting from the achieved results a
simple equivalent circuit model of diamond based ME®s has been formulated
keeping into account the basic parasitic elemenésKET, source (§, drain (B) and
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gate resistances @R Source and drain resistances are related teecaensity and
mobility of the surface hole channel, hence tohlgdrogenation conditions. Device
geometry (source to gate and drain to gate disjaalse determine resistance values.
Best fit values for each component of the equivalgrcuit are listed in table 5.
MESFET extrinsic elements complete equivalent ciraéfinition (table 6). The
proposed equivalent reproduce fairly well the fregpyedependence of the measured

S-parameters in all measurement frequency rangard-iL14 shows the RF equivalent
model.

gate (Al)

source (Au) drain (Au)
Rg é (o
IR
v
e I
RGS (/GS
R; g V1
; Ry Ry |
! b AAA i
i f A A S—
two dimensional hole channel \
2o drift region
Cps

Figure 114 -Small-signal equivalent circuit of a 1 pm gate knigET fabricated
on an hydrogen terminated Optical Grade polycristatiamond by Element Six

5.3.RF Large Signal performances

Large signal characteristics have been measuredllaboration with politecnico di
Torino group of Department of Electronics. Generallyevaluate RF power devices,
power gain, efficiency, output power, and power dgraie measured using load-pull
measurement as performance values. The load-pudkumement means varying or

“pulling” the load impedance while measuring thefpenance of a device-under-test
(DUT).

variable phase

sampler 2 p tunable
P attenuator shifter ("5
Q:Q sampler 1 Gm meas switchi i .
b b
input variable ==
attenuator

microwave
source

ST =AL

bias T | DUT|

a,_:r,. -« i,

{bias T
| output loop
| amplifier

b« b,

Figure 115 -Simplified scheme of the load/source-pull systenn wit
time-domain waveform capabilities of Politecniccldirino.
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In the loa-pull measurement, the load impedance where theekigbr lowes
performance values can be obtained is directly raeted by varying the loa
impedance over a wide range on the inance plane on a Smith chart. This methc
important for larg-signal, nonlinear devices where the operating pwiay changt
with power level or tuning. The performance limitasocan be evaluated using t
method, and it has been used for designirripheral circuits for discrete devices &
monolithic microwave IC (MMIC

The RF waveforms are measd in rea-time at the DUT refeence planes by mea
of a Vector Network Analyzer (VNA). Tl output loading conditions ¢ changed a
the fundamental fiquency by means of the active p, see figure 15. The active
tecknique allows for rflection cofficients up to, or even above un This is a
fundamental feature irthe characterization of diamonbased devices of smi
periphery since their optimumoads typcally exhibit a rflection cofficient with
magnitude close to unii that cannot be synthesized, due to losses, withesdional
passive tuner.

A self-aligned gate FET with c=200 nm and \c=50 pum fabricated on a TM1¢
by Element Six accordinto the RF diamond based optimized layout, has bestec
for RF power performances, achieving the best regutb now present in literature 1
a polycrystalline diamond sam.

21.5

Figure 116 - Loac-pull map of the50 pn device perating at 2 GHz, and biasec class A (\ps=-
14 V and \g<=-1 V). The marker shows the location of the optir load for maximizing the PAI

According to the loa-pull approach, the optimum load can investigated fo
several performances, typically ttmaximun power, the maximum power addt
efficiency (PAE), the minimur distortion (under a tw-tone tesl. In this work
optimum PAEhas been considered tgoal, taking into account that 1 power can bt

also increased by phing the drain bias towards ger absolute values than 14. An
12¢
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example of PAE load pull map is shown in figure 1#@; found an optimal load for
maximum PAE ofl''=0.79, phase 4°. As expected the optimum load hamail
inductive reactive part compensating the outputicagnce; due to the comparatively
low frequency, however, the resistive part is donminan

15 T T T T T T 25
—0—P (dBm)
out

10
120

(dBm), Gain (dB)

out

-10

P

Figure 117 -Power sweep on the PAE optimum lodg € 0.79, 4°) in class A at 2 GHz. Power
gain, output power normalized to 1 mm total gatépgbery and PAE for ¥s=-1 V and \bs=-14 V.

Fig. 117 shows the results of a power sweep for aukf@evice, with the device
terminated on the optimum load. The maximum ougmwer density is 0.2 W/mm
with 22% PAE, and linear power gain of 8 dB. Assumingiaimum drain current
around 11 mA, the maximum output power value is catibfe with a peak RF voltage
around 9 V (consistent with the given bias and wilknee or saturation drain voltage
of -5 V), which amounts to a maximum instantaneowsndvoltage of -23 V. The
theoretical value of the drain efficiency obtaineidh such values is around 30%,
which further decreases to the PAE due to finite .gaarger efficiencies could be
reached by increasing the drain bias, but, asdre@entioned, this could ultimately
lead to irreversible device damage. During the lsigeal load-pull characterization
the tested devices underwent several RF power w28p8@) without any appreciable
DC or RF performance degradation. DC degradatiomialg RF test was reported
for devices on single-crystal diamdH8l due to surface problems. Kasu and
coworker&*® observed a drain current degradation induced trgase of gate leakage
during pulsed-DC tests. However, for the present @ewday increase of gate current
has been observed (which remained always lower thantd pA up to the maximum
applied DC gate bias of -4 V) either under DC and rREasurements. Extensive
reliability tests in single-crystal or polycrysialt diamond devices have not been
reported yet as far as we know and were anyhow beyenscbpe of the present work,
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also considering that the contact technology esgdbidoes not allow repeated
measurements on the same device for probe scrgtfoinadhesion problems) and, as
a consequence, any significant aging test.

20 T T T T T T 50
—o—P (dBm)
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Figure 118 -Power sweep on the PAE optimum lo&d € 0.79, 4°) in class A at 1 GHz. Power
gain, output power normalized to 1 mm total gatépbery and PAE for ¥s=-1 V and \bs=-14 V.

From the reported RF power characterization, theapgtated output power density
at 1 GHz is about 0.8 W/mm (Fig. 118); such valueutfh still much lower than the
expected material limit, points out the potentifitlis technology on polycrystalline
diamond when compared to the record performance @f/@m on single crystal
diamond&® at 1 GHz.

Even if it was not possible up to now to perform tenapure dependent
measurements on fabricated FETS, literature sthts the increase in temperature
during power measurements on a single crystal didmmmsed FET with £=0.84
W/mm is only 0.64 °C. In the case of a GaAs MESFET witlimilar output power of
0.6 W and a similar size and configuration, theéase in temperature 660 °C was
reported. Compared with GaAs, the increase in temerddr diamond is extremely
low. However, this is reasonable from physics prilegpThe increase in temperature
is inversely proportional to the thermal condudyiviSince the thermal conductivity of
diamond is 22 W/(cm K);-50 times higher than GaAs (0.46 W/cmK), the incréase
temperature for diamond should 4/50 that for GaAs. Actually, the upper limit of
output power for GaAs and GaN devices is almost saturdte to heat spreading.
However, for diamond devices, thermal managemerttig iserious factor limiting the
output power.
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Conclusions

Metal-Semiconductor Field Effect Transistors (MESBETbased have been
fabricated on Hydrogen terminated single crystal gulycrystalline diamond,
supplied by Russian Academy of Sciences and purdiasE&lements Six Ltd.

Sub-micron gate length transistors have been dpedlaccording to butterfly
shaped layout, typical of RF oriented devices, thes been optimized keeping into
account diamond physical and electronic parameter®order to achieve better
performances. Improvements introduced by such @ukalgave been pointed out from
devices characterization. Aluminum self-aligned dinced drain-source distance
(“standard) gates and gold ohmic contacts have been falicadluminum assures
low ideality factor gate-source diodes, high rectifion ratio and low leakage currents
(anyway higher for polycrystalline diamond sampléEde small k resulting from
transfer length method (TLM) analysis, allowed thpposition of a completely lateral
charge transfer so that the hydrogen terminatea direension reduction close to gate
junction results in a lowering of leakage currentd aetter gold adhesion to substrate
without negative effects on device performances. @olitacts, after a hard work of
development and improvement, resulted in good néchbstrength as well as contact
resistivity, lower enough to allow an excellent deviperation.

Hydrogen terminated layer has been deeply investighy means of Hall bars,
TLMs and gate junctions characterization: hydrogetuced conductive layer results
in sheet resistances essentially stable and rdgeatanly dependent on substrate
quality. From experimental evidences, such a catiMitayer can be associated to a
quasi-two dimensional hole gas (2DHG). Analysis caraed for many fabricated
MESFETs, pointed out a different behavior of this 2DH& DC and AC,
respectively: it could be hypothesized an effective-dimensional transport for in DC
conditions, and other transport mechanism triggemdavith oscillation. An effective
increase of mobility is highlighted when devices aubject to frequency dependent
signals that could be due to interaction betweeeriminated layer and bulk diamond
with higher holes mobility, giving raise a three dimsional transport. Anyway, it
could be also explained as a priming of second tyuatevel of the 2DHG.

Results achieved for self-aligned and standard FElsicated on nominally
identical large-grain size, low quality, polycryditad diamonds TM180 by Element
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Six have been presented and investigated in oodebtain a better understanding of
hydrogen terminated diamond transistors. DC chatiatitss pointed out the presence
of the 2DHG as well as an operation typical of hejanmtion FETs. Anyway,
achieved results seem to highlight the presenandéffective insulating layer at the
aluminum-diamond interface. Such a characterizasibow the primacy of the self-
aligned gate structure: 200 nm gate length FETswshrrent density and
transcondutance values of 100 mA/mm and 40 mS/respectively. Higher values
have been obtained on high quality single crystateg by Russian Academy of
Sciences, with anémax 0f 120 mA/mm, stable up to ap¥= -80 V (corresponding to
an applied electric field £= 2 MV/cm, still far from diamond nominal breakdown
electric field) and a maximum transconductance editey 70 mS/mm. The absence of
grain boundaries and surface scattering phenomerthis case, limits sub-threshold
and leakage currents; besides, hydrogen terminafigingle crystal plates results in
lower sheet resistances (8-1@J% and higher mobility (up to 130 s at room
temperature): 2DHG formation and surface transpaet sirictly dependent on the
surface roughness and grains orientation. All deviedricated in this thesis are not
affected by self-heating effect, obviously becanfséhe very high thermal conductivity
of diamond.

RF small signal performances of fabricated FETsehaeen investigated for both
self-aligned and standard devices fabricated omé&te Six TM180 diamond plates.
Established technology allows the fabrication ohsiators with operation frequencies
always in the X and C band of the radio spectruneneif based on low quality
substrates.

Self-aligned 200 nm gate length FETs fabricatedrb1180 achieved a maximum
oscillation frequencyuax = 15 GHz and a current gain cut-off frequeriey 6 GHz
resulting in a power output at 1 GHz of 800 mW/mnt tkaup to now, the best result
in literature for polycrystalline diamond basednsistors. Such a result is anyway
comparable with well-established technologies like GhAsed transistors. From S-
parameters analysis, it has been possible to éxtraET small signal model.

Best results in terms of operation frequencies hmwaan obtained, also in this case,
for single crystal and polycrystalline diamond ptasupplied by Russian Academy of
Sciences. Higher RF performances have been typioaligined close to the pinch.off
region where the hole channel charge seem to beegusto the substrate buffer layer
down to a region of higher mobility. Single cryspédte achieved fuax = 27 GHz and
afr = 14 GHz when ¥s=-15 V and \4s= -0.2 V and polycrystalline diamond exceed
30 GHz for maximum oscillation frequency while 9 GHavl been achieved fdy.
Completely satisfying reasons for polycrystallineandond better performances, in
terms offyax, have not been found: probably such a trend is asi@lready stated, to a
sort of mobility increase owing to grain boundaidesl bulk interface (bulk mobility in
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diamond is 1600 chs). Results achieved in this thesis have pointetl the
supremacy of the self-aligned gate structure arddhvelopment of an RF optimized
layout specifically for diamond results in a DC deristics improvement and a
fuax/fr ratio reduction that will lead to better RF perfamaes.
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compared with results achieved frofDEL

Quality of substrate clearly influence the hydrogemmination: Russian Academy
of Sciences samples shown higher quality in termfsEdfs operation if compared with
Element Six Ltd. Results achieved are absolutelpparable with literature ones in
terms of cut-off frequencies, as shown in figure .19 to now, it seems that our
limitation is the gate length, and, in other worsisiface roughness: it is important to
remark that other groups involved in diamond bdsgds, grown their own diamond
substrate and so they can work also on crystallbjragrientation of substrate (that
allow higher hole density and so carriers mobileyd operating a surface roughness
lowering that allows higher technology resolution.
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