Di anond Transi stor and Method of Manufacture Ther eof
BACKGROUND OF THE I NVENTION This invention relates to
WO e@eaLseors, particularly field effect transi BCDIB006/001054
(FETs), fornmed fromdianond material and to nethods of
manuf act uri ng such transistors. The generation of high
frequency (HF) and m crowavg .signals is now nostly
based on silicon and gallium arseni de devices. Due to
physical limtations, these devices cannot achieve
power |evels higher than a few hundred watts
(depending on the frequency to be anplified) in sinple
sol i dstate device configurations. Wde band-gap
mat er i alDiamehd Teamikistor Gnd Gidthod iof ManofauturecThidreofal | ow
for higher power anplification per unit gate |ength at
m crowave frequencies. This is because a | arger bias
vol tage, and hence the voltage anplitude on the
nicromave signal, can be supported across the
er which the current is

%i 6” ? ! her breakdown el ectric

fleld of a MAde band- gap sem conductor is exploited.
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na%ﬁ‘frbtg%ﬁ?@ transi stors of this kind has been

described in the follow ng publications:
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| ngt% et c'jé)vr?ceacow?gura ons \}\T/adqe%an%tgap mgterlals (diamond, SiC, GaN,

etc) in principle allow for higher power amplification per unit gate length at

microwave frequencies. This is because a larger bias voltage, and hence
the voltage amplitude on the microwave signal, can be supported across
the transistor channel region over which the current is modulated. In effect,
the higher breakdown electric field of a wide band-gap semiconductor is
exploited. In microwave power transistors, the ability to support high
voltage is particularly desirable, since, generally, power has to be

transferred to a relatively high impedance (50 Q) load.

The use of diamond in manufacturing transistors of this kind has been
described in the following publications: JP-A-60246627, EP 0 343 963 B1
and US005491348A).

It is an object of the invention to provide an alternative transistor structure
and method of manufacture thereof with particular advantages in terms of
ease of manufacture and performance.



transi stor includes the steps of: (a) providing a
substrate conprising single crystal dianond materi al
whawengreal gr omt h surface on which further | ayeP&T/IE2006/001054
di anond material can be deposited, the growh surface
or a region thereof having a root-nean-square
roughness of 3 nmor |ess op-being free of steps or
protrusions larger than 3 nm (b) depositing a
plurality of further dianond |ayers on the substrate
growt h surface; and (c) attaching appropriate contacts
to the respective dianond | ayers, thereby defining a
t r SUMMARY OR THEHNYENTION one enbodi ment of the
i nvention, the growth surface of the substrate or
region thereof preferably has a root-nean-square (rns)
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| ess than 0.1 nmand npst preferably | ess than 0.05
nniraneistppaneludesite &leps ¥5ed ext ensively through this
application, it is worth stating the relationship
bet ween them for a Gaussian distribution of surface
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substrate is less than 3 nm nore preferably | ess than
1 nm nore preferably still |less than 0.5 nm and npst
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area reqwqr@\gthtsqufgg@tanghe rms, RQ RA and Rt roughness
requirement is preferably deflned by the | ateral
extent of the device or an assenbly of electrically

connect g9 HR¥hiRE 2pp@bridR@nicaf 8RO tespective diamond layers,
thereby defining a transistor structure.

In one embodiment of the invention, the growth surface of the substrate or
region thereof preferably has a root-mean-square (rms) roughness (or Rg)
of less than 1 nm, more preferably less than 0.1 nm and most preferably
less than 0.05 nm. As R, and Rq are used extensively through this
application, it is worth stating the relationship between them: for a Gaussian
distribution of surface heights, Rq = 1.25 Ra.

The surface of the substrate may be further characterised by its Ry value,
where this is the maximum peak-to-valley height measured. A surface with
low Ra or Rg may still be unsuitable by virtue of the presence of small
numbers of deep pits or tall hillocks on the surface giving a large Ry value.
It is preferred that the Rr value of the substrate is less than 3 nm, more
preferably less than 1 nm, more preferably still less than 0.5 nm and most
preferably less than 0.2 nm.



twi ce these | ateral dinensions and nost preferably
three tinmes these lateral dinensions. The device
w0 pwbad®e1 sour ce, drain, gate, channel and conPED1B2006/001054
regions as is conventionally understood in the art. An
assenbly of electrically connected devices refers to
two or nore devices connectgd in such a way that they
behave as a single device with electrica
characteristics (in particular total power and total
current handling capacity) that are greater than those
of a single device. In terns of absol ute di nensions,
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sur ace Is required to provide a suitable surface for
t héimsnbioaguent thin device |ayers to be fabricated
thereon. In many applications the key paraneter rather
than the rns roughness is the absence of steps above a
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processing is applied. Thus, in an alternative
enbodi nent of the invention, the height of any step or
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dngnensmns of as little as 1 um x 1 um. An assembly might encompass the
whole of a wafer of diamond; it is conceivable that in the future this might

be 100 mm x 100 mm or even larger.

The high flatness or smoothness of the growth surface is required to
provide a suitable surface for the subsequent thin device layers to be
fabricated thereon. In many applications the key parameter rather than the
rms roughness is the absence of steps above a specific size, typically some
fraction of the thickness of the thinnest subsequent layer used in the
structure before any optional further flatness processing is applied.

Thus, in an alternative embodiment of the invention, the height of any step
or protrusion is preferably less than 50% of the thinnest adjacent layer
thickness, more preferably less than 20%, even more preferably less than
10%, even more preferably less than 5%, and most preferably less than
2%, where a step or protrusion is defined as the change in height of the



surface over a distance, parallel to the surface,
equal to at least twice, and nore preferably 5 tines,
waeaerrosel preferably 10 times the thickness of PETEB2006/001054
t hi nnest adj acent layer. In other words this neans
that the sharpness of the interface between two
adj acent layers in the trangiLstor structure should be
smal l er than the Debye-length of the material. Since
in many device structures the critical gate structure
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particul ar direction, conpared to the orthogonal
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for example the direction in which the gate is extended laterally.

Thus, according to a further embodiment of the invention, the growth
surface preferably has a lower surface roughness or lower maximum step
height along a particular direction, which direction corresponds to the linear
dimension of a contact or other linear feature of the transistor.

Specifically, it is preferred that the gate length or another linear feature of
the transistor is arranged in a direction corresponding to the direction of the
surface of the substrate that has the lower surface roughness or lower

maximum step height.

From the above it is evident that the provision of a substrate having a
smooth surface for diamond growth is an important feature of the invention.
This in itself includes careful selection of the substrate material to be used,
and processing of the substrate surface to the desired smoothness.



The di anond of the substrate material can be HPHT, CVD
or natural dianond, HPHT and CVD di anond bei ng

w@e@baried. The substrate material is nore prePEr/E20§6/001054

single crystal dianond naterial prepared by a chem cal
vapour deposition technique (referred to as 'CVD
di anond') that is characteriszed by |low strain, |ow
birefringence and | ow di sl ocati on density. The
characteristics of |low strain, |ow birefringence
(which is indicative of low strain), |ow dislocation
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sub@lastlrlemeoh;a@f suchrangeacteristics M previously been described by
the applicant in WO 2004/046427 and WO 2004/027123, the contents of

which are herein incorporated by reference, together with methods of

making such material.
Typical values of the characteristics include:

a) Birefringence, exemplified by the modulus of the sine of the
phase shift, being less than 0.9;

b) A dislocation density, measured by use of ‘revealing etch’, of
preferably less than 5x10%mm? more preferably less
1x10%mm?, more preferably still less than 5x10%mm? and
most preferably less than10%mm?.

c) The surface of the material is capable of being polished to an
Ra of preferably better than 1 nm and more preferably better
than 0.6 nm. This does not specify the R that is required for
making the device but does specify the nature of the material
required as some CVD cannot be processed to such a surface
finish because of its density of point and extended defects.



substrate as neasured by the technique of electron
paramagnetic resonance is preferably |ess than 5x1 017
weeeog/11mser e preferably | ess than 2x1 017 cnB. BOT/IB2006/001054
concentration of single substitutional nitrogen in a
CVD substrate as neasured by the technique of el ectron
paramagnetic resonance is pgeferably greater than 3x1
015 cnB, nore preferably greater than 1x1 016 cm 3 and
nost preferably greater than 5x1 016 cm 3. Wil st
substratg) nuheebmdentibtidn slisinglehaubatitutisnas tnitasyensin a CVD
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opwillafied devices with the best performance.

Although the preferred substrate material is single crystal CVD diamond
with the characteristics described above, it is also possible to use other
synthetic diamond or natural diamond. Other synthetic diamond might
include diamond synthesised by high pressure-high temperature
techniques (‘HPHT diamond’). Within the scope of this invention is
included, as an alternative embodiment, the use of HPHT diamond as a
substrate upon which high quality layers with the same characteristics as
listed above are grown prior to the preparation of subsequent electronically

active layers.

Whilst it is possible that polycrystalline CVD diamond or highly oriented
polycrystalline diamond might be used as the diamond substrate for this
invention, neither are preferred options.

Diamond being a crystaline material can be characterised in
crystallographic terms, in particular the Miller indices of planes, either as
(hkl) or {hlk}, and directions [uvw] or <uvw>, where the meanings of the
different types of types of bracket are as conventionally known in the art.



D anond being a crystalline material can be
characterised in crystallographic terns, in particular
wa b@eMisker indi ces of planes, either as (hkl)P@r/IB2006/001054
{hlk}, and directions [uvw] or <uvw>, where the
meani ngs of the different types of types of bracket
are as conventionally knowyin the art. The primary
growt h sectors for CVD di anond synthesis are any | ow
i ndex planes including {100}, {110}, {111}, {31 1} and
{331}. In one enbodinent it is preferred that a
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crystall ographic plane Such processing or polishing

is referred to as 'off-axis' processing or polishing.
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crystall ographic orientations. In case (a) the gate
| eiagh Noreferfcdd€embodiment of the invention, the diamond substrate is

prepared such that the normal to the major surface is preferably less than
15° from the [001] direction, and more preferably less 7° from the [001]
direction, and preferably in a direction that lies within 15°, more preferably
within 10°, even more preferably within 7° and most preferably within 4°, of
the great circle passing through the selected (001) primary sector and
either the (a) (111) and (110) crystallographic orientations or the (b) (-111)
and (-110) crystallographic orientations. In case (a) the gate length of the
transistor is advantageously aligned parallel to the direction [-110] and in
case (b) parallel to the direction [110].

Substrate material produced by CVD diamond growth is particularly
preferred, as it provides substantial control over a number of parameters
that are relevant to reducing dislocation density and improving the ability of
the surface to be processed to high smoothness, such as growing the



transi stor is advantageously aligned parallel to the
direction [-1 10] and in case (b) parallel to the
waleooeatioon [1 10]. Substrate naterial producedP@iyIBE2088/001054
di anond growth is particularly preferred, as it
provi des substantial control over a nunber of
paranmeters that are rel evantgto reducing dislocation
density and inproving the ability of the surface to be
processed to high snoothness, such as grow ng
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Suitaales of diamans uistbeadsedmat er i al for carrying out the
met hod of the present invention. The |evel of nitrogen
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been found by experinent that in order to achieve the
above desired characteristics the atnosphere in which
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S?gfegé)rgtals/part atgt Iglo%}.llfg%%pt {?d r|:]Jretvre(r% or re%mce local strain
generating defects whilst being low enough to prevent or reduce
deleterious absorptions and crystal quality degradation. It has been found
by experiment that in order to achieve the above desired characteristics the
atmosphere in which the CVD synthesis occurs preferably contains at least
300 ppb (parts per billion) of nitrogen, more preferably at least 500 ppb and
most preferably at least 800 ppb and preferably less than 5 ppm (parts per
million), more preferably less than 2 ppm and most preferably less than 1.5
ppb, all calculated as molecular nitrogen.

A further aspect of the substrate is that it may comprise in whole or in part
an n+ shielding layer, the shielding layer being typically doped with nitrogen
or phosphorous. The use of such a shielding layer is an alternative to the
use of a back contact.

The concentration of n-type dopants, i.e. nitrogen or phosphorus, in the
shielding layer is typically in the range 1x10" cm™ to 1x10%° cm®, Whilst



nost preferably at |east 800 ppb and preferably | ess
than 5 ppm (parts per mllion), nore preferably |ess
wo ban/1276ppm and nost preferably | ess than 1.5 pEbiB2adéd/001054

cal culated as nol ecul ar nitrogen. A further aspect of
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part an n+ shielding |ayer,gthe shielding |ayer being
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concentration bet ent e shielding |la d t
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dopant concentration may be fixed, or it may vary
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structures will be grown. The shielding layer may be provided by CVD
diamond growth, or by implantation, or by use of a pre-doped layer of
diamond from any suitable source, onto which further diamond is attached
by CVD methods to provide the bulk of the substrate, or may comprise the

whole of the substrate and thus be diamond from any suitable source.

Processing of the substrate surface to the desired smoothness may be
carried out in a number of ways. It may entail a mechanical processing
route using conventional lapping and polishing techniques in combination
with careful surface characterization. It can also be achieved by controlled
etching and or growth techniques, for example plasma etching or low rate
growth, in some instances in combination with a developed mechanical
polishing route. Use can also be made of off-axis polishing combined with
controlled etching or more preferably controlled growth to provide additional
control of the motion of surface steps during the etch/growth process and
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suitable etching conditions have previously been disclosed in WO
01/96633.

In alternative embodiments of the invention the substrate may be subjected
to other etching techniques prior to the CVD growth process including
inductively coupled plasma (ICP) etching, ion beam milling (IBM) and
reactive ion etching (RIE). These techniques may be employed either ex-
situ or in-situ of the growth chamber. Either or both of these etches may be
succeeded by either or both of the oxygen and hydrogen plasma etches of
the preferred embodiment described above.

The method may include depositing at least one layer of doped diamond
material and depositing at least one layer of intrinsic diamond material
defining a channel on the layer of doped diamond material.
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etch. Details of suitable etching conditions have
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alternative enbodi nents of the invention the substrate
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enphe i ethet didhtdndensgars uueposn'eu (g'rdwn) ain thbesupsioate preferably
chamb

it bot h
< BED8a 2l st Bhe REronGloBsR IR <D 12 eGP ae bt are, 4 egeh
Pl @sdadjetaHh RFepbf déwe;yr@deedlamdne ndithcs Hraeply delfrsseiinteefdces
i ncl ude depositing at |east one

above. The met hod
| afRivesh H?fdﬁﬁﬁecg'?’%%@ materi al and depositing at

| east one layer of intrinsic dianmond nateri al defining

a channel on a f . doped di anond

F uT 0% SR e SRRt B P EIeca s BB By SRP GO PP gt tian

S uwo*eata@nrsr aﬁér and yndr@ @kefd@b@t gdge&sttham extot a’mnmhopmd
aye a ' ay a at ast, on

L BT PiERPDY SRR LNy pal s O mR T S (TSR BrEpY

Se?rieawa thawt exfait a&)nﬁsét:méegTd heore Wemblw@relaay dinemn 1710E°
e ra

ta-dopged | a r.ef S gpant 3
coﬁtﬁ’gﬁ‘t |a8H '%9%8? éq,ra Mgﬁea&r&}ﬁmgxﬂ} g%!‘gmérﬁn?s,‘ and
m)re preferably greater than 1x1 018 atonms cm 3, and

rea er_than 1x1 019 atons,cm a
e Pl ShS Jvdl BRtEon 18 et SoRieiRuGhos lesd
m)5>e1 (ﬁY @If)ﬁfs&bh‘? rgm@adreﬂ‘erd%aresémiarggg 04t atoms wm” Eandﬁ Lmbst
nost a r r than 5x atons cm The
depﬁﬁa@ﬁ% QI&%}E&(@ A6 - has a dopant
concentratl on of Iess than 5x1 02 1 atons cnm'3, nore
1,02 1, at

P EhE el 91838 Higlh Ruds BT HaErabl s B Rh ity

gr aidmohtl gbitrparrewuah impority @neteiratiohyofclesp thape $x10'Ybm™,

PUL ot preferably less than 1x10™ cm?, still more preferably less than 1x10™

3

cm® and most preferably less than 5x10'" ¢cm™®. This diamond will be

referred to in this document as intrinsic diamond.

The interface between respective layers is preferably smooth, with a
maximum step or protrusion height as hereinbefore defined for the

substrate surface.

Ideally the interface between a doped layer and an undoped layer, where
the undoped layer is deposited on top of the doped layer, should be
perfectly sharp, the dopant concentration changing sharply as the interface
is crossed. In reality such perfection is not realisable and when an
undoped layer is deposited on a doped layer, the dopant level will decrease
to that which is compatible with a layer being undoped over a finite

distance.
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0.1 nm.

Ideally the doped layer has a thickness equalling monolayer-thickness.
This is difficult to achieve in practice and can be compromised by
roughness on the surface of the intrinsic layer on which the doped layer is
being deposited.

The thickness of the boron delta doped diamond layer(s) (layers 3 and 5 in
Figure 2) is preferably less than 100 nm, more preferably less than 50 nm,
more preferably less than 20 nm, more preferably less than 10 nm, even
more preferably less than 5 nm, even more preferably less than 2 nm, even
more preferably less than 1 nm, and most preferably less than 0.3 nm.
Ideally the doped layer has a thickness equalling that of a monolayer.
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In addition to the gate contact, it is generally also necessary to deposit at
least two ohmic source and drain contacts per device.

The ohmic contacts are deposited either directly on a first doped layer or
onto a second doped layer and make contact to the first doped layer
through carrier diffusion, which contacts typically form a very low resistance
contact to the doped layer. This can be achieved using a number of
techniques, including forming a tunnelling contact through a metal carbide
interface. Typical metals and other materials that do this include titanium,
chromium, nickel and tungsten silicide (WSi). These materials, for reasons
associated with coupling the device to some external circuitry, may be
capped with some other metals including platinum, gold and aluminium.

In a further embodiment of the invention a layer of diamond or non-diamond
passivating material, which provides additional isolation between the



Schottky gate contact, generally positioned in a
recess in contact with the channel. The channel can be
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gatI'ﬁe CI:I'R/%'I:’] ion e)‘agr%s ’[Odfleﬁ(]o eitfec? tranglstors (‘MESFETS') manufactured
by the above defined methods.

The high frequency MESFETSs that result from the use of the materials and
methods described in this application have been modelled using
sophisticated modelling techniques and real data on the properties of the
materials. This is in part because the cycle time of synthesis and testing of
these devices is long, and to cover the full ranges of devices possible
would require substantially greater than a year.

The two key parameters that characterise a MESFET are the threshold
frequency Fr and the maximum output power at Fr, Prax, in W/mm of gate
length. For the SC CVD diémond MESFETSs of the invention, it is expected
that the threshold frequency Fy for the devices will be in the range from 0.1
GHz to 500 GHz and that the power Py will range from 0.05 W/mm to



of passivating material, although the gate in certain

cases may be applied directly to the exposed channel.
wab@etretchod of the invention nmay include the UBET/TE2006/001054

controlled isotopic ratios to control the strain
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general |y throughout the |appr structure of the

device. In particular, the ratio of 12C and 13C may be
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W/mm to 1 000 W/mm, the product of threshold frequency in GHz
and maximum power in W/mm, F; X Pray, preferably does not
exceed 10°, more preferably does not exceed 10°, even more
preferably does not exceed 10* and most preferably does not

exceed 10°.

For a finished device, the gate length (and therefore Ppax in W/mm of gate
length) may not be readily accessible and therefore the device performance
can be expressed in terms of the product of the threshold frequency in
GHz, Fy, and the device’s maximum output power in W, Pg4e,. The expected
performance of the devices of the invention are as follows:

For a device with a threshold frequency Fr in the range 0.1 to 500
GHz and a maximum output power Py lying in the range 0.05
W/mm to 1 000 W/mm, the product of threshold frequency in GHz
and the device’s maximum power in W, Fr X Pgey, is preferably



met hod of this invention: For a device with a
threshold frequency FT in the range 0.1 to 500 GHz and
W@200ai17Rm out put power Pmax |ying in the rangeCDIE2E06/001054
Wmmto 1 000 Wmm the product of threshold frequency

in GHz and maxi mum power in W mm Ft x Pmac> is
preferably greater than 0.00%, nore preferably greater
than 0.05, nore preferably greater than 0.5, nore
preferably still greater than 5, even nore preferably
gr eat er gicagar ffan €093, nmore preférablybigyeatere Hiaer 0LdENMore
500, even.nore preferabl till greater than 5 000 and
st ot SRETEN,SREE e B s F5GREs, Sl Wege Pl B,
a g hr es bedrimbrecpretarahly teatar tlhd1e5(|i!,aavga nfbré prefea®ly dekhter
and a npxi out put power Prmax.lying in t an

0. 05w T, 20 68 RarRr S era o il shefés har, QoG Ra most
f r equenpigeférablipdresacthams0 0000 power in Wmm Ft x Pmax,
preferably does not exceed 106, nore preferably does
not exceed 105, even nore preferably does not exceed
104 andFoba tdepice fvathad thyreshots freqienex ¢ éd tHEO@ingE @1 & 500
finishe evice, the gate, | ength nd therefore P
W b B & e oyt Rees Errelnd b B BobP B
and t her/\ﬁﬁ?ﬁ ol | ImOdwnd ' metr?qlsrgdmo‘rﬁmmeﬂ?ﬂd ;ﬁeqeecrpjyeiaiﬁﬂiz
in terns t he .pr,oduct of the t 0 reque in
G, FTandip BRUSE BEmh ReRRr TG Tt PeopEEr Y oo
Pdev. Thet em@edtmfd ?Fré preferaisie dogs mbeextmeidﬁ’fr.é, efert mere
invention_ arg a 0 ws: For_a vice wt

t hr eshoP PRy udresy nel SxipechdOT aRdemaSt PryieBly eess 4Rk
a maxi mexeeedt@dt power Pmax lying in the range 0.05
Wmmto 1 000 Wmm the product of threshold frequency
in Gz

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a diagram showing output power achievable as a function

of frequency for various different semiconductor materials;

Figure 2 is a schematic sectional diagram (not to scale) showing a
plurality of layers of single crystal (SC) chemical vapour
deposition (CVD) diamond layers needed to manufacture
embodiments of transistors according to the invention;

Figure 3 is a schematic sectional view of a first embodiment of a

diamond transistor according to the invention;

Figure 4 is a schematic sectional view of a second embodiment of a

diamond transistor according to the invention;

Figure 5 is a schematic sectional view of a third embodiment of a
diamond transistor according to the invention, manufactured
using the schematic layer structure of Figure 2;
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and a naxinun1output power Pmax lying in the range

0. Q5 000 rod thres d .
fr &ﬂ%ﬁg/n i n'sﬁzgﬁqﬁv%' Eh‘% %ﬁgx%)%%}ﬁp%%\ﬁg%? (Phic
Ft x Pdev, pl‘cefﬁtectabbfyadmemoncbttramstsﬁcﬁdsmﬂér torothe diamond
preferably d £xcee .105, even nore preferably

does not excﬁ@ﬂs'i 4° Hafrost pref erably does not
exceed 103. BRI EF DESCRI PTI ON OF THE DRAW NGS Fi gure 1

a di ggram show out put, power achi eya
f uRRPoT "L aaR Sy Bt B PETrite B Bllninidh Sonotty
sem conduct ocomatieraisa fanctiongii tem@eratirainsthé damsistors of the
sectional diagram (not to scale) showing a plurality
of layers of "8PH§i"e crystal (SC) chenical vapour
deposition (CVD) dianond |ayers needed to naenufacture
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DESCRIPTION OF EMBODIMENTS

Wide-band gap materials such as GaN, SiC and diamond all offer the
potential for high power solid-state radio frequency (RF) devices in simple
device configurations, and of these materials diamond has by far the best
material characteristics (see Figure 1).

Theoretically, the intrinsic performance of diamond suggests that diamond
devices could take the entire RF generation market at frequencies up to
several hundred GHz (producing 100s Watts at X-band frequencies).
Preliminary microwave devices based on diamond have been
demonstrated with a current gain cut-off frequency, F;, above 11 GHz.
However, these devices are not based on, nor optimised for, the state-of-
the-art SC CVD diamond developed by the present applicant.

RF power devices require low parasitic capacitance and resistance, short
transit time and low thermal resistance, and an ability to develop an
extended high-field drift-region. The core physical parameters that affect



using the schematic |ayer structure of Figure 2;Figure

6 is a graph show ng the contact resistance of the
woebkwsa1ment acts of a di anond transistor sin | aPCT/B2066001054

di anond transi stor of Figure 3; Figure 7 is a graph

illustrating the performance of al um ni um Schott ky

contacts as a function of teerature in the

transi stors of the invention; Figure 8 is a graph

illustrating the 1/V characteristics of a di anond
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Zare shown in Table 1 bel ow. The second

Recent inventions of the present applicant, as disclosed in WO01/96633
and WO01/96634, represented a major breakthrough in the synthesis of
ultra-high quality synthetic single crystal (SC) Diamond by chemical vapour
deposition (CVD). This work has resulied in the production of large area
free-standing SC CVD Diamond with carrier lifetimes and mobilities far
exceeding even the most optimistic expectations and previous results on

natural and other synthetic diamond.

Impact Silicon | GaAs 4H GaN SC-CVD Units
. SiC Diamond
Maximum Pout (Vimax) 0.31 0,48 3 5 10-20 MV/cm
Electric Field
Electron Mobility | R, f;, 1450 8600 900 2000 4500 cm?/Vs
Pout(lmax)
Hole Mobility R, f, 480 130 120 200 3800 cm®/Vs
Pout (Imax)
Saturation fi 0.86 0.72 2 2.5 2.7 107
Velocity cm/s
Thermal Pout(T), 1.5 0.46 5 1.3 24 W/cmK
Conductivity £ (T)
Johnson’s ALL 1 7 410 280 8200 (EaVea)
FOM




col um shows the influence of a given paranmeter on the
devi ce characteristics. In this table, the highest
w2000876%d | | give rise to the best possi bl e deRCTEB2006/001054
Dianond is outstanding in all the pertinent
paraneters. For RF power applications the maxi num
field and the saturation ve{gpcity are the nost
i nportant paraneters to get power out of a device.
Table 1 al so shows the Johnson's figure of nerit
expected fromthe different materials. Up to now no
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sem copsisiappli¢ationii gh power, high frequency devices
and with operating frequencies extending far higher

than 100 GHz. Recent inventions of the present
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represented a mmjor breakt hrough . in the . synthesis of

LI ehoeHTepliogag IRAtSt SPRlICARnS.In GompEtoR yaipg nyigbsr of new
Ei Qdﬁb@ﬁtsh‘? pg&tgncbcaﬁcﬂiamap%méld F&fedst'frériis{sltbr(sﬁi\fél)le farhuse itvetiek
as resulte ntrne pr cIiron or large area .

£ T plication Ape Setehg ot eranek G PuEh fe fhose ped i
anghdapbi Ishidllies g@fmrﬂulﬁieﬁdin@g auen héa W@%her;aﬂmgﬁmbiﬁiib
expectat) ons a revi S resul.ts on natuyr a ot her
o y PRI tANS oA doPrpicToReBRf s PUBRFPORIS, () Tegatency
pr ?%g]{e;?o?sw-a fo Qr@élieﬁ&hdrﬁﬁb@t@m&e,Hdv&evEr a:heg gemdrageévice
cut-o requen mxX = nmaxj, nmu urrent, ensi .

UHEBCEPISaASThARR s IO PGS P At TehUST UG this
PoKRGE, FHpEREADle Shdsk Uide® iniighvRslidge stwtasinger s hi gh power
hi gh speed operation, (EBvsat)2: 1/switch-loss and is

a good relative conparison of the various
seThe ventid utlizesaiherreedrtt bfediktttowgh in thE production of SC CVD

diamond and uses a fabrication route consistent with this to produce a
specific type of diamond fransistor. In its simplest form there are three
variants of this transistor which in this document will be referred to as SC
CVD Diamond Transistor 1, SC CVD Diamond Transistor 2 and SC CVD

Diamond Transistor 3.

Diamond compared with other semiconductors is comparatively difficult to
dope, this is largely related to its bonding and its small lattice parameter
which makes it hard to incorporate extrinsic impurities into the diamond
lattice. However it has been shown in the relevant literatures that it is
possible to dope diamond with Boron substituting for carbon atoms to give
p-type conduction with a thermal activation energy of ~0.37 eV which falls
to zero as the concentration increase above ~10"° [B] cm™. The three SC
CVD Diamond Transistors described here use boron to provide holes that

contribute to the conduction in the on-state.



power applications. The present invention utilises
sone of the technol ogy disclosed in the above
worewbiloleed pat ent applications in conbinati on RET/B2806/001054
nunber of new concepts to produce a dianond field
effect transistor suitable for use in the
anplification and sw tchi ngpgef high frequency signals
such as those used in radar, satellite conmunications
and next generation nobile comunications. In terns of
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high breakdown voltages) as well as issues related to etching and providing

contacts to the diamond.

The transistors according to the invention either operate in depletion- or
enhancement-mode, depending on the design details.

Figure 2 shows the basic layer structure used in manufacturing the
transistors of the invention. The structure corresponds to layers 1 to 5 and
10 and 11 identified in Table 2 below. Depending on which embodiment of
the invention is to be fabricated, one or more of the layers may be omitted.
For example, in certain embodiments the second doped layer 5 is not used.

The first layer 1 of the structure is a substrate of low strain, low
birefringence and low dislocation single crystal diamond material, having a
very flat or smooth surface.



ni trogen and phosphorous can be incorporated into the
di anond lattice onto substitutional sites which show
wm2dogpereehar acteri stics. In practice N and P dp@i/IgR006/001054
| eads to very deep donors (1.7 eV and 0.6 eV
respectively), that provide few carriers at room
tenperature. However, theseofan still be of use in
certain device designs. For exanple they can provide
carriers if the device is operated at a high
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and 10 and 11 identified in Table 2 bel ow. Dependi ng

on whi ch, enb of t V i on
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layer 5 1is not 5Hfmm with more typical values being 10%mm?, whilst in

others it can be 10%mm? or greater.

2) Those resulting from polishing, including dislocation
structures and microcracks forming chatter tracks along
polishing lines. The density of these can vary considerably
over a sample, with typical values ranging from about
10¥mm?, up to more than 10*mm? in poorly polished
regions or samples.

The preferred low density of defects is such that the density of surface etch
features related to defects, as described above, is below 5 x 10%mm?, more
preferably below 10%mm?, still more preferably below 5x10%mm? and most
preferably below 10¥mm?.

The defect level at and below the substrate surface on which the CVD

growth takes place may thus be minimised by careful preparation of the



The first layer 1 of the structure is a substrate of

| ow strain, |ow birefringence and | ow di sl ocation
warevghereer yst al di anond material, having a verBCT/IB006001054

snooth surface.ln a preferred enbodi nent of the

i nvention, the growh of the several |ayers of CVD

di anond material takes pla on a di anond substrate

having a surface which is so&bstantlally free of

crystal defects. In this context, defects primarily
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pl asma or chemical etch optimsed to reveal the
defects (referred to as a revealing plasm etch),

UspagicliaF pREasBNE spbmh&f inBluds reanedritionalf dléﬂhend YRsCesses
descri bed bel ow. Two tgtyﬁes of defect ca{]n ﬁlSr ev al ed:

1) sughog® MRENaNIFEl Savigy HRPRIRE &P aPRIsH qfeR 'iC?SP“

| ngseifRaNe hpfiristdaliodi e aefeth ded)si ér’}d Qfasst hes®entional
defects can be as low as 50/ m®2_with

t
0 SJoGBRIANES g £ IPSAEPTONRE PGt FoPRIYSL AB A It miling

106/ iR2nlangdtRAtRid. lifRdff Témmutegswdmue@/nﬁédmhi@en b&liBhing,
i ncl udi ng di s ocat| on, structures and m crocyack a iques,

f of Ry ARRMIER! RIPERISNILPEMUAYSSH P?ﬁiﬂﬁgorp?%?éwt

degsd high ¥mpdra®ife-Righ pradslirecariehiiey RBhaiq@sssr a sanpl e,
with typical values ranging fromabout 102/ m®2, up to

nore than 104/ nmm® in poorly polished regions or
samph8&dition, the surface Rq measured by stylus profilometer, preferably

measured over 0.08 mm length) should be minimised, typical values prior
to any plasma etch being no more than a few nanometers, i.e. less than 10
nanometers. Rq is the root mean square deviation of surface profile from
flat (for a Gaussian distribution of surface heights, Ro=1.25 Ra: for
definitions, see for.example “Tribology: Friction and Wear of Engineering
Materials”, IM Hutchings, (1992), Publ. Edward Arnold, ISBN 0-340-56184).

One specific method of minimising the surface damage of the substrate is
to include an in situ plasma etch on the surface on which the homoepitaxial
diamond growth is to occur. In principle this etch need not be in situ, nor
immediately prior to the growth process, but the greatest benefit is
achieved if it is in situ, because it avoids any risk of further physical
damage or chemical contamination. An in situ etch is also generally most
convenient when the growth process is also plasma based. The plasma
etch can use similar conditions to the deposition or diamond growing
process, but with the absence of any carbon containing source gas and



The preferred | ow density of defects is such that the

density of surface etch features related to defects,
w@0odaswsei bed above, is below 5 x 103/ Mmm®, mnorBCT/IB2006/001054

preferably bel ow 103/ m®, still nore preferably bel ow

5x102/ m®2 and nost preferably bel ow 102/ m2. The

defect level at and bel ow 14 substrate surface on

whi ch the CVD growth takes place may thus be m nim sed

by careful preparation of thesubstrate, and by use of
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The etch may consist of an oxygen etch followed by a hydrogen etch, a
reactive-ion-etch (RIE) or an inductively-coupled plasma-etch (ICP), or
some combination of the types of etch (then preferably moving directly into
synthesis by the introduction of the carbon source gas).

As it is important to retain the smoothness provided by prior processing, the
etch is preferably predominantly or wholly a hydrogen etch in the present
method. The etch time/temperature is selected to enable remaining
surface damage from processing to be removed, and for any surface
contaminants to be removed, but without forming a highly roughened
surface and without etching extensively along extended defects such as
dislocations which intersect the surface and thus cause deep pits. As the
etch may be aggressive, it is particularly important for this stage that the
chamber design and material selection for its components be such that no
material is transferred by the plasma from the chamber into the gas phase
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state that is much closer to that which is finally grown upon. Thus an

alternative embodiment of the invention might comprise mechanically

preparing the surface of a substrate, etching ex situ, optionally examining

the surface to ensure that it is suitable for the growth of high quality single

crystal CVD diamond, in situ oxygen and hydrogen etches (of shorter

duration than in the preferred embodiment), and finally the growth of the

high quality single crystal CVD diamond layer.

The substrate may comprise, in whole or in part, an n+ shielding layer
(layer 2 in Figure 2), which is typically doped with nitrogen or phosphorous
and is typically located adjacent or close to the surface onto which the
further diamond layers will be grown. In the embodiment where the whole
substrate comprises the n+ shielding layer, the preferred thickness is
between 100 ym and 5 mm. In the embodiment where only part of the
substrate comprises the n+ shielding layer, the preferred thickness is
between 1 nm and 150 nm. The preferred thicknesses of the n+ shielding
layer in the two embodiments do not exclude the use of other thicknesses
outside the preferred ranges.
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by the introduction of the carbon source gas). As it

is inmportant to retain the snoothness provided by

prior processing, the etch_pg.preferably predom nantly

or wholly a hydrogen etch in the present nethod. The
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surface damage from processing to be renmoved, and for
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to the substrate being placed in the growth chanber.
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hydrogen etching steps is
i) Laser sawing, lapping and polishing to minimise subsurface
defects using a method of a revealing plasma etch to
determine the defect levels being introduced by the

processing.

i) After optimisation it was possible routinely to produce
substrates in which the density of defects measurable after a
revealing etch is dependent primarily on the material quality
and is below 5x 10¥mm? and generally below 10¥mm?
Substrates prepared by this process are then used for the
subsequent synthesis.

An alternative source of substrates that would be suitable for this
application has been described by the applicant in WO 2004/027123.
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whemefiite2t hat t he surface can be exam ned in aPGI/E2006/001054
that is nmuch closer to that which is finally grown
upon. Thus an alternative enbodi nent of the invention
m ght conprise nechanical |l yogreparing the surface of a
substrate, etching ex situ, optionally exam ning the
surface to ensure that it is suitable for the growh
of Wsinghthq uigkértbedaneihbe, subgthiab wittiDowemadisiodatidnndesisttyl can
\6? g,t and hydrogen etches (of shorter duration than
erred enbodi ment), and finally the growth
of the h| gh quality single crystal CvD dianond |ayer.
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and more preferably two and most preferably three or more of the following

characteristics:

0] in the off state, a resistivity Ry greater than 1 x 10" Q cm, and
preferably greater than 2 x 10" Q cm, and more preferably greater

than 5 x 10™ Q cm, typically measured at room temperature;

(ii) a high breakdown voltage in the off state, and high current with
long carrier life time in the on state and, more particularly, a pt
product greater than 1.5 x 10° cm?V, and preferably greater than
4,0 x 10° cm%V, and more preferably greater than 6.0 x 10®
cm?V, all measured at 300 K. p is the mobility and < is the
lifetime of the charge carriers, the product representing the
contribution by a charge carrier to the total charge displacement



or may conprise the whole of the substrate and thus be
di anond from any suitable source. Substrates suitable
wo eneaymsehesi sing field effect transi stors of PEEIB2006/001054

invention (layer 0 and/or layeri of Figure 2) may be
prepared as follows: i) Selection of stock materi al

(type la natural stones andgtype |Ib HPHT stones) was

opti mi sed on the basis of mcroscopic investigation

and birefringence imaging to identify substrates which
wer e free an’f coterdl nTa'rsdcharrpeheﬁﬂai camsalsa ibe b@&seured and

dorects udRetEl abdelE Wbl AR 2 ot ch t o
determ ne the defect IeveI s being introduced by the
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bel ow 5 x ABErhesreata tatiadl £\ s haigie Used for

Subst r at esmpastpernet lthatt kjivenpin 0stese et b Scl@aﬁﬁe W ¢oF Opp
t he subse t GS%EH hesis. An alternative source of
substrates L uld be suitable for this application
has been descri bed by the applicant in WO

2004/ 027123 descri b met hod, substrates
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flat growth,, restri rowth steps to a few atons

hi gh, pr ef@ Y| b?yabﬁ&i @&Hgg{%oml@%lues reported up to 1900
cm?V's™

v) a high charge collection distance greater than 150 pm, and
preferably at least 400 pm, and more preferably at least 600 um,
all collection distances being measured at an applied field of 1
V/ipm and 300 K. In high quality type lla natural diamond,
charge collection distances are reported to be substantially less
than 100 um, and more typically about 40 um at 300 K and an
applied field of 1 V/um.

The characteristics listed above are characteristic of high-purity CVD-diamond
layers with a thickness of approx. 100 pm, and might differ for layers thinner
than that.

In a wide band gap electronic device such as one fabricated from diamond,
the number of free charge carriers present under equilibrium conditions is
extremely small and dominated by the contribution from lattice defects and
impurities. Such a device is said to be in the “off-state”. The device can be
put into the “on-state” by the additional excitation of charge carriers by



and even nore preferably only one. Alternatively or in
addition, the surface nmay be reprocessed after each
w@e@etlivest ep to provide a surface which is fl aPCEHIBR006/001054

paral l el to the previous surface. In this case the
reverse face of the substrate is used as a reference

and all growth surfaces areggrepared to be parallel to
that surface. The field effect transistors of the
invention include at |east one |ayer of high quality
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I |fet| nme of the char ge carrl ers t he product
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in the presence of an atmosphere containing substantially no nitrogen, i.e.

less than 300 parts per billion (ppb, as a molecular fraction of the total gas
volume), and preferably less than 100 parts per billion. This method is
discussed in detail in WO 01/99633 and WO 01/99634, referred to above.

The source gas may be any suitable gas or gas mixture known in the art
and will contain a carbon-containing material which dissociates producing
radicals or other reactive species. The gas mixture will also generally

contain gases suitable to provide hydrogen or a halogen in atomic form.

The dissociation of the gas source may be carried out by any one of a
number of methods known in the art, but is preferably carried out using
microwave energy in a reactor which may be any known in the art.
However, the transfer of any impurities from the reactor to the growing
diamond should be minimized. A microwave system may be used to ensure
that the plasma is placed away from all surfaces except the substrate surface
on which diamond growth is to occur and its mount. Examples of preferred



preferably greater than 4000 CnR2V 1S"1 . The techni que
used for neasurenent is that given in |Isberg et al,
w®eioencms21 vol 297, pp 1670-1672; (iv) a hol e nedi/iB20§6/001054

(mh) neasured at 300 K greater than 2100 cnRV 1S1 ,

and preferably greater than 2500 cmW 1, and nore
preferably greater than 300@9enR2V 1s 1 . In high

quality type Ma natural dianond hole nobilities are
reported to be typically 1200 cnRV 1s 1 at 300 Kwith

ex cepint omaterialslanes molypderived tupgdten, 19IonCad/ sTigdi. carbjde).
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| eabimikiod, coppealgoldcaridipdatinurmn di st ances bei ng neasur ed
at an applied field of 1 VVmmand 300 K. In high
guality type Na natural dianond, charge collection
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| ayer it i ck f,.approx. 100 mm and m ght
di %?e?”%@%@%@'tﬁ%ﬁiﬁ Ptaﬁllan that. In a w de band
gap el ectroni c device such as one fabricated from
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bynmeans such as optical excitation (primarily using
optical energies near or greater than the band gap) or

by charged particle excitation (e.g. al pha or
The field effect transistors of the invention also include one or more boron

doped layers, also referred to as ‘delta’ doped layers (e.g. layers 3 and 5 of
Figure 2).

It is important that such boron doped CVD diamond single crystal layers
have sharp interfaces with adjacent layers as previously discussed, and
have uniform dopant concentration both in the vertical direction (i.e. through
the thickness of the layer, parallel to the growth direction) and laterally at

’ least over the area of an individual device. In order to achieve these
requirements, it is strongly preferred that growth takes place on a diamond
surface which is substantially free of crystal defects, as already discussed
previously.

In the context of boron doped layers, defects can degrade the material in
two ways, adversely affecting the electronic properties (e.g. the hole
mobility) and also influencing the local uptake of boron.

It is also important in the method of producing boron doped layers that the
impurity content of the environment in which the CVD growth takes place is



beta particles). In the on-state the free carrier
density exceeds the equilibriumlevel and when the
wex@btigteebn source is renoved the device will PEVEB20®1054
the off-state. It will be noted fromthe above that
the intrinsic dianond utilized in the nmethod of the
i nvention has electronic chggacteristics which are
significantly superior to those generally present in
natural high quality dianmond. This provides the
di @ﬂip@dy wi:mthallpd Oore ipeiculily, hhadmmmﬂfgjbwﬂnnugrtamplbmg
el d ef ansj stors, of. L nvention
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gr owithe gasarmra&eslabmmcbmramns nag eldw Asnm100oppb erequires
Sy%ct)&lstlca%édbl%oﬁl % ?ﬂgte%u?prﬁ?eunrt Such as that which can be achieved,
for example, by gas chromatography, as is discussed fully in WO

03/052174, which is incorporated herein by reference.

Typically boron is added to the process as B,Hg using a calibrated source of
nominally 100 ppm B,Hs in H, to simplify control, and likewise the nitrogen is
added to the process as N, using a calibrated source of nominally 100 ppm
N, in H, to simplify control. Additions of both B and N are expressed as ppm,
calculated for B as [B.Hg]/[All gases] where [B;Hg] represents the number of
moles of B,Hs and [All gases] represents the number of moles of all gases
present, and likewise as [No)/[All gases] for N.. Any source of boron (or
nitrogen, or phosphorus where these are the intended dopants) that is known
in the art may be used for the synthesis of doped layers.

The gas mixture used in the synthesis process may contain any gases
known in the art and will contain a carbon-containing material which
dissociates producing radicals or other reactive species. The gas mixture



that the plasma is placed away fromall surfaces
except the substrate surface on which dianond growth

w0 g00bo1@ecur and its nount. Exanpl es of preferredmoom001054
materials are: nol ybdenum tungsten, silicon and
silicon carbide. Exanples of preferred reactor chanber
materials are stainless stegh, alumnium copper, gold
and platinum Were a mcrowave systemis used, a high
pl asma power density should generally be used,
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to achieve these requirenents, it is strongly

preferred that grow h takes place on a dianond surface
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(eisgnottgbeprc%?'la?e under these circumstances. Whilst a plasma can be
used to provide the active species for deposition of the layer, the layer's
thickness, composition and quality needs to be controlled to a very high
level and this may be best accomplished by operating under lower pressure
conditions at lower power and with lower mass flow rates than would be
typical for bulk deposition. A typical set of conditions might lie in range of a
power of 0.1-5 kW from a 2.45 GHz microwave source, pressure of 3-10
kPa, and a total gas flow of 100-2000 sccm. The temperature at which
deposition is occurs is maintained at between 400°C and 1000°C
depending on the nature of the layer being deposited. The precise
parameters required for each step are highly dependent upon the exact
deposition system used, as would be well known to a person skilled in the
art.

Using the above conditions is possible to produce both intrinsic and boron
doped single crystal CVD diamond layers of high quality. The properties of
intrinsic layers allow charge carriers to have an unusually high mobility and



nmobility) and al so influencing the |ocal uptake of
boron. It is also inportant in the nmethod of producing
whoreni@eped | ayers that the inpurity content PET/IB2006/001054

envi ronnment in which the CVD growth takes pl ace
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are expressed as ppm

A CVD diamond layer, grown for use as substrate layer 1, will comprise

typically one of the following:

a. High purity diamond with a residual impurity concentration <10
cm® or preferably <10™ cm™ or more preferably <5x10"® cm?,

b. In some cases this layer will be nitrogen doped in which case
the nitrogen concentration will preferably be <5x10" cm™® or
more preferably <5x10'® cm™ or more preferably <5x10'" ¢cm™ or
most preferably <5x10'® em™.

c. A preferred embodiment in which the layer is nitrogen doped to
a concentration of single substitutional nitrogen in solid as
measured by the technique of electron paramagnetic resonance
of preferably less than 5x10"" cm™, more preferably less than
2x10"" cm™® and which is preferably greater than 3x10'® cm®,



calculated for B as [B2H6] /[ All gases] where [B2H6]
represents the nunber of noles of B2H6 and [ Al |l gases]
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and |ikewi se as [N2] Z[All gases] for N2. Any source of
boron (or nitrogen, or phosphorus where these are the
i ntended dopants) that is_.lkgwn in the art may be used
for the synthesis of doped |layers. The gas m xture
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use of the techniques used for the deposition of bulk
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preferably <0.05 nm.

The way in which this is achieved is also part of the invention. This is
achieved by one or more of the following processes:

a. Mechanical polishing using traditional methods known in the art.
b. A combination of chemical, plasma and ion beam processing.
c. Alignment of devices along crystallographic directions with low rms

roughness.

The substrate layer 1 acts as a mechanical support for the subsequent
layers which contribute to the active part of the device as well as providing
a useful heat spreader for the power which is dissipated in the active

layers.



| evel and this may be best acconplished by operating
under | ower pressure conditions at |ower power and
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bul k deposition. A typical set of conditions mght lie
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pl e. These | ayers

Tber of techni ques

ier, the substrate
bm a nunber of

10

Optional further substrate layer above
n+ shielding layer.

Typically conforming to the
specification of layer 1

11

Optional intrinsic diamond layer

[B, N, other impurities]<1x10'® cm™ or
preferably

[B, N, other impurities]<5x10" cm™ or
more preferably

[B, N, other impurities]<5x10™ cm™ or
even more preferably

[B, N, other impurities]<5x10"® cm™ or
most preferably

[B, N, other impurities]<1x10'? cm™

D<1000 nm or preferably

d<200 nm or more preferably
d<100 nm or even more preferably
d<50 nm or most preferably

d<10 nm

B doped Iayer &source of holes)
[B]>1x10 cm’_or preferably
[B]>1x10 cm or more preferably
[B]>1x10 cm™ or even more
preferably

[B]>5x10’° o cm or most preferably
[B]>5x10%° cm™

and

[N, other impurities]<5x10"® cm™ or
preferably

[N, other impurities]<5x10'® cm™ or

D<20 nm or preferably

d<10 nm or more preferably
d<5 nm or even more preferably
d<2 nm or most preferably
d<0.8 nm




HPHT and nat ur al

di anond. However i

t is generally nore

convenient and for sone applications preferable to use
w@¥Dodimeond. For sinplicity a CVD di anond subBCT/H2806/001054

Wi ||

f

A CVD di anond | ayer,
1, will

g9
comgyise ty
a.

generally be presuned in the follow ng
descri ption.
substrate | ayer
ol | owi ng:

rown for use as
pically one of the

Hi gh purity dianond with a residual

impurity concentration <1015 cm 3 or preferably <1014

c 3 or noh&epreddrasiypbl y <5x1013 cnB. b. In sonme cases
thi s | ayerNwthdr imguriies]ssxg@hcrddped { n whi ch case the
nj t r ogen |cayac eater pefe@hly wi I% preferably be <5x1019 cni3
of nore pr[@f‘?h%{?‘ﬂwﬂﬂﬁli&@q cenP3 of nmore preferably
<px1l 017 f refegabky <5x1 016 cnB. c. A
pfeferred [QanB%ﬂ"ﬁ%‘ﬁ'lt'eﬁﬂxo\?n &R t he ayer i's nitrogen
dpped—+teo concent ||Iglc
n Jtrr ogen nSi ﬂ]br%‘lﬁgezgg&lrjdplg by th Eﬁ:r pYéf&iferably
el ectron @ I@Wﬁﬁduﬁtlés%aQW (Qf |eVeirﬁ referably
t han 5x1 fe,% 3, nore preferably b@ﬁnnﬁ b,aﬁbSngrLfe@ag
cm 3 and vyia]mbtheﬁ‘sunmuﬁf&qﬂmwscgrr%@rt eg<tdham 3x1 015 cnB
, or e pr efresralptefergileat er t han 1x1 016 cnB and nost
pf ef er abl |y{Bg aditee mpunites]Bxm031®nton 8. d. I n sone cases
the |ayer QMFJD morcomefeeblyof a high purity layer (defined
by (a) abd® ?cg??d;na)uf'i‘ﬁsﬂﬁdﬁ’pe‘%ﬂn s‘Hl el ding | ayer (layer
2lin Figu ? Ge of the substrate layer 1
of part ’g I‘ﬂﬂbeuﬁTP'P“i”f'es ﬁfo %Thl el ding |ayer wll
Coprarn—ars e e&*ré e SHEES M bl%déﬁ'r\m refera
phosphor ol lelo Saieor Rt dishor Ul L abl & aBriolRForsiRe Blederably
Wth a Cortgﬁ’eif(ﬁqdnﬁmor'nﬁ’bré hefefdRge 1¥doghh®ormdrd brefksbie m
3} the prige]>sgioffeindl drevéenae dEterlTUﬂ’E{ﬂ"mbyrrﬁm
t hi ckness méfetablg d<5 nm
[B]>6x10° 0 cm or most preferably
[B]>5x10%" em™
6 Ohmic forming contact WSi or W or Mo or Ti or Pt or
graphite or B or Al or Au
7 Capping bonding layer Au or Al or Au or other suitable
metal.
8 Schottky Gate Contact Al or Au or Pt or Ni or refractory
metals
9 Gate dielectric layer. Preferably a May be non-diamond such as one
wide bandgap material. of sapphire, silicon carbide, gallium
nitride, aluminium nitride, gallium
aluminium nitride, boron nitride.
May also be intrinsic diamond or n-
type diamond

Table 2: The layers which make up the SC CVD diamond Transistor. The
number scheme is consistent with Figures 2 to 5 and 9.

Several specific embodiments of the invention will now be described in

greater detail.




| ayer, the carrier activation and its position bel ow
the next layer 3. In sone cases it wll be necessary
wo eoognamdel t he doping in this [ayer 2, whereby PEEIB2006/001054
concentration changes by as nmuch as a factor 10 000
over its thickness. The substrate defines a growth
surface on one face thereofzg For subsequent
honoepi t axi al | ayers which formthe basis of the
active part of the device it is critical that the
gr stV bidnasil TrangiStoel 0se to atomcally flat/snooth
as possible wth a surface root nean square (rns)
roughness <3 nm or preferably < 1 nm or even nore

pr?ﬁéarsﬂjamﬁiﬁrégf L APt é?ﬁbé’ﬂﬂﬁ&ntpbﬁfaeélﬁgbycr?&ap@\/B“dla-ﬂi@'ld

his is achieved is alSo part of
i nlrenaisternrefamedsta as S€ 13\ BipnpndoHangstoRy ig SBPWF HbFlgure
f okl in
B o oy DR hUp el S B altrt Mo I
of TéMeri cal , plasma and i on beam processing. c.
Al i gnnment of devices along crystallographic directions
with I ow rns rougﬁgess The substrate |ayer 1 acts as

a e Bhvetergl ofthe ptfy CUDbAransistasub e tupe terayiesl deyjeeth
CORM 8bb’c§rﬁa&t§’ Wihlen afck 13 sB@tt sd Whan demhirgisaandelin as

provi di ng useful heat spreader for the power whi

ch
i sSehaliky gate gontact pesitipned\ketyage the pwse %\qbéréquem the
| | BHBMORGE (Y raéerghzc%ﬂ BereféHLto?asT 8 Ph&tallins JIBRr 'fléMeéf%ct
u C CVD di anond Transistor. The

nuWSt@rdN&ﬁgETb consistent with Figures 2 to 5 and 9.
Several specific enbodi nents of the invention will now
be described in greater detail.SC CvD D anond

Tr Witsirefegance tarhiguea 3 therdavicegemprises e felimdg nent of a
single crystal CVD dianond transistor, referred to as

SC CVD Dianond Transistor 1, is shown in Fiqure
1. An optional layer O which may be, for example, a HPHT diamond;

2. Alayer 1 of high purity CVD diamond,
3. Alayer 2, an optional shielding layer formed on the layer 1;

Layers 0 and 1 comprise the substrate and the major surfaces are as close

to parallel as possible at this stage.

4. Alayer 10, an additional layer of high purity diamond, similar to that
of the layer 1, that is deposited on the layer 2,

In an alternative embodiment, the layer 2 is formed below the surface of the

substrate 1.

5. A layer 11, an intrinsic layer formed directly on the upper surface of
the layer 10. The growth surface of the layer 11 is preferably
reprocessed at this stage to ensure parallelism of the structure with
the reverse surface of the substrate acting as the reference surface.



3. The nunbering of the layers is consistent with that
of the layers listed in Table 2. The structure of the
wWEDNDI6Ir ansi stor 1 is a three term nal devi CBCTB2006/001054

ohm c contacts which act as source and drain

termnals, and with a Schottky gate contact positioned
between the source and draig}_In the term nology this
design can be referred to as a netal insulator field
effect transistor (MSFET). Wth reference to Figure 3

the devigs, Fébme'sﬁ% neB8s fc@'abﬁlé#eﬂﬁhe desirlt tRiekmhedaabr the
| ayer 0 which be, for exanp HPHF i apond; ﬁ'?n

Al ayer'alerof”hltb?l %%ﬁneﬁys'ﬁﬁﬁedﬁmm%% a IW'ZQ

opt i Onaihtréauc%ﬂbﬂ@dsavfsée dshagg on the layer 1; Layers
0 and 1 conprise the substrate and the major surfaces

are as close to parallel as possible at this stage. 4.

A T ayer pAlgyera® i@ @dbbiiabn |téb’ @f td lévegfmpaftert i has been
di anond, simlar to that

deposi t B4itagly Wﬂ‘@sﬁ%‘f{rerh%layﬁhg Ca Qgﬁl WFéﬁdl I%er as described
embodi MM aplé Qe A&V@fchzislfémﬁéu iethelgyave,tdigies by fragskiref
the substrate 1. 5. A | ayer prln ic la

for med Wherdbe Javss 3 He q‘%ﬁ?é'lte oF faboYcé oGt I'aé(%% ager
The gr ogddbshighftifdi8ofto ddimel yRE rddion.SitRy iﬁ’ﬁpifrt@hl % ensure

reprocessed at this stage to . ensyre rall S f
st r uct uthet Reegpth fiis t@\?‘égé% '@Uﬁ'caa nd t h& @ﬁtg{ﬁr}%t‘)ﬁhe

act :jngt asitd E@perdefat?%refégmﬁsﬂb;ua%o&h@h tHee?ém\eE@ttdla@ aligns
needs to achieve the desire ness for the

1Tt heatal fotteaatoarenir of Hirda® dangd iryer g ¢BER ot
intr Oduéitéﬁd‘ektfes§|vél§%"e§/@&ﬁt dﬂf@e&ﬁculeﬁr it i8 reqyiRd t3 nhlﬁlmlze
deposited on top 11 aft it has

sui t abl frepdt %Q%‘Q@J‘tof'ﬂ%'rltra digmogd Q?H@ edpea 8 rF%ﬁf‘ér

as descpii@dbly this step will not exceed 10 nm, and more preferably not
exceed 5 nm, and more preferably not exceed 2 nm, and most
preferably not exceed 1 nm. The bottom of the trench can show a
small degree of curvature down into the intrinsic diamond, although

this is preferably minimized,

7. A layer 9 of insulating material is then deposited over the trench and
the adjacent portions of the delta doped layer 3. The insulating
layer 9 may be non-diamond, and be made of, or some combination
of, sapphire, silicon carbide, gallium nitride, aluminium nitride
gallium aluminium nitride and boron nitride. Alternatively it may be
diamond in which case it may be intrinsic diamond and form part of
the active channel, which may relax the conditions necessary in
controlling the step at the edge of the channel when forming the
channel, or it may be n-type diamond. A further alternative is that it
may comprise a diamond layer and then a non diamond layer;

8. A metallic gate contact 8 is formed above the gate region on the
layer 9, and ohmic source and drain contacts each comprising
layers 6 and 7 according to Table 2 are made to spaced apart



in Table 2. Atrench is forned in the |layer 3, either
by masking when the |layer 3 is deposited or by etching

wo b@oheger 3 after deposition thereof, to defiPer/mB2gatm®1054

region. It is inmportant to ensure that beneath this
trench is intrinsic dianond, i.e. that none of the
del ta doped layer remains,_#4t also that the trench
bottomaligns closely to the bottom surface of the
del ta doped | ayer and does not extend excessively

beyond {dgiordsMoffE tekddedrddita dopet @%)élr medit li@rd’(\iumédntﬂa@ the
the step down into the intri SIC i anp e

b b Baieogtachp oes apika fIRCEsal SoONBRt Willbihe deke dabad

nm andigyef g preferably not exceed 5 nm and nore
preferably not exceed 2 nm and nost preferably not
exceed 1 nm The bottom of the trench can show a smal |

degheentphsi€ Wiahadrid @he@lmém fhlsOddviee Isn%ﬁdcg%l? defigem a;al the
mnLmze

al though this is prefer f
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andopdifia @C@rﬂi mag raUtimBﬁallebet ihethé eéglan @Qﬂ@gétéyﬁéleanc

The |nsu ating |ayer qn and be nmade
of laygF O irin &snpresktal 6'?‘\9 QP'ta §8?J‘?511W€r it i r&%‘ﬁ“ CoPrges

ga|nyiins® daibhde, alum niumnitride gallium al um nium
nitride and boron nitride. Alternatively it may be
di anond in which case it nmay be intrinsic di anond and

f oA RABANA fcutrBRt Asihy  BHaRtRAkic dtheMd BBRahree istoritidfied
condi tions necessarP/ I n gontrol lip tge st eg %t ti}?
edB¥ B 93t Haapel MWABAIFE, IFTREOIRY Bisatingpliedop ¢rarge
rmmjéaﬂon ‘FlPMS@E&”[E&enﬁhlft@ rtmdn e6ncebt 6f AFIPRinkstdr haked
it may conprise a dianond er and then a non di anond

| af@EPage Ch@@%\"ﬁf‘?q gar@%{tt@ngg g% 8 is formed above
the gate region on the Iayer 9, and ohm c source and

drai n contacts each conP g
a channel in the intrin dlamo d layer 11 that is near the surface

of the intrinsic diamond adjacent to the delta doped layer 3, and a
source-drain spacing, x in Figure 3 (i.e. gate length), which is as
small as possible consistent with the operational voltage of the
device. The distance represented by x, corresponding to the width
of the break in the delta doped layer, is crucial to the design.
Typically x will be less than 2 ym, more typically less than 500 nm,
even more typically less than 150 nm and most preferably less than
20 nm.

Prior to the formation of the layer 9, the exposed diamond surface of the
layer 11 that will eventually be beneath the gate (layer 8 in Figure 3) can be
terminated in a number of ways known in the art, and in particular it can be
hydrogen terminated, oxygen terminated, or un-terminated (i.e. a bare

diamond surface).

This device requires at least one sharply defined interface being that
between the intrinsic layer 11 and the delta doped layer 3.



| ayers 6 and 7 according to Table 2 are nade to spaced
apartregions of the exposed delta doped |layer 3. It is
WO egpaitrmell t hat the gate contact 8 does not nmakeCT/IB2006/001054

el ectrical contact wwth the delta doped |ayer 3. The
intrinsic dianmond channel of this device is

effectively defined by the 4ypper region of the |ayer

11 in the region of the recess or trench in the delta
doped layer 3, and may additionally be in the region

of sEheyIdismehET@REEIf 2! ayer 9 within the break of the
deTta doped Tayer if this region conprises intrinsic

di anond. The channel current flowing in the intrinsic
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source-drain spacing, x.in Figure 3 (i.e. gate

N Sk
| AQY R$ degfrited in 51058 98Bk | as possi bl e consistent with
t he operational voltage of the device. The distance

represented by x., carrespopdi o the wdth of the
0y Bh Sitstiet el 1 margnuid s s bk o gt e irpef futats a
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in particular 1t can be drogen term nated, oxygen
t elieisvaplERfe layer arﬁ)-rmwﬁg%{reﬁ'y?'?e Fielding Layer 3

After growing the intrinsic layer 11, the growth surface is preferably
reprocessed to achieve parallelism of the surface with the reverse surface
of the substrate acting as the reference surface. Such reprocessing needs
to achieve suitable thickness for the layer 11, suitable surface smoothness,
and minimize the introduction of subsurface damage.

The delta doped layer 3 is then formed with a sharp interface to the layer
beneath. Mechanical reprocessing of the surface after the delta doped

layer is not normally applied, since the layer is so thin.

A further intrinsic layer 4 is then grown onto the delta doped layer, ensuring
a sharp interface. This layer is typically very thin, e.g. 10 nm. Again, as
this is a thin layer the surface is not normally mechanically reprocessed for
parallelism, and the parallelism is now generally less critical.

Ohmic source and drain contacts each comprising an ohmic forming layer 6
and preferably a capping bonding layer 7 are made directly on the delta



di anond surface). This device requires at |east one
sharply defined interface being that between the
wo paositsee | ayer 11 and the delta doped | ayer BCBB20MD01054

Di anond Transistor 2 The SC CVD Di anond Transi stor 2

is shown in section in Figure 4. This enbodi nent

i ncorporates a delta-doped Jpayer 3 and an intrinsic

| ayer 4, grown on top of the delta-doped |ayer 3. The
interfaces between layers 3 and 4 and between | ayers 3
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gr PiMme8 bPthish8yey Whattheaged yer 10, al though a wor ki ng
device structure can be prepared by placing the delta

doped layer 3 directly onto the substrate layer 1 or
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layer 9). The Schottky gate contact 8 can either be made directly on the
intrinsic layer 4, or made on the layer 9 as illustrated in Figure 4.

The gate dielectric layer 9, if used, will preferably be made of, or some
combination of, sapphire, silicon carbide, gallium nitride, aluminium nitride,
intrinsic diamond, n-type diamond, gallium aluminium nitride and boron

nitride.

The width of the trench forming the gate recess is normally referred to as
the gate length. The gate length is preferably less than 500 nm, more
preferably less than 250 nm, more preferably less than 100 nm, more
preferably less than 50 nm, more preferably less than 20 nm, and most

preferably less than 10 nm.



a sharp interface. This layer is typically very thin,

e.g. 10 nm Again, as this is a thin layer the surface
w0 g0060176p0r mal |y mechani cal ly reprocessed for PCT/IB2006/001054
paral lelism and the parallelismis now generally |ess

critical. Chmc source and drain contacts each
conprising an ohmc form ngql.ayer 6 and preferably a
cappi ng bonding |ayer 7 are made directly on the
del t adoped | ayer 3. This can be achi eved, for exanple,

bys€ s/ Pandong Trafsidiersd ¢ channel |ayer 4 fol | ow ng
growi h thereof or by selective deposition of the |ayer

4 using, for exanple, masking of the contact regions
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exarrpl e by reactive ion etching or Ar sputtering.
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preferably Fré% (g(}a conbi,nati on of,

safiprinates agy Pe W%‘éﬂ B‘?rBB dOBj BRRNti t ri de, al umi ni um

nitride, intrinsic dianmond, n-type dianond, gallium

al %52 rc])!chlérrndg’ltatllg o??hea ?rgngstrepgf F—L%gtu{'e g are similar to those of the

transistor of Figure 4.

The benefit of this design is that overlap of the out diffusion of carriers from
the two delta doped layers forms an electrical connection between them,
and applying the second delta doped layer avoids the need to process

down to expose the first layer.

All of the embodiments described above can benefit from the variation
shown in Figure 9. This figure illustrates the use of the Schottky gate-
contact as a so-called field plate. This field plate is fabricated like the
Schottky contacts described above and is preferably used in combination
with a gate recess. This represents one example of a field plate, and
others known in the art might be applied. See, for example, Umesh K.
Mishra, ‘Status of AlGaN/GaN HEMT Technology-A UCSB perspective’,
GAAS 2005 Proceedings, p21-26.



The width of the trench formng the gate recess is
normal ly referred to as the gate length. The gate

wo enwgtiivees preferably | ess than 500 nm nore prPet/EB2at/0p1054
| ess than 250 nm nore preferably less than 100 nm
nore preferably less than 50 nm nore preferably |ess
than 20 nm and nost prefergply less than 10 nm SC CvD
Di anond Transistor 3 The structure of the SC CVD
Transistor 3 is shown in section in Figure 5. As with
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the process.

f.  Moving the sample in and out of the growth regime while keeping a
stable plasma.

g. Using deposition techniques such as vapour transport deposition
onto heated surfaces which have a low growth rate.

h. Synthesis of the layer followed by material removal using
techniqgues such as laser ablation, etching and mechanical

processing.

However fabrication of these devices is not trivial, since the delta doped
layer is very thin and etching down and forming metal contacts onto this
layer is very difficult. A desirable solution is in forming a common structure
suitable for the further fabrication of a range of devices, such as the series
of layers shown schematically in Figure 2, and then from this fabricating the
individual device designs such as those illustrated in Figures 3 to 5 and 9.

Although the bulk of the layers that constitute the active part of the
described transistors are thin, these layers can differ widely in doping
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contacts described above and is preferably used in
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The synthesis and processing steps can be applied to one, two or more
devices at a time. By fabricating devices from a common basic structure
such as the series of layers shown schematically in Figure 2 it is possible
to fabricate a range of different device structures on a single wafer.

The specific contact resistance for the ohmic contacts of a device similar to
the SC CVD Diamond Transistor 1 using WSi to form the ohmic contacts
was measured to be less than 10* Ohm cm? WSi is a preferred contact for
use in the devices of this invention because of a number of advantages.
Diamond does not generally grow on WSi, so that this contact material also
makes an effective mask, useful for example in CVD Diamond Transistor 1
and CVD Diamond Transistor 2. [t also makes an excellent ohmic contact,
and is high temperature stable and compatible with general semiconductor
processing technology, and in particular the technology relevant to the

processing of diamond.

Aluminium Schottky contacts are evaluated as a function of temperature in
Figure 7. This data corresponds to a Schottky barrier height of ~1.3 eV.



onto heated surfaces which have a |ow growth rate. h.
Synthesis of the |layer followed by material renoval
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mechani cal processi ng. However fabrication of these
devices is not trivial, since the delta doped |ayer is
very thin and etching dovvn_%n_d form ng netal contacts
onto this layer is very difficult. A desirable
solution is in formng a common structure suitable for
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di stortion of the dianond lattice but this can be

m'ti%ﬁP by matching the lattice paraneter by
al E& 3- he 12C and 13C ratio for the boron doped
| ayer or the adjacent intrinsic dianond | ayer.

Al ternatively, or i ination, t j sotope JatigQ of
o1 bramzaic Fxamile s MEREE L ihhtrs e Ahricg o Boshel wih,
ungiesteRusbriYmbh@sie dgifenl defslv.i This Bra@ple ié éndearte bk man-
one devi ce can be made on a di anond wafer. The devi ces
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shown in Figure 3, as this is the simplest of the devices proposed by the

applicant.

An HPHT substrate 1 with major faces (001) was carefully prepared by
scaif polishing along one of the <100> directions lying in the plane of the
substrate and an Ra value, measured using an atomic force microscope, of
less than 0.3 nm was achieved. This surface roughness was achieved over
areas of greater 50 ym x 50 ym, more than large enough for fabricating

single devices.

Using conditions known in the art for depositing high quality intrinsic single
crystal CVD diamond (see WO 01/96633), a layer 11 approximately 1 um
thick was deposited on the specially prepared substrate surface. On top of
the intrinsic layer 11, a high boron delta doped layer 3, approximately 10
nm thick, was deposited. The boron concentration in the delta doped layer
was measured by secondary ion mass spectroscopy (SIMS) to be in
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fabricate a range of different device structures on a
single wafer. The specific contact resistance for the
ohm c contacts of a devicegmlar to the SC CVvD

D anmond Transistor 1 using Wsi to formthe ohmc
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A channel was then prepared by selectively etching an area of the gate
dielectric layer 9 by reactive ion etching using an argon-oxygen plasma and
a photoresist mask. Good control of this process resulted in the thickness

of the gate dielectric layer in the gate area being 1-2 nm.

Using standard processes, an aluminium gate contact 8 and WSi source
and drain contacts 7 were applied.

The source-drain current, lsp, was used to assess the performance of the
device. lsp was measured to be greater than 30 mA/mm.

The parameters which were not measured were modeled to be fr = 26 GHz
and Pour = 7 W/mm and the applicant believes that values close to the
modeled values will be achieved.



The design of the device is very simlar to that of
the SC CVD Transistor 1 shown in Figure 3, as this is
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An HPHT substrate 1 with major faces (001) was
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the first intrinsic layer 11. In this case the |ayer
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t han thereof has a root-mean-square roug ness of less than 0.5 nm.

3. A method according to claim 2 wherein the growth surface or region
thereof has a root-mean-square roughness of less than 0.1 nm.

4. A method according to claim 1 wherein the height of any step or
protrusion on the surface is less than 50% of the thickness of the
thinnest adjacent layer, a step or protrusion being defined as the
change in height of the surface over a distance, parallel to the
surface, equal to or greater than the thickness of the thinnest
adjacent layer.

5. A method according to claim 4 wherein a step or protrusion is
defined as the change in height of the surface over a distance,
parallel to the surface, equal to at least twice the thickness of the

thinnest adjacent layer.
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intrinsic gate dielectric layer 9 is slightly higher
than in the first intrinsic |ayer 11. Both of these
features inpact on the ultigate performance of the
devi ce but neither prevents its operation. A channe
was then prepared by selectively etching an area of
the gate dielectric layer 9 by reactive ion etching
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9. A method according to any one of claims 1 to 8 wherein the
substrate includes single substitutional nitrogen at a concentration
of greater than 3 x 10" cm™.

10. A method according to any one of claims 1 to 9 wherein the
substrate has a birefringence, exemplified by the modulus of the
sine of the phase shift, of less than 0.9.

11. A method according to any one of claims 1 to 10 wherein the
substrate material comprises diamond produced by HPHT or CVD
processes.

12. A method according to any one of claims 1 to 11 including forming
an n+ shielding layer at or adjacent the surface of the substrate.
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less than 0.5 nm 3. A nethod according to claim?2
wherein the growh surface or region thereof has a
root - mean-square roughness_gd_less than 0.1 nm 4. A
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step or protrusion on the surface is |ess than 50% of
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17. A method according to claim 16 further including mechanical
polishing of the substrate surface.

18. A method according to any one of claims 1 to 14 wherein the
surface of the substrate is processed to the required smoothness by
off-axis polishing combined with controlled etching and/or growth.

19. A method according to claim 18 wherein the surface smoothness of
the substrate is distinct in different directions.

20. A method according to any one of claims 1 to 19 including
fabricating at least a region to be used for an active area of the
transistor structure on a diamond substrate material comprising a

single growth sector, and controlling the growth sector.



9. A nethod according to any one of clains 1 to 8

wherein the substrate includes single substitutiona
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cm 3. 10. A nethod according to any one of clains 1 to

9 wherein the substrate has a birefringence,

exenplified by the nodul us.gf_the sine of the phase

shift, of less than 0.9. 11. A method according to any

one of clains 1 to 10 wherein the substrate materi al
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cl ai m 13 wherein the dopant concentration in the
shielding layer is less than 1x1 020 cm'3 and the
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15. A net hod according to an of clains 1 t
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17. A n@ q?d according to claim 16 further including
mechani €4l polishing of the substrate surface. 18. A
nmet hod according to any one of clains 1 to 14 wherein

the surface of the substrate is processed to the
regsi r ed ragmhod Boewgingto claim 20 or claim 21 wherein the orientation

of the substrate surface, and thus the growth sector selected for
fabrication of the active area(s) of the transistor structure(s), lies
within 15° of one of the primary CVD growth sectors {100}, {110},
{113} or {111}.

24. A method according to claim 23 wherein the primary growth sector
is the {100} sector.

25. A method according to claim 23 wherein the primary growth sector
is the {111} sector.

26. A method according to any one of claims 23 to 25 wherein the
direction of offset of the substrate surface from the selected primary
growth sector lies within 15° of the great circle passing through the
selected primary growth sector and one of the other primary growth

sectors.

27. A method according to claim 26 wherein the selected primary
growth sector is the (001) sector, and the direction of offset of the
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and/or growth. 19. A nethod according to claim 18
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distinct in different directions. 20. A nethod

according to any one of clains 1 to 19 including
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the respective layers.

30. A method according to claim 29 wherein at least one layer of device
grade or intrinsic diamond material defining a channel is deposited
on the layer of delta doped diamond material.

31. A method according to claim 29 or claim 30 wherein the delta doped
layer has a dopant concentration greater than 1x10"" atoms cm™.

32. A method according to any one of claims 29 to 31 wherein the delta
doped layer has a dopant concentration less than 5x10%' atoms

cm’®,

33. A method according to any one of claims 29 to 32 wherein the
device grade or intrinsic diamond comprises high purity diamond
with a residual impurity concentration of less than 1 x 10" cm®,
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primary growm h sectors. 27.54A nmethod according to
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the (001 ) sector, and the direction of offset of

t hep ubsh raéos Wdeadhgs tooamy lbae sofl @ailned2q GO BB wherhr the
growm h sector Iie% within 15 of the reaft Fi rcle .
passi ng r 0
i nghFeMtAIGRY Sice L Srdtsian ‘irb‘i!?f)suﬂg‘f% 3 layproo which a
sector @ﬁﬁeﬁia&_@ﬁﬁs ddpesitdd is 1&sslthanadtds (of thel Bickness of the
i.c orientations or

tal he. b) (-1.1 d
(- 1° 10) oL P DR o= GIFoR BEETURSN bsino SCTHee Bt e
accor di gihrige 8l iedight 20t m_beﬂﬂ*'{]emetdSWr @P&téme?bbrautélhtm[mel
transistof Is orl eg.l.n the, case of ,a). al gn e |-
10] di r HtacEneR %ﬁh?ﬂéc@ﬁ%%tﬁeﬁj'”%%ﬁ abd '%’ei- 10]

direction. 29. A nethod according to any one of clains
1 to 28 wherein the further dianond | ayers deposited
on3s.he Auhsthoatsccoritrigutteany oneasft claing PO tors4( wileletrathe

doped layer and at | east one adjacent | r of devjce
gr ade o?LYrFq‘fFrq?ﬁé‘Viayﬁf QRYREn @\A?L{rk‘eé %X%‘s?x%gfqoeﬁgal?ed has
i nt er f ag eSothedamesiuatd UGB iI3viem loayess Dr is3ee 6f stepdrod
according,to cl F\i m Erg erein at | east one | ayer of
devi ce BPYHEIODT 397 M7afs? BMdi anond naterial defining a
channel is deposited on the |ayer of delta doped

di anond material. 3 1. A nethod according to claim29
or 3¢ ai mméthoteicedrdinghte ahgl dre cfogiaichs| 28 &r 35 adeseinl dpmat

concentyration greater than 1x1 017 atq cm. 3. 32..A.

mot hod BEEPR A5 GORRY G T Peprslefusiogn Rlapept firiddic

wher ei nial/&e afél tha doping concentration falls by at least 1 order of
magnitude in a distance less than 20% of the layer thickness
between the delta doped layer and the intrinsic layer.

37. A method according to any one of claims 29 to 35 wherein the at
least one intrinsic layer is deposited on an adjacent delta doped
layer and the doping concentration rises to at least 1 x 10" em®in a
distance less than 10 nm.

38. A method according to any one of claims 29 to 37 wherein the
thickness of each of the delta doped layers is less than 100nm.

39. A method according to claim 38 wherein the thickness of each of
the delta doped layers is less than 20 nm.

40. A method according to claim 39 wherein the thickness of each of
the delta doped layers is less than 5 nm.



doped | ayer has a dopant concentration |ess than 5x1
02 1 atons cm 3. 33. A nethod according to any one of
W@ k@birs7620 t 0 32 wherein the device grade or iPCTIiBEO001054
di anond conprises high purity dianmond with a residual
impurity concentration of less than 1 x 1016 cm 3. 34.
A nmet hod according to any._gpe of clains 29 to 33
wherein the height of any step or protrusion on the
surface of a layer on which a further layer is
deposi teehdtifod asserdingio 2R%M a0 Whereinhthe khiekisessf oftdaeh of
t hi nnest adj acent, | ayer,, a teq or protrusion being
def i nedh%\ge*anéo%ﬁ’dﬂ Slsr{e??etﬁa'ﬁt "t the surface over a
di stance, parallel to the surface, equal to the
t hi ckness of the thinnest adjacent |ayer. 35. A nethod
aueor di M phettbdadttontirgy ofanglonk s c2éng 80 814 WvbemimthieHayer
surface .of any |ayer.qon which a further layer is e
depos, (ke et Mt bR PabH e v s
| ess Orhdss thickeesf of$éssisarot 0p0 atr. usi ons | arger than 3
nm 36. A nethod according to any one of clains 29 to
35 wherein the at | east one delta doped | ayer is

deposited on an adjacent .intrinsi.c. |ayer t

do‘gal' ng @H}‘FM%‘&PT tpéjlﬁq'@%'};\e(remé%es%éyir %?%g'rc Q?{ade or
magni t uaiginkie diardosd atateial dstnind e 2idvnef hashe thikesss of
t hi ckness_ pet gn the delta doped | ayer and the
intringfes 39% Ng%. A method according to any one of
claims 29 to 35 wherein the at [ east one intrinsic

| ayer is deposited on an adjacent delta doped | ayer
angh. t heA dwgthatiaccordimnioradimet3 wheseis thelager dfedeyice grade or

accor i g i ShE el REAS B Pt i O fRbp o

t hi ckneess thnd@aim.of the delta doped | ayers is |ess
t han 100nm

45. A method according to claim 44 wherein the layer of device grade or
intrinsic diamond material defining the channel has a thickness of

less than 2 nm.

46. A method according to any one of claims 30 to 45 including forming
a Schottky gate contact in a recess adjacent the channel.

47. A method according to claim 46 including forming and exposing the
channel using laser ablation, induced graphitization and chemical
etching, reactive ion etching, or inductive coupled plasma
processing, in combination with lithography techniques.

48. A method according to claim 46 or claim 47 including forming the
gate contact by depositing a metallization layer comprising
aluminum, gold or platinum on the layer of device grade or intrinsic
diamond material defining the channel.



39. A nethod according to claim 38 wherein the
t hi ckness of each of the delta doped |layers is |ess

wao b@e/1282hm  40. A net hod accordi ng to cl ai m 3BCTAB0&/001054
the thickness of each of the delta doped |ayers is
| ess than 5 nm41. A nethod according to claim40
wherein the thickness of eagh of the delta doped
| ayers is less than 1 nm 42. A method according to
any one of clainms 30 to 4 1 wherein the |ayer of
device grade or intrinsic dianond material defining
t he channel has a thickness of |less than 1 000 nm 43.
A 48t hotl methoddaerprding clPagiy e vpfe £8ins t3% o e fnchding
devi ce gr [ [
t he chanﬂgﬁ'ﬂgsat lgtaﬁ" ﬂ@nggrglcg@?ggs% Pﬁgﬂﬁﬂlggﬁ%%g d’igj[heA
met hod @spestye sipnoenddpyaren 43 wherein the |ayer of
device grade or intrinsic dianond material defining
t he channel has a thickness of less than 10 nm 45. A

meghod  Acnomel Necbing &) Hhﬁw 4Wﬁ@rbﬁ‘| fh@eoﬂrﬁi)éedonﬁcts are

device grade or intrinsic dianond material defining

t he chaeﬁmdqmglt%d dirdcik pelos fost doped layean 2 nm 46. A
nmet hod according to any one of clains 30 to 45
including formng a Schottky gate contact in a recess

adﬁflcenﬁ\d%gﬁ\oghé’&ﬁﬁdm ‘ﬂtyanﬁoﬁﬁtc.'i’fo@ialﬁ%‘??@ db e twPefeliritie

46 1ncl ormn exposi ng the channel using

| aser afsither dramqr\ddlga&%ra @paplm pPa dhe cﬁwbaﬁfﬁ}edﬂgﬁﬁi%@ first
et chi NGye|fLAGddIBydrdhded SeUdRE defth doﬁg@%yke\"geﬁé?!diéh%? an

pl asma processing, in conbination wth |'ithography
t echni quisigiamondelayst agtassr whish e@rent Aiqwsaeppuse of

clai m44,d-p |Hfd’tHégcﬁé?QéncgﬁleH‘%ugélﬁﬁséipﬁbﬁﬂhebdelta doped
deposi ting nmetal lization |ayer co i Si ng
layers, wherein the second delfa doped ayer is utilized or easily
accessible for the formation of metallization or other contacts
connecting the device to external circuits, and is interrupted in a

gate region of the device.

52. A method according to claim 51 including forming at least one
tunneling contact through a metal carbide interface.

53. A method according to claim 52 wherein the metal of the tunneling
contact comprises titanium, chromium, nickel or WSi.

54, A method according to claim 52 or claim 53 wherein the metal of the
tunneling contact is capped with another metal selected from the
group including platinum, gold and aluminium.

55. A method according to any one of claims 46 to 54 including
depositing a layer of non-diamond passivating material over the
channel to provide additional isolation between the Schottky gate

contact and the channel.



alum num gold or platinumon the | ayer of device
grade or intrinsic dianond material defining the
web@annele29. A met hod according to any one of PCHIBPBOGAD1054
to 48 including depositing at |east two ohm c source
and drain contacts on the respective di anond | ayers.
50. A nethod according to_ghai m49 wherein the ohmc
contacts are each deposited directly onto a first
doped layer. 5 1. A nethod according to any one of
claims 29 to 50 wherein the further dianond | ayers
deposited on the substrate include a first delta doped
| sBfer  ahthethasbamoddingkia caitope wheeje thespassivatingmelerighis
intrinsjc, .qdi a r%% [ r f s
becauseé &'g%ver g%alpoﬁtﬁga?c ar ééé&qg@ﬁ ﬁ’g% s&gﬂrt) téﬁ@ﬁ?gd
f r om t hempgbire, a0-tpp didnmande ingrinsigrdiarepid. tsilisos sawide. galiva
doped 1 BYRE didmitir higRE, QAR hnind FRAK MPodr6h nli.
formation of netallizatlidn or other contacts
connecting the device to external circuits, and is
interrupted in a gate region of the device. 52. A
nefhod Acwthal acpording tasany @elofidaime $0rig SBavhereip adftirther
| east q t el y ; g t1alerC b e
interf aégqu Iég& i& ﬁ%%“%gg% g@%o‘b@?‘%‘g @39‘]8[{2”%{852%\;&@2@&%
t he net@danoél. t he tunneling contact conprises titanium
chromi um nickel or WSi. 54. A nethod according to
claim52 or claim53 wherein the netal of the
tuggel ',gg?éiﬁcgﬁ Qﬁ&or&iﬁ%?@aﬁﬁﬁjSWréﬁm@ﬁlﬁhgﬁ&ﬂih le(ajyer is in
sel eécte rom the group I ncluding platinum gold and
al uni ni theforabof omniast metplligetidt-di ng to any one of clains
46 to 54 including depositing a | ayer of non-di anond
passivating material over the channel to provide

adgh t1 o ethGPhaldr@Rg REEMREB7 Wherens B fktneO8dIR layer is in

the form of a gate dielectric.

60. A method according to claim 57 wherein the further solid layer is a

further diamond layer.

61. A method according to any one of claims 29 to 49 wherein the delta
doped layer is an interrupted delta doped layer deposited on an

intrinsic diamond layer.

62. A method according to claim 61 wherein a step is defined by a gate
recess at the interface between the interrupted delta doped layer
and the intrinsic diamond layer, the recess having a depth of less

than 5 nm.

63. A method according to any one of claims 29 to 62 further
comprising incorporating a field plate or edge termination structure

within the transistor.



contact and the channel.56. A nethod according to
claimb55 wherein the passivating material is a w de
whandagmpl mat eri al selected fromthe group conpeT/BB20¢5/001054
sapphire, n-type dianond, intrinsic dianond, silicon
carbide, galliumnitride, alumnumnitride, gallium
alumnumnitride and borongatride. 57. A nethod
according to any one of clainms 30 to 56 wherein a
further solid layer is applied to the intrinsic
di anond | ayer defining the channel. 58. A nethod
according to claim57 wherein the further solid |ayer
i s64.n tAemkthoth atcardingatt amgt emg i ofackains 280 to ABFreftirioRr
accordi p .l aj : rel d '
o T 1 BTSSR dofact Wit Chhe S nefic g
accor di angntypecionducttip snhelratén t he further solid | ayer
is a further dianond layer. 6 1. A nethod according to
any one of clainms 29 to 49 wherein the delta doped

I roi ' I i
L SIS P o PoRiicugn donesipt o
cl ai m 6foimingdheen-type condpcting stbstrated by a gate recess

at the interface between the interrupted delta doped
| ayer and the intrinsic dianond | ayer, the recess

hayd ng R HE{%B Heotdi®tp Tté %ﬂgiﬁ]sengfg cfins A ?Gatpt%geperein the

according to any one © to 62

conpr i siransistercirustradefingsa fialdefeopiransister. edge

term nation structure within the transistor.64. A

nmet hod according to any one of clains 29 to 63 further

COgpri sj 'ﬁ]&ﬂleﬂ F #hhdiGo rgaﬁ%:‘doﬁ) haGhethbd Bf Qaikd® with
trgﬁsi s}t\g}?gHu& g¥1 n-t p‘gpcon ucti ng substrate.
a threshold frequency Fr lying in the range of 0.1 — 500 GHz, and a
maximum output power P lying in the range 0.05 W/mm to 1000
W/mm, wherein the product of the threshold frequency in GHz and

the maximum output power in W/mm, F X Ppax, €xceeds 0.005.

68. A high frequency transistor according to claim 67 wherein the
product of the threshold frequency in GHz and the maximum output

power in W/mm, Fr X Pna, exceeds 0.05.

69. A high frequency transistor according to claim 68 wherein the
product of the threshold frequency in GHz and the maximum output

power in W/mm, Fr X Prax, €xceeds 50 000.

70. A high frequency transistor produced by the method of claim 1,
wherein the product of the threshold frequency in GHz and the
maximum output power in W/mm, F1 X Prax, does not exceed 10°.



65. A nethod according to claim®64 wherein Nis used

as the dopant for formng the n-type conducting
wGaustitmee. 66. A nethod according to any one PET/DB2006/81054

1 to 65 wherein the transistor structure defines a

field effect transistor. 67. A high frequency

transi stor produced by theggethod of claiml, with a

threshold frequency FT lying in the range of 0.1 - 500

GHz, and a maxi mum out put power Prmex lying in the

r aiyge Oa ORgiViragubAcyl @@Rsi¥ibrmaccuvdiigetd cldive PO adhigéinothe
the threshold freq [

uency in Giz .a t he Xi mum out put
pover | RToMHA! Mg EspRtLTeRuRR B i Sk PespadmL bl
f r equensoivdr iRNGIngd, ;. xa%gotckdepttenceddxioh 67 wherein the
product of the threshold frequency in GHz and the
maxi mum out put power in Wmm Ft x Pnax, exceeds 0. 05.

69. A high frequency transi stor accordin cl ai.m
Wiz o1 rA NN HTRREED SNERET APRSTE b AL EhSNeTRY

and  t heprgBudt A tAeokdahbldrasRENdyin\EHamandFthexmBxiAIM output
exceeds 50 (,)Oﬁ\g 70._ A |gg fre(ﬂ]uenc%/gnté‘;ansi st or

pr oduc RPN REMPR s d mef RPSPThEXCe ein the product
of the threshold frequency in GHz and the nmaxi num

out put power in Wnmm Ft x Pmax. does not exceed 106.7
1.7 hi ghnhifn efsepRAYy ttraabisios tavcomireptaliokgmt 32 clviaerain7 the

wherein the product of the threshold frequency in

and t he" R?trﬂﬂ%‘%ﬁ‘(%%f’ldﬁj&ﬂé‘?n?ynm n%ﬁ%km%%?,m 8@@@
not exce®merk®v/mez,.FrA l.gdoés rotuesesd 10°ansi st or
according to claim7 1 wherein the product of the

threshold frequency in GHz and the maxi num out put

power in W Fg x, Pma does nat exce anil3
PR ¢ A a R ek et SR R iFfad faair, dhn
wher ei na titestvl@ theglierel Fyheng inrtae harige dfi0etiu &00)Gliz) aGHia
and t hemrar;%i)r(r{urrrnu ronut%ld% Bgvtver Pmax lying in the range 0.05 W/mm to 1000
W/mm, wherein the product of the threshold frequency in GHz and

the total device power Pgey in W, Fr X Pgey, exceeds 0.005.

75. A high frequency transistor according to claim 74 wherein the
product of the threshold frequency in GHz and the total device

power Pge, in W, Fr X Pge,, €xceeds 5.

76. A high frequency transistor according to claim 75 wherein the
product of the threshold frequency in GHz and the total device
power Pgey in W, Fr X Pgey, €xceeds 50 000.

77. A high frequency transistor produced by the method of claim 1, with
a threshold frequency Fr lying in the range of 0.1 — 500 GHz, and a
power P lying in the range 0.05 W/mm to 1000 W/mm, wherein
the product of the threshold frequency in GHz and the total device
power Pgey in W, Fr X Pgey, does not exceed 10°.



power in Wnmm Ft x Pmax, does not exceed 103. 74. A
hi gh frequency transi stor produced by the nethod of

web@smb21 Wi th a threshold frequency Ft |ying PCI/IB2006/001054

range of 0.1 - 500 GHz, and a maxi mum out put power
Pmax lying in the range 0.05 Wmmto 1000 W nm
wherein the product of the g/reshold frequency in Gz
and the total device power Pdev in W Ft x Pdev,
exceeds 0.005. 75. A high frequency transistor

acg®r di Aghl?ﬁ feéqichty 4ranbietori atcbiingd te dilaiin @7 Wwherein the

threshold tre ncy in and t he t al Vi power
Pdev | anE‘Cthfuﬁ‘ePﬁE?ﬁho E%wcx.'“%ﬁzmﬂdg‘l? ?q?%lqgeevﬁ%ey
transi speWerd®Gan WV IR} X Ry, Hoesmot exedmr #0°n t he product

of the threshold frequency in GHz and the total device
power Pdev in W, Ft x PdeV, exceeds 50 000. 77. A

hi frequepcy transistor, produced t he t hod of
1 8 m 1R EREer ieRPR bR SEHEdy, oty 75 PASER, the
range oprddudt of H0tHesholdafrdq@erpywar GAaeand yhendptaindévies
range 0.05 nm 0 W erei she product of
t he t hr B3 d‘er'P&g’L%ﬁg’)%eW' ﬂggﬁgwfﬁae?(ﬂ?sdtot al device
power Pdev in W, Ft x Pdev, does not exceed 106.78. A

hi gh frequency transistor according to claim 77
whgg.ei nAt highpireglenty dfansistort dcestind do f claiqué@ac wheneinGiize

and the tatal Vi ge po PdgV i.n Ft Pd, v>

not ech@&uatogfjﬁ‘ﬁ)ﬁ‘riﬁ}?yd\g h'egy eflc r%’i‘% fhg dqtal d8ige
accor di powércP g inivil) & Rlgdeesindtiexceedtitict of t he
threshol d frequency in GHz and the total device power
Pdbv in W1 Ft x Pdev, does not exceed 104. 80. A high
frequency transi stor according to claim79 wherein the
product of the threshold frequency in GHz and the
total device power Pdev in W Fg x Pdev, does not
exceed 103.



