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Abstract

This study investigated the fabrication of-type diamond using Li:N edoping. When nitrogenis
used asa dopant it produces a deep donor levelTherefore, it does not act as a suitable
semiconductor at room temperatureTheoretical studies suggest that wheithium is used as a
dopant andis in interstitial sitesin the lattice, it can act as a shallomtype dopant (a ptype when

in substitutional positiors). However, lithium atoms cluster together in the lattice aridhibit the
electrical properties of the materiallt was suggested that a combination of lithium and nitrogen
atoms may producea shallown-type diamond, since the nitrogen atoms can preverite lithium
atoms from aggregation. The nitrogen atoms also inhibit the lithium aterfitom migrating from
interstitial to substitutional positions. It was postulated by computer studies and references that a
1:4 ratio of Li:N may produca shallow donor tocreaten-type diamond.

To produce the Li:N diamond films, the-tlbped diamond was grown first using a HFCVD process
with ammonia and nitrogen gas as the source of nitrogen atoms. Subsequerthyg, lithium
precursor,LiN solution (in 1% w/v polyoxy in chleform) was dropcast onto the Ndoped film
andthe lithium atomsdiffused into the film

After growth of Li:N diamond filmscharacterisation was performedo evaluate film quality,
morphology and dopant concentrationsusing Raman spectroscopy, SEM and1S! Resistance
measurements weraalso recorded todetermine if semiconducting diamond had beesuccessfully
fabricated.

The Li:N caloped diamond filmswere compared to Ndoped diamond films and although Raman
spectroscopy and SEM images appeared very similar, resistance was greatly reduced using the co
doping process. Furthermore, thk/l g values, providing a spsp’ ratio, were much greater with
Li:Nco-doping than with Ndoping alone.

The ratio of Li:N obtained was 1:6.Which is similarto the desired ratio of1:4. The resistance of
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semiconductor at rem temperature If the ratio is further decreased theoretically this should

result in a lower resistance and potentially-type diamond.
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1.0 Introduction

1.1 Historyand Propertiesof Diamond

Theword diamondoriginatesfrom the Greek wod adamas; which meanshardest known substance
or unbreakable Diamond both now and in the pastis in high demand as a gemstortie to its
uniquecharacteristicsincludingits clarity, colour and cutThe earliestecordsof diamond date back
to the 3% and 4" century inIndia India was the only source diamond until as late as the 1700s
when Brazil discovered diamond amdthe 1800sthe first diamond minebegan in SouthAfrica

Diamondis a unique material witta broad range ofmechanical, chemical and physigabperties
(Table 11) therefore it is also a popular material industriallyc4]. Its exceptional properties make
diamondvery valuableas it possesscharacteristis that are not found in othematerials[1].

Table 1.1: Table highlighting the exceptional properties of diamdthd4].

Properties of Diamond

Hardest materiaknown (1 x 16kg/mn) Chemical resistance

Negative electron affinity High souncpropagation velocity (17.5 x 1&ms?)

Highest thermal conductivity knawnat room

temperature (2000 W iKY, High mechanical strength (90 GPa)

Optical transparency over a broad

wavelength range (from UV IR) Chemically inert

Low compressibility (8.3 x TOm?N™) Electron mobility (2200 cfv/' s?)
The lowest thermal expansion coefficient . 11
(1% 16 K) Hole mobility (1600 cAV's?)

Highest bulk modulus (1.2 x ¥ ni?) Very high electribreak down field

High electrical resistance with undoped diamoa@'¢-10" Kcm)

Potential electrical semiconducting properties wittype diamond

Electrical semiconducting properties with borottype diamond

Although diamond has many extraordinary properties, there are sd\drawbacks to thisnaterial

as damond is highly expensiand also very rarf?]. It is difficult to utilisediamond? propertiesdue

to the strong short sp® covalentbonds that comprisethe diamond lattice [2,3]. These covalent

bonds consispurely of carbon atoms bondetbgether in atetrahedralstructure Naturaldiamond
isscarceandislocated140m dpn 1Y o06SySIGK GKS 9FNIKQa YlyidfSo
high pressuresf 4.56 GPaand temperatureof 16002400 KMagmasd Sy S| 40 K G KS 9 NI KQ
cause volcanieruptions and when these occuliamonddeep beneath the Earthisestoward the

9 I NIi K Q & OricelzitlfRd sGrfacehe diamondcan be extracted.Such conditions highlight why
accommodating largeamounts of natural diamond is difficult and expensivébnsequently;

synthesising diamond in this environmepf such extreme temperatures and pressurésa



demanding processTherefore i would be extremely beneficial teynthesie diamondin a low cost
processso thatits properties couldoe further exploed.

Graphite like diamondalso consistsolelyof carbon atoms, therefore research into the synthesis of
diamond from graphitehas been ofinterest in the past[2]. Graphite does not have tetrahedral
bondslike diamond, as each carbon atom is onbnted tothree other carbon atomgproducing
planar sp? bonding (Figure 11). Another difference between the two allotropes is thagghite is
composed of different layers witla free electronfrom each carbon atom delocalised, moving
between the layers.This enabled# to be a goocklectricalcondwctor. Graphite is the most stable
allotrope of carbon at ambient temperature and pressurherefore, it is difficult to manufacture
diamondfrom graphite as diamond ishe less stablallotrope; so it is an unfavourable procesat
room temperaturethe standard enthalpies between the two forms of carbon are relatively low at
2.9 kJ mot [5]. However,there is alarge activatiorenergyof 728 +50 kJ mot which prevents the
conversion of graphite to diamori@]. This also means thabnditions to praluce diamond need to

be extreme to overcom this energy barrier. Howevean advantageof diamond is that it is
metastable,so once diamond iformed, it will not spontaneously convert back to grhje. This
feature means that although diamond does not give thermodynamic stability, it does provide kinetic
stabilisation. Consequentlythe major challenge here is the formation of synthetic diamond



Figure 1.1: Schematic diagram of graphite showing (a) the planer structure and (b) the 3D
structure. A schematic of diamond is also shown, again both (c) the planar anth@3D structure
are shown.

1.2 Doping

Semiconductors are found in many applications such as transistors, diaksnicroprocessor
chips. The most generally used semiconductors &itieer silicon or germanium. However, since
silicon can be used at higher temperatures than germanium, fanisured for more applications
Both these elements are igroup 14 ofthe periodic table, with four valence electrons. Therefore, it
would seem appropriate ténvestigatecarbon based materialas potential semiconductey since
carbonalso contains four vaiee electrons.

Diamond is an exceptional insulatorelto its wide bandgap of 5@V [6]. However, silicon is also an
insulator at room temperature, with a bandgap of 1.1 BV, ya once you add dopants to the
structure, silicon becomes a semiconductor. Although dian®rzhndgap is much larger than
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aAf A @2nA) Been suggested that sufficient doping could decrease this bandgap
semiconductive propertie be observedHowever, doped diamond is much harder to achieve than
doped silicon due to thestrongly covalert bonded lattice [8]. If diamond was developed into a
semiconductor;it would have unique properties that lowerabhdgap materials do not possedsr
example the application of higher voltageSemiconductingdiamond would provide all the
semiconductor propertiesf silicon with the addition of a highthermal coefficient,soit could be
used in devices at muchigher temperatures. Diamond3 thermal coefficient is @0 W m* K*,
therefore diamond can withstand much higher temperatures than silicon which has a thermal
coefficient of 149 W mK* [4,9]

Incorporating impurities or defectinto the damond lattice is called dopingnd it provides

additional free carriers into the latticeThese free carriers (eitheglectronsor empty orbitals
depending on the type of dopinghcrease the semiconducting properties dfamond The

concentraton of dopant can be controlled; thereforéhe electrical conductivity can alsbe

controlled The demand awl potential value of diamonds increasedasit can develop various
properties that are seldomfound with natural diamond[10]. Examples include exceptianal

optoelectronic and electronic propertiesee further details in section 1.4)

There are two potential types of dopingstype and ntype (Figurel.2). It is crucial that both fype

and ntype doping are achieved and produce the appropriate semicotidty as this will allow
RAIFIY2YR (2 0SS dzASR Ay GNlyairaidz2NB |yR 2GKSNJ St S
carbon atoms and hard structure means it can be a challenge to incorporate other atoms into the

lattice.

ThesedopantsdecreaseR A | Y 2lafge Baad gapso it is a more facile process for an electron to be
promoted from the diamondvalencebandto a dopant acceptor holép-type doping)or from a
dopant donorlevel to the diamond conduction band(n-type doping) These impuritiescan either
incorporate iro the diamond crystals or into the grain boundaries between the crystals.



Fermi Level

n-type p-type

Figurel.2: Schematicdiagram of ntype and ptype doping. The black arrows represent electrons,
with the red arrow showing movement of electrons. Inttype doping, the electrons are promoted
into the conduction band. In gype doping, the electrons from the valence band aregpnoted
into empty orbitals (holes).

Atoms can either be deep or shalladefects this property depends on the state of the impurity
once ionised. For instance, when the atom has either donated or accepted an electron (depending
on whether it is ptype orn-type) it becomes ionised. For a shallow donor, éxeitation energy
required to ionise is low.he deeper the impurities in the bandgap; the deeper the doian the
dopant to beefficiently incorporated it is essential to have a shallow dondherefore less energy

is required to excite an electron from the donor energy level into the conduction figndt isvital

to produce doped diamond with a low resistance as this would indicate successful semiconductivity.

1.2.1 P-type Dopingwith Boron

The most successfudnd widely useg-type doping is bororsince this occurs in natur@ype 1Ib)
[1,11] Ptype doping involves introducing an atom wifewer electrons thancarbon into the
diamondlattice. Therefore, producing empty orbitals (holes) above the valence band which accept
electrons.Theexcitationenergyof boronis low at 0.37 eVY11]. The excitationenergy is the energy
required to promote an electron from the valence bamiddiamondto the acceptor dopant siteThe
boron atomis a similar size to thearbonatom at 0.88 A and 0.77 A respectivély2,13] Therefore,

it is relatively easy foboron to incorporate intothe substitutional sites in the lattice; where it is
generally located

Synthesis of boron doped diamorid relatively simple as it is just case of addition oboron
containing noleculesinto the initial reactants.Both CVD(Chemical Vapour Depositignjon-
implantation and HPHT(High PressureHigh Temperaturg¢ are methods that have produced



successful results in doping with borfij. When using HPHT, headgping of boron isiecessary to
produce the required semiconductive propertigget CVD is the more generally used methibd].
Diboranegas (B;Hs) is a common source of bam in either microwave plasma or hot filament
chemical vapou deposition MWCVDor HFEEVD reactions Once doped with boron, diamond can
show metallic and superconducting propertig8]. Care mus be taken as iborane will
spontaneously igniteupon slight contact wih water, for example in airFurthermore, it isan
extremely toxiccompound, which also meaitsmust be handled carefly.

1.2.2N-type Doping

N-type doping involvesntroducing intothe diamond lattice an atom ith more electrons than
carbon. Therefore, since the impurities are electraith, they will act aglonors. The excitation
energy is the eergy required topromote an electronfrom the dopantdonor levelto the conduction
band of diamond N-type doping is a more difficult process tharype dopingfor a variety of
reasons. For example, the atomay betoo large for incorporation, or the donor levptoducedis
too deep. The majority of potential +#type dopantsbelong to either group 1 or group 15 of the
periodic table Elements in group 1, such as lithium and sodium have been investigatednhete
be located on interstitial positions in the diamond latito create shallow donorglL5]. In group 15,
nitrogen, phosphorus and arsenic are potential doparitsese are situated omhe substitutional
sites in the latticd16].

Researchs still required to determinewhether it is possible to achieveemiconductivediamond
from ntype dopingon a {100} substrate surfacsince so far attempts have produced diamond with
a resistancethat is too high If ntype semiconductive diamond can be achievddrther
investigation ofdiamondas a product irfor example,electronic devies and thermionic emission
will be possible Ntype doping which is a relatively new procedsas seen the largest increase in
success ithe last few decadefl].

1.2.2.1N-type Doping withPhosphorus

The NIRIM groupl7] was the first to prouce successful-type doping.This advance involved the
manufacture of phosphorus doped diamond using CVD methuailsy, PPRh as the source of
phosphorus[1,18]. Another potential source of phosphorus is RH9]. Along with CVD methods,
phosphorus doped diamond has also been attempted dwy-implantation [1]. However, this
phosphorus was incorporated using a {111} surfaceype doping has not been achieved on {100}
surfaces due to the low incorporation of phosphoifds]. This low incorporation is a result of the
larger covalent radii for phosphorus in comparison to carbon at 1.10 A and 0.@gpActively
[13,20}

The phosphorus atoms are located in substitutional positions in the diamond lattice and
incorporation of phosphorus atoms has shown to increase the growth rate of dianmib®id
However, [mosphorushasa relatively deepdonor levelwith an excitationenergyof 0.46 eV[21].
Thisis not shallow enough for a-type dopant so semiconductive properties are still relatively
insufficient. For boron, it was evident that annealing at temperatures of 170 ptoved diamond
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conductivity. wever, when these conditions were investigatedhyphosphorus doped diamond,
reductionin conductivityof diamondwas observed1].

1.2.2.2N-type Dopingwith Nitrogen

Somesucces®f ntype doping has been found withtrogen, but resistanceremainedtoo highfor
semiconductingroperties of diamondNitrogenhas been considered atgpe dopant as it hasigh
solubility in diamondand a covalent radii of 0.74 A which is similathte carbon abm, 0.77 A[13].
These features would indicate didge incorporation of nitroge atoms into the diamond lattice
Furthermore, the formation energy which is the energy required to incorporate the dopant into
diamondis lower for nitrogen than for phosphorgi22].

When diamond is doped with nitrogeatomsthere are two potential effects on the diamond lattice.
Firstly, typela, which consists of nitrogemtomsforming small agregates in the diamond latticey
type Ib, where the nitrogen atoms argpread out in substittional sites Typela is more common in
natural diamongyet in synthetic diamond, typdb is moregenerally observefilO]. Therefore once
doped it is more common to observe nitrogatomsat substitutional sites in the diamond lattice

When nitrogengas is addedhe nitrogen atomsorm HCNby hydrogen abstractianThe hydrogen
abstractionenablesadditionaldiamond layerdo be growndue to more renucleation andhe new
active sited23]. However the ideal concentration of nitrogen must be establistetlit is cucial to
obtain a high qualitycontinuous film. Jin and Moustakadirst suggested thaincorporation of
nitrogen atomsinto the latticeincreases the growth rate of diamond atitht the Raman spectra
shows a more clear diamond peak and a Ipssminent graphite peak[10,24,25] Distortion of
diamond arisesvith nitrogenatom incorporationsince the NC bond length is 28% longer tharCC
bond [10]. Originally this distortion was thought to be a product of the Jalefier effect yetthis
accounts for &N bond length that is only 124% longer than th&&-Cbond. The Pauli electrostatic
repulsion is more likely to be the reason for this distortj@q].

Research indicates tha substitutional sitesiitrogen gives the desired growth rate enhancement
and not NHor NH, chemisorbing onto the idmondsurface[26]. The ratio of C:Ns aconsiderable
factor in the determination for the growth rate. If thratio of C:Nis 10:1, growth ratewvill be much
higher than smaller ratiog-igurel.3) [10].
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Figure 1.3: Graph showing trgrowth rate of a diamond film (um #) with the ratio of N:C[10].

Nitrogen is a deep donaas theexcitationenergy is highat 1.62-1.7 eV [21]. Thisis unsuitable for
the production of semiconductingliamond[27,28] The deep donor levetausesa compensation
effectanda very high electrical resistance{ n n . dhwstompensation effecesults in diamond
converting back to its original insulating propertesoom temperaturg24].

1.2.2.3N-type Doping with Lithium

Another atomthat has beerinvestigated as @otential n-type dopant is lithium Common sources of
lithium for lithium dopinginclude lithium carbonate (LCQ), lithium oxide (LD), lithium hydride
(LiH andtert-butyl lithium. Lithium is a shallow donor with axcitationenergymuch lower than
that for nitrogenat 0.1 eV [29]. Howeverexperimentally theformation energyis high due to the
low solubilityof lithium in diamond an issuethat the nitrogen atom doesnot have Lithium atoms
can be incorporated intthe diamond lattice using bot€VD and HPHIrocesses However, these
extreme temperatures result in rapid movement lithium atoms whichcluder together to form
aggregatedn the lattice Therefore lithium atom$ecome inactiveas the éecrons are no longer
delocalised30]. Since the electrons are no longer free to move tesulisin a highresistanceand
therefore no semiconductivproperties in diamondre observed at room temperature

The lithiumatom has fewer electrons than carbonso it would be considered a-tgpe dopant
However, ithium atoms can be located in botlnterstitial and substitution& sites in thediamond
lattice. Ininterstitial positions lithiumacts asa shallow donofa ntype dopan), but at substitutional
positionsit acts asa deep acceptofa ptype dopan) [31]. Therefore, to exploithe shallow donor
properties of lithium, it would be advantageousitworporatelithium atomsat the interstitial sites

in the lattice This would seem plausible since nuclear studies of the radioactive deciyi of
indicated that 40% of Li atoms lie on interstitial sites, whereas only 17% lie on substitutionf8]sites
It is unfavourable to have lithium atoms in substitual positions in the latticesince this would
result inboth lithium donors and acceptors. Therefore, tdenor electronswill have insufficient
energyandthe semtonductivityisreduced[8,28].
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Lithium has a tedency to prefeably etch graphite over diamondshich produces higher diamond
to graphite rato which would be advantageous as it resulta inigher quality diamond filrf24].

The solubility limitof lithium in the diamond latticas at £ 5 x 13° cm® [24]. A this point, further
addition of lithium will no longer have an effect as ho more lithium atoms @im&orporated into
the lattice. Ifexcesdithium is added the lithium atomswill react with the gasesluring the CVD
processanda carbide layer will form which prohibits afyther diamondformation [24].

1.2.2.4N-type Doping withSodium

Doping with sodium atom$as been considered as it has similar properties to lithium. Sodium
atoms like lithium atoms should be shallow donsrwhen incorporated ininterstitial positions
[15,31] Howeverassodiumatomspreferto sit in substitutional sitedt will not be an effective n

type donor.

1.2.2.5N-type Doping with Antimonyand Aisenic

Antimony and arsenic were both suggested as possitiigp@ dopants as theoretically they should
be shallow donorsvith excitationenergiesof 0.3 eV and 0.4 e¥espectively[32]. However, when
using HFCVDndorporation of antimony and arsenic atonmoved dfficult as they are both
relatively largeatoms in comparison to carbm Antimony has a covalent radius df41 A, and
arsenicl.21 A in comparison to carbon ain (0.77 A[13,33] B/en at high concentrations there was
little incorporation of arsenic and antimony into the diamond lattifea MWCVD processas used
this may produce more promising results as there is less of a temperature gradieomparisa to
HFCVD. The Raman spectra of an arsenic ddigedond film is shownHigurel.4) [32].
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Figure 1.4: Raman spectra (325 nm) of arsenic doped diamond showing the diamond peak at 1332
cm™* and a slight graphite peak at 1580 €nji32].

A comparisorof how impurities can affect the ease of electron transfer in diamond is shBignre
1.5) with boron acting as an acceptor-fgpe semconductivity) and phosphorus, nitrogen, arsenic,
antimony and lithium acting as donors-fype semconductivity).
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Figure 1.5: An energy level diagram showing different dopant excitation energies in diamond, (a)
boron, an acceptor with an excitation energy of 0.37 §\M] above the valence band, (b) nitrogen,

a donor with an excitation energy of 1.62.7 eV[21] below the conduction band, (c) phosphorus,

a donor with an excitation energy of 0.46 €¥1] below the conduction band, (d) arsenic, a donor
with an excitation energy of 0.4 e{82] below the conduction band, (e) antimony, a donor with an
excitation energy of 0.3 e\[32]below the conduction band and (f) lithium, a donor with an
excitation energy of 0.1 ey29] below the conduction band.

1.2.3CoDoping

Codoping involve incorporation ofmore than one type of impurity into the diamond lattice. This
can be accomplished with bothtgpe and ptype dopants. Although there has begreaterinterest

in n-type codoping as there have been more limitations with this as opposedtype doping.

1.2.31 Codoping with H:B to produce #ype semiconductivity.

Hydrogen and bororo-doping was achieved with a pressure of 6 GPa and a temperaetween
1560 and 1600 Kin comparison to boron dopkdiamond, H:B caloping has a lattice structure that
is more compatibléo diamond Due to the incorporation of hydrogen into the bulk of the diamond
lattice, the p-type semiconductivitywas superior to that in boron doping aloneH:B cedoping
produced a much higher quality diamond structure with a much larger aiimhpeak in theRaman
data(Figurel.6) [14].
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Figure 1.6: Raman spectra of (a) boron and hydrogendoped diamond, (b) boron doped
diamond and (c) b diamond[14].

1.2.32 Codoping with B:S to produce Mype semiconductivity

There has beenuite a lotof research ind co-doping of diamond with sulplr and boron. Sulphur
cannot be introduced into the diamond lattice unless it isdoped [21]. Firstly, slphur can be
incorporated into the lattice using-8 gas.With addition of asmall concentration of borgm-type
semconductivity resultsbut, as the boron concentration is increas@etype semiconductivityis
observed instead The majority of sulplr is located nearthe surface of the diamond and as
diamond growth proceeds, the sulphdiffusesinto the bulk of the lattice. The boron however was
not concentrated at the surface and was spread relatively evenly throughout the lattice. With the
addition of heat, the seaiconductivity is lost as thactivation energyncreases from 0.06 0.12 eV

at room temperature to X; 1.5 eV at 400 K1,34,35]

1.2.3.3Codoping with B:Nto produce Ntype semiconductivity

Boron and nitrogen are another pair of atoms that have beermloped into diamonéike carbon
films. However, although this did increase the semiconductivity of diamond, additional graphitic
areas wereobserved36].
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1.2.3.4Li:N cedoping

Both lithium and nitrogencan be incorporated intothe diamond &ttice, yet for different reasons
the desired semiconducting effecthas not been achieved (see sections 1.2.2.2. and 1.2.2.3)
Therefore,recentresearch into using aombinationof lithium and nitrogenco-doped diamondis
still under investigation. Computer models have predicted thaatoms with more electrons than
lithium, for example nitrogems it is such a deep donarantrap and slow the movement of lithium
so itcan no longer aggregate and cluster togeth&his means that the electrons remain delocalised
and can beransferred through rtrogen into thediamond lattice[37]. It is vital that the diamond
lattice is doped with nitrogeratomsbefore lithiumatom incorporation This ensures thato lithium
aggregatiorcan occuf24]. An additional advantage is that it is believed that the nitrogen atoms can
prevent the lithium atoms from migrating from interstititd substitutional sits in the lattice where

it would be effective as a-fype dopant[24].

Experiments imestigating the effect of ovedoping the dianond lattice with nitrogen needo be
considered. In order to reduce lithium mobility, it is vital that every lithium atom is adjacent to at
least one nitrogen atonj24]. However, if there aredo many nitrogen atoms in comparison to
lithium, then semiconductivity will not be achieved.

When diamond is cooped with Li:N, the grain boundaries provide a route for atom migration, yet
the atoms move mainly between the grain boundaries and muchslkesgthin them[37].

In one studya 1:1 ratio ofLiNco-dopingg & adz33S&aGSR 6AGK | £ A% KA dzy
cm®l YR | yAGNRIASY O2 3 &S yiiNNdlutioh Bag prébdsedfas the pétentialn
dopant for lithium atom incorporationand ammonia ga$or the incorporation of nitrogenatoms

However, ithium has one vacant electron and when nitrogen atoms are incorporated into the lattice

it has four bonds to carbon, so also has one free electron. Therefbi®l &#ond will form so there

will be no free donor electron4].

Experimentsn Li:Nco-doping at a ratio of 1:18howed that resistance was much lower for Lick

doped diamondthan for N-doped diamond.At room temperature, aresistance >H nn am g1l a
recorded forN-doped diamond, yet for a Li:db-doped samplavith a 1:18 ratio, reistanceas low as

10-H n  was recordedThis indicates that semiconductive properties of diamond may be feasible.
However, this resistance still remains too high $emiconductive propertiesf diamond. This is
believed to bedue to both lithium and ritrogen becominginactive as they aretrapped in thesp’

grain boundariesn the diamond lattice. Alternatively, it has been suggested that if the nitrogen

atom concentration is too high, more lithium atoms migrate to substitutional sites and no longer
reside in interstitial position$24]. These esults arestill promising andresearch indicates that a

lower concentration of nitrogelatomsmay produce the semiconductivity requir§2#].

The diamond crystals are less smoatlith co-doped Li:N diamond in compadn to aN-doped
sample(Figurel1.7). Incorporating lithium into diamond produces additional nucleation sj&#4.
To try to obtain a loweresistancecomputer models and other studies suggestedi:N ratio of 1:4
could produce rtype diamond38].
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Figure 1.7: SEM micrographs ofdéped MCD (a&b) on a silicosubstrate. This can be compared
with co-doped Li:N diamond (c&d). Note how these are much less smoddthickness of 200 nm
was obtained for the Li:N diamond film (¢37].

With Li:N cedoping, Rman spectraonly show graphite and diamond peaks with no additional
lithium or nitrogen peakssospectrais similar toN-doped and undoped diamondFigurel.8). Note
that the graphite peak is much lepsominent with Li:N caloping apotential reason for this ithe
preferential etching of graphite by lithium atoms over diamdad].
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Figure 1.8: Laser Raman spectra (325 nmGtkexcitation) showing (a) undoped diamond, (b} N
doped diamond and (c) Li:N (1:18p-doped diamond[37].

Secondary ion mass spectrotne (SIMS) was also performed to obtain information of the
concentration of nitrogen and lithium atoms incorporated into the diamond lattiigyrel.9).

2 N-doped Li-N-co-doped N-doped Undoped
10 R i Lg L 4] LI 1] b ] = i
C —
"?E T . i e e i
= 15
@ o
S ®
g oo -y -
& 12
|5 B
2 1
Q 1€
0 e
' L a i i i a. h 3 ] " i 1
0 200 400 600 800 1000 1200

Depth / nm

Figure 1.9: SIMS depth profile of @oped lithium and nitrogen (Li:N, 1:18) when grown on a
diamond film in multilayers. The headings above the diagram highlight when in the growing
process nitrogen doping and lithium doping occurr§gf7].
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1.3 p-n Junctions

P-n junctionsare located at the interface between atype and ntype semiconductofFigurel1.10).
Hence supporting the argument of whytype diamond is so crucial to obtain. They are very
important in the electronic industry since they are vital for a number ofiappbns including, LEDs,
diodes and transistors since with an applied voltage they allow the flow of current in only one

direction.
4SS | ECTRON
=N

p-type material n-type material

HOL E S

Figure 1.10: Schematic diagram of anpjunction. The pn junction is located at the interface
between the ptype and ntype material. The Aype material which is electron rich, has a builgp

of positive change at the m junction as holes migrates towds it. The ptype material, which is
electron deficient, has a buildip of negative charge at the -p junction where electrons have
migrated towards it. Once a voltage is applied, this will allow current to flow in only one direction.

In 1982, naturatliamond was used to create a bipolar transisgince then attempts to synthesis p
n junctionsusingdiamond have increasd@9]. P-n junctionsare difficult to formusing ptype and n
type diamond as suitablen-type diamond has not yet been synthesisedoweve, p-n junctions
have been created using boron doped diamonetyipe) and phosphorus doped diamond-type)
and the diode characteristics wepgomisingwith this samplg39].

Successful 4 junctions havelsobeen fabricated using boron doped diamondtype) and silicon
doped cubic boron nitride (BN) (ntype) [39]. GBN is a good choice as it hasimilar structure
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and similar properties to diamond with the additional advantage that it forms bothapd ntype
dopants[39]. A ph homo junction diode was reportedhen using HPHT, dbugh CVD may be
requiredto obtain junctions required for the electrical industi0]. Results highlighted that the

diamond film grown on -BN was of high qualityith no graphite peak observedith Raman
spectroscpy [39].

A p-n junction has also been synthesisagsing eBN alone with a ptype semiconductor from

beryllium doped BN and a stype semiconductor fronsilicondoped ¢BN The Ramaspectrum
for this is shownKigurel.11) [39].
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Figure 1.11: Raman spectrum of a diamond film grown eBN[39].

1.4 Applications of Doped mond
Diamond would be a good semimtuctor due to a numbenf its properties; some ofthese are
shown(Tablel.2). For the semiconducting properties of diamond to be utilised, iinigortant that

a high quality film is produced. It is also essential to produsenooth surfacevith few residential
impurities and low defect densifg1].
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Table 1.2: Table highlighting the propes of diamond that make it attractive to the
semiconductingndustry [4,42,43]

Properties ofCVD Doped Diamong

High thermal conductivity
(2000 W nt K%
High saturation velocity
(107 cm & for holes)

High electrordrift velocity

High electric field

High breakdown voltag€l0’ V cni')
High hole mobility2100 cri V* s%)

Highdielectric strength
(10" V cnt)
Low dielectric constant
(5.7 at 300 K at-10 kHz)

Properties of diamondave beerexploited,for examplefor Schottky devies, temperatures sensors
and pressure sensors with temperatures up to 1000 Conductive camondcould also be used in
electrochemistry,and in areassuch as electron emission des#; for example, cold cathodgg].
Another major advance would be to use diamd to activate electronic dewes and chips with
type and ntype doping

The applications of diamond auld be greater if both n- and ptype CVD diamondcould be
synthesisedusinga cheap and efficient procedure, producihggh quality diamond. Not only is
diamond essential in the jewellery market, but there areogdessibilities for diamond to be used as
a heat sink due to its extremely high thermal conditg. It could also be used the engineering
industry, as an abrasivand for certain tools as a wear resistanbating[3]. Although tke main
advantage of CVD diamoigits use as semiconductoras noted above, it has many other uses and
potential uses in the future.

1.4.1 Optics

The CVDprocesscan produce a freestandingiamondfilm and thiscould be useful in an infreed
window. In the wavelengttrangeof 8-12 um the IR materials gearally used are damaged easily.
Therefore, using diamond, the hardest materighown, would remove theisk ofdamage2].
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1.4.2 Heat Sink Material

In ekedronic and opteelectronic devies, a commao problem occurs where the deeavill overheat
and consequently needs to be cooled by a highly conducting matefiaé heat conductivity of
diamond is the largest of any kwo material at room temperature Therefore,if diamond could be
used in these dewesit would increasethe efficiency of coolingompared withmaterials that are
already on the rarket (most commonly copper)Diamond is already used commercialy, for
example,as submounts fo integrated circuits. It has numerousadvantages in this field as it has
unusual properties for example, it is an electricedulator[2].

1.4.3 Light Emitting Diodes

For lightemitting diodes (LEDs) to be viable, botltype dopingand ptype doping are essential for
p-n junctionformation (see section 1.3) The acceptors and donors cdrine to produce photon
energy. This isalled recombination radiation, processthat exists in natural diamondDiamond
has been used in DS and the energies it produces are higher than thalseady commercially
available for example GaNDiamond can withstand higher temperatures than those already known
so it is the more superior materiédee section 1.1)

1.4.4 Surface Acoustic WaveSAW

CVD diamond could be veeffective in saurface acoustic wave (SAW}dils, which are used irthe
conversionof mechanical vibratinsinto radio frequencies These would be placed on the surface of
the filter, CVD dimond films have already been usirthis devie in mobile phonef2].

1.4.5 Cutting Tools

Due to diamonds profound hardness and its wear resistance, it woulddmod cutting tod for a

variety of applicationslron causesliamondto abradeat high temperaturs, therefore manufacture

of non-ferrous metals composite materials and plastiase all areas of interestResearchnighlights

that CVD producea more superiorproductthan HPHT that can cut fastdras a longer lifetime with
a more polished looR2].
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2.0ExperimentalTechniques

2.1 Hot Filament Chemical Vapour Deposition (HFCVD)

The two most popular CVD processes to grow MCD are MWCVD and HFCVD. A HFCVD system,
located in the Diamond Laboratost the University of Bristol was used for the numerous diamond
samples that were grow(Figure 2.). HFCVD is a cheapgrocessthan the MWCVDprocesswhich

is a much more powerful piece of equipmemtFCVD is also an advantageous technique as the
diamondfilm can be deposited over a large area of substfag.
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Figure 2.1: Photographs of the Hot Filament reactor used for growth of the diamond films using
the CVD process.
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2.1.1HFCVIZonditions

Although filaments such as tantaluar tungstenare popular a Goodfellowrhenium filament was
usedin synthesis othe diamond samplesThis filament had a purity of 99.97% and a diameter of
0.25 mm. Itis a much more expensive filament but is much more durable fildment wes heated

to activate the precursor gasdsr diamond growth. Fabrication of undoped diamonelquiresCH,
and H as precursor gases. These gaass mixed in the manifold and ented the reactor where
activation occurs. The hot filamestevates temperatures in the reactand raises energy levet®
that radicals can formFom CH gasand H gas, radicalsuch as H, CH, €ahd CHare produced.
The reactive radicalgroceed to case high energyreactions as they diffuse towards the substrate
surface where the layers of diamond build jne substratsused in these experimentsere either
molybdenum or silicon.

When growing diamond onto the molybdenum or silicon substrates mamgitions were kept
constant Table 2.).

Table 2.1: Table highlighting the conditions that were kept constant during the CVD process.

Constant Conditions of the HBVD Reactor
3 parallelrheniumfilaments
Filament to substrate distance = 3 mm
Current =25 A
Pressure = 20 Torr

Selfassembly = Carboxyethylsilanetriol Na Salt 25% in W

and 18 nm Nanodiamond suspension

Mo/Si substrate thickness = 500 um
Temperature of rhenium filament = 23500 K
Substrate temperature = 1100 K

If N-doped diamond was beingynthesisedhen CH, H, NH and N were required as precursor
gases. Bland NH flowed into the reactor in the same manner as,@Hd H gasesFor lithium atom
incorporation into the diamond lattice, 4N solutionwasadded in a dropwise fashion, not as part of
the precursor gamixture (seefurther details insection 2.2 and 2)3

2.1.2Set up ofthe HFCVD

To deposit the diamondhe substrates were placed underneath the rhenium filaments attached to
the samplestage(Figure 2.2. This was then placed in the stainless steel chamber to be pumped
down. To put the chamber under vacuum, a tight seal was secured with three bolts screwed tightly,
so that no air could enter the system. The vent was then closed andtligerotary pump (Oerlikon
Leybold Vacuum GMBH, D 8#js opened along with all other valv@ke needle, gas inlet, shaff

and butterfly valves). Lastlyhe pressure gauge isolation valweas closed For the system to be

fully pumped down, the pressBr K| R (i 2 168 drdZBiStook &pproximately 15 minutes. If
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this value was not reached, generdlhe system was open to aifor example if the bolts were not
screwed tightly enough or if the vent was not fully closed.

Silcon/molybdenum
Rhenium substrates

Filaments

R —

Filament Holder

Figure 2.2: Schematic diagram of a tdipwn view of the sample stage with silicon or molybdenum
substrates underneath rhenium filaments.

2 KSy | LINBTom wasldached, the mass flow controfléMFG) were set to therequired

flow rates {n standard cubic cm per minute, sccm) of the precursor gases. Before heating the
filaments, the cooling fans were turned on so that the system did not overheat. The filament power
leads were also attached. THdFG were turned on and the valves permitting gas flow were
opened. Once the valves were opened, the gases entered the chaifiisrincreased the pressure

of the systemThe rotary pumpmain valvewas then closedso that pumping only occurred through
the small pipe,increasing the pressure inside tlchamber further. Finally he pressurewas raised

to the optimum value of 20 Tory closingthe needle valveon the small pipeAfter the pressure

was relatively stable at 20 Torr the filament DC poweppl (Digimess, SM3040) wasned on.

The power supply controlled the current and the voltage of theesgs The current remained at 14

A for 5 minutesto allow the filamens to heat upand was then further increased to 25 A. The
current was increased sloyto ensure that the filments did not break. Once at 25 the diamond
proceededto grow for a further 3 hours. It weaimportantthat the growing conditions were checked
regularly. The power and pressuvaried especially in the first 30 minuted deposition. Tiese
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valuesmust remain relatively constant to esure reliable results. The MF@®re also regularly
checked to make certain that the desired flow rate valueere being read. fis may dropif an
inadequate amount of gas was being supplitd example; if the cylinder had run aut

After 3 hous ofgrowth had been completed, the current was reducted20 A.The precursor gas
valves were closed and the MFCs were turned off with the exception of tlgadiflow. This was so

that hydrogen terminabn could occur.Hydrogen termination is a crucial element of diamond
growth. Oncethe CH, gas was turned off nmore diamond growth can occulherefore there will

be dangling bonslon the surface of the diamond filnwhen growth stops this will form a gphitic

layer on the surface if not hydrogen terminated. Since hydrogen is in such high abundance, this will
instead fom GH bonds on the surfade].

After 5 minutesof hydrogen termination the current was reducedto zera. Again, this wa done
slowly to ensure that the filamentemainedintact. The Hgas MFC wanow turned off and the
valve permitting gasflow to the chamber wa closed. Theotary pumpand the needlevalvewere

then openedto allow thesystemto pump back to its base pressure

After a cooling period of approximately 30 minutéise system was opened up to air tent the
chamber. To do this the pressure gauge isolation valasclosed and all other valves were then
closed including the rotary pump. The vent was then opened slowly and the sample was removed
from the sample stage

2.2 Nitrogen Doping of the Diamond Film

For nitrogen atom incorporation, NHjas and Blgas were flowed into the reactor along with CH
and H gas. To achieve optimum film quality, various percentaffesNH and N gas were
investigatedwith respect to Hgas providing different dopant concentrations.

Potential ®urces of nitrogen include nitrogen gas ,JN ammonia gas and HMT
(hexamethylenetetramine). In HFC\d@moniagashas proved moresuccessful than nitrogegas

for nitrogen atom incorporation into the diamond lattice. This is due to the strength oNtNeriple

bond in N gas at 945 kthol™. With ammonia gas, the-N bonds are much weaker at 391 kJ thol

so incorporation of the nitrogen atoms is much eag@t]. This isnot an issue in MWCVD as it is
much more powerful so the higher energy will break apart tNeN triple bonds easily. HMT is
advantageous as it producesiform {100} facets. Howevethe limitationof HMT is that it is a solid

at room temperature, so has to be made into a liquid solution for doping. Furthermore, HMT does
not provide sufficient incorporation of nitrogen atoms into the diamond lattice in comparison to
ammonia gas.

Both N gas and NKgas were already connected the MFC. Therefore they were both used for N
doped diamond productionStudies on whether both gases were needed and the optimum amount
of each gas ardiscussed in secti@B.1 and 3.2.

The concentration of CH/H, was predominantly 0.81%. Occasionally a different quantity was
required.Further detailsarein the section 3.5.2.
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Characterisation of the doped diamond films were achieved by laser Raman spectroscopy and
SEM to examine film quality and morphology.

2.3 LN Addition to N-doped Diamond Films

Once Ndoped diamond films had beefabricated the LiN solution was added.gN is a solid at
room temperature. To form the solution, a suspension gl lpower and chloroform wagrepared

(in 1% w/v polyoxy in cbtoform) with a concentration of LN at 0.49 mol.drii (Figure 2.3. The
particles were evenly distributed with a sizefol - 20 um and an average crystallite separation of
30 um.LgN has a high relting point at 813 °Q44] which ensures it remains in solution at room
temperaturebut evaporates when heated in the reactor.

Figure 2.3: LN solution, prepared by forming a suspension ofNLipower and chloroform (1% wi/v
polyoxy in chloroform).

The Ndoped diamondfilms were grown first to ensure that when 4N solution was added, the
nitrogen atoms prevented thdithium atoms from clusteringtogether. The LN solution was
sonicated for 1 hour before deposition to again ensure that there was no lithium aggregation.

Extreme care was taken with thegMisolution as it is extremely flammable upon contact with water
and can cause severe burnkherefore, only a small amount was used to minimise the fisks
reaction produces ammonia and lithiunydroxide Equation 2.).

0@ i o000 a%cd™QUIO VO Q Equation 2.1
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LgN solutionwas dropcastonto the surface of the diamond filmsing a Gilson pipette&50 pLof LgN
solution was addedand dried at a time and theanother 50 UL was addeand dried until the
requiredvolumewas obtained TheLisN was added in such small portions to eresit did not spill
and remaired on the film.This was also done to minimisgk. After the final addition had dried the
sampleswere placed back underneath the rhenium filaments in the sample stddds waghen
placedinto the chanber to be pumped down (section 2.)1and readyfor diffusion oflithium atoms
into the diamond lattice Although much the same, there were slight differences in the growth
procedure.

Firstly the filaments were heated up slowly fdminutes at 14 A witlonly H, gas switched on. Very
quickly, white fumes were observed indicating thalNLwvas reacting with hydrogen radicals to form
LiH.When these fumes disappeared, thgN.iwas melting and lithium atoms started diffusing into
the diamond lattice. This took place after approximately 15 minutes. The current was then increased
slowly to 25 A to allow furthelithium diffusion for 1 hourSubsequently, there wsaan addition of
0.81%CH/H,, still at 25 A, for a further 5 minutes. Ttpermits further diamond growth which
produces adiamondcapping layeover the newly diffusedithium atoms[24]. Finally the diamond
surface was hydrogen terminated under normalnddions used for deposition, with a reduced
currentof 20 A for 5 minutes. The reactor was theooled and vented (section 2.2.1

Characterisation of the IN: codoped films was achievedsing laser Raman spectroscopy and SEM
to examinefilm quality andmorphology.SIMSwas also usedvhen requiredto obtain the lithium
(L") and nitrogen (CNconcentrationsn the lattice

Similar tonitrogenatom incorporation there were other possibilities that could have been ugsd
the lithium containing compounddeally, the lithium compound would be in the gaseous phase, as
this could then be added to the MFCs. Therefore it could enter the reactor through 3 vathe
same manner as #1CH, N, and NH gases. Organtithium compoundswere the most promising
compounds but could not be used due to their explosive reactivity. Therefoee solid lithium
containing compound was requirdfiat did not have such explosive reactivitywas alsomportant
that it did not react with the other precursor gases inside teactor. Lithium salts such as L.i&id
lithium oxides were both discarded due tomwanted reactions thatmight damagethe vacuum
pump and the filament respectivelLithium carbide was also @andidate yet its melting point at
550 C[24], is lower than that of LN at 813 C[44]. Therefore, LN solutionwould evaporate
slower due to the higher melting point and moweas available for diffusion

2.4 LaserRaman Spectroscopy

Raman spectroscopy is a light scattering techniqgue where monochromatic light is absorbed by the
diamond sample.This technique is nedestructive which is a great advantage since it did not
damage the diamond samplewhich meant thafurther analysis coulthe performed TheUV laser
provides energy to the sample resultinglattice vibrations. Scattere light is then detected and the

shift in frequency coincides with vibrational energy levelsthe material being analysedf the
emitted light is at a lower vibrational engy than the incident light at&ke shift will be produced. If

the emitted lightis at a higher vibrational energy, these are &Btibkes shifts[45].
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Both Rayleigh and Raman scattgrioccur in Raman spectroscoayleigh scattering is much more
frequent than Raman and is at a much higher intensity in the resulting spectrum. Rayleigh scattering
is elastic and involves raverall net transfer of energfRaman scattering is inelasticcamvolves a
transfer of energy. fierefore the Rayleigh scattering is generally filtered out so the Raman scattering
can be observed and analysgtb].

The laser Ramamspectrometer (Renishaw 2000) located the Chemistry department in the
Univesity of Bristo(Figure 2.4 was used to analyse the film quality of the diamond sample.

Figure 2.4: The laser Raman Spectrometer Renishaw 2000, located in the Chemistry department in
the University of Bristol.

UV excitation was used with a Helium:Cadmium (He:Cd) laser (329 het)Vlaserwas selected as

it has a higher sensitivity to $parbon. Green and IR excitation are also possible with, Greén, Ar
(514 nm), and IR, diode laser (785 nm). These technigugesore sensitive to $garbon, therefore
were not used in thistudy[24].

The centre of the spectrum was normalised at 1332 tonthe diamond peak and the graphite peak
was observed at 18Bcni'. The samples were run for 30 minuteg an exposure time of 6&sonds
with 30 accumulations. Cosmic ray removal wasplied as Raman is very sensitive technique
which can potentially pick up cosmic rays if these are not removied.scan type was set to static.
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Analysis of the diamondlfn quality wasachieved bystudying the diamond tayraphite ratio.This is

a measure of théntensity of the diamond peak in the Raman spectra with respect to the intensity of
the graphite peakEquation 2.2. Ideally this value should be as high as pdesibeaning a higher
proportion of sg diamond features in the lattice with a lower proportion sf* graphite at grain
boundaries.

— Equation2.2

2 KIG KFa 0SSy NBFSNNBR (2 Fta GKS WINILKAGSQ
increased by diamond 8garbon which are areas wherdiamond cannot form all itd bonds so is
actuallysp’ diamondand not spdiamond

2.5 Scanning Electm Microscope (SEM)

The scanning electraomicroscope (SEM) (JEOL JSM 63306¢9dted in thelnterface Analysis Centre
(IAC), Physicsdepartment, University of BristolThis was usedh conjunction with the Raman
spectroscopyo examine film morphologyAn optimal diamond film producedniform {100} square

diamondfacets with a large crystal size afedv graphite areas.

The conditions for the SEM are givermable 2.2

Table 2.2: The conditions used in this study to obtain SEM images from the SEM J3B0D6330F)
in the IAC, Physics department, University of Bristol.

External Voltage| 10 kV
Current 12 pA
Working Distancg 7-8 mm

2.6 Resistance Easurements
After the samples were grown and analysed, resistance was measured to see how the different
doping concentrations affected conductivity.

2.6.1Bell Jar Evaporator

In order tomeasure the resistancef the diamord samples, the sample requiredetal contacs. To
obtain the metal contacts silverparticles wereevaporated ontothe diamond samplessinga bell
jar evaporator (Hwards Coating System E306gure 2.3. This is located in the Diamond
Laboratory at the University of Brist@ilver was the chosen metal ahés a very low resistivity of
1.58x 10® K.m [46]. This can be compared to diamondhich at room temperature has a resistivity
of 1 x 10" Km[2]. Therefore silver would have no effect on the resistance measuremeft
diamond. Furthermore, silver is easy to deposits itot easily oxidised in air and iselatively cheap
metal.
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Figure 2.5: The ball jar evaporator, located in the Diamond laboratory, University of Bristol with
the thickness monitor and the Edwards Pirani 1001 pressure monitor on top of the bell jar.

Firstlya tungsten filamentvaspositioned insidette bell jarin between 2 powered postdt was vital

that there was a strong connection here so that the current could fldnceSthis study required
silver contacts, a silver wire was attached to the tungsten filament. The diamond sampletherere
placed inside the bell jaapproximately 10 cm beneath the tungsten filament. Silicon mastkstwo

1 x 1 mm squareholes cut outon opposite corners were placed on top of the diamond samples
(Fgure 2.9. These two holes ensured that only two square contacts of silver were evaporated onto
the diamond sampleslt was important that the evaporated silver made perfetjuares on the
diamond film asthis would provide a good contactf contacts were not square, inconsistent
resistance results would be obtaine@ihe bell jar washen sprayed withBell Bright, a protective
coating, which allowed easier cleaning of silver after evapanatio
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Figure 2.6: Schematic and photograph of the inside the bell jar evaporator showing the masks with
1 x 1 mni holes with the diamond sample underneath. The tungsten filament and silver wire can
also be viewed.

The bell jar waghen evacuated Once under vacuum there was a delay for approximately 15
YAYydziSa 6KAfS (KS10LINEB OrcelthSpeid Raiz@scRed i \Bas important
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to check that the silver wire was still in place and that the masks were still over the diamond samples
since vbrations may have caused movementf the masks moved, perfect squares would not be
obtained and if the silvewire was not attached to the tungsten filament, evaporation of silver
would not occur The pressurevas then further reduced to 2 x £0rorr, this could take any period

of time over 2 hours.

Once at this low pressure, the current was increased slowlhdat the tungsten filament and
therefore the silver wire. A thickness monit@kgar quartz crystal resonatadjsplayed the thickness
of silver contact. The current continued to be ieased slowly to approximately 15 A when silver
evaporationbegan and the value on thethickness monitor started to increase. A slow steady
increase in thickness wasquiredas this ensured an even layer of silver. OB0enm of silveihad
been depositedthe current was slowly reduced toA) the system was cooled andimped down.

After cooling the system was opened to airhd seal of the bell jar had to be broken feample
removal.

2.6.20xygen €rmination

After growth, the diamond films had been hydrogemminated (see section 2.1.2). This results in
surface caductivity that would affect the resistance measuremeiiherefore, before resistance
measurements could be taken the samples were oxygen terminasethisprovidesan insulating
layer that removes surface conductivity. To do this the samples undero#ni plasma treatment
using the UVO Cleaner (4220)for 30 minutes[24].

2.6.3Two-point Probe measurement

After oxygen termination, the resistanosas measuredavith a Fluke 289 True RMS Multimeter and a
two-point probe.This was the fur@mental stepof this study to identify if diamond sampls with

low resistancehad been achievedCare was taken with the point probes as the silver contacts could
easilybe scratched offvhich would remove the necessary ohmic contact

2.7 Acid Washing

Semiconduding diamond films have the potential to be used as acid senBbf]. Therefore once
the Li:N cedoped diamond films had been grown they n@etestedin a strongacidic solution.
Resistance of the diamond films mwemeasured before and after thiscid washto evaluate how
resistant the cedoped films were to the acid

This process used vegpncentratedH,SQ, therefore gloves, lab coats and eye protection were
worn at all times.
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Firstly a round bottom flask (RBF) was washed with a small portitmeoécid. This ensured that
there was no water in the flask as this would have produced a highly exothermic redotiog.
washed,100 mL 0f95% w/vH,SQ was added and the diamond samples were placed in the flask
along with 6.5 g KNOThe contents were thenrefluxedat 180°Cfor 20 minutes until the colour of
the solutionchangedfrom colourless to dark brownThe HSQ and KNQ reacted to produce HNO
(Equation 2.3. With heat the HN@produced gaseous Nowhich was observed by dark orange
fumes Equation 2.4. Remaining under refluxhe heat wa then maintained at 180°C and the
solution was left fora further 30 minutes.When the reaction had completethe heat was turned

off andthe solution was left to cool.

oY & vl i © 0YOi OG0 "Q Equation2.3

O

00 QO 60 Q O Q Equation 2.4

After cooling, the acid wasemoved into the appropriate container. The diamosemples were then
washed thoroughly to ensure that all the acid was removed and dried.

The silver contacts thdieenevaporated onto the diamond films foesistance measurementsere
removed during the eid wash. This was a result of the reaction of silver with HiN@ HSQ
producing silver nitrate and silver sulphate respectiv@lguation 2.5 and Equation 2)6Therefore,
additional silver contacts had to be evaporated onto the sample after theveasth (see section 2.6)
for further resistance measurements

0 Ol a©0™MO i OO0 "Q OO0 "Q Equation2.5

0Q c¢cO™ a° 0™Y i ¢OU a Equation 2.6

2.8 Secondary ion mass spectrometry (SIMS)

Secondary ion nws spectrometry (SIMS) located in tHaterface Analysis Centre, Physics
department, Universityof Bristol,providesinformation on the concentration of lithium and nitrogen
atomsin the diamondfilms.

15 nm of silver was evaporated onto the Li:Ndaped diamond sample (section 2.6.1) befanry
SIMSmeasurement This was to produce a conducting layer onto the surfacéheffilm to ensure
there was no chargingffect The SIMS wasalibrated[24] before use for lithium and nitrogen so
that the absoluteconcentration could beletermined The incident beanusedwasGa ionsand te
secondary ions detected were' for lithium and CNfor nitrogen. Also detected was' @hich was
used as a baseline for which &hd CNcould be calibrated.
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3.0Resultsand Discussion

3.1 Determining the optimunmamount of NH; gas

Firstly, itwas important to determine the optimum concentration of Nahd N gas before lithium
could be incorporated into the diamond latticEhisenabledthe optimum Ndoped diamondilm to

be fabricated.The amount of Nklgas was determined first. A range @dncentrationsof NH; gas
were evaluated andio N, gas was added intthe reactor to ensure it did natffect the results.

The amount of CHgas waskept constant at 0.81% with respect to, gas. Thepercentagesof
NHy/H, assessed ranged from 0.09% to 0.38%

The Ndoped diamond samples grown looked very similar to undoped diamond with a grey film
being produced. Both Raman spectroscopy and SEM imagérg analysed to evaluate the
optimum NH concentration.

Analysis of the Raman datBigure 3.) highlights that the graphite peak at 1580 tappears to be
least prominentfor the lower concentrations of Nfjas. 0.09% and 0.13% MH, have smaller
graphite peaks than those observed from 0.17% to 0.24%/MyH However, the higher
concentrations of NkH, from 0.27% to 0.38% appear to have a slightly reduced graphite peak than
the intermediate concentrationsThis could indicate that if concentratiomgere increased further,

the graphite peaks may become even less prominent than that seen at the lowest concentrations.
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Figure 3.1: Raman spectra using UV, He328 nm showing the diamond peak (1332 &jrand the
graphite peak (1580 ci) highlighting how the proportion of graphite changes as the NH
concentration is increased. GHH, was kept constant at 0.81% and no,l§as was used to ensure
this did not affect results. All samples were grown on molybdenum substrates with (a) 0.09%
NHy/H,, (b) 0.13% NbH,, () 0.17% N¥H,, (d) 0.20% NkH,, (e) 0.24% NiH,, (f) 0.27% NEH,,

(9) 0.31% NKHo, (h) 0.34% NkH, and (i)0.38% NKHH,.

I/l values (see section 2.4) were then calculated so the proportion of diamond to graphite could be
analysed Figure 3.2. The higher the ratio ofls gives evidence that there is higher ratio of sp
carbon (diamond) in the lattice coraped to sp carbon (graphite)lt is apparent that the graphitic
content in the diamond film increases as the amount ofy/Nklis inceased up to approximately
0.20%.The I/l values decrease from 5.52 (0.09%MH) to 2.89 (0.20% N¥H,). This agreewith

what was evident in the Raman data where the graphite peak increased for these values. It would be
expected that 0.24% NHH, would follow this trend, but thdy/ls values bgin to increase from this
point. This resultsn a higher diamond to graphiteatio. This increase was expected from values
from 0.27% to be consistent with the Raman dakaeincrease from 4.33 (0.27% BH,) to 4.53
(0.38% NBKIH,) was predicted from the Raman data. What is clear fromIifig values at these
higher concentratias is that the ratio does not reduce to the values seen with 0.09% and 0.13%
NHyY/H,. As 0.13% NjH, hasa highly/lg at 5.39 andhe least prominent graphite peak in the Raman
data is it the optimum concentration so far.
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Figure 3.2: Thé&y/l s data as the concentration of Nffjas increases. GHH, was kept constant at
0.81% and no Ngas was used.

SEM imagesvere produced(Figure 3.3 for increasing concentrations of NH,. These images
illustrate that 0.09% and 0.13% BH, have a more crystlline film morphology than higher
concentrations The graphite contentis higherwith 0.09% NKH, whichis in agreement with the
Raman data. The crystal sizes for both concentratemesrelatively similar atF 1 um, although,
there appears to be a sligh higher proportion of larger crystals for 0.09% JM¥H. Looking at the
overall film morphology0.13% NKH, is a morefaceted film with better defined {100} square
facets As the quantity of NkH, is increased to 0.17% and @%, the graphitic areas increase
dramatically The morphology is mucHess crystallinewith no complete {10G} square facets
observed With further increassto 0.24% and 0.27% NMi, the film morphology is slightly better
and some diamond crystals have stadeto form, but still no complete{100} square facetsare
observed. Furthermore, the amount of graphitic areas remains tighthe concentration of NiH,
is further increased to 0.31%, 0.34% and 0.38%, the quality of the diamonahéiteasesslightly
with {100} square facets observed. However, these are much smaller as crystal size was iieglucefd
0.5 um.
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Figure 3.3: SEM images showing the morphology efid{ped diamond samples on molybdenum
substrates. ChHH, was constant at 0.81%. No,Njas was used. The amount of NH, was (a)
0.093%, (b) 0.13%, (c) 0.20%, (d) 0.27% and (e) 0.38%

Taking Raman dat#y/ls values and SEM images all into account, it is apparent that lower amounts
of NH; gas give a better morphology with a lower proportion of graphiiéh respectto diamond.
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Althoughfilms for0.09% and 0.13% MM, are relatively similar, the data showsl8% NHH,to be
the most promising. Aerefore this percentage was used for the remainder of the experiments.
However, using 0.09% NH, is likely to have produced similar results.

3.2 Determining the optimumamount of N, gas

Sincethe optimum percenage of NHgas had beeroncluded the optimum amount of Ngas that
gave a high quality diamond film needed to be determine@ high quality film consisted of a
morphology with square {100} facets with a low proportion of graphitic ar&sen using the
HFCVD process, not the MWCVD procki$,gas dictates the incorporation of nitrogen atoms into
the diamond lattice, not Ngas. This is because of the strondNNriple bond inN, [24] (see section
2.2). herefore, only the film quality and morphology was analysed in this section.

The amount of CHand NH gas were kept constant at 0.81% and 0.13% respectively with respect to
H,flow. The quantity of BH, was vared from 0% to 0.@¢%

A grey film was produced whel-doped diamond samples were growwth nitrogen gaswhich
looked very similar tdoth undoped diamondilms and Ndoped diamondilms grown with NH gas
only (Figure 3.4.

(@) (b)

Figure 3.4: Ndoped diamond films with (a) Nkigas only and (b) Ntand N gas.

The Raman dat@rigure 3.3 highlights that 0.23% JfH, appears to have the lowest graphite peak at
1580 cnt. The graphite peak increases from 0% to 0.1, and then drops at 0.23%,/Ml,. The

fact that 0% N/H, and 023% NH, haveless prominentgraphite peakghan 0.16%needs to be
considered An explanationfor this may be that Ndoped diamond can be grown to a high quality
using ammonia alone and nnoitrogen gas. When you firsadd nitrogen gas the film quality
decreases, however the film qualittyen begins tancrease at a slightly higher concentratiore (at
0.23% NH,). At concentrations abovB.23%, the graphite peak appears to increase with increasing
N,/H, concentration. These more prominent graphite peaks indicate that there is a high proportion
of sgf carbon at grain boundarieJhis data highlights that above 0.23%Hy, the concentration is
too high and the film quality is reduced.
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Figure 3.5: Raman spectra using UV, He:Cd 325 nm showing the diamond peak (13Barwrthe
graphite peak (1580 cf) comparing Ndoped diamond samples with different N gas
concentrations. The CjfH, was constant at 0.81% and the N, was 0.13% for all samples on
molybdenum substrates with (a) 0%.8H,, (b) 0.16% BH,, (c) 0.23% MH,, (d) 0.28% MH,, (e)
0.33% MH, and (f) 0.40% BH,.

The sp:spf ratio wasstudied(Figure 3.§andis relativey consistentwith the Raman datalhe 0.23%
N,/H, samplegave the highesty/ls value at 6.92Thisagrees withthe low graphitepeak observed in
the Raman data. The value Bfl for 0% N/H, is alsorelatively high at 5.39Thisgives further
evidence that although the addition o, Moes decrease the graphite peak, npgdsalsoappeasto
produce a highly crystallindiamond film.As expected from the Raman dathetly/Is value drops
significantly to 2.99 at 0.16%l,/H,. Con@ntrations from 0.28%N,/H, and above are alsin
agreementwith the Raman datalue to the decrease in théy/lg values from 5.32 (0.28%,Ml,) to
2.48 (0.40% NH,). Although, it is interesting the extent to which thgl s value drops from 5.12 at
0.33% NH,to 2.48 at 0.40% MH,, since in the Raman data the graphite peak does not appear to
reduce that significantly. This implies that the diamond peak at 0.4@44,Ns also decreasing
resulting in a lowely/lgvalue.
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FHgure 3.6: Thdp/l s data as the concentration of Ngas increases. GHH, and NH/H, were kept
constant at 0.81%nd 0.13% respectively.

The SEMmages(Figure 3.7 demonstratethat 0.28% INH, gave themost uniform{100} facetswith

a low number of graphitic area$hisis interestingsince it was expected, from Raman datal I/l
values that this would have more graphitic areas than 0.23%,NAlthough upon close inspection

both imageshave a low proportion of graphitic aas, yet the crystals for 0.28%/N, have very
sharp edges highlighting good crystalline regidraswever for both 0.23% and% N/H; the film
morphologyis alsohighly faceted The crystakize of thesehree percentageswag ™M xY ® | a
amountof No/H, was increased to 0.33% there is a slight decrease in the film quality. There are more
graphitic areas and lower quality of {100} facets.dwever, some 1 pm diamond crystals are still
observed.In agreement with the Ramadata and I/l values, with0.16% and 0.8% N/H,the film
morphology decreasesignificantly No full {100} facetsre observedsince they are obscured by the
large increase in graphitareas. Furthermore, the scale ofthe images has been reduced to
nanometres also highlighting treeaeasedcrystal sizeSince the SEM and Raman data both showed
similar results for 0.16% and @% N/H,, this indicates that there is a balance of the concentration

of N; gas. If the quantity is too high or too low, the film qualitgignificantlydecreased.
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Figure 3.7: SEM images showing the morphology efidped diamond films on molybdenum
substrates. The percentages of C&hd NH were 0.81% CkH,, and 0.13% NiH,. The N/H, was
(a) 0%, (b) 0.16%, (c) 0.23%, (d) 0.28%, (e) 0.33% and (f) 0.40%.




Taking both Ramadata, I/l values and SEM datato account,0%,0.23% and 0.28%.M, give
the most promising results. 0%/N, has been excluded as it is has been suggestedthiesddition
of nitrogen gas increases the growth rate of diamond filfisisis due to the increased amount of
HCN produced, leading to more H abstraction and a faster groatth[48]. Thereforein future
sections in this study 0.23% and 0.28%Bwere evaluated with 0.13% NHi,.

3.3 Molybdenum and Silicon Substrates

In the previous studies molybdenum substrates were evaluated. Howeneg lsoth molybdenum

and silicon substrates were available, a comparison of these wewmspleted This allowed
determination ofthe optimum substrate folN-doped diamond growth. Although quite infrequent,
delamination of the diamond film was observed some molybdenm substratesKigure 3.8. This

was due to the internal stress produced when the substrate and diamond cool down after growth.
This occurred only on molybdenum substrates and not on silicon substritissis because of the
similar thermal expansion cdédient between silicon and diamorat 298 K at 2.56x 10° K* [49]

and 1.1x 10° K* [2] respectively Molybdenum has a slightly higher thermal expansion coefficient at
4.8x10° K at 298 K[50] whichresults in occasionalelamination.

Delaminatio e

Figure 3.8: Photograph of a-Noped diamond film grown on a molybdenum substrate with
delamination. This was caused because the thermal expansimefficient of molybdenum is
different to that of diamond.

Conditions for Ndoped diamond grath on different substratesvere CH/H, at 0.81%, NkH, at
0.13%and N/H, at 0.23% or 0.28%

The Raman datgFigure 3.9 for the N-doped sample demonstratesthat for 0.23% IH, the
graphite peak seems relatively constaait1580 cnit for both silicon andnolybdenum substrate
For 0.28% MH., the graphite peak appears to redueeryslightly when a silicon substrate is used.
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Figure 3.9: Raman spectra using UV, He:Cd 325 nm showing the diamond peak (13Barwrthe
graphite peak (1580 ci) comparing Ndoped diamond samples on molybdenum and silicon
substrates. The CjH, was constant at 0.81% and the N, was 0.13% for all samples with (a)
0.23% M/H, on a molybdenum substrate, (b) 0.28%/N,on a molybdenum substrate, (c) 0.23%
N./H, on a silicon substrate and (d) 0.28%/N, on a silicon substrate.

Thelp/ls values were compare¢rigure 3.10 and are in the range of 3-7, thisdemonstrates that
there is little difference between molybdenum and silicon substrates in terms®absgp’ ratio. This
agrees with the Raman data, where the graphite peak differemas negligiblefor the different
substrates.
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Figure 3.10ip/l ; data for nitrogendoped diamond samples with, (a) a silicon substrate and (b) a
molybdenum substrate.

Unsurprising, molybdenum and silic@ubstrates both give similar SEM imagésggre 3.1). All
samples show a uniform morphology with {100} square facets and a good crystal size.
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Figure 3.11: SEMnages showing the morphology of Noped diamond samples on molybdenum

and silicon substrates. The amount of @H, was constant at 0.81% and the N, concentration

was also constant at 0.13%. The/N, quantities were (a) 0.23% on a molybdenum substrate, (b)
0.23% on a silicon substrate, (c) 0.28% on a molybdenum substrate and (d) 0.28% on a silicon
substrate.

Resistance measuremen(fBable 3.) were also studied to observe any differences highlightden
using different substrated'hese were only recorded for the 0.28%HN sample. It wagvidentthat
resistanceof the diamond sample on a atybdenum substratés much lowerat 52p y  #ham the
silicon substrateat 180+ m n . Eheoretically, lhe resistanceshould be the same on both substrates
when the same conditions have been used for diamond grolmikially it may be believed that the
molybdenum substrate would be more ideal as a low resistance is required-tigrendiamond.
However, the resistace must be a resultof the diamond sample and not the substrat€he
resistivity of the substratenust affect theresult; otherwise results would have been simifar both
substrates.The lower resistanceobserved with the molybdenum substrate dtie to the lower
resistivity of molybdenumat 5.57x 10° K®Y | {i [51h The silivon substrates were purchased
from Silicon Prime Wafemith an n-type siliconproperty. These had aesistivity of 210x 10° K ® Y
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at 298 Kwhich is much higher than the resistivity of molybdenuiis evident that theresistivity of
molybdenum is much lower thagiamond 1 x 10" K.m at 298 K[2]. Therefore, this decreasdhe
total resistance of the sampl&ven though silicon also hasoavker resistivitycompared todiamond
the difference is much less significafurthermore, values for resistancerfthe silicon substrate
agree with literaturd: (i Fa mj24]ywhereas with molybdenurvaluesare muchtoo low.

Table 3.1: Resistance measurements for molybdenand silicon substrates.

Substrate wSaradly
Molybdenum 52-58
Silicon 180210

Overall, silicowaschosen as thesubstratefor N-doped diamond growth. Although the film quality
was much the same, resistance and delamination were #fescted when using siliconas the
substrate for diamond growth

3.4 Comparison to the control

To examine how effective nitrogen dopimgs the Ndoped sampleswere compared to undoped
diamond samplegcontrol samples)The control used Glasonly at 0.81% with respect to Hlow.
TheN-doped sampleused the same Chontent at 0.81% CjH, with NH/H,at 0.13%and N/H, at
0.23%or 0.28% Diamondon-silicon substrates were analyssihce in the previous section (section
3.3) this was determinetb bethe optimum substrate

The Ramanlata (Figure 3.12revealsthat the control hasa much lower graphite peak than thyg
doped samples. This can be explained since incorporating nitratgensinto the diamond lattice
increases thenumber of grain boundariefs2]. This only occurs if a high proportion of nitrogen is
incorporated.The undoped diamond will also have grain boundaries but these appear to be reduced
in comparison to the Mloped diamond Therefore resultingin a very low almostnegligiblesp?
graphte peak.
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Figure 3.12: Raman spectra using UV, He:Cd 325 nm showing the diamond peak (13B2run
the graphite peak (1580 ci) comparing Ndoped to undoped diamond on silicon substrates.
CH/H, at 0.81% for all samples and (a) 0%/N, and 0% NKH, (undoped), (b) 0.23% MH, and
0.13% NHH; and (c) 0.28% MH, and 0.13% NkH..

Thelpy/|gdata (Figure 3.13is consistentwith the Raman data, highlighting a very laigis valuefor
the control (0% N/H,) at 31.7. This is approximately 5 to 6 times greater tlias of N-doped
diamond samples and is consistent with the minimal graphite peak for the caseol in the Raman
data Although a highy/lg value is desired, undoped diamond wibt produce rtype diamond.
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Figure 3.131y/I g data for Ndoped diamond in comparison to the control (undoped diamond).

The SEM imagesFifure 3.14) highlighted a highly different morphology for the control in
comparison to Ndoped films as it does not produce {100} square facets but random facets. This
evidence verifies why nitrogen atom incorporation is necessary to produce the film quality rquire
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Figure 3.14: SEM images comparingldpbed and undoped diamond samples on silicon substrates.
The amount of ChiH, was constant at 0.81% for both the undoped anddéped samples. The
NHs/H, for the N-doped samples was 0.13%. The/N, and quantities were (a) 0% (control), (b)
0.23% and (c) 0.28%.

Resistance measurements were recordé&eble 3.2 and highlighthat the undoped diamond had a
lower resistancdo N-doped diamondThis is because the undoped diamond can form dangling
bondsor holesat grain boundariesThe undoped diamond is acting liketype diamond through the
dangling bondsholesor other impuities. The dangling bonds on the surface of the film can produce
holes in the bulkTherefore, this will produce a lower resistansece conduction can occur via the
grain boundarie$52,53] When a small amount of nitrogen is added to the film, they can bond to
these defects, passivating them, thus the resistance increases hugely. With further additions of
nitrogen, ntype doping will begin to appear.
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Table 3.2: Resistance measurentsrior undoped and Ndoped diamond films.

Conditions of the Sample wSaraaly
Undoped 70-90

N-doped with 0.23% NH, 154-156

N-doped with 0.28% NH, 180-210

3.5Li:N cedoping
As stated in the experimental sectigsection 2.3)LgN solution was the lithium containing
precursor usedor diffusion oflithium atoms into the diamond lattice.

The Ndoped diamondilm had beensuccessfully preparedith the standard CiHgas at 0.81% and
NH; gas at 0.13% with respect to, How. Since 0.23% and 0.28%/W gavethe most encouraging
film qualitiesdetermined by analysis of SEM and Raman ds¢& further details in section 3.2
both thesesampleswere subsequentlylithium doped.To produce Li:N edoped dianond, there
was an addition of 100uL LN solution The samples were grown on silicon substrates and were
compared to Ndoped diamond samples, algpown on silicon substratesThe Li:N caloped films

are a darker grey than the-tbped films.

Analysis of the Raman specfféigure 3.15 highlighted that the graphite peaks at 1580 tdp not
show a significant decrease with addition ofNLisolution. For 0.28% .M, the graphite peak
appears the same with and without lithium atom incorporation. However, close inspectitimeof
0.23% NH, graphite peak does show a slight reduction with lithium atom incorporation. It was
postulated that the graphite peak would become much less prominent with &dldition as it has
been suggested thdithium preferentially etches graphite over diamofi24]. However, the data
here donot concur withthis.
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Figure 3.15: Raman spectra using UV, He:Cd 325 nm showing the diamond peak (13B2run
the graphite peak (1580 cil) showing the difference between Moped and Li:N caloped
diamond films. The C{H, was kept constant at 0.81%, NHH,was also constant at 0.13%, (a} N
doped film with 0.23% MH,, (b) Ndoped film with 0.28% MH,, (c) Li:N cedoped film with 0.23%
No/H, and (d) Li:N caloped film with 0.28% NH..

However it is clearer when analysing thés data (Figure 3.1%that there is preferential etching of
graphite by the lithium atoms. Li:N @wped diamond films increas the I/l values by
approximately 1.5 times in comparison tedgped diamond films. The increasedl ¢ values could
be a result of a more prominent diamond peak for Li:N films at 1332 dimely/| s values are similar
for Li:N cedoped diamond for bott0.23% and 0.28%.,M,, therefore, both samples were used for
further studies. However, since the 0.23/N, sample has a highdg/lg, this is the most promising
film so far.
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Figure 3.161p/l s data for (a) Ndoped and (b) Li:N cdoped diamond films with 0.23% or 0.28%
No/H..

Interpreting the SEM imagd§&igure 3.17 of the 0.23% NH, diamond sample demonstrates that
similar morphologies are evident with and without lithium atom incorporation. With both images,
{100} square facets are observadth a good crystal siz&he film morphabgy has not drastically
changedwith lithium atom hcorporation, yet it could be speculated that there are slightly more
{100} facetswith the Li:N sample. This would explain the high#i; values calculatedn contrast,

the SEMmagesfor the 0.28% BH, diamond samples with and without;N are very dfferent. The
graphite areas seem tmcreasewith lithium atom incorporation Furthermore, the crystal size has
decreased and only a few crystals are larger than 0.5 um. In all other samples, the crystal size is
approachingl um. This image highlights thalthough for the Li:N cdoped sample there may be
more diamond regions than in the-#bped sample(evident from thely/ls valueg, the film quality

has greatly decreasedt is evident that although there is still an abundant amount of {100} square
facets for the lithium incorporated sample, these facets can no longer grow as large due to the
abundant graphite areas in the filnthis demonstrates that too much,gas can decrease the film
morphology significantly.
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(b)

(d)

Figure 3.17: SEM images showing the morphology afdyed and cedoped Li:N diamond samples
(with 100 L LN solution) on silicon substrates. All images have 0.81%/@5and 0.13% NHKH,,
(a) Ndoped diamond with 0.23% NH, (b) Li:N cedoped diamond with 0.23% MH, (c) Ndoped
diamond with 0.28% MH, and (d) Li:N caloped diamond 0.28% MH,.

Raman spectroscopy, SEMagesand I/l values indicate that the.i:N cedoped diamond with
0.23% NH, is the most promising. Howevethe resistanceof both 0.23% and 0.28%.,M, were
studied The general aim of this project isotachieve a Li:Matio of 1:4 which should have a low
resistance Theresistanceof the Li:Ndiamondshould be lower than the doped sample since the
sample is increasing in semiconductivitihis is because with-tbping alone, the nitrogen atoms
are deep donors ssemiconductivitydoes not occuat room temperature. At elevated temperatures
the semiconducting properties increases there is more energy available for the excitation of
electrons from the donor level to the conduction band of diamd@see section 1.2.2)

When measuring resistance two point probe wasplaced on the twosilver contents which had
previously been evapated onto the diamond samplgsee section 2.6)The probesvere placed at
different areas othe silver contacts sthat a rangeof resistancesvere obtained(Table 3.3).

Theseresults showthat for the 0.23% MH, Li:N cedoped sample theesistancds greatly reduced.

The Ndoped sample isas high®#4mpc am KA OK i Ky aRvS GINEBNI &iSKES ([ 2h YTk
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This is highly promising, highlighting that the incorporation of lithium atoms is increasing
semiconductive properties.

Unfortunately the see decreasds not observedfor the 0.28% NH, samples. The Li:N diamond

sample decreassin resistance from 188 M1 a m Fd@phd sinfp@ tol2mMon am F2NJ G KS
doped sample. This demonstratésat although the SEM imagese not particularly pronsing for

this Li:N cedoped sample, the lithium atom incorporation $ill reducing theresistanceof the

sample.

It should be noted that resistance wastremelyvariable for all samples and that an average was
taken to provide values seen Table 3.3 Therefore it would be beneficial to study the 0.28%/N,
sample in more detail since less repeats were done for this sample.

Table 3.3: Resistance measurements fodbped and Li:N caloped diamond films.

N-doped or Li:N cadoped diamond | Resistancéa K
0.23%- Li:N cedoped diamond 7-16
0.23%- N-doped diamond 154-156
0.28%- Li:N cedoped diamond 125130
0.28%- N-doped diamond 180210

To summarise, the data analysed (Raman diths values, SEM images, resistanshpwthat the
Li:Nsamplesincrease thesemiconductivityat room temperature Since the Li:N sample with 0%3
N,/H, produced more promising results, these conditions were used for further studies.

To obtain a 1:4 Li:N edoped diamond sample, it was believed that a résigtOS 12 K XI &
required. Therefore further research was undertakenr¢aluce the resistanceof the filmsand
hence the ratioof Li:N.

3.5.1An Ndoped Capping Layefter Lithium Diffusion

The resistance dhe Li:Nco-doped samples studied so far are too high to produce the 1:4 ratio
required. One idea to trio lower the resistance was to change the capping layer é&ftéum
diffusion into the diamond latticelf the undoped capping layer was changed té-@opedcapping
layer, this should theoretically redutkee resistancgFigure3.18). The undoped capping layer
should have a high resistance as it is insulating diamond whereas$-doped capping layeshould
reduce the resistance of the filnthis capping layevas grown fotwo minutesinstead of thefive
minutes as previously used in section 2.3.
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Undoped Capping Laye N-doped Capping Layer

Figure 3.8: Schematic showing the undoped anddbped capping layer that should theoretically
reduceresistance.

The Raman datd-{gure 3.8) shows that the Mloped capping layer appears to have a slightly more
prominent graphite peak than the undoped capping layiérs is consistent with the lower graphite
peak observed for undoped diamond in companiso N-doped diamond in section 3.4. However,
sinceit is only the capping layer that has been altegradirastic change in the graphite peak was not
expected
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(b)
(@)

Figure 3.D: Raman spectra using UV, He:Cd 325 simowing the diamond peak (1332m™) and
the graphite peak (1580 cif) of Li:N cedoped diamond samples. Constant amounts of i, at
0.13% and MH, at 0.23% were used but with different capping layers after lithium diffusion (a)
undoped capping layer() N-doped capping layer.

Upon inspection of théy/lg data Figure 320) it is evident that the Mloped capping layer reduces
the film quality by nearly double. It reduces from 9.21 with an undoped capping layer to 5.00 with a

N-doped capping layer
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