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ABSTRACT

The structure and surface morphology of diamond films grown on (100)
singlecrystal silicon substratesby HF-CVD techniqueusingH,:CH, (100:1
sccm) gas mixture are reported. The diamond filmswere characterized by
scanning el ectron microscopy, X-ray diffraction and Raman spectroscopy.
The influence of substrate pretreatment on the surface morphology and
structure of the deposited diamond films have been explored. SEM
micrographs of the deposited diamond film without any substrate
pretreatment were found to consist of scattered diamond nuclei of about
5 pm or less in diameter having cubo-octahedral shapes which clearly
exhibit (100) and (111) planes of diamond lattice which are not significantly
clustered. As the pretreatment time increases to 20 minutes the diamond
nuclei grow in number and clustering startsto dominate and the signal s of
secondary nucleation disappear. After 30 minutes pretreatment of the
substrate the micrographs of the deposited films showed that the film was
continuous and nicely faceted exhibiting predominant (111) surface
morphology. A successful attempt has been made to incorporate boronin
easy and simpleway in the deposited diamond films. It was found that the
presence of boron introduced cauli-flower type features to diamond
crystalliteson micronscale.  © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION

Diamondisamaterid withinterestingand different
combinationsof physical and chemical properties. Its
propertiesare so tremendousthat it isconsdered to be
afirst rate solid in material science. It possesses ex-
tremevalues of hardness, electrical resistance, molar
density, therma conductivity and sound velocity. It dso
showsvery useful optica and dielectric propertiesand
exceptiona inertnesstowardsacids, dkaisandradia
tion damage¥l. Asaresult diamond hasgreat applica-

tion potentia onindustria scale. Therecent advances
inlow pressure chemical deposition (CVD) methods
have made possibleto synthesizediamondintheform
of thinfilm configuration on variety of substrate materi-
as. Thisadvance has been considered asarevol ution-
ary and has attracted many applicationsranging from
cutting and grinding technol ogiesto opticsand to opto-
electronic devices?,

Themain step responsiblefor theprogressin syn-
thesize of diamond thinfilmsoccurredin 1970’s when
Russi an scientists Derjaguin and Fedoseev introduced
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aconcept of ‘gas activation” in thermal pyrolysis of hy-
drocarbon to producediamond phaseat | ow pressures
and temperature?. Intheir experiments, they used ex-
cessamount of hydrogen aong with hydrocarbon gas
and thismixture was activated by ahot filament/arc-
dischargeto produce super-equilibrium concentration
of atomic hydrogen. Later on, it wasredized that using
gasactivation methods, diamond deposited without any
graphitic phase can be reproducibly obtained on non-
diamond substrates. Depending upon theway of achiev-
ing gasactivation, different CV D methodsare evolved
during past few years. These methods are broadly cat-
egorizedintwo groups: i) Activation by high tempera-
ture, which includes hot filament type® and arc dis-
chargetype®, andii) Activation by electric or electro-
magneti ¢ gas discharge which includes microwave®,
RFtype” and DC/AC glow dischargetype methods®.
Many techniqueshavea so used combination of two or
more methodsto achieve diamond synthesisfor better
control on nucleation and growth of CV D —diamond'.
Most popular amongst different methodsare HFCVD
and RF/Microwave CVD methods. Eachtechniquehas
itsown advantagesand limitations. The RF/Microwave
plasmaCV D techniques gained more popularity be-
causeof itsability to produce uniform diamond films
withlarger growthrate?, It wasfound that these meth-
odssuffer from problemsdueto contamination of dia-
mond filmsbecause of sputtering materia of chamber-
wall materia and heeting of dectrically conducting sub-
strates dueto direct coupling with microwave energy.
Thehigh power requirement (20-75 KW), makesthese
methods more costly and thusbecome economically
not feasiblefor large areadepositions*. Themethod
of HF-CVD, on the other hand, offers many advan-
tages. Themethod issufficiently straight forward and
relatively easy for fabrication of variouscomponents. It
doesnot requireany highly complicated instrumenta-
tion, except massflow controllersand thus offerscom-
paratively muchlower capital and operating costswith-
out muchtechnica difficulties. Itsoperationisvery essy
and can be used very effectively over wide range of
process parameterslike gasflow rates, gas pressures,
substrate temperatures and deposition rates etc. with-
out much modificationinthebas c configuration of sys-
tem. Becausedl of these advantages, HF-CVD tech-
nique hasgained importanceindiamondresearchina
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very short period of time*2%3, Therefore we have
adopted thistechniquefor synthesizing diamondfilms.

EXPERIMENTAL

The schematic diagram of HF-CV D system used
inthisstudy isshownin Figure 1. It comprises essen-
tially thefollowing sub-units: i) TheHF-CV D reactor
which cons stsof astainlesssted vacuum chamber con-
nected to turbo molecular pump through athrottlevave
to accurately control the process pressure backed by a
mechanical rotary pump. Thereactor has many ports
for connecting different gadgets, the e ectrodesto mount
thefilament, aglasswindow to measurethetempera-
tureof thefilament using an optica pyrometer, portsfor
connecting pressure gauges to measure the chamber
pressureand the process pressure. The substrate holder
withinternally mounted heater islocated insidethere-
actor at aconvenient distancefromthefilament. The
reactor isdesigned to alow water cooling of thevacuum
chamber aswell asthe substratein controllableway.
The reactor was baked for 4-5 hours at 200 °C at a
pressure < 10°° mbar prior to the deposition. Thisal-
lowsthe system to get degassed to minimizethe possi-
bility of thecontaminaioninthedepostedfilms;ii) Fla
ment assembly which cons stsof stainlesssted mount-
ing eectrodes specidly designed sothat 6 tungstenfila
ments each 0.5 cm apart, 2 cm length and 0.5 mm di-
ameter can bemountedinparalld at atime. Thedesign
a so enablesto vary the distance between the substrate
andthefilament, iii) Power supply unit which supplies
electric power to thefilament by employing ahigh cur-
rent AC transformer through adimmer. Using filament
ass=mbly and power supply unit, filamentscan behested
intherangeof 1400-2200°C, iv) Substrate heater con-
sstsof agtanlesssted cylinder with ahigh wattage coil
insideit. It has screwed holesinit from the bottom, to
hold the substratesin place. A calibrated k-type ther-
mocoupl eissecured inside the heater to monitor the
substrate temperature. The heater |eads are connected
to the power supply while the thermocoupleis con-
nected to thetemperature controller. The heater was
maintained at the desired substrate temperature by a
thermocouplefeed-back controller. Thesubstrate heeter
isdesignedtodlow thecirculating of chilledwater at a
speed of 2400 L/hto cool thesubstrateif it goeshigher
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than thedesired temperature during thedeposition pro-
cess, V) Pumping system and measurement gadgets
which cons stsof turbo molecular pump and amechani-
cal rotary pump combination connected to the HF-re-
actor through athrottle valvealowing accurate control
of the process pressure during the deposition. A pres-
sure gaugeis connected to the chamber to measurethe
base pressure (< 10° mbar). A capacitance manom-
eter gaugeisconnected to the chamber to measurethe
accurate process pressure. A smplenitrogen gaspurg-
ing system isconnected to therotary pump to exhaust
the hazardous gasesto the atmosphere, vi) Gas han-
dling system which consists of the massflow control -
lers, gaslines, manua control valves, gasmixingcylin-
der and gasinlet valve. It isan important part of the
system becauseitintroducesal thegassesintothecham-
ber inacontrolled fashion. For safety reasons, bypass
valvesare also added to the main gas pipesto remove
the hazardous gassesin case of any breakdown inthe
massflow controllers.

Thetype of substrate used in this study was (100)
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Figurel: Schematicdiagram of HF-CVD used in thepresent
sudy

singlecrystal silicon wafer whichwaswell character-
ized earlier and expected not to add any compl exity
during diamond deposition aswell asduring charac-
terization of thedeposited diamond films. Theareaof
the substrate used was 1 cm? whilethefilament areais
adjusted to be 6 cm?.

To enhancethe growth rate, pretreatment of sub-
strates has been explored. In thiscontext the chamber
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wasinitialy flushed withintroductionof H.:CH, (100:1
sccm) gas mixture at 50 Torr pressure. It was then
pumped down to about 1 Torr with hydrogen flow
switched off and s multaneoudly the substrate tempera-
turewasraised to 1000 °C. Thevisua monitoring of
substrate showed uniform blackening of sample sur-
facewithintimeperiod of 5minutes. Thispretreatment
procedurewas carried out using 10, 20 and 30 minutes
before starting the diamond deposition according to the
conditionsdepictedin TABLE 1.

Thec-S waferswerecleaned by al minutedipin

TABLE 1: Deposition conditionsfor growth of diamond films

Filament temperature 2000+5°C
Deposition pressure 30-35Torr
Substrate temperature 900+ 5°C
H, flow rate 100 sccm
CH, flow rate 1sccm
Filament to substrate distance 3cm
Deposition time 3 Hours

Substrate pretreatment time 0, 10, 20 and 30 min

dilute HF (5 %) to removethe native oxidelayer from
thewafer surface*¥. Thiscleaning method provides
good adhesion of thefilmsto the substrates. The sub-
strateswereloaded and the deposition chamber was
evacuated to abase pressurelessthan 10° mbar. The
chamber was baked for 2 hours at atemperature of
200°C prior to each deposition to minimize the possi-
bility of the contamination of thedeposited films. Be-
fore any diamond deposition, it was found useful to
carborizethefilament. The carborizationleadstofor-
mation of carbidelayer onthefilament surface. This
pretreatment of thefilament involvesheatingit over 500
°C for about 30 minutesat 1 Torr pressure of 1 sccm of
methanegasflow rate.

Then the substrate was heated to the desired tem-
perature by setting thetemperaturecontroller. Thecham-
ber then was purged by hydrogen beforeintroducing
pure CH, and H, gasesinsidethe chamber and starting
thedeposition process. The deposition wascarried out
for the desired amount of time and thefilmswereal-
lowed to cool down to room temperaturein vacuum. It
isworthy to indicatethat using the deposition param-
etersstated in theliterature didn’t produce the same
Sructureof theresultant films. Thishasled to theconclu-

flano Science and flano Technology

—— e T ot



100

SEM studies on diamond films prepared by HF-CVD method

NSNTAIJ, 8(3) 2014

Full Paper =

sionthat the deposition parameters are system depen-
dentf*s,

An atempt has been madetoincorporateboronin
thedeposited diamond films. Thisisachieved by using
simple and easy way. The substrates prior to diamond
deposition are scratched by using diamond grit (size
~0.25 um) and are subsequently treated in suspension
of boron powder (Size~1.0 um) in methanol (concen-
tration ~0.1 M) using ultrasoni ¢ cleaner. Thediamond
depositionsarethen carried out using the same condi-
tionsshowninTABLE 1.

Atleadt four specimensweresynthes zed under iden-
tica experimenta conditionsand characterized by vari-
ousanalytica techniquesin order to check therepro-
ducibility and repesatability of theresults. The synthe-
sized films were characterized by Low angle x-ray
diffractometer (XRD) (D8, Advance, Bruker AXS
model) with CuK o (A = 1.5418 A) as the incident ra-
diation and the patternsweretaken at agrazing angle
of 1°. The scanning e ectron microscope (SEM) (modd
JEOL, JSM-6360A) observations were carried out
with operating voltage of 20 kV and theemission cur-
rent of 60 mA. Thedeposited diamond filmswere char-
acterized by Raman spectrometer (Jobin-Yvon Horiba
LABRAMS00) using5 mwW Ar*/He-Nelaser (488 nm
/ 632.81 nm). It has back-scattering geometry for de-
tection of Raman spectrum with resolution of 1 cn,

RESULTSAND DISCUSSION

Figures 2aand 2b show the SEM micrographs of
the deposited diamond film without any pretreatment
of thesubgtrate. It isclear that thefilm cons stsof scat-
tered diamond nuclei of about 5 um or less in diameter
having cubo-octahedral shapeswhich clearly exhibit
(100) and (111) planesof diamond latticewhich are
not sgnificantly clustered. By 10 minutes pretreatment
of the substrate these diamond nuclel havegrownin
number but not significantly in size, and clustering has
started to take place over thefilm together with sec-
ondary nucleation as shown in Figure 2c. When the
subgtrate pretrestment time has gone up to 20 minutes,
clustering dominatesthe scene and the signal s of sec-
ondary nuclestion have disappeared, most likely dueto
shadowing effectsfrom the now relatively bigger poly-
crystallinediamond chunksanditisclear that thefilm
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was basically formed and needsjust togrow in thick-
nessand laterally tofill thevoidsleft behind and the
grainsareapproximately 10 um in diameter as shown
inFigure2d.

The SEM micrographsat different magnifications
of thedeposited diamond filmsafter 30 minutes pre-
treatment of thesubstrateareshowninFigure 3. These
micrographsshow that thefilmiscontinuousand nicely
faceted exhibiting predominant (111) surface morphol-
ogy. The apparently flat facets seen under SEM are
actualy foundto consist of large number of twinning
and stacking faults. Although the morphol ogy isdomi-
nated by triangular symmetry, some crystalsexhibiting
fivefold or morecomplicated morphologiesared so seen
inthefigure. These structures obvioudy occur because
of defectswhich get incorporated during the growth
process. In thedefect freeregions, thegrowth isstill
very sow and therefore very high quality. Similar re-
sults have been reported earliers8, Thethickness of
thisfilmwasfound to beabout 4 um.

Thelow angle x-ray diffraction pattern of the de-
posited diamond filmisshownin Figure4. It exhibits
two prominent peaks at 26 = 43.8° and 75.2° corre-
sponding to diffraction from <111> and <220> planes
of diamond which matchesthe JCPDS card no. 06-
0675. Sincethesubgtrateis<100> oriented Snglecrys-
ta silicon, it doesnot give any diffraction peak in low
anglex-ray diffraction mode.

The Raman spectrum shown in Figure 5 for this
filmexhibited sharp peek at 1332.4 ct indicating pres-
ence of diamond (sp°) phase only*,

Figure 6 shows scanning el ectron micrographs of
boronated diamond films. Because temperature in-
volved during diamond depositionissufficiently high,
boron present on the substrate getsincorporatedin CvVD
gasenvironment and al so on thegrowing surfaceand
affectsnucleation and growth features of diamond. From
thefigureit can beclearly seen that boronated filmis
continuouswith aimost rounded grains. Thediamond
crystalitesexhibit random growth dueto high second-
ary nucleation leading to cauli-flower structure. Thisis
incontrast to crystallitesobserved in case of diamond
depositswith same deposition conditions but without
boronincorporation showninFigure(3), and sinceboth
typesof filmsaredeposited inidentica deposition con-
ditions except presence of boroninthelater case, the
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Figure2: SEM micrographsof diamond films, (aand b) without substratepretreatment, (c) 10 minutessubstratepr etreatment,
(d) 20 minutessubstratepr etr eatment.
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variationin morphological featuresisexpected to be
dueto presenceof boron only. The presence of boron
at the growing diamond surface could lead to second-
ary nucleation and modify themorphological features
of resulting diamond filmg224, Thethicknessof this
filmwasfound to beabout 3.5 um.

Thelow anglex-ray diffraction measurementisaso
carried out on the boronated diamond filmsanditis
foundthat it exhibitssignificant diffraction peskscorre-
sponding to <111> and <220> planes of diamond | at-
ticeasshowninFigure?.

The Raman spectrum correspondsto the boronated
diamondfilmisshowninFigure8whichindicaespesk
corresponding to diamond (sp?®) phaseat 1333.3cm?
and additionally wide peak near 1550.6 cm dueto
non-diamond (sp?) phase?? which can beattributed to
higher amount of grain boundaries present in the
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Figure5: Raman spectrum of diamond film after 30 minutes
pretreatment of thesubstrate

Figure6: SEM micrographsof bor onated diamond filmsshowing the cauli-flower structure
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Figure7: Low anglex-ray diffraction patter n of thebor onated
diamond film

boronated diamond films as compared to that in the
intringcdiamondfilms.
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Figure8: Raman spectr um of boronated diamond film

CONCLUSIONS

Diamond filmshavebeen successfully deposited on
(100) singlecrystd slicon substratesby HFCVD tech-
niqueusingH,:CH, (100:1 sccm) gas mixture. Theef-
fect of subgtrate pretrestment on the structure and mor-
phology of the deposited filmshave beeninvestigated.
It wasfound that the pretreatment of the substrate en-
hancesthegrowth rate and leadsto significant change
inthe surface morphol ogy of thedeposited filmswhen
thetimeof pretreatment ishigh enough (30 minutes). A
successful attempt has been made to incorporate bo-
ronin easy and simpleway in the deposited diamond
films. It wasfound that the presence of boron intro-
duced cauli-flower typefeaturesto diamond crystal-
liteson micronscae. The Raman spectrum for the de-
posited filmafter 30 minutes substratetreatment exhib-
ited sharp peak at 1332.4 cm* indi cating presence of
diamond (sp®) phase only while Raman measurement
correspondsto the boronated diamond film deposited
under the same conditionsindicates peak correspond-
ing to diamond (sp®) phase at 1333.3 cmr* and addi-
tionaly awide peak contribution near 1550.6 cm™ due
to non-diamond (sp?) phase, and since both types of
filmsaredepositedinidentical deposition conditions
except presenceof boroninthelater case, thevariation
inmorphological featuresisexpected to bedueto pres-
enceof boron only. The presence of boron at the grow-
ing diamond surface could lead to secondary nucle-
ation and modify themorphol ogica featuresof result-
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