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ABSTRACT

"InvestigatIon and modeling of metastable structures and states In superhard carbon and
boron mtrlde based films formed by CVD and pulsed plasma fluxes deposItion methods"

The Interest to boron mtrIde - carbon ternary films IS based on the suggestIOn that thIS
compound may have new IntermedIate phYSICal propernes between those eIther for graphIte
(semtmetal) and hBN (Insulator) or for dIamond and cBN The mam goal of thIS project was to
mvesTIgate the fonnatIOn of the ternary boron-carbon-mtrogen based matenals by the plasma
assIsted deposItlon processes The chemIcal vapor depOSItIOn (CVD) permIts to deposIt dtamond
coatIngs Our maIn efforts dunng the project covenng the penod from 06/13/96 to 06/13/97 were
concentrated on the mIcrowave plasma assIsted CVD process In an attempt to grow any B/N/C
ternary phases

A number of coaTIngs WIth BxCyNz composItlons was prepared USIng a tube type mIcrowave
CVD reactor The coatIngs have mostly nanocrystallme structure (graIn SIze less than 20 nm) and
electrIc propertIes from a dIelectIc to a conductor In dependence on the depOSItIOn condmons
Some coaTIngs have hIgh mIcrohardness A vanety of the non-eqmlIbnum chemtcal reactIons In
the plasma results 10 multIphase matenals It was found that even small changes In the process
parameters and expenment geometry lead to a sIgmficant dtfference In the coaTIng propertIes,
chemIcal and phase cOmpOSItIon The coatmg were charactenzed by electron mtcroscopy, Infrared
and Raman spectroscopy, mIcroprobe analysIs, photoelectron spectroscopy and X-ray dtffractlon
Results of the coaungs mvesugatIon In some cases IndIcate the presence of mIcrocrystallme
dtamond, graphItlc boron mtrIde, boron carbIde and some umdenufied phases

InspIte of the number of expenmental results WhICh do not correspond to that for graphIte-lIke
structure of B/C/N, It IS to early to make conclusIOn about the formatIon of a new hard metastable
B/C/N phases

As the result of thIS project, a systematIc study of the boron-carbon-mtrogen (B/CIN) ternary
coatIngs fonnatIon by mIcrowave CVD process was started As a partIcular benefit for the project
partICIpants, a new research dIrectIOn on the syntheSIS of hard ternary compounds was mItIated
We Intend to develop thIS research and consIder the follOWIng JOInt tasks for the future
cooperaTIon
• OpTImtzaTIon of the CVD eqmpment and process parameters WIth the aIm to Increase the yIeld
of the a SIngle phase B/C/N ternary metastable matenal
• ModelIng of the VIbratIonal spectra of ternary B/C/N compounds what IS very Important for the
proper InterpretatIon of the expenmental data
• Development of an alternatIve approaches to grow ternary B/C/N fIlms, for example, by
sputtenng or lOn-beam deposIton techmques
• InveStIgatIOn of electromc and mechanIcal propertIes of B/C/N ternary thm films, Important for
mdustrIal applIcatIon

These tasks are thought to be realIzed In the close cooperatIOn WIth other sCIenufic
organIzatIOnS m U S and Europe
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SUMMARY OF THE PROJECT

Project tasks

The mam goal of thIS project IS to InVestIgate the formatIon of the ternary boron-carbon­
mtrogen based matenals at the plasma assIsted chenncal vapor deposItIon process

Two other subtasks relatmg to the maIn goal of the project were conSIdered
• Development and Improvment of pulsed plasma, CVD and combmed methods to grow
metastable carbon, boron mtnde and related films WIth controlled structure and propertIes
• Development of charactenzatlOn techmques of metastable state m hard fIlms by surface and
volume senSItIve methods and structure modelIng

IntroductIOn

DIamond and dIamond-lIke carbon, carbon mtnde and boron mtnde coatIngs prepared by the
plasma methods represent sIgmficant Interest because of theIr umque OptIcal, mechanIcal and
electncal propertIes The partIcular Interest to boron mtnde - carbon ternary films IS based on the
suggestIon that thIS compound may have new mtermedIate phYSICal propertIes between those
eIther for graphIte (semimetal) and hBN (Insulator) or for dIamond and cBN To present tIme,
however, not too many papers were publIshed m companson WIth the publIcatIons on dtamond
and boron mtnde films DetaIled overvIew of the publIshed expenmental data shows, that the
most of the reponed B/C/N matenals prepared by the plasma-chenncal methods have rather



graphIte-lIke amorphous structure Some eVIdence for hard diamond-lIke B/CIN phases formatIon
was provIded only for hIgh temperature/ hIgh pressure proceeses

Oor mam efforts were concentrated on the mICrowave plasma assIsted CVD process m an
attempt to grow BIN/C ternary coatmgs havmg non-graphItiC structure

The present state of research shows that the results receIved can be summanzed m two groups

1 State of art

11 CVD processes

Inspite of the number of publIcation, there IS lIttle eVIdence for non-graphIttc B-N-C phases III

CVD prepared films Instead, most of the films had a turbostratIc graphIte-lIke structure A
proposltlon about the presence of true B-N-C solId solution WIth CUbIC strusture IS also not
proved yet There are two typICal models for the structure of turbostratIc matenals In one case,
the structure IS presented as alterattng layers consisttng of carbon and BN sheets In the other
case, all three atoms are presented wIthm each layer m vanous configuration [Ref 1-4]

Some eVIdence for a CUbIC phase was presented only once [Ref 5] It was notIced, that thIS CUbIC
phase was unstable to the electron beam lfradiatlon In TEM BeSIdes, composltlon of those CUbIC
nanocrystaIs IS still unknown

1 2 HIgh Temperature/HIgh Pressure synthesIS

Most of the prepared matenals were mIxes of at least cBN and dIamond However, there were
some SIgnatures of a new phases They appeared III dIstmct peaks m Raman (1323 cm- l ) and IR
(1000-1120) spectra, some new mterplanar dIstances In X-ray dIffractogramms Nevertheless, no
smgle phase CUbIC matenal WIth well-defined crystallItes was prepared Thus, It IS dIfficult to say,
If there IS a new phase or some dIstorted known phases [Ref 6]
Only few papers gIve more relIable eVIdence for the formatlOn of a new CUbIC phase WIth
cOmpOSItiOn BNC2 5 and BN11C2 2 [Ref 7,8]

2 Method

21 Coatmgs preparation

A mIcrowave plasma aSSIsted CVD method was chosen All expenments were performed usmg
a 2 45 GHz mIcrowave tube type CVD reactor ThIS reactor was modermzed to proVIde faCUltieS
for SImultaneous use of at least four gases A sketch of the expenmental system IS shown m
FIg 2 1 The SIlIcon, sIlcon WIth pulsed-arc predeposIted carbon layer, molIbdemum, graphIte or
diamond substrates were placed mto the discharge caVIty on boron mtnde holder Gas mIXes of
B2H&CHVN21H2 and B2HdCHJNH31H2 were used m all expenments The mIcrowave

dIscharge power m the range of 400-600 W, substrate temperature of 900-1350 0C, gas pressure
of 5-90 Torr and gas flow rate of 100-200 secm were vaned to study growth of B/CIN coatings
A number of samples at the dIfferent atomIC ratlos of the components m the gas flow WIthm B-N­
C composltlon tnangle (FIg 2 2) have been prepared



2 2 Characterization

Charactensncs of the coaungs such as chemIcal and phase composltIon, morphology and
bondmg configuratIon were examIned by mfrared and raman spectroscopy, scanmng and
transmISSIon electron nucroscopy, X-ray photoelectron spectroscopy, electron mIcroprobe
analysIs, X-ray dIffracnon

3 Results and diSCUSSIOn

3 1 Chemical and phase composItion

All three elements - boron, carbon and mtrogen were presented m the samples Some examples
of the coaungs composlUon defined by mIcroprobe and XPS analySIS are gIVen m the Table 3 1

Table 3 1 Some examples of CVD deposIted B/C/N coatmgs chermcal cOmpOSItIOn

Sample RatIO B/N/C

III the gas flow
RauoB/N/C

10 the film

CompOSluon

BNC55 10/05/05 1 % 58/0 38 BoSICO 19No3

BNC61 carbon 10/00/218 BOQ4C096
BNC64 1/138/1 1 1 % 80/0 67 Bo4CO27NO33

BNC65 1/193/154 1 % 33/0/36 BoS9CO21 No 2
BNC66 1/1/3 10/0 0/349 B022C078
BNC23 1/10/011 1 % 89/017 Bo49CO08NO43

BNC28 1/40/07 1 % 84/013 BoSICO06NO43

BNC29 1/40/07 10/0 89/013 BosCoQ6NO44

BNC30 1/10/02 1 % 86/0 09 BoSICO osNo44

Companson of the atomIC rano of B/C/N m the gas flow and coatIng clearly shows that
reacnons between carbon and mtrogen whIch form volanle HCN and/or C2N2 compounds are
responsIble for the reducnon of these elements In the coaungs

TEM data show that most of the B/C/N samples posesses quaziamorphous or nanocrystallme
(5-20 nm) predommantly graphIte-lIke structure Boron carbIde B4C crystallItes were also found

m the coatIngs prepared In the mtrogen corner of the composlUonal mangle At the same tIme
coanngs show electnc condUCtIVIty m the range from dIelectrIc to conductor m dependence on the
deposltlon COndItIOns Some coatmgs have hIgh ffilCfohardness compatIble With CUbIC boron
mtrIde ThIS mdicates a difference m both chemIcal cornposlUon and structure of the coatmgs on
the nanoatOmIC level

Surface morphology of the coatmgs IS crystallIne-lIke In many cases as shown m FIg 3 1 and 3 2
ThIS dtagreemnet between TEM and SEM data reqUIre more detmled analySIS and correcnons for
the samples preparanon techmques



3 2 Microprobe and XPS analysIs

Only few B/C/N coatIngs were mvestIgated usmg XPS An example of XPS spectrum for the
sample prepared m mtrogen corner (BNC29) IS shown m FIg 3 3 The data for B Is, Cl sand Nl S
levels were mterpeted takIng mto conSIderatIon charge shIft of the levels of 3 eV ThIS sample
contams few percent of carbon Some contammatIon wIth oxygen, probably due to after the
process OXIdatIon IS presented too The observed peaks pOSItIons Idicates the followmg bondmg
types m thIS sample

CIs core level peak can be descnbed wIth four gauSSIans at the - 28284 eV (B-C bond m B4C IS

at 281 8 eV), 2846 (C-C m graphIte), 286 24(C-N spZ smgle bond), and 287 9 eV(C-O)
Bls core level peak - 18787 (B-C bond m somethmg mtermedlate between B4C and BZC, or m

CZ-B-N structural element), 1902 (B-N m hBN IS at 1898 eV)

Nls core level peak - 3980 (B-N m hBN IS at 397 5 eV)
Talang mto consIderatIon the peaks mtensIty, we can conclude that B-C and B-N cheIDlcal

bonds are formed m the coatmgs rather than C-N
EELS spectra for Bls and N1s both show p-plasmon peaks Thus, we have spZ states of these

atoms, and It confrrms the presence of a graphIte-lIke structure

3 3 Infrared and Raman spectroscopy

The results of the Infrared and Raman spectroscopy show multIphase composltlon of B/C/N
fIlms and the formatIon of possIble new chemIcal compounds

FfIR spectra of a number of samples show some general features There IS sharp absorbtIon
peak varymg from 802 to 822 em-I, broad band from 1506-1653 cm-I Some examples are
presented m FIg 3 4 As It IS known, graphItIC boron mtnde has absorbtIon at 1380 and 780 cm- I

Thus, thIS shIft may correspond to substItutIon of BN wIth carbon wIthm of a graphIte-lIke
structure A small absorbtIon peaks at 1086 and 950 cm-I m FIg 3 4b may be due to CUbIC BN,
whIle shoulder at 1179 cm-I m FIg 3 4c was not IdentIfied However, some samples show
dIfferent features For example, BNC61 doesn't show any features, whIle BNC66 has only very
weak peaks at 1500, 1320 and 800 cm-I NItrogen was not found m these samples No absorbtIon
connected WIth N-H, C-H, and C-C, C-N tnple bonds was notIced The peaks m the range 1200­
1300 observed for some samples are probably due to B-C bondIng, and ShIft to lower
wavenumbers wIth mcrease of boron content. At the same tIme Kmttle [8] mdicated peaks 1000­
1120 for Co 33(BN)o 67 CUbIC solId solutIon, whIle range of 1000-1260 IS for reststrahlen band m

cBN Loeffler [5] aSSIgned 1210 and 1260 peaks for BNC films to C-N a-bonds and nonced that
they are presented only when CUbIC nanocrystals are present In fIlm

MlcroRaman shows hIgh non-umfofIDlty of fIlm structure on the substrate However, there IS
some general tendency for all B/C/N samples Raman spectra of the samples prepared m carbon
corner of the cOmpOSItIOnal dIagram show the SIgnatures of IDlcrocrystailme dIamond or heavy
doped dIamond (FIg 3 5) Raman spectra of the boron corner are typIcally complex and show
pOSSIble SIgnatures of boron carbIde and IUIDlnescence The sIIDllar SItuatIon IS observed for
mtrogen comer and the center part of the dIagram All these spectra are dIfficult to mterprete
DIStInct Raman peaks WhICh could be related to the known phases were found In several cases
only for hBN, dIamond and boron carbIde In some cases Raman scattenng at 1400-1450 cm-l



was mennoned It corresponds to theoretIcal predICtIOn for graphltIc B/C/N solId solutIon A
questIonable peak at 1323 cm- I appeared In several cases as shown In FIg 36 The peaks 1323+/­
2 and 1053 em-I were IndIcated by Kmttle [8] for Co 33(BN)O 67 CUbIC solId solutIon However,

In the sample BNC66 (Table 3 1) there IS no mtrogen Raman spectrum shows peaks WhICh could
be related to boron carbIde (scattenng below 1000 cm- I ), heavy doped dIamond (1200-1300 cm­
1) and graphIte-lIke amorphous and/or boron substItuted carbon (1350-1600 cm-I) In some cases
lummescence background was presented In Raman spectra Compexlty of raman spectra hInder
the proper phases defimtIon As a part of the charactenzatIon task, Raman spectra of hydrogen­
free carbon and mtrogenated carbon films were studIed [Publl]

4 ConclUSIOn

4 1 Microwave CVD of B-N-C coanngs from B2~-NH3(or N2)-C~-H2 gas mIxture results
In non-umform mulnphase matenal Its chemIcal and phase compOSItIon, structure and surface
morphology depend very strongly on deposltIon condltIon, especIally the flow rate ratIo of gas
components
42 The reactIons In the plasma proVIde predomInantly B-N and B-C bonds rather than C-N
bonds In resultmg coatIngs
43 Coatmgs have predomInantly nanocrystalhne structure WIth mostly graphIte-hke features
Some results IndIcate the presence of non-graphItIc phases, however, more expenments are
necessary to prepare non-graphItIC crystallIne B/C/N matenal WIth controllable propertIes

5 Project benefits and future development

As the result of thIS project, systematIc study of B/C/N ternary coatIngs prepared by mIcrowave
CVD method has been started The pOSSIble benefit of thIS project for both partICIpatIng countrIes
IS the development of a new matenal WIth perspectIves In electromcs We mtend to contInue thIS
research and propose several future tasks
·OptIrmzatlOn of the CVD eqUIpment and process parameters WIth the aIm to Increase the yIeld
of a SIngle phase B/C/N ternary metastable matenal
• Modehng of the VIbratIonal spectra of ternary B/C/N compounds what IS very Important for the
proper InterpretatIon of the expenmental data
• Development of an alternatIve approaches to grow ternary B/C/N films, for example, by
sputtenng or lon-beam deposlton techmques
• InvestIgatIon of electrOnIC and mechanIcal propertIes of B/C/N ternary thIn films, Important for
mdustrIal apphcatIon

6 Influence on other fields

It IS dIfficult to predIct now whIch areas can be affected by the results of thIS project We expect
that B/C/N matenals developed In the framework of thIS research can be Important for hIgh power
electrOnICs because of therr hIgh termo- and radIatIon stabIlIty

1
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Fag 3 2 Surface morphology of B/CIN coatmgs prepared under different conditions
of microwave CVD process and gas pressure of 85 torr
a - 1070 DC, 600 W, atomic ratio of BINIC m the gas flow 1 Oil 38/11
b· 970°C, 450 W, atomic ratJO of BINIC m the gas flow 1 010 8/0 64
c· 1030 DC, 485 W, atomiC ratJO of BINIC m the gas flow 1 010 85/0 75
d - 980°C, 450 W, atomic ratio of BINIC m the gas flow 1 0/09/067
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