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We have constructed a molecular beam mass spectrometer designed specifically to sample gases
from a diamond chemical vapor depositiofCVD) process chamber thereby enabling
characterization of the gas-phase CVD environment. Withithsstu diagnostic technique we have
obtained quantitative measurements of the composition of the gas-phase species as a function of
filament temperature for a variety of C/H/Cl gas mixtures. The precursor mixtures used were 1% of
a chloromethane (CH ,Cl,,, n=1-4) in hydrogen and 1% CHn hydrogen with added GVarying

from 1% to 4%. At filament temperatures optimum for diamond grow#2800°Q the relative
CH,/C,H,/C,H, product distribution measured in the gas mixture is remarkably similar to that
established when CHs the carbon precursor species. At these filament temperatures almost all the
chlorine is reduced to HCI, its concentration being proportional to the Cl fraction in the source gas,
regardless of the form of the chlorine in the source gas mixture. Compositional analysis of the
as-grown diamond films indicated that no chlorine was present in the bulk of the films, though trace
amounts of chlorine were detected on the film surface. From these observations we surmise that
chlorine atoms are involved in the gas-surface reactions which produce active growth sites on the
diamond surface. €996 American Institute of Physid$$0021-897¢06)08808-X]

I. INTRODUCTION apparent catalytic effect of oxygen in the CVD process en-
abling diamond growth at substrate temperatures lower than

High quality diamond films can be grown by chemical e standard £ 900°Q has possible important implications
vapor depositior(CVD) using a variety of methods to acti- o coating lower melting point materials such as aluminium,

vate the process gas mixture, e.g., hot filament and micros, aterials that are unstable at high temperatures in the

wave, rf and dc plasm#ﬁ Typically any hydrogen/ o cing atmosphere typical of the CVD process. Such ad-
hydrocarbon source gas mixture may be used subject to t ntages cannot be fully exploited in hot filament CVD

C/H ratio being less thaﬁ0:03. Common to gach depositiqn (HFCVD) reactors, though, because the presence of oxygen
method and source gas mixture employed in the synthesis ? pidly degrades the heated filament. A similar catalytic ef-

CVD diamond is the requirement of high gas temperatures, ., o oon gemonstratéc?® when halogen species are
which generates atomic hydrogen and produces reactive car-

bon species. Recent gas phase composition siidibave present in the gas phase, though the precise reaction mecha-

. o nisms have not been studied in detail: this is the subject of
shown that, for gas temperatures in excess-@000°C and the present work
a given C/H proportion, the hydrocarbon source gas is dis- " .
g prop y g One study** using monosubstituted halocarbons £H

sociated to the extent that the relative concentrations of th . . . :
active carbon species are remarkably insensitive to the pa -H3C,|' CHsBr or CHyl in H, as the mput gas m|x.ture In a
ticular choice of hydrocarbon feedstock gas. To date model@0t filament r.eactor, Showe‘?' that with gEl the d|§1mond
of the reaction mechanisms by which different hydrocarborgrOWth rates increased relative to those lfound using %, i
precursors are able to produce high quality CVD diamondhe precursor. It was concluded that the mc_:reased reactivity
have focused on methyCHs) radical€’ and/or acetylene of CH3§ZI compared to the other methyl-hahdes §tems f.rom
(C,H,)3° as the active carbon species in the growth procesé.he difficulty, in the one case, of formlng atgmlc fluorine
Successful diamond growth may also be achieved usin%{om CHsF and, at the other extreme, the inability of Br and
either oxygen containing source gases, e.gs@H° and atoms to abstract terminating hydrogen atoms from the
COMin excess Hor by the addition of small amounts of O growing diamond surface. Other studies using chloride
,2 to the standard hydrocarbongrource gas mixture. The Source gase€CH;Cl, CH,Cl,, CHCI3 and CCl) both in hot
presence of gas phase oxygen can enhance diamond grovfi@ment reactorS"*® and in microwave plasm&s'® have
rates and also enable diamond synthesis at lower substra#s0 shown that chloromethanes produce a slightly higher
temperatures. A survey of the different C/H/O source gagliamond growth rate than with methane at normal substrate
mixtures used to produce diamond films is summarized if€émperature$~900 °Q), and all indicate that this difference

the well known phase diagram of Bachmaanall® The is more pronounced at lower substrate temperatures.
Recently*® a study using chlorine with typical 4C1,/CH,

2 _ _ ratios of 100/5/1 demonstrated that similar growth rates can
Present address: Department of Chemistry, The Manchester MetropolltaB . o
University, Chester Street, Manchester M1 5GD, U.K. e achieved at s_ubstrate temperatures50°C lower than
PElectronic mail: r.s.tsang@bris.ac.uk that found for typical H/hydrocarbon gas mixtures, and that
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TABLE I. Bond dissociation energiés. atoms and CHlradicals as well as stable species like GCH

C,H,, etc.
Bond strength . . . .
Bond /kJ mole X In this article we present a full description of the design

of our MBMS gas phase diagnostic system and of the data

g:gl ‘2‘25 collection and reduction procedures which enable the deter-
H-Cl 428 mination of the mole fractions of both the stable neutral and
H-F 564 free radical species prevalent at different conditions in the
H-CH, 435 HFCVD process. We then use the MBMS to characterize the
CI-CCl 305 gas phase environment, and its variation with filament tem-
C&Cgﬁ'z gg; perature, when chlorine containing precursors ,CkCl,
F_CF33 540 (n=1-4) in H, and CH/CI,/H, mixtures are input as the

source gases. Such information provides insight into the gas-
®See Reference 21. phase chemical kinetics prevalent in the CVD process. We
also wish to understand this behavior in terms of changes in
the gas-phase chemistry and/or the different gas-solid hetero-
geneous reactions when chlorine is present in the gas mix-

the addition of a few percent of HCl| to the standard
CH4/H, mixture could cause a tenfold enhancement inture-
growth rates at 670 °€

A number of possible gas phase and gas-solid heterogé'—' EXPERIMENT
neous reaction mechanisms have been suggested for the ap- The deposition chamber was a standard HFCVD reactor
parent catalytic activity of chlorine in the CVD process. Theconsisting of a stainless steel six-way cross and employing a
C-Cl bond strengths in the various chloromethanes ar@.25 mm thick, coiled tantalum filament to activate the gas
weaker than the C-H bond in methafsee Table)lso rup-  mixture. In the present study we replaced methane, the most
ture of the C-Cl bond, by reaction with H atoms, can becommonly used hydrocarbon precursor gas, Wiiha range
achieved more readily to produce active methyl or chloro-of different halomethanes taking care to always maintain a
methyl (CH;_,Cl,,, n=1-3) radicals. The latter species have carbon-to-Hratio of 1:100 in the gas mixtur¢2) a gas mix-
been suggested as being more effective growth precursotgre containing 1% Cklin Cl,/H,, the amount of chlorine
than methyl* because of the possibility of facile surface de- varying from 0.5% to 4%1-8 at. %. The gas flows were
hydrochlorination reactions. Alternatively, the catalytic governed by calibrated mass flow controlléfylan Gen-
properties of chlorine in the CVD process may be due tcera) and the total gas pressure was maintained at 20 Torr
reactions with terminal C-H at the diamond surface, or theduring the film growth. Films were deposited on silicon
possibility of forming surface bonded C-Cl. The terminating (100), which had been previously manually abraded with
H and Cl atoms essentially serve the same purpose in sup—3um diamond powder, under standard growth conditions:
pressing formation o§p? bonding at the growing surface at substrate temperature 900°C, filament temperature 2300°C,
high substrate temperatures. Abstraction of surface Cl atomfiament-substrate distance 4 mm.
by atomic H, or removal of surface adsorbed H by atomic  Gas-phase product distributions were monitored as a
chlorine, has a significantly lower activation energy than Hfunction of the filament temperature using a mass spectrom-
abstraction of surface H thereby enabling active surface sitester system described below. Filament temperatures were
to be created at lower substrate temperatéftes. measured using a two-color optical pyrometeand Infra-

In order to identify and understand the gas-phase anged) and the filament to sampling-orifice distance held at 4
gas-solid reaction mechanisms in the CVD process, and theim for all readings. The absolute concentrations of the spe-
changes in the reactions which occur when chlorine isies monitored are determined by direct room temperature
present, quantitative measurement of the concentrations ehlibration with mixtures of known composition. A full de-
both free radical and stable species in the gas phase are scription of the calibration procedures is given in section IlI.
required, with minimal perturbation of the process environ-

ment. A number ofn situ diagnostic techniques are available A. Molecular beam mass spectrometer design

for such measurements. Optical spectroséadpya widely The design of the two-stage MBMS is optimized to
used technique, but is generally specific to a particular targetample from a filament assisted CVD process chamber oper-
species. Gas chromatograpti¢  and mass ating at a pressure of20 Torr. Minor modifications have

spectrometrit®—?° studies have the advantages of generalitypeen made to our standard process chamber so that the sub
and the fact that many stable species can be analyzed simutrate and filament assembly can move in xteplane(see
taneously, though recombination in the probe used to sampl€ig. 1) relative to the MBMS sampling orifice, thus enabling
the process gas in these studies precludes detection of reapatial distribution studie¥. The schematic diagram of the
tive gas species. However, with careful design of the ga€VD chamber coupled to the MBMS sampling system,
sampling system, mass spectrometry can be used to detedttown in Fig. 1, indicates that in this study we do not sample
free radicals. Molecular beam mass spectroméiaMS) gasvia an orifice in the substrate: the sampling cone arrange-
of the diamond growth environment in both hot filament andment is positioned so as to sample the process gas mixture at
microwave plasma reactors by Hsu and co-workefShas the same radial distance from the filament as the substrate
enabled quantitative measurement of the concentrations of surface.
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FIG. 1. Schematic diagram of the molecular beam mass spectrometer coupled to the hot filament CVD reactor.

Gas from the process chamber is extracted through a 10@olecular beam, thereby ensuring maximum sensitivity.
mm diameter orifice in a stainless steel sampling cone. The The signal detected by the mass spectrometer is propor-
sampled gas is collimated by a second 1 mm diameter skintional to the sum of the background gas and the gas intro-
mer and has an unobstructed path to the electron ionizatioduced by the molecular beam. In order to quantify the free
chamber of a HAL/3F PIC 100 quadrupole mass spectromradical concentrations the two components need to be distin-
eter(Hiden Analytical, Warrington, EnglandSince the pro- guished and the background effects eliminated. This is
cess pressure is typically 20 Torr and the mass spectrometachieved by modulating the molecular beam using a piezo-
can only operate at pressures below 40orr, differential  electrically driven vibrating reed chopper located between
pumping is required. Our two stage system uses turbomahe sampling orifice and the collimating skimmer, some 5
lecular pumps, the pumping speed being 248 in the first  mm from the MS skimmer. An opto-reflective switch moni-
stage and 7@7/s in the high vacuum MS chamber. The pres-tors when the chopper is in resonance and measures the reso-
sure in each stage during gas sampling is typically’IDorr  nant frequency~50 Hz). Synchronized TTL signals are sent
and 5< 10~/ Torr respectively. The diameter of the extrac- to the MS software which control pulse gating to the MS
tion orifice and collimating skimmer are selected to matchcounter. The width of the signal counting window is variable
the gas influx from the CVD chamber with the gas through-and is set to 2 ms allowing the signal to be collected only
put of the turbomolecular pumps. when the path of the molecular beam to the ionization source

A z-translator consisting of an edge-welded bellows asis fully obstructed or unobstructed. This enables the back-
sembly allows the distance from the skimmer to the extracground signal component to be eliminated from the total sig-
tion orifice to be varied. A near linear increase in the de-nal, thus allowing quantitative analysis for the radical spe-
tected signals results as the skimmer to extractor distance @es.
reduced to about 2 cm. However, if the skimmer is moved  Since the actual electron energy in the ionization source
closer than this optimum distance the pumping speed nean the MS is not necessarily the same as the potential applied
the orifice is reduced, becoming conductance limited, ando the cathode filament, the energy scale needs to be cali-
causing the background pressure to increase so nullifyingrated. The true MS cathode voltage was determined by
any benefit. There is a gate valve between the process chammeasuring the ionization potentidP) of Ar and correcting
ber and the MBMS system so that the MS can be withdrawrio its literature value of 15.76 eV. We note that there is a
and isolated from the process chamber when the latter ismall spread in the electron kinetic energy distribution
vented to atmosphere. The system also incorporates afWHM ~1 eV) which affects the accuracy of the linear
X,y-manipulator in order to align the MS skimmer with the extrapolation method. All cathode electron energies quoted
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in this article have had the calibration correction applied and

are accurate to within 0.5 eV. 1
0.9
11l. DATA COLLECTION AND REDUCTION g
A. MS calibration 208
. . . . . g
When measuring the signal for species with a particular g
mass-to-chargen(/e) ratio it is important to eliminate or at E 0.7
least minimize interference from unwanted ions with the %
same (n/e) or those arising from fragmentation of other 306

ionic species. This can be achieved if it is possible to mea-
sure the signal of the species of interest at an electron ion-
ization energy just below the ionization threshold of the in-
terfering species. For example, we can detect the signal for 0.4 P SN ]
C,H, (m/e = 28, IP = 10.51 eV} using an electron energy 0 2 4 6 8
of 13.5 eV, thus minimizing signal interference from Ci® % chlorine input

=14.0 ey and N, (IP = 15.55 eV\j. However, in cases

where interference from fragmentation is unavoidatglgy. ~ F'C- 2. Variation of measured Ghisignal as a function of gas composition.
. . . The signal for 1% CHlin H, is attenuated as the chlorine concentration in

detection of GH, in the presence of {£ig) corrections to the e gas mixture increases.

signals have to be made using measured fragmentation pat-

terns. In the present work detection of all stable carbon and

chlorine containing species, other thasHg, was made with MBMS sampling efficiency are well knowf. Evidence to

an ionizing electron energy of 15.5 eV. support the latter explanation, i.e. that the light Qidol-

The relationship between the signal intensity of a givenecules are preferentially excluded from the center of the
species);, measured at a given electron enerfy, and its  beam by the heavy €molecules comes from the equivalent
mole fraction,X;, is given by experiments in which we replace the 1% ¢Hy 1% Ne.

1(E)=SX ) The Ne signal is observed to faII. off in a similar way.

"l e Detection of low concentrations of free radicdks.g.
where the sensitivity factors;, depends on the ionization CHs in a large excess of Ctbr CH;Cl) requires the use of
cross section of and the MS gas sampling efficiency, which the threshold ionization technique which distinguishes ions
may vary for different gas species and the local temperaturegenerated by direct electron impact of the radicals from those
pressure and composition of the gas sample. The concentrgenerated by dissociative ionization of the parent molecule.
tions of the stable species are determined by direct roomApplication of this technique for the detection of methyl
temperature calibration of mixtures of known compositionradicals, for example, requires the electron energy of the MS
ensuring that, for each species monitored, we use the sani@nization source to be maintained well above the ionization
user selectedsee aboveelectron ionization energy in both threshold of the CHlradicals(IP = 9.84 eV}, in order to
calibration and data collection cycles and that the total promaximize the detection sensitivity, yet sufficiently below the
cess pressure remains constant. However, we find that appearance potentiéhP) of CH3 from the dissociative ion-
additional temperature dependent correction also needs to lmation of CH, (14.3 e\j. Signal interference from the parent
made(see Sec. Il B. molecule is thereby minimized. In practice, all ¢Hsignal

This simple calibration procedure is justified for small measurements were made using an ionizer voltage centered
concentrations of C/Cl containing species1%) in hydro-  at 13.5 eV, which resulted in a limited amount of fragmen-
gen on the grounds that, for heavy species diluted in a largeation of the parent species but was readily corrected using
excess of hydrogen, the transport of the process gas througheasured fragmentation data.
the sampling orifice and subsequent formation of a super- In order to quantify the radical species we need to dis-
sonic molecular beam are dominated by the mass transpaihguish between the beam and background components of
properties of the hydrogen. However, problems arise withthe MS signal since most of the radical species in the back-
this calibration procedure when the concentration of a parground component do not survive to be detected. We achieve
ticularly heavy species, such as,Clin the gas mixture is this by modulating the beam as described in section Il. The
significantly greater thar-1%. This is illustrated in Fig. 2 dependence of the CH signal with chopper delagFig. 3)
which shows the attenuation of the ¢Bignal when differ-  shows that~35% of the total signal comes from species in
ent amounts of chlorine are added to a 1%,@HH, mix-  the molecular beam.
ture, an example chosen because of its relevance to our stud- Ideally we would eliminate the background components
ies. In these cases calibration was carried out using knowfor all our measurements, thereby enabling the signal inten-
amounts of target gas of interdstg. CH,, C,H,, HCI, etc) sities of each species to be directly related to their ionization
diluted in the appropriate J#Cl, mixture. This signal attenu- cross sections. However, the restricted mechanical pumping
ation could, in principle, be due to GHeacting with the speed of our MBMS system precludes such a procedure be-
added CJ at room temperature or be a consequence of massause of limitations in sensitivity of the system when modu-
discrimination effects in the molecular beam; such effects oriating the beam. Instead, in order to correct for the destruc-

e
i
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mass spectrometer sampling efficiency for all the hydrocar-

bon species of interest, and correct accordi reference
as a function of the chopper delay. This indicates that onB5% of the P oy

total signal comes from species in the molecular beam. The smooth curvg) th_e attepugno_n. of the measured ﬁgnab' This assump-
through the points is included to guide the eye. tion is again justified on the grounds that, for small concen-

trations of heavy species in hydrogen, the mass transport
properties are dominated by those of the hydrogen.
tion of CH; in the background we measured the proportion  For a two component gas mixture the temperature de-
of the CH;, in the beam and background compong(ftig. 3) pendence of the detected ion signals is different from that
and ratio the CH signal assuming that the GHladicals are measured for a pure gas. For example, Fig. 4 shows that the
similarly partitioned between beam and background but thafr* signal measured for a two component, 2% Ar i, lgas
none of the radical species in the background gas survive tmixture has a much greater temperature dependence
the detector; our “corrected” Cisignal is thus an upper (~T 19 than that for a pure gas. This indicates an addi-
limit. tional thermal effect for a gas mixture whereby a temperature
Having corrected for loss of CHn the background we gradient induces preferential diffusion of the heavier compo-
can now directly calibrate for CHby using measured ion- nent in the mixture away from the higher temperature
ization cross sections, Q, for methdheand methyl filament/sampling orifice region. This thermal diffusitaiso
radicals® at their respective electron energies used for deknown as the Soret effet} has a major effect on the total
tection, and the previously measured relationship betweeooncentration of carbon and halogen containing species mea-
the CH, signal intensity and its mole fractiomja sured in the region of the hot filamefsee section Y. In the
X len (Ecr)Qcn (Ecit) following section the ak_)solute species concentr_ations mea-
CHs _ ~CHsl —CHy/ X CH,\ —CH, (2y sured 4 mm from the filament are presented with no addi-
Xcr, len,(Ech,)Qcry(Echy) - tional adjustment being made for the depletion of the C/CI-

L containing species due to thermal diffusion.
In such a calibration procedure we assume that the mass gsp

discrimination factors for ClHand CH; in excess H on for-
mation of the beam are equal.

FIG. 3. lllustrative diagram showing how the measured;CGignal varies

IV. RESULTS

Electron micrographs of diamond films grown on silicon
(100 using 1% CHCI, in H, and CH/CI,/H, in the ratio
1:1:98 as the input gases are shown in Fig. 5. Auger electron

Using pure H at 20 Torr, the variation of,, as a func-  spectroscopyAES) analysis of the as-grown diamond films
tion of the local temperaturd,, of the gas being sampled, as indicated that high quality diamond was deposited using both
measured using &-type thermocouple placed adjacent to the chlorocarbon precursors and £€1,/H, mixtures subject
the sampling orifice, shows & % dependencésee Fig. 4  to the Cl atom input fraction being less thar0.06. Small
Similar experiments using pure samples of H#€=4), Ne  amounts of chlorine were detected on the surface of the dia-
(m/e = 20) and Ar (m/e = 40) reveal thatS shows the mond films, though no chlorine was detected in the bulk of
same temperature dependence for all these pure gases. In @be films. Higher concentrations of chlorine resulted in deg-
results we assume a similar temperature dependence to thedation of the diamond quality accompanied by significant

B. Temperature dependence of MS sampling
efficiency and thermal diffusion effects
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stable product gasd€H, (m/e=16), C,H, (m/e=26), and
HCI (m/e=36 for H**CI)] vary as a function of filament
temperature for an initial C§€l,/H , feedstock ratio of 1%
measured 4 mm from the filament. Qualitatively, the plot
reveals that the CHC,H,/C,H, product distribution as a
function of temperature strongly resembles that obtained
when methane is used as the precufsdthen the filament
temperature is~2100°C, methane is the dominant carbon
containing species in the sampled gas, while at higher tem-
Vo 2 W o £ A peratures acetylene production becomes increasingly impor-
F ! tant. Furthermore, the absolute concentrations of the carbon-
10 pm or chlorine-containing species in the vicinity of the filament
FIG. 5. Electron micrographs of diamond films grown on silicon using inputdirniniSh at higher temperatures due to thermal diffusion ef-
gas mixtures of: g1% CH,Cl, in H, and B CH,/Cl,/H, in the ratio 1:1:98.  fects.
Note that the chlorine concentration is 2 atom % for both precursor mix- Comparison of the observed trends in the relative gas
tures. concentrations of the hydrocarbon species using chlorine
containing precursors with those found for gH, mixtures

L e Gsuggest that a similar reaction mechanism is taking place,
amounts of tantalum and chlorine impurities incorporate namely the chemical conversion of methane to acetylene as
into the film. More detailed results of the AES analysis are y Y

the filament temperature is increased, a reaction which is
reported elsewher¥. o T N, .
initiated by the dissociation of methane yielding methyl radi-

cals:
A. Gas composition versus filament temperature for a CH,;+H—CHz+H,. ®)
variety of chlorine containing precursor gases in o .
H, Methyl recombination followed by successive H atom ab-

stractions yields acetylene. As the filament temperature in-
A series of quantitative measurements of the stable gagyeases, the increasing H atom concentration drives the equi-
phase species and GHadicals was made using, respec- |iprium from CH,, through GHg and GH, to C,H,. No C
tively, chloromethane€CH;Cl), dichloromethandCH,Cl,), 1, was detected, because of its transient natarel thus
trichloromethane(CHCl;) or tetrachloromethan€CCly) in  very Jow steady-state concentratjaat high H atom concen-
H,. The general product distributions as a function of fila-trations [H]. Quantitative measurements of the absolute con-
ment temperature for all precursors show remarkable simigentrations of methyl radicals were made simultaneously and
larities. Figure 6 shows how such a distribution of the majorgre displayed in Fig. 6. An increase in the filament tempera-
ture results in highefCHs] which is mirrored by increased
[C,H,]. As with methane and other hydrocarbon precursor
0.6 gased, it is clear that the Chiradical is also an essential
o™ intermediate in the formation of acetylene when chlorine
" CH,CL, ;o HO containing input precursors are used.
0.5 Inspection of Fig. 6 shows that the concentration of
. : dichloromethane diminishes rapidly for filament tempera-
Y » tures above~ 1700 °C as the relatively weak C-Cl bonds are
h ’ broken in preference to C-H bonds by CI abstraction with H
atoms, e.g.,

CH,Cl,+ H= CH,CI+ HClI
CH,Cl+H=CH,+HCl, etc. )

A corresponding rise in the HCI concentration is observed
reaching a maximum value at the same temperature as meth-
ane (~2100°Q. At this temperature almost all of the dichlo-
romethane has been reduced. Similar trends were observed
] C,H, o-o for all of the other CH_,Cl,,, (n=1-4) species, resulting in
0 o =&_j;3mﬁf.:;5<f"c®H3 the reduction of 'the precursors to produce primarily methane
1,000 1,500 2,000 2,500 and HCI,[see Figs. @ and %b)]. Figure 1c) shows how
Filament Temperature (°C) the acetylene concentrations vary as a function of filament
temperature for input gas mixtures containing 1%
FIG. 6. Product distribution of major stable gas-phase species and methfCH,_,Cl,,, (n=0-4) in H,. For all the precursors, the
radicals as a function of filament temperature measured 4 mm from th@sz concentration rises sharply above2100°C as the H

filament using 1% CHCI, in H, as input gas mixture. The species concen- 510 m concentration increases. However, there is a significant
trations are presented with no correction being made as a result of therma . !

diffusion. The curve for gH, (mle = 28) lies very close to that for CH increase in the &4, concentration for CGland, to a lesser
and so has been omitted for clarity. extent, for CHCJ at lower temperatures~{1900-2100 °G¢

<
n

(10"%) Mole Fraction
=}
(98]
\

2
to

0.1

J. Appl. Phys., Vol. 79, No. 9, 1 May 1996 Rego et al. 7269

Downloaded-02-Aug-2001-t0-137.222.40.91.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/japo/japcr.jsp



0.8

o
=)
I

(10'2) Mole Fraction of CHa
=
T

o
[

1,500 2,000 2,500

a) 1,000
Filament Temperature (°C)

—

o
%

0.6

<
IS

g
jest
™)
=
=]
5
=}
Q
&
=
=
@
=
s
N
)
=)
=
jod

b) 1,000 1,500 2,000 2,500
Filament Temperature (°C)

0.05 |-

> o

=] =

& =
T T

<

<

[ 3%
T

Qao 2 ) Mole Fraction of GH,

=)
<
—

L _-"

: = ! ‘ 1
C) 1,000 1,500 2,000 2,500
Filament Temperature (°C)

FIG. 7. Variation in concentration of the major stable species versus fila-
ment temperature: (a) methane, (b) HC, and (c) acetylene, measured 4 mm
from the filament starting with 1% each of CH; (+-+@--~), CH;Cl (—s—),
CH,Cl, (s+++g-++x), CHCl, ( —##— ) or CCl, (-} in H,.

7270 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996

0.8

e
o

<
=

(10 '2) Mole Fraction

0.2

1,000 1,500 2,000 2,500
Filament Temperature )

FIG. 8. Gas composition as a function of filament temperature measured 4
mm from the filament for a gas mixture of 1% ¢End 1% C} in H,.

In the case of CHGIfor example, this might indicate the
operation of a mechanism in which a single C-Cl bond is
cleaved to form the CHGladical which could then combine
with a CH; radical to produce CHGCH;. Subsequent elimi-
nation of two HCI molecules, reactions which are known to
have reasonably low activation barriéPsyould yield acety-
lene. We should point out, however, that we have not been
able to detect this intermediate, possibly due to its instability
in the presence of atomic hydrogen.

B. Gas composition versus filament temperature for
various CH ,/Cl, /H, gas mixtures

Similar measurements of the stable gas species were
made using different CHCI,/H, gas mixtures subject to the
same process conditions as the chlorine containing hydrocar-
bon experiments. Figure 8 shows how the distribution of the
major stable product gas¢€H, C,H,, HCl and Cl, (m/e
=70 for *Cl,) ] change as a function of filament temperature
for an initial CH,/Cl,/H , feedstock ratio of 1:1:98 measured
4 mm from the filament. Almost all the molecular chlorine is
dissociated when the filament temperature-is000°C. The
Cl atoms then undergo rapid reaction with hydrogen to form
HCI,

Cl+Hy=H+HCl. (5)

The absolute measured concentrations of both HCI and
methane decrease with temperature due to the thermal diffu-
sion effects mentioned previously. At temperatures of
~2100°C and above there is a striking similarity in the mea-
sured C/CI product distribution with that obtained with 1%
CH.CI, in H, as the input gas mixtureef. Fig. 6). In these
two cases the relative C/Cl input mole fractions in &te
identical.

Figure 9 shows the temperature variation @f: [CH,],
(b) [C,H,] and (c) [HCI], for different input concentrations
of Cl, (0%, 1%, 2%, 4% in the CH/CIl, gas mixtures in
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FIG. 9. Variation in concentration of the major stable species versus fila-
ment temperature: (a) methane, (b) acetylene and (c) HCl, measured 4 mm
from the filament starting with 1% CH, in H,(+++=a++), then introducing 1%
(=it ), 29 (~ttmm’} and 4% (—@—) Cl, respectively into the gas mix-
ture.
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H,. As with the chlorine containing hydrocarbons the ob-
served trends for the hydrocarbon species at and above fila-
ment temperatures~2100°C indicate that the reaction
mechanism is congruent with that found for methane as the
precursor, namely the chemical conversion of methane to
acetylene via methyl recombination followed by successive
H abstractions.

C. Gas composition versus filament temperature
using 1% CF 4, in H,

No significant concentrations of GH C,H,, C,H, or
HF were detected at any filament temperature when using a
1:100 CR/H, mixture as the precursor. The difficulty in pro-
ducing atomic fluorine or methyl radicals suggests that CF
is not a suitable precursor for diamond growth by HFCVD
and, indeed, growth studies using g in a hot filament
reactor show much reduced growth rates. Further evidence
that conditions are not suitable for diamond growth comes
from the analysis of the tantalum filament after deposition.
For all hydrocarbon precursors investigated thus &ad for
the CH,_,Cl, (n=1-4) species studied here, the filament
carburizes and forms a stable gold colored tantalum carbide
coating after a few minutes of deposition, indicating the
presence of carbon radical species. In the case gfaGftey
film (presumably tantalum fluorilforms on the filament
and the filament temperature tends to be rather unstable. We
note, however, that C/H/F gas mixtures have been used to
grow diamond successfully by microwave plasma CVD, and
MBMS studies® of such systems indicate that HF is the
major sink for fluorine.

V. DISCUSSION

We have demonstrated that the technique of molecular
beam mass spectrometry is able to provide quantitative mea-
surements of both stable and free radical gas-phase species
under conditions typical in the diamond CVD process. Due
care has to be taken, however, in the data reduction proce-
dures because the overall system sensitivity is critically de-
pendent on the local temperature, pressure and composition
of the gas being sampled. We have demonstrated that simple
empirically based correction procedures can offset such
variations in the sampling efficiency. Armed with a sensitive
gas-phase analysis technique and the necessary data reduc-
tion procedures for the characterization of a CVD environ-
ment we turned our attention to the study of chlorine-assisted
CVD of diamond.

As with the hydrocarbon precursor gaseblorine con-
taining hydrocarbons are reduced to methane at very similar
temperatures, the other major product being hydrogen chlo-
ride which is formed in near stoichiometric amounts. At
higher filament temperatures the temperature variation of the
relative CH/C,H,/C,H, product distribution generally mir-
rors that found for the hydrocarbon precursors at similar
C/H, input ratios. Only with CHG or CCl, do we observe
significant acetylene formation at considerably lower fila-
ment temperatures which may indicate the presence of tran-
sient chlorine-containing radical species supplementing the
CHg radicals as precursors to acetylene formation.
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TABLE Il. Equilibrium and forward rate constants vs temperafure.

log K¢ log Kegq
Reaction 500 K 800 K 1200 K 500 K 800 K 1200 K
H-+HF—H,+F -0.7 5.2 8.4 -13.9 -8.6 -5.7
H+HCI—H,+Cl 11.7 12.2 125 0.2 0.03 -0.1
H+CH,—CH;+H, 8.9 11.0 121 1.0 12 14
H+CH;Cl—CHz+HCI 9.6 11.0 12.2 9.9 6.8 5.0
H+CH;Cl—CH,CI+HCI 3.2 2.6 2.2
Cl+CH,—CHz+HCI 11.7 12.1 12.8 0.8 12 14
Cl+CH;Cl—CH,CI+HCI 12.2 12.6 12.8 3.0 2.6 0.0

aSee Reference 14.

Previous report4*®>?°have speculated upon the relative stants k; andk,) are large(see Table ), thereby allowing
importance of(a) modification of the gas-phase chemistry rapid equilibration at typical substrate temperatures. There-
enhancing the production of diamond precursor species, dore, the relative concentration ratio of CI/H atoms is propor-
(b) fast reaction of atomic hydrogen with surface bondedtional to the Cl fraction in the source gas mixture regardless
C-Cl and atomic Cl with surface bonded C-H which open upof the form of chlorine in the input mixture.
active surface growth sites at reduced substrate temperatures, The MBMS results combined with the AES analy8isf
as possible explanations for the observations that addition dghe as-grown diamond films are consistent with the premise
small amounts of chlorine in the CVD process encouragethat Cl atoms play some part in gas surface reactions in-
diamond growth at lower substrate temperatures. volved in the production of active surface growth sites at

Our inability to detect the CkCl radical in the present reduced substrate temperatures. Chemical Kkinetics
MBMS study suggests that its concentration must be at leastalculationé® have shown that the rate of H abstraction by Cl
an order of magnitude smaller than that of Cat filament atoms from a(110 diamond surface at 670°C is some 60
temperatures which produce optimum diamond growthiimes faster than abstraction by gas-phase H atoms. As indi-
(~2200-2400°¢ This is presumably because the residualcated above, the Cl atom concentration at standard filament
CH, concentration at these elevated temperatures is sever@mperatures is directly related to the Cl fraction in the input
times higher than that of CJ&€l even when CHCI is the gas, regardless of the form of the chlorine precursor. Our
input precursor; for dichloromethane and trichloromethanechlorine assisted diamond growth studies shows that if the Cl
no significant concentration of GBI is measurable. This is input fraction is too high & 0.06) the quality of the diamond
to be expected since thermodynamic and kinetic argumentgrown at normal substrate temperatures900°CQ is re-
suggest that the C-Cl bond is likely to be broken in prefer-duced, probably because a large fraction of surface sites are
ence to the C-H bond. Therefore, we do not believe thaactivated, leading to the graphitization of the diamond sur-
gas-phase chemistry involving chlorohydrocarbon radicalf§ace. These findings broadly agree with the diamond growth
can be primarily responsible for enhanced growth rates adomain indicated in the C/H/CI ternary gas-phase composi-
lower substrate temperatures. However, it is possible that théon diagram of Bachmanet al3’ However, at lower sub-
addition of the CHCI radical to the diamond surface and the strate temperatures the presence of such chlorine concentra-
subsequent elimination of HCl may occur more readily thartions in the process gas mixture would result in an increased
addition of the CH radical followed by elimination or suc- deposition rate due to the greater efficiency of surface hydro-
cessive abstraction of hydrogen at lower substrate tempergen abstraction by Cl atoms.
tures. The inability of fluorine containing precursors to partici-

At filament temperatures above2000°C most of the pate in the hot filament CVD of diamond results from the
chlorine is rapidly abstracted by H atoms from the parentstrength of the C-F bond. Our gas-phase composition find-
chlorohydrocarbon to produce HCI in amounts proportionalings when using 1% GHn H, indicate that very little Cl{or
to the Cl mole fraction in the source gas. Similarly,G¢ HF are produced; further, even if we could produce atomic
almost entirely reduced to HCI at filament temperaturedluorine, the equilibrium
above 1000°C. However, in this case it is atomic chlorine
produced by the thermal dissociation of ,Glvhich reacts H+ HF=H; +F )
rapidly with molecular hydrogen to form HCI. It has been jies far to the left in a hydrogen atmosphésee Table .
proposed that the ability of chlorine to play a part in CVD
diamond deposition stems from the interchangeability of
atomic Cl with atomic H in an HCl/KHlatmosphere. Calcula-
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