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We demonstrate some of the merits and limitations of using multiphoton ionisation (MPI) spectroscopy,
resonance enhanced at the two photon energy by the state, to detect H atoms within a hot Ðlament2s1 ;2S1@2
reactor used for diamond chemical vapour deposition (CVD). Subsequent analysis of the Doppler broadened
lineshapes obtained in this way allows determination of spatially resolved, relative H atom number densities
and gas temperatures. The e†ects of pressure and Ñow rate, Ðlament temperature and radial distance fromH2
the Ðlament on the relative H atom number densities and the gas temperature proÐles have each been
investigated for the case of pure and, in some cases, in the presence of added The present ÐndingsH2 CH4 .
complement and extend previous measurements obtained using alternative in situ detection methods, and are
generally consistent with current models of the gas phase chemistry prevailing in low power diamond CVD
reactors. They also serve to reÐne the role of the hot Ðlament in the H atom production process, and to
illustrate continuing ambiguities regarding the way in which the local relative H atom number densities vary
with Ðlament temperature, with the presence of trace quantities of added hydrocarbon, and the interpretation
of these dependencies.

Introduction

The promise of synthesised diamond Ðlms for a wide range of
applications1 ensures continued e†ort towards understanding
the precise nature of the chemistry that underlies the chemical
vapour deposition (CVD) of diamond. Macroscopic study and
intuition have already gone far to make the growth of
diamond from gases a useful technology, but much of the
detail remains a subject of active discussion.2h5 A wealth of
experimental data pertaining to the deposition of diamond
has been collected over recent years, and it is now recognised
that a comparison of intelligent modelling to this data is likely
to shed most light on what is a very complicated process.

Typically, CVD diamond is grown from a dilute (D1%)
mixture of a hydrocarbon in hydrogen. The central di†erences
in the various deposition methods are the way in which the
precursors are activated and how they are transported to the
growth surface. However, common to nearly all methods is
the production of atomic hydrogen, which is the driving force
behind both the gas phase and many of the gas-surface reac-
tions. The parent molecule may be dissociated on theH2surface of a heated Ðlament (HFCVD), by electron bombard-
ment in microwave plasma assisted reactors (MW-PACVD)
or in the arc jet of a plasma torch. The resulting H atoms
begin a series of abstraction reactions in the gas phase con-
cocting a pot pourri of carbon containing species that result, at
favourable pressures and temperatures, in the growth of poly-
crystalline diamond on a substrate.

Many species can result from the host of reactions facili-
tated by the large amounts of atomic hydrogen, and the local
steady state gas phase composition and the resulting CVD
diamond Ðlm qualities and growth rates are largely indepen-
dent of the source hydrocarbon.5,6 Stable species that have
been monitored include andH2 ,7h10 CH4 ,7,10 C2H27,10 C2H4using techniques such as coherent anti-Stokes Raman spec-
troscopy (CARS),10h13 vacuum ultraviolet (VUV) absorption,9
mass spectrometry (MS)7,14h16 and infrared (IR) absorption.17

Laser techniques such as CARS are attractive in that they
o†er an unobtrusive, spatially localised measure both of the
local gas temperature and of the concentration of the particu-
lar species being probed.

Radical chemistry governs the majority of CVD diamond
growth with the methyl radical, being most favoured asCH3 ,
the key growth species in low power (e.g. HF or MW-
PACVD) reactors. This has been inferred from a number of
experiments,18h20 including in-situ measurements21 above
growing diamond Ðlms which indicated that radicalsCH3were present at concentrations sufficient to account for the
observed growth rates. In support of this conclusion, a growth
mechanism developed by Harris22 and later modiÐed by
Harris and Goodwin23 that takes as the only growthCH3species has been shown to be capable of simulating measured
deposition rates in a number of growth environments.
However, none of these studies rule out a contribution to
growth from acetylene or other, more minor, C containing
species. Optical diagnostics applied to the measurement of

radicals in diamond CVD environments include IR,17CH3UV24h26 and VUV27 absorption spectroscopy, resonance
enhanced multiphoton ionisation spectroscopy28,29 and, most
recently, cavity ring down spectroscopy (CRDS).30,31 C atom
concentrations were also monitored in the VUV absorption
study27 whilst and CH radicals have been monitored viaC2their spontaneous emission, by laser induced Ñuorescence
(LIF),32,33 by degenerate four wave mixing (DFWM)34,35 and
by absorption spectroscopy.24

Given the presence of reactive radical species in diamond
CVD, it is necessary to consider both gas phase and gas-
surface reactions for any comprehensive understanding of the
growth mechanism. Models that include both gas-phase and
gas-surface reactions have made signiÐcant recent advances,
particularly for hot Ðlament systems36h42 where the chem-
istries at the Ðlament, substrate and the intermediate area can
be treated by assuming them to be separable. Notable in this
regard is the recent work of Mankelevich et al.43 which
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attempts to treat the full three dimensionality of the heat and
species Ñux transfer processes in the vicinity of the hot Ðla-
ment and substrate. Accurate proÐling of atom and radical
concentrations is now all the more important for the purpose
of validating these models.

The slow homogeneous recombination rate of atomic
hydrogen at typical reactor pressures and temperatures is such
that a super-equilibrium concentration exists in the vicinity of
the substrate surface even though this is often remote from the
point at which H atoms are produced.5 This abundance of H
atoms is essential for high growth rates and high quality
deposits. H atoms continuously create (by abstraction of
surface terminating hydrogen atoms) and re-terminate
(thereby preventing the reconstruction to non-diamond forms)
the reactive sites necessary for the propagation of the lattice.
H atoms also preferentially etch much of the non-diamond
carbon deposited44h49 and their recombination on the sub-
strate surface can be a signiÐcant contributor to substrate
heating.50,51

Optical techniques that have been investigated as candi-
dates for H atom concentration proÐling in diamond CVD
reactors include direct absorption on the n \ 2 ^ n \ 1
Lyman-a transition,27 LIF measurements of the
n \ 3 ] n \ 2 Balmer-a emission following n \ 3 ^ n \ 1 two
photon excitation,52h55 three photon resonance enhanced
multiphoton ionisation (3 ] 1 REMPI) via the n \ 2 state56
and in situ third harmonic generation (THG).12,57 All have
attendant limitations. The large oscillator strength of the
Lyman-a transition means that most growth environments
will be optically thick at 121.6 nm, thus hampering estimates
of H atom column densities by VUV absorption measure-
ments. Childs et al.26,27 also report the presence of an over-
lapping absorption feature at 121.6 nm. This, and nearC2H2resonant absorption due to rovibrationally excited mustH2 ,
inÑuence H atom concentration estimates based on THG
measurements since these transitions will a†ect both the local
bulk refractive index (and hence both the efficiency and the
wavelength dependence of the THG generation process) and
the transmission of any THG radiation from the focal region
to the detector. Estimates of H atom concentrations based on
3 ] 1 REMPI measurements via the n \ 2 state must also be
treated with due caution because of the contributions from
(o†-resonant) THG that will almost inevitably occur at the
pressures and temperatures used in most diamond CVD
environments.

Thus we, and others, have focused on H atom detection
methods involving two photon resonant excitation. Two
choices merit consideration. The more widely used is two
photon laser induced Ñuorescence (TALIF).55,58 Given avail-
able laser technology, n \ 3 ^ n \ 1 two photon excitation at
205.1 nm with subsequent detection of the n \ 3 ] n \ 2
emission at 656.1 nm is the only practicable detection scheme,
but its implementation is complicated by the need to separate
the Ñuorescence from the intense luminous background inevi-
table in most deposition systems. Use of this short excitation
wavelength also introduces the possibility of photochemical
decomposition of hydrocarbon species (e.g. andC2H2 CH3)present in the growth mixture, induced either by the 205.1 nm
probe laser or the subsequent n \ 2 ] n \ 1 cascade
emission59 adding to the measured H atom concentrations.
TALIF is also subject to collisional quenching,53,54 and
careful calibration experiments are required prior to the
extraction of absolute atom number densities. This paper
describes the investigation and validation of H atom detection
by REMPI at the longer excitation wavelength of 243.1 nm,
resonant at the two photon energy with the n \ 2 ^ n \ 1
transition. As such, it provides one of the Ðrst demonstrations
of the use of REMPI spectroscopy to measure H atom spatial
proÐles and local temperatures, as a function of process condi-
tions, in a CVD reactor. The present work serves to clarify the

role of the hot Ðlament in H atom production. Studies quan-
tifying the e†ect on the local H atom number density of a
proximate CVD diamond surface, and its variation with tem-
perature, will be described elsewhere.60

Experimental
Fig. 1(a) shows a schematic of the CVD reactor incorporating
a REMPI probe. The chamber comprises a six-way cross.
Two side ports are equipped with Ñange mounted quartz
windows to allow entry and exit of the probe laser beam,
whilst a third (in the same horizontal plane) provides an
observation window. The reactor part of the apparatus is
designed so that it can be translated vertically by O25 mm
relative to the Ðxed laser focus and REMPI probe to enable
spatially resolved proÐling of key species. This is achieved by
suspending a cradle beneath a linear transfer mechanism
attached to the top Ñange on which are located Ðlament
mounting posts, substrate heater plate and electrical feed-
throughs. Attached to the mechanism is a pair of digital calli-
pers, which permit positioning of the cradle with
sub-millimetre precision. The cradle can also be rotated
through any angle to allow measurements to be carried out

Fig. 1 (a) Schematic of the CVD reactor incorporating a REMPI
probe and (b) overview of the entire experimental arrangement. Key :
LTM, linear transfer mechanism, which allows vertical translation of
the Ðlament/substrate cradle by O25 mm; DC, digital callipers ; RPS,
REMPI probe and support ; FSC, Ðlament/substrate cradle ; H, sub-
strate heater ; C, cuvette containing dilute dye solution ; DSO, digital
oscilloscope ; PD, photodiode.
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along, or perpendicular to, the Ðlament axis. One terminal of
both the substrate heater and Ðlament is grounded. Power is
supplied to the Ðlament and substrate heater, via the feed-
throughs, by two separate DC power supplies (Isotech
IP1810H) both operating in constant current mode. The
7-turn Ðlament is wound from 250 lm diameter tantalum or,
occasionally, rhenium wire and has a coil diameter of D3 mm.
Typically, in pure the Ðlament draws 6.5 A at D12.5 V,H2 ,
maintaining a colour temperature of D2100 ¡C as measured
by a two-colour optical pyrometer (Land Infrared FRP12).
The pyrometer controller allows the user to select a non-
greyness factor to compensate for the fact that the target
emissivity may be wavelength dependent in the monitored
range (0.8È1.1 lm). A non-greyness factor of 1.0 was selected
as a result of calibration experiments in which the Ðlament
resistance, in vacuum, was monitored as a function of mea-
sured Ðlament temperature, Comparison with tabulatedTfil .values of the temperature dependent resistivity of Ta61 indi-
cates that the emissivity does not vary signiÐcantly over this
wavelength range, vindicating this choice of factor for valid
temperature measurement. The substrate, when in place, is
mounted on a purpose designed heated copper block, and the
substrate temperature monitored by a type K thermocouple
tip embedded in the top surface of this block.

Prior to any experiment, the chamber is evacuated to a base
pressure of D10~2 Torr using a rotary pump (Edwards 8 Two
Stage) connected to the remaining side Ñange. Experiments
reported herein employ either pure or O2% inH2 , CH4 H2 ,
which is pre-mixed in a manifold and then fed into the reactor
through a port located above the cradle assembly. Mass Ñow
controllers (MFCs, Tylan) in series with a needle valve are
used to maintain a total Ñow of 100 sccm at a chamber pres-
sure of 20 Torr. Two additional MFCs are in place to facili-
tate future additions of trace gases. Fig. 1(b) shows the
experimental layout for H atom excitation, signal collection
and data processing. H atoms are detected by 2] 1 REMPI
on the 2s ^ 1s transition using 243.1 nm radiation generated
by a Nd-YAG pumped dye laser (Quanta-Ray DCR-2A plus
PDL-3) operating at 10 Hz, using the dye Coumarin 480 and
subsequent frequency doubling (in BBO) with a home built
“autotracker.Ï The UV light is separated from the dye funda-
mental using a Pellin-Broca prism, attenuated to energies
\100 lJ per pulse and focused into the centre of the reactor
using a 20 cm focal length quartz lens. A fraction of the UV
light exiting the reactor is diverted into a cuvette containing
dilute Rhodamine 6G solution using a quartz beamsplitter,
and the resulting Ñuorescence monitored by a photodiode for
power-normalisation purposes. The frequency dispersion is
measured by directing part of the fundamental dye laser beam
through an etalon and recording interference fringes, whose
separation [1.250(4) cm~1 in the visible] had been determined
previously by comparison with well documented transitions of
atomic neon excited in an optogalvanic lamp.

The relative merits of detecting the photoelectrons and
protons generated in the REMPI process have been explored.
These are collected on a suitably biased 750 lm diameter
platinum wire probe, the end of which is positioned D2 mm
from the laser focus so as not to be in the waist of the beam.
Celii and Butler56 used a similar probe in their Ðxed position
REMPI experiments and the choice of platinum as a material
that will not signiÐcantly alter the local gas phase composi-
tion has been vindicated.14 The shaft of the probe is shrouded
in a ceramic tube, so that it may be biased with respect to the
grounded reactor walls, leaving the last D10 mm bare. A Ðlter
and accompanying power supply prevent the probe bias, and
hence collection efficiency, changing from its nominal value
due to di†ering thermionic emission levels at di†erent values
of d, the perpendicular distance separating the laser focal
volume from the Ðlament, whilst passing the transient REMPI
current. The current requires no ampliÐcation and is fed,

along with the signal from the photodiode monitoring UV
power, into a digital oscilloscope (LeCroy 9361) and thence,
via a GPIB interface into a PC for storage and subsequent
analysis. Another photodiode is used to monitor the etalon
transmission in the visible ; its output is fed via a linear gate
(SRS 250) and thence to the PC.

Detection of the photoelectrons proved to be problematic.62
The Ðlament was arranged with a negative potential across it
in order to minimise photoelectron migration to the Ðlament.
However, the nominal probe bias (D13.5 V) was found to
decrease as the hot Ðlament approached the probe regionÈan
e†ect attributable to the probe drawing more thermionic
current. This decrease in bias altered the collection efficiency
and thus precluded reliable number density measurements.
Celii and Butler56 were able to detect REMPI electrons on a
grounded wire in a hot Ðlament reactor, but these were static
measurements at a constant Ðlament distance and were thus
not a†ected by changing background thermionic levels
(though they presumably experienced more thermal electron
emission at higher Ðlament temperatures). Corat and
Goodwin28 detected electrons from REMPI of radicalsCH3in a HFCVD reactor using a probe, similar to that employed
here, maintained at 20 V higher than a positively biased Ðla-
ment. They reported that the electrical noise from thermionic
emission was Ðltered when using this biased Ðlament power
supply, presumably (at least partly) because of thermionic
entrapment caused by the positive Ðeld around the Ðlament.
They worked in a regime where electron saturation was
achieved for di†erent substrate temperatures but again made
static measurements. The detection of REMPI electrons in a
background of thermionic electrons is, of course, susceptible
to noise associated with any variations in the Ðlament charac-
teristics during an experiment. Thus the use of a positively
biased Ðlament was investigated in an attempt to contain the
thermionic emission. This arrangement was capable of main-
taining a stable collection efficiency for Ðlament distances
d [ 4 mm but, at smaller distances, this efficiency was reduced
and the measured signal quenched, possibly by REMPI elec-
tron loss to the Ðlament itself. Gas temperature determination
via Doppler lineshape measurements involving this scheme
remains faithful, however, provided that a constant fraction of
the electrons is detected.

Thus the alternative strategy, involving collection of
protons formed in the focal volume, was adopted. This
required use of a negatively biased probe and a positive
potential across the Ðlament. Use of a negative bias made
Ðxing the probe bias at any chosen value (e.g. [48.5 V) more
facile, as little or no thermionic current is drawn. It was recog-
nised that the positive Ðlament polarity should induce a
space-charge region in the near vicinity, as is present in valve
components. To investigate the possible importance of such
e†ects on experimental sensitivity at small d a pulsed detection
scheme was implemented whereby, shortly before each laser
shot, the Ðlament power was triggered o† and remained o† for
D2 ms. The probe laser was Ðred D0.5 ms into this period,
anticipating that any charge cloud would by then have dis-
persed, and the H` time of arrival (TOA) signal collected. The
pyrometer showed no discernible change in due to thisTfilswitching. The oscilloscope trace revealed a small decrease in
the probe potential for those 2 ms, consistent with the idea of
escaping charges, on the back of which the proton signal was
clearly evident. Use of this more elaborate switched power
supply arrangement was found to have no overall e†ect on the
measured signal and is thus no longer used. Proton collection
a†ords substantially better signal to noise in the measure-
ments as it is insensitive to changes in thermionic back-
ground ; generation of positively charged fragments by a new
Ðlament is observed as noise but once the Ðlament has been
“seasonedÏ by running for a short period of time this noise is
seen to disappear.

Phys. Chem. Chem. Phys., 1999, 1, 1415È1424 1417



Results and discussion
Validation of the 2 + 1 REMPI detection scheme

Unless speciÐcally stated otherwise, all of the results reported
here were obtained using pure gas input Ñowing at 100H2sccm, maintained at 20 Torr chamber pressure, with no sub-
strate present, and the probe laser propagating parallel to the
long axis of the Ðlament. Prior to any use of REMPI detection
methods to provide quantitative estimates of the local gas
temperature and relative number densities several factors need
to be considered. These include : (a) Saturation of the H` ion
collection efficiency. Traditionally this is demonstrated by
observing a plateau region in the REMPI signal vs. probe bias
plot whilst all other parameters are held constant.28,63h65 For
di†erent d this plateau region may occur at di†erent probe
biases due to changes in the electric Ðeld gradient between
Ðlament and probe. Nonetheless, as Fig. 2 shows, it was pos-
sible to Ðnd a probe bias that satisÐed the saturation require-
ment for all given Ðlament distances used in the present work.
The H atom REMPI signal, S, used in this and all other data
sets displayed in this work was the total ion signal reaching
the probe in a 1 ms detection window, the opening of which is
coincident with the Ðring of the REMPI laser. Errors in the
individual measurements reported in this and later Ðgures are
estimated to be comparable to, or smaller, than the plotted
data points unless shown otherwise. As we show below, selec-
ting a sufficiently wide time window to allow collection of the
entire H` TOA signal is a key requirement of the REMPI
detection scheme. A probe bias of [48.5 V was chosen (from
inspection of Fig. 2) and was used for all of the following
experiments. The gradual increase in signal above the plateau
region in this Ðgure is attributed to accelerated charges
causing secondary ionisation. (b) The relationship between S
and the UV pulse energy, E. Fig. 3 shows the results of such
measurements, in the form of a logÈlog plot. The deduced gra-
dient, D2.0, implies that the REMPI signal is proportional to
the square of the UV pulse energy, which suggests that, under
the prevailing experimental conditions, the Ðnal one photon
absorption step in the 2 ] 1 REMPI process proceeds with
near unit efficiency. This quadratic relationship (S P E2) has
been assumed throughout when correcting the measured ion
currents for shot-to-shot variations in the UV light intensity.
Deviation from the straight line at the highest values of E
reÑects the expected onset of saturation e†ects, and care is
taken before every experiment to try to ensure that this regime
is avoided. The vertical arrow in Fig. 3 indicates the normal
working condition. (c) The absence of any unintentional
broadening of the measured lineshapes. Fig. 4 shows represen-

Fig. 2 Ion signal resulting from 2 ] 1 REMPI at 243.1 nm measured
at d \ 2 and 10 mm plotted as a function of negative bias(…) (=),
voltage. The working potential of [48.5 V lies in the plateau region
of both plots.

Fig. 3 LogÈlog plot of REMPI signal versus 243.1 nm laser pulse
energy (as determined by monitoring the intensity of laser induced
Ñuorescence from the cuvette of dilute Rhodamine 6G solution). The
solid line represents a gradient of 2.0. “Normal Ï operating conditions
are indicated by the vertical arrow.

tative lineshapes of the 2s ^ 1s two photon transition of
atomic H recorded by monitoring the entire proton TOA
signal reaching the probe as a function of excitation wave-
length. For these two spectra the lower limb of the Ðlament
was, respectively, 0.5 and 10 mm above the laser focus and the
input gas was pure Each data point is the summation ofH2 .
10 laser shots and has been normalised against E2 as
described above. The solid line through the data points is the
result of a least-squares Ðt using a Gaussian lineshape func-
tion. Clearly, such a function provides a good Ðt to the experi-
mental lineshapes. The probe laser lineshape (assumed
Gaussian, with a 0.07 cm~1 FWHM in the UV) makes
minimal contribution to the measured linewidth and, after

Fig. 4 Representative Doppler lineshapes of the H atom 2s ^ 1s two
photon transition recorded in 20 Torr of pure with the laser focusH2at (a) d \ 0.5 and (b) d \ 10 mm from the bottom of the hot coiled Ta
Ðlament held at K. The solid curve in each case is a leastTfil \ 2375
squares Ðt to a Gaussian function, the FWHM of which (after decon-
volution of the laser linewidth) yields a measure of the local tem-
perature, whilst the areas under such lineshapes provide a measure of
the relative H atom number density.
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deconvoluting this contribution, it is tempting to ascribe the
remaining linewidth to the e†ects of Doppler broadening. In
such a picture the FWHM linewidth, provides a measure*lD ,
of the local translational temperature via the relationship :

*lD \
l0
c
S8kT ln 2

M
(1)

where is the line centre transition frequency, c the speed ofl0light and M the mass in kg. At this juncture it is necessary to
consider what else might contribute to this measured line-
width. Pressure (collisional) broadening is assumed to make
an insigniÐcant contribution under the prevailing process con-
ditions. Unlike 3 ] 1 REMPI via the 2p1 ;2Po excited state or
detection schemes involving two photon excitation to the
n \ 3 level, no signiÐcant Ðne-structure splittings a†ect the
2s ^ 1s two photon transition. Lifetime broadening must,
however, be considered. The mean Ñuorescence lifetime of the
H(n \ 2) state (even allowing for collision induced l mixing) is
far too long to contribute any uncertainty broadening to the
measured linewidth, but absorption of (and ionisation by) a
third 243.1 nm photon within the focal volume is likely when-
ever using a focused laser beam. This ionisation process will
reduce the mean lifetime of atoms in the resonance enhancing
n \ 2 state and, in the limit of high power densities and high
ionisation rates, can be expected to cause a homogeneous
(Lorentzian) contribution to the measured lineshape. By
working within the low power regime, where S P E2 and the
narrowest (i.e. large d) REMPI lineshapes are well described
by a Gaussian function, we can be conÐdent that power
broadening makes negligible contribution to the measured
linewidths, or to the gas temperatures derived therefrom.

Even in this low power regime, however, it was necessary to
guard against one other “saturationÏ e†ect, which is evident at
the highest signal intensities (e.g. at small d and high Ðlament
temperatures). This saturation manifests itself most clearly
through the anomalously large linewidths (and the unphysical
translational temperatures that eqn. (1) would thus imply) that
result. Careful examination shows that no single Gaussian will
provide a comparably good Ðt both to the wings and the
central portion of such a saturated lineshape, and that the H`
TOA spectrum recorded at line centre is anomalously
extended. All of these observations are explicable in terms of
spaceÈcharge e†ects. These cause reduced H` collection effi-
ciency and thus detection sensitivity at line centre, and a con-
sequent overestimation of the FWHM linewidth. Given the
unavoidable slight variations in beam alignment from experi-
ment to experiment, each set of measurements was preceded
by a series of checks to ensure that lineshapes were recorded
at sufficiently low incident laser intensities that the measured
linewidth was insensitive to the UV pulse energy, i.e., that all
recognised saturation e†ects made negligible contribution to
the measured linewidths. Under these circumstances the area
under the Ðtted Gaussian provides a measure of the relative H
atom number density, [H], in the focal volume. Relative mole
fractions, can be calculated (assuming ideal gas behaviour)xH ,
by scaling the measured relative number densities by the
deduced local temperatures (or by a smooth Ðt to the mea-
sured temperature proÐle).

H atom number density as a function of pressure and ÑowH
2rate

Fig. 5(b) shows plots of [H] measured at d \ 1 and d \ 5 mm
from the Ðlament, at a constant Ñow rate of 100 sccm, as aH2function of pressure, in the range 10.6 to 41.5 Torr.H2 p(H2),The power supplied to the Ðlament remained almost constant
throughout these measurements, but was observed to fallTfilslightly with increasing Both and the local gas tem-p(H2). Tfilperatures deduced from Doppler lineshape analysis at each
position and at each are illustrated in Fig. 5(a). As thisp(H2)

shows, the gas temperatures measured at both d Ðrst increase
and then show a gradual decrease with increasing Suchp(H2).trends match well with the calculated temperature proÐles of
Meier et al.,53 for a similar range of pressures, and are gener-
ally consistent with the expectation that the thermal conduc-
tivity of the gas improves with increasing Thus thep(H2).gentle increase at low pressure is attributable to improved
heat transport from the Ðlament, while the subsequent
decrease at higher pressures probably reÑects both the
observed decrease in and increased heat loss to the coldTfilreactor walls.

Fig. 5(b) shows [H] to be almost invariant to p(H2)throughout the range of pressures investigated, thereby rein-
forcing the conclusions reached in the earlier TALIF
studies,52,53 and from measurements of the pressure depen-
dence of the power consumption by hot Ta and W Ðlaments
when used to dissociate All are consistent with theH2 .66
assumption that, at the prevailing pressures and temperatures,
the dominant H atom formation mechanism is bondH2Ðssion on the surface of the hot Ðlament with kinetics that are
thus zero order with respect to The very gradualp(H2).decrease in [H] observed at higher likely reÑects anp(H2)increasing contribution from the three body homogeneous
recombination

H ] H ] M ] H2 ] M (2)

with, in this case, Measurements using 20 Torr ofM \ H2 .
feed gas and a reduced Ñow rate of 50 sccm yielded localH2gas temperatures and relative [H] signals that were indistin-

guishable from those shown in Fig. 5. Such observations are
consistent with the view that di†usion is the dominant trans-
port mechanism in low pressure (e.g. HFCVD) reac-
tors.37,41,50,66

Fig. 5 (a) Translational temperatures and (b) relative number den-
sities of H atoms deduced from analysis of the 2s ^ 1s two photon
Doppler lineshapes recorded at d \ 1 and 5 mm plotted as a(…) (=),
function of by optical pyrometry) varies weakly withp(H2). Tfil (>,

as shown in (a).p(H2)
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E†ect of Ðlament temperature

More evidence for the pivotal role of the Ðlament surface in H
atom production in a HFCVD reactor is provided by Fig. 6,
which shows how the H atom translational temperature and
relative H atom number density measured at d \ 1 mm in 20
Torr of pure vary with The local gas temperature asH2 Tfil .determined from Doppler lineshape analysis increases approx-
imately linearly with increasing but even 1 mm from theTfil ,Ðlament is D700 K cooler than the Ðlament surface as mea-
sured by optical pyrometry. Temperature discontinuities of
this magnitude have been reported previously,9,11,12,53 and
accord with expectations based on the original work of Lang-
muir.67 The solid line is a linear regression Ðt to the measured
gas temperatures. [H] increases approximately exponentially
in the temperature range investigated. We observe very similar
dependencies at d \ 4 mm, as did Celii and Butler56 when
using 3 ] 1 REMPI to monitor H atoms in an HFCVD
reactor at d \ 8 mm. was not raised high enough in theTfilpresent work to observe any plateau of H atom production
such as has been reported in previous studies of decompo-H2sition on a hot metal surface.68

Fig. 7 shows that a vanÏt Ho† type plot of ln[H], measured
at d \ 1 mm, versus yields a straight line. The gradient of1/Tfilsuch a plot can be interpreted in terms of where[*Hdiss/R,

(here determined as 237 kJ mol~1) is an e†ective enth-*Hdissalpy for forming one H atom by decomposition on theH2surface of the hot Ta Ðlament. A signiÐcant source of uncer-
tainty in this measurement is likely to be the absolute accu-
racy of the pyrometer measurement of at theseTfil ;
temperatures a systematic error of ^100 K would translate
into a ^22 kJ mol~1 uncertainty in The data taken in*Hdiss .

Fig. 6 (a) Translational temperatures and (b) relative number den-
sities of H atoms deduced from analysis of the 2s ^ 1s two photon
Doppler lineshapes measured at d \ 1 mm, plotted as a function of

The solid line in (a) is a linear least squares Ðt to the deducedTfil .temperatures.

pure at d \ 4 mm yield a slightly steeper gradientH2(corresponding to D268 kJ mol~1). Analogous experi-*Hdissments were attempted using 125 lm diameter rhenium and
tungsten Ðlaments. The former behaved similarly to Ta, yield-
ing straight line vanÏt Ho† type plots (at least for TfilO 2400
K), the gradients of which were consistent with D230*HdisskJ mol~1. In contrast, the W Ðlament expanded and distorted
to an extent that precluded deÐnition of a constant d as Tfilwas increased. These values accord well with those we*Hdissobtain by plotting data from the earlier 3 ] 1 REMPI mea-
surements of Celii and Butler,56 probing at d \ 8 mm in 25
Torr of pure in a similar manner, but are some 20%H2 ,
higher than the values deduced by Otsuka et al.66 in their
studies of the electrical power consumed by hot Ta and W
Ðlaments in the presence of H2 .

How should we interpret these values? H atom pro-*Hdissduction in HFCVD reactors is visualised in terms of reversible
elementary steps of the type

H2 ] S* H H ] SH (3)

SH H H ] S* (4)

where reactions (3) and ([3) represent dissociative adsorption
of on an active site (S*) on the metal surface and H atomH2recombination on a hydrogen terminated surface site, respec-
tively, and reactions (4) and ([4) involve desorption and
adsorption of an H atom. Increasing will inÑuence theTfillocal [H] through its possible e†ect on all backward and
forward reaction ratesÈnot just by helping to overcome any
energy barriers associated with the various processes as
written, but also by a†ecting the mean lifetime of any chemi-
sorbed species on the Ðlament surface, the balance between
non-dissociative (not shown) and dissociative adsorption (3),
the fraction of surface sites that are “active Ï (i.e. S* versus SH),
the local gas phase [H] [which a†ects the extent of contribu-
tions from reaction (4)], and the local total number density.
This last factor will inÑuence the di†usion rate away from the
hot Ðlament source and the various species concentration pro-
Ðles and the rates of the various gas phase reactions occurring
in the immediate vicinity of its surface.

Notwithstanding this complexity, we recognise that the sum
of these two reactions is simply decomposition at theH2surface. Fig. 7 also shows (bold solid line) the ln[H] versus

Fig. 7 VanÏt Ho† plot illustrating the good linear correlation
between ln[H] and using 20 Torr pure and measuring at1/Tfil H2d \ 1 and 4 mm The two data sets are o†set from one(…) (=).
another for clarity of presentation. Interpreting the gradients in terms
of yields e†ective dissociation enthalpies of, respectively,[*Hdiss/R237 and 268 kJ mol~1. The bold solid line shows the dependence
expected on the basis of the tabulated temperature dependence of Kffor reaction (5), while the dashed line shows how this would be modi-
Ðed if a homogeneous gas phase sample of was heated to tem-H2peratures in the same range whilst maintaining the pressure constant.
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1/T dependence we should expect simply on the basis of the
tabulated69 temperature dependence of the equilibrium con-
stant, for the gas phase reaction :Kf ,

H2H 2H (5)

and use of the relationship

[H]\
A 4Kf2
4 ] Kf2

B1@2
(6)

The resulting gradient gives kJ mol~1. The close*Hdiss\ 228
similarity between this and the measured dependencies in pure

taken together with the H mole fraction estimates report-H2 ,
ed elsewhere5,12 and the observed insensitivity of [H] to

all support the view that the key role of the Ðlamentp(H2),surface is to provide an efficient means by which moleculesH2can attain Of course, were it possible to heat a gas phaseTfil .sample of homogeneously to the same temperature (atH2constant pressure) the measured [H] yield should be expected
to show a slightly shallower temperature dependence (*Hdiss
D207 kJ mol~1 in the temperature range of interest) because
of the inverse dependence between total number density and
temperature that follows if we assume ideal gas behaviour.
This is shown by the dashed line in Fig. 7.

H atom number density and temperature proÐles in pure H
2

Fig. 8(a) and 8(b) show, respectively, the H atom translational
temperature and the relative number density proÐle, each
plotted as a function of d. The origin (d \ 0) in these experi-
ments was determined by translating the Ðlament assembly
until the transmitted beam Ðrst shows obvious evidence of
obstruction from the lowest part of each loop of the hot Ðla-
ment coil, and then zeroing the digital calliper. Two data sets
are included in each Ðgure ; one obtained by collecting the
entire H` TOA signal using the 1 ms gate, the other collecting
just that fraction of the ion current arriving in a narrow (20
ls) time gate set close to the peak of the TOA signal, as illus-
trated in the inset to Fig. 8(a). The di†erences can be rational-
ised in terms of the temperature distribution within the gas.
The REMPI probe tip and the minimum beam waist are
arranged to be at the mid-point of the Ðlament length, but the
e†ective length of the focal region within which REMPI can
occur is judged to be of the order of the Ðlament length.
Belated protons collected from the extremities of this focal
volume derive from H atoms in somewhat cooler regions than
the H atoms giving rise to protons collected at early TOAs,
which originate from hotter regions within the laser focus,
closest to the probe. This probably explains why the narrow
gate data consistently yield slightly greater Doppler widths,
implying higher gas temperatures than the all-incorporating
gate. Additionally, we note that the H` TOA signal extends in
time as d is increased. This is understandable since, as the
Ðlament is withdrawn, the average gas temperature in the
vicinity of the laser focus decreases [Fig. 8(a)] and hence the
local number density increases. As a result, the proton mean
free path (calculated to be D70 lm at 1000 K if we assume a

collision cross-section of 0.1 nm2) is reduced, andH`ÈH2these ions take longer to di†use a given distance to the probe.
Clearly, any narrow time gate set on the TOA signal is
unlikely to span a constant fraction of the REMPI signal and
thus will not yield reliable spatial proÐles. For example, the
narrow “early Ï gate used in obtaining the data displayed in
Fig. 8 was set on the peak of the TOA signal observed for
small d. As the Ðlament was withdrawn, the peak TOA signal
“walkedÏ out of this gate, with the result that a smaller frac-
tion of the total signal was collected. Thus we consider it pref-
erable to collect the entire TOA signal, recognising that the
proÐles so derived necessarily include a greater degree of
averaging throughout the focal volume. In this regard REMPI
probing arguably o†ers less spatial deÐnition than the alterna-
tive TALIF technique, if the resulting Ñuorescence is imaged

Fig. 8 Variation of (a) the local gas temperature and (b) the relative
H atom number density in 20 Torr of pure with K, asH2 Tfil\ 2360
deduced from analysis of the H atom 2s ^ 1s two photon lineshapes,
plotted as a function of d. Lineshapes were measured monitoring just
that fraction of the H` ion TOA signal that fell within a short, early
time gate illustrated in the inset in (a)] and by collecting the[L,
entire TOA signal within 1 ms of the laser Ðring The solid curve(=).
in (a) is a Ðt to the latter data using eqn. (7).

with well designed collection optics. Conversely, TALIF of
course becomes increasingly difficult at small d given the
intense background emission from the incandescent hot Ðla-
ment.

The solid line through the data points in Fig. 8(a) is
obtained using expression (7), which is obtained from 2D dif-
fusive calculations42 involving solution of the conservation
equations for mass, momentum, energy and species concentra-
tion, and the assumption that conduction is the dominant
heat transport mechanism:

T
d
\ T

d/0M1 [ [1[ (T
L
/T

d/0)2]ln(d/Rf)ln(L /Rf)N0.5

(7)

where and are the gas temperature very close to theT
d/0 T

LÐlament and at a distance L from the Ðlament, respectively,
and is the Ðlament radius (125 lm). The good agreementRfbetween experiment and eqn. (7), which has been used to
model the radial gas temperature proÐles in other axially sym-
metric HFCVD reactors,11,52 provides further validation of
the model42 and of the fact that H atom Doppler lineshape
analysis represents a viable (and relatively straightforward)
alternative to CARS as a reliable means of probing spatially
localised gas temperatures in a HFCVD reactor.

Childs et al.27 used VUV absorption at the Lyman-a wave-
length to determine H atom mole fractions in a HFCVD
reactor in the absence of hydrocarbon input, and inferred
absolute values from C and density measurementsxH CH3
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when hydrocarbon was present. Direct measurement of
absorption due to atomic H in the presence of hydrocarbon
was not possible in their work because of the blending of a

absorption feature. This study involved a reactor notC2H2dissimilar to ours, using a gas mixture of 1% in and aCH4 H2straight W Ðlament heated to 2500 K, and also involved 2D
modelling of the temperature, Ñow, di†usion and chem-C1istry. Fig. 9 compares the general form of their inferred xHvalues (both from experiment and simulation) with relative
mole fractions deduced from the present study. These were
obtained by multiplying the measured [H] values [Fig. 8(b)]
by the smooth Ðt to the temperatures determined using the 1
ms time gate [Fig. 8(a)]. Despite the absence of in theCH4present gas mix and the di†erences in Ðlament material, tem-
perature and geometry, the two experimental data sets clearly
show many similarities. The apparent divergence between
experiment (shown by the individual data points) and the
simulation at d [ 10 mm is probably a consequence of a sub-
strate, at d \ 14 mm, in the work of Childs et al.27 This must
act as a sink for H atoms and, in the simulation, was thusxHassumed to decrease asymptotically to zero at the substrate
surface. The numerical simulation also demonstrated that the
presence of a small amount of methane in the feed gas has
little e†ect on the H atom concentration proÐles, further
encouraging direct comparison of the two data sets. Compara-
ble monotonic declines in versus d in HFCVD reactorsxHhave also been deduced using the recombination enthalpy
technique70 and via more direct TALIF53 and THG12
probing of the H atoms. All highlight the fact that efficient H
atom production (by heterogeneous decomposition on the hot
Ðlament) and the lack of sink reactions ensure “super-
equilibriumÏ (i.e. far greater than predicted by local equi-
librium thermodynamics) gas phase H atom number densities
at all d.

E†ect of addition on H atom number densitiesCH
4

Addition of even trace amounts of leads to carburisationCH4of the Ðlament and complicates the chemistry prevailing in a
HFCVD reactor considerably, by introducing a wider variety
of surface sitesÈthe relative concentrations, reactivities and
stabilities of each of which will exhibit their own characteristic
temperature dependenceÈand o†ering new and efficient reac-
tive loss mechanisms (both heterogeneous and homogeneous)
for H atoms. Some of these complications are illustrated by
the results shown in Fig. 10 and 11. The data shown in Fig. 10
were taken using a Ta Ðlament, current limited to 6.5 A.

Fig. 9 Plot of versus d, derived from measurements of thexH (=),
relative H atom number density and gas temperature proÐles in 20
Torr of pure with K, as shown in Fig. 8. The measuredH2 Tfil\ 2360
radial dependence accords well with the previous measurements (L)
and simulation (ÈÈÈ) reported by Childs et al.27

Under our standard conditions this resulted in KTfil\ 2360
(as measured by optical pyrometry) once the Ðlament IÈV
characteristics had settled. Local gas temperatures were
deduced from analysis of H atom Doppler proÐles measured
at d \ 0.5 and 4.5 mm. Fig. 10 shows the time evolution of the
Ðlament and local gas temperatures after introducing a steady
Ñow of 0.5% showed an apparent D50 K decreaseCH4 . Tfilin the Ðrst D2 min after addition, even though the powerCH4to the Ðlament had already increased slightly. Thereafter, the
measured was observed to increase over the next D360Tfilmin and then to decline gradually. The measured gas tem-
peratures follow this trend closely. After t \ 2 min, the Ðla-
ment resistance, and hence the voltage it drops at constant
current, increased steadilyÈpresumably due to increasing
carbon dissolution in and/or carbide formation on the
ÐlamentÈand then decreased in parallel with the optical
pyrometry measurements. This encourages the assumption
that any changes in the emissivity of the Ðlament surface upon
carburisation were not invalidating our measurements of Tfil .The observed linearity of the plot of Ðlament power (I] V )
versus the fourth power of the measured lends furtherTfilsupport to this assumption in that it suggests that, apart
perhaps from the very early carburisation stage, the Ðlament
emissivity does not vary sufficiently to negate expectations
based on StefanÏs law. Similar behaviour was observed when
adding 0.75% though in this case was observed toCH4 , Tfilmaximise somewhat earlier (t D160 mins) and to decrease
gradually thereafter. In both cases, we suggest that the longer
term decline may reÑect expulsion of carbon from the Ðlament
once some critical carbon content and/or temperature is
exceeded ; given such a competing process it is probable that

Fig. 10 H atom translational temperatures (a) and relative number
densities (b) as deduced from analysis of the 2s^ 1s two photon
Doppler lineshapes measured at d \ 0.5 and 4.5 mm as a(…) (=),
function of time after the introduction of 0.5% to 20 Torr ofCH4 H2 .
Also shown in (a) is the Ðlament temperature measured by optical
pyrometry Note that the reactor was switched o† overnight, at(>).
t \ 300 min, and restarted the next morning.
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Fig. 11 Plots of ln[H] versus for 20 Torr together with 01/Tfil H21 and 2% added measured at d \ 1 mm from the(…), (=) (>) CH4Ðlament. The various data sets are o†set from one another for clarity
of presentation. Also shown are the measurements of Celii and
Butler,56 for the case of 0, 0.5 and 1% in andCH4 H2 (L, K |,
respectively). The accompanying numbers are e†ective values*Hdiss(in kJ mol~1) obtained by equating the best-Ðt gradients to

As in Fig. 7, the bold solid line shows the dependence[*Hdiss/R.
expected on the basis of the tabulated temperature dependence of Kffor reaction (5).

even longer time measurements would show settling toTfilsome rather constant, intermediary value.
Fig. 10 also illustrates the e†ect of addition on [H],CH4measured at the same two radial separations from the Ðla-

ment. Given that a single Doppler scan takes D2 min it was
not possible to monitor changes in the local gas composition
during the period immediately subsequent to addition.CH4However the early time measurements suggest that, even after
2 min, [H] has started increasing. This might imply that Tfilwas already rising during this period and that the observation
of an initial apparent dip in is actually an artefact, reÑec-Tfilting some transient change in the wavelength dependence of
the emissivity of the Ðlament surface during the earliest stages
of carburisation. The measured [H] at d \ 4.5 mm shows a
D33% rise in the Ðrst 30 min, during which time has risenTfilfrom 2330 to 2420 K; thereafter both [H] and rise moreTfilgradually. The observed increase in [H] upon trace addi-CH4tions might appear to run counter to the well
documented5,27,71 poisoning of the catalysed dissociation of

by carbon deposits on the Ðlament surface. However, theH2observed increase in [H] upon addition of 0.5% is onlyCH4comparable to that which would result if the same increase in
had been applied to a pure sample [recall Fig. 6(b)].Tfil H2We also note that the ratio of the H atom number densities

measured in the presence of 0.5% at d \ 0.5 and 4.5 mmCH4(D1.3 from inspection of Fig. 10) is similar to that for the
corresponding d values measured in pure [Fig. 5(b)], inH2accord with previous suggestions27 that the additional gas
phase H atom loss processes, e.g.

H ] CH4 ] H2] CH3 (8)
and

H ] CH3 ] M ] CH4] M (9)

that contribute in the presence of trace hydrocarbon addi-
tions, have little e†ect on the H atom radial number density
proÐles in a typical HFCVD reactor.

The measurements shown in Fig. 10 were obtained with a
current limited power supply ; increasing carburisation leads
to increased Ðlament resistance, an increase in the power sup-
plied and thus in and measured [H]. Conversely, ofTfilcourse, if the power supply is voltage limited, increasing Ðla-
ment resistance will manifest itself as a reduction in ThisTfil .results in a very noticeable drop in [H] ; the drop becomes
more dramatic if some critical hydrocarbon fraction is

exceeded.56,72 These observations, whilst principally a reÑec-
tion of the drop in can also be taken as indicating a pro-Tfil ,gressive loss of “active Ï sites on the Ðlament surface as the
extent of carburisation increases. As Fig. 11 shows, measure-
ments of [H] versus in the presence of small amounts ofTfiladded also yield reasonably linear vanÏt Ho† plots, theCH4gradients of which are found to decrease with increasing
carbon fraction.

The literature contains several other plots of [H] versus Tfil(or ln[H] versus measured using dilute mix-1/Tfil), CH4ÈH2tures in a HFCVD reactor. The most direct previous measure-
ments are those of Celii and Butler,56 who used 3 ] 1 REMPI
to monitor [H] as a function of at d \ 8 mm using 0.5%Tfiland 1% in mixtures (also reproduced in Fig. 11),CH4 H2while Childs et al.27 derived estimates of [H] from VUV
absorption measurements of the column densities of C atoms
and CH radicals in a 1% in mixture at d \ 3 mm. InCH4 H2apparent contrast to the present work, both of these earlier
data sets yield vanÏt Ho† plots with slopes at low that areTfilcomparable with those found for the case of pure allH2 ;
show some curvature consistent with a decrease in e†ective

with increasing Harris and Weiner70 estimated H*Hdiss Tfil .atom production rates by monitoring the temperature rise
attributable to H atom recombination on a thermocouple
probe situated D4 mm from a W Ðlament in a 1% CH4ÈH2gas mixture ; the plot of ln[H] versus they report is1/Tfilsomewhat steeper than that deduced in any of the laser
probing studies. Two other studies have reported measure-
ments of [H], as a function of where the H atoms areTfil ,detected after passage through a small oriÐce in a substrate
upon which diamond CVD is occurring. The data of Hsu et
al.72 give an e†ective value (D186 kJ mol~1) compara-*Hdissble to that found here, while the more recent study by
Zumbach et al.13 yields a curved vanÏt Ho† plot, the mean
gradient of which corresponds to a considerably lower
number. Clearly, studies involving hydrocarbon addition have
yielded a wide range of vanÏt Ho† type plots, the apparent
simplicity of each of which hides a multitude of complexity
and will be sensitive to the prior history of the hot Ðlament,
the detailed composition of its surface and the surface tem-
perature, and the position (relative to the Ðlament) where the
gas phase composition is probed. The steady state [H] is
known to be much reduced in the immediate vicinity of a
heated CVD diamond surface,5,43,60 mainly because of H
atom loss through surface abstraction reactions. [H] depends
on the substrate surface temperature (which is itself a†ected by
direct heating from the hot Ðlament), and by the local H atom
Ñux and the extent of H atom recombination at the surface
(which liberates energy to the surface). Given these additional
complications, it is clear that the interpretation of [H] versus

measurements made at, or through, the substrate surfaceTfilsimply in terms of dissociation on the Ðlament surface is
fraught with potential ambiguity.

Conclusions
This report demonstrates the applicability of 2 ] 1 REMPI
spectroscopy, and subsequent analysis of the Doppler
broadened lineshapes so obtained, as a means of determining
relative H atom number densities and local gas temperature
proÐles in a purpose designed HFCVD reactor. The variation
of both [H] and the gas temperature with increasing ÐlamentÈ
probe separation, d, has been investigated as a function of Tfil ,and of pressure and Ñow rate, both for the case of pureH2 H2and in the presence of added The measured trends com-CH4 .
plement and extend previous results obtained using alterna-
tive detection methods such as TALIF, in situ THG and/or
molecular beam mass spectrometry, and are compatible with
current models of the gas phase chemistry prevailing in typical
HFCVD reactors. At typical process pressures (D20 Torr),
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[H] is shown to be independent of and to decline withp(H2)increasing d in a manner consistent with di†usion from the
hot Ðlament to the walls with only minimal loss by homoge-
neous gas phase recombination. Measurements of the way in
which [H] near the Ðlament varies with increasing in 20TfilTorr of pure are fully consistent with dissociation on theH2hot Ðlament surface being the principal route for forming H
atoms ; plotting ln[H] versus yields a dissociation enth-1/Tfilalpy for H atom formation, (D237 kJ mol~1), in good*Hdissaccord with the gas phase value. Similar measurements in the
case of mixtures also yield reasonably linear vanÏtCH4ÈH2Ho† type plots, the gradients of which are seen to decrease as
the hydrocarbon mole fraction is increased. Such obser-
vations, which reinforce some but contradict other previously
reported data sets, serve to highlight some of the remaining
uncertainties in modelling the diamond growth process in
HFCVD reactors. Experimental studies and modelling of spa-
tially localised measurements of [H] and the gas temperature
in this reactor, in the vicinity of a diamond substrate, and
their variation with distance and surface temperature, will be
described elsewhere.
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