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Spatial distributions of atomic hydrogen and C > In an oxyacetylene flame
in relation to diamond growth

R. J. H. Klein-Douwel® and J. J. ter Meulen
Department of Molecular and Laser Physics, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen,
The Netherlands

(Received 13 June 1997; accepted for publication 18 January) 1998

Two-dimensional laser induced fluorescence measurements are applied to the chemical vapour
deposition of diamond by an oxyacetylene flame to visualize the distributions of atomic hydrogen
and G in the gas phase during diamond growth. Experiments are carried out in both laminar and
turbulent flames and reveal that atomic hydrogen is ubiquitous at and beyond the flame front. Its
presence extends to well outside the diamond deposition region, whereas ttistrution is

limited to the flame front and the acetylene feather. The diamond layers obtained are characterized
by optical as well as scanning electron microscopy and Raman spectroscopy. Clear relations are
observed between the local variations in growth rate and quality of the diamond layer and the
distribution of H and G in the boundary layer just above the substrate. These relations agree with
theoretical models describing their importance(flame deposition processes of diamond. Three
separate regions can be discerned in the flame and the diamond layer, where the gas phase and
diamond growth are predominantly governed by the flame source gases, the ambient atmosphere,
and the interaction of both, respectively. ®98 American Institute of Physics.
[S0021-897€98)08008-9

I. INTRODUCTION flames?® Experimental investigations on the surface role of
H have been carried out by OHit al?® and Butler and
Diamond is an attractive and promising material for aco-workers’” among others. Studies on atomic hydrogen in
variety of applications, including many industrial ones, duethe gas phase of CVD systems have been carried out in a hot
to its excellent properties like hardness, wear resistanc@jjament reactor by resonance enhanced multi-photon
chemical inertia, high index of refraction and optical trans-jgnizatiorf® and two-photon laser induced fluorescence
parency over a large range of the spectrum, to name but @ |F) 2%3%whijch technique has also been used in a rf plasma
few.22 In 1988 Hirose and Kondaeported diamond growth reacto?32 and a microwave reactét.
in a laminar oxyacetylene flame, operated with a small ex- | the present work the two-dimensional laser induced
cess of acetylene. Flame deposition of diamond has SinoﬁuorescenCE(ZD-LlF) technique is applied to measure the
been well established and many gas phase diagnostic tecfjistributions of atomic hydrogen and, @ the oxyacetylene
niques have been applied to determine the growth mechgmme during diamond growth. LIF is a powerful method to
nism of diamondsee Ref. 4 and references thejein diagnosticize gaseous combustion processsitu, due to its
Many hypotheses have been proposed for the role ofpecies specificity, high sensitivity and non-intrusiveness. If
hydrogen atoms in chemical vapor depositi@VD) dia-  pyised lasers and charge coupled devie€D) cameras are

mond film growth. It is generally believed that hydrogen gnpjied, non-stationary processes, such as turbulent flames,
atoms incident on the surface abstract hydrogen to producgsn, pe studied as well.

vacant sites, where growth species can then stick to the dia- - gjnce the first excited state of atomic hydrogen lies 10.2
mond I%lyer? and that atomic hydrogen etches surfaceqy gpove the ground state, multi-photon excitation has to be
graphite? Gas phase hydrogen atoms may_also produce CoNjsed. Goldsmit#3® and Dowling et al3! have compared
densable carbon radicals by reactions with hydrocarbonsgeyeral excitation and detection schemes for LIF of atomic
and, impinging on the surface, they may create surfacgyqrogen. Goldsmith and Anderson have excited H by 2
radicald~*° and refill vacant sites by adsorptif Once /5431656 nm and observed 656 nm fluorescéfte ob-
adsorbed, atomic hydrogen may also stabilize the diamongd,i, 2 2D atomic hydrogen distribution in a laminar

surface structuré ' The role of atomic hydrogen in dia- pygrogen-air diffusion flame. This technique cannot be used
mond CVD has been studied from atheoretlcl:?_lleomt of View, the present experimental setup, because reflections of the
by several authors, including Frenklaeal,™ " Matsui  |55er heam off the substrate would saturate the CCD camera.
etal,"*'*Jansseet al,'* Harris?**'and Goodwirt* **Ok-  pance excitation to the=3 level at 2205 nm and detec-
kerseet al. have recently presented a compact gas phase ang, of the n=3 — n=2 transition at 656 nm is employed in
surface reaction mechanism that can be used in multidimenyg yresent work. Photochemical effects of the 205 nm light
sional simulations of diamond growth in oxyacetylene . ihe flame gasés®37and stimulated emission due to the
population inversion in the=l, 2, and 3 levels of atomic
aElectronic mail: robertkd@sci.kun.nl hydrogeri®*®are avoided by decreasing the laser power den-
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sity. In low pressure environments the collisional quenchingvater vaporizer, which is controlled by a thermocouple lo-
of the fluorescence signal can be determié¥and the H cated about 2.5 mm beneath the center of the substrate sur-
LIF signal can be quantified by comparison to measurementtace. Both the oxygen and acetylene flow are regulated by
in a calibration reactor where the H concentration ismass flow controllers, but while the oxygen floyy fs fixed
known?%31:32 At atmospheric pressure, however, quantifica-at 3.0 SLM, the acetylene flow is determined by the desired
tion of the signal is hampered by collisional quenching of thevalue of ;. The supersaturation,Sis defined as the per-
fluorescence, which not only depends on temperature anckntage of additional acetylene flow compared to the acety-
pressure, but also on the nature of the collision partnerdene flow of the neutral flame, which is neither fuel rich nor
Since at atmospheric pressure many collisions will take placexygen rich and shows a distinct, conical flame front in a
during the fluorescence lifetime and a multitude of differentlaminar flame. Unless explicitly stated otherwisg %%
species is available to collide with, quantitative measureand the aforementioned values qof ,Tf,, and burner orifice
ments are not attempted and the results therefore will bdiameter are used in all experiments. The typical deposition
interpreted in a more qualitative way. time in the experiments is between 1 and 2 h.

In contrast to the large amount of theoretical and experi-  From previous studies it is known that a value for d
mental work on atomic hydrogen in diamond CVD systemsbetween 1 and 2 mm, #1050 °C and §~5% vyield opti-
fewer studies have been reported on the role of Tvo-  mum diamond growth conditiof*®-515*These studies also
dimensional imaging of £by LIF in hydrocarbon-air flames show, however, that the diamond layer characteristics and
has already been performed in 1986 by Allen andthe species distributions in the gas phase are significantly
co-workers?! but was first applied to a diamond depositing affected by the distance between substrate and flame front. In
oxyacetylene flame by Klein-Douwadt al* Kaminski and  order to study these effects in more detail, d is varied in this
Ewarf? performed absolute Cconcentration measurements work between 0.3 and 4.1 mm, where the precise value of d
by LIF in a low-pressure microwave reactor growing dia-is determined with a CCD cametan one experiment on
mond from H, Ar, and CH,. Theoretical as well as experi- C,, performed at ¢1.52 mm, a different laminar burner
mental work on the role of £as a possible growth species (orifice diameter 1.6 miand T;=1150 °C and §=2.84
for diamond has been carried out by Gruen and co-workersSLM are used for the purpose of comparison to previous
They have grown diamond from an AggCplasma and as- work on G,.*
cribe their relatively high growth rates to the direct incorpo- The experiments are carried out in ambient air, with the
ration of G, into the diamond lattic&>** Experiments in a flame burning at atmospheric pressure. After growth the dia-
hydrogen/argon/methane plasma in the same group have alswnd layers are characterized by optical differential interfer-
shown a positive relation between, Gnd the diamond ence contrast microscogiplCM), scanning electron micros-
growth rate. Calculations show that insertion of ito a copy (SEM) and Raman spectroscopy. The optical
(100 diamond surface is energetically favourafidsurther  microscope is also used to determine the thickness of the
calculations show that Laddition to a(110) surface is exo- diamond layer along the path of the laser beam, which to-
thermic as welf®*” Additional references on optical diag- gether with the total deposition time yields the deposition
nostics of G in diamond growth processes are given in theratevy with an accuracy oft5 ywm/h. The exact procedure
previous work on G.* has been described previoudfyRaman spectra are taken
along the path of the laser sheet at radially different positions
of the diamond layer by focusing a 514 nm*Alaser beam
to a spot size of=30 um. In order to quantify the quality of
A. Diamond growth and characterization the layer a quality factor Q is used: it is defined as 1000

The deposition setup is described in detail in previoudiMes the area of the diamond peak in the Raman spectrum
work*#8 and is almost identical to the one used by Schermeflivided tpi g\e area of the background between 1100 and
and co-workeré®-5L A polycrystalline diamond layer is de- 1700 ¢cm =" High Q values(Q=10 for flame deposited
posited onto a water cooled molybdenum substrate by a conROlycrystalline diamond layeyscorrespond to high purity
mercially available welding torctorifice diameter 1.4 mpp ~ diamond, whereas low Q valué@=10) indicate a high non-
burning acetylene and oxygefiboth from Indugas Most diamond carbon cor_ltent and/or a high fluorescence back-
experiments concerned in this work are performed with lami-9round of the deposited layer.
nar burners, but in a few a turbulent burner of Centre Suisse
d’Electronique et de MicrotechniquéCSEM) design is .
used®® which has the same exit opening but a turbulenceB' Two-photon LIF of atomic hydrogen
inducing step insid€ and has been used by Schermer and  The laser system consists of a Nd: yttrium—aluminum—
co-workers as weft®®1®3 All burners are operated with a garnet(YAG) pumped tunable dye laséQuantel YG 781+
total gas flow of~6 standard liters per minut&LM). TDL 50), operating on Sulforhodamine 640. The system de-

There are three main experimental parameters in the didivers 5 ns laser pulses with a repetition frequency of 10 Hz
mond deposition process in an oxyacetylene flame: the disand an output pulse energy of 55 mJ at 615 nm. The 205 nm
tance d between the substrate and the tip of the flame front)V laser radiation is generated by frequency doubling the
the deposition temperature; Bt the growing diamond sur- 615 nm in a potassium dihydrogen phosph#BP) crystal
face, and the acetylene supersaturatign $he temperature and subsequent frequency mixing of the resulting 307.5 nm
T4 is kept constant at 10520 °C by means of a pulsed with the residual 615 nm in a beta-barium bor@BBO)

Il. EXPERIMENTAL SETUP
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crystal. The polarization of the 307.5 nm light is 90° rotatedrotating thex/2 plate, which influences the frequency mixing
with respect to that of the 615 nm light, but for frequency efficiency in the BBO crystal.
mixing both polarizations have to be parallel. Therefore a  Once the quadratic power dependence of the fluores-
N2 plate for 615 nm located between the KDP and BBOcence signal has been established, images of the atomic hy-
crystals is used to rotate the polarization of the red lasedrogen fluorescence distribution can be measured in the
light. The resulting 205 nm laser radiation has a bandwidtHlame during diamond growth. Although this is in principle
of ~0.2 cm ! and is separated from the other two wave-possible using a single laser shot, 50 to 140 laser dloets
lengths by means of a Pellin-Broca prism. The typical pulsepending on the actual laser poware integrated on the CCD
energy at the position of the flame is 0.4 mJ. chip in order to reach its full dynamical range. The H fluo-

The laser beam is transformed into a sheet using twe#escence image is then obtained by recording an image with
cylindrical lenses {=28 andf=4.5 cm acting as a tele- the laser tuned exactly to the two-photon transition fre-
scope in horizontal direction, and a third cylindrical lensguency, immediately afterwards recording an image with the
(f=41 cm making the beam slightly divergent in vertical laser tuned off resonance, and subtracting the two images.
direction. The resulting laser sheet is directed through the Since the vertical intensity distribution in the laser sheet
center of the flame where it is 4 mm high and 0.3 mm thin,is not homogeneous enough, it is determined after every ex-
yielding a typical power density of 6.7 MW/cGmFluores-  periment by recording the two-dimensional Rayleigh scatter-
cence images recorded in this way therefore represent a cro¥ of the 205 nm laser sheet in ambient air. In order to
section of the flame. During diamond growth experimentsmage the Rayleigh scattered signal, the burner and the sub-
the lower edge of the laser sheet is directed below the sutstrate are moved out of the camera’s field of view, and the
strate surface and is therefore cut off, thus ensuring enougb6 nm interference filteknormally in front of the UV-
laser intensity just above the substrate. Nikkor objective is removed as well, leaving the laser sheet

Atomic hydrogen fluorescence is detected at right angleg@nd the detection geometry intact. The difference between
to the laser beam by a Peltier cooled CCD camera, equippefie on and off resonance images is divided by the square of
with an image intensifiefLa Vision FlameStar II, 384286  the Rayleigh scattering image, yielding the laser power nor-
pixels, 12 bits dynamical rangeThe very strong natural Malized atomic hydrogen fluorescence distribution. Absorp-
emission of the flame itself is suppressed by a factor ofion of the 205 nm laser light by the flame is measured by a
5x10° by switching on the image intensifier for only 20 ns at Scientech power meter, located behind the flame, to be
every trigger pulse. The CCD signal is sent to a personaf~15%. There will be local differences, however, in the UV
computer, where it is digitized and further processed. Two@bsorption, for the absorbing species column density will
dimensional images of the flame and atomic hydrogen fluoYary in the flame as a function of height above the substrate.
rescence are collected by the camera system with a U\,!I turns out that absorption can be neglected in the region of
Nikkor 105 mm f/4.5 objective combined with expandable interest(less than 0.5 mm above the substratence the H
bellows in front of it, giving a spatial resolution of 3%m LIF images are nqt corrected for Iager beam absorption.
per pixel. The experimental spatial accuracy of the camera__Natural emission of the flame, if observed through the
system is estimated to be 2 to 3 pixels, or abou80 in 656 nm interference filter, only consists of chemilumines-
this case. Use of the Micro-Nikkor 200 mm /4.0 objective, ¢€nce of G: (a part of thev’ =2 —v"=5, 3— 6, and 4-7
which is not transparent in the UV, would yield a higher Pands of the ¢ Swan system as emitted by the flathes
spatial resolution, but because Rayleigh scattering of the Idfansmitted by the filter. Emission images obtained through
ser sheet also has to be recordas discussed belgwthis is the mterference_ filter glv_e the _dlstr|but|on of excited
not an option. The scattered laser radiation from the substraff® flame and yield the dimensions of the flame front and the
and the natural emission of the flame are suppressed by a 68§€tylene feather.
nm transmission interference filtgt0 nm full width at half
maximum (FWHM)].

Because the atomic hydrogen is excited by a two-photor& LIF of C
transition, the fluorescence signal should vary with the™ 2
square of the laser power. If the power dependence of the LIF measurements of the distribution of, @ laminar
fluorescence signal is less than quadratic, ionization of thexyacetylene flames during diamond deposition have already
excited hydrogen may be important, decreasing the fluoresseen described in a previous stutlput in that work d was
cence yield. On the other hand, if the power dependence mited between 0.58 and 1.41 mm. In this work d is varied
higher than quadratic, laser induced photochemical procességyond that range and turbulent flames are examined as well.
may be taking place in which atomic hydrogen is createdC, is detected by exciting thd3l'[g(v’=2)%a31'[u(v”=0)
from flame species by one or more 205 nm phépmand transition around 438 nnmiSwan system The dye laser is
excited by two subsequent 205 nm photons in the same laseperated with Coumarine 440, resulting in typically 0.8 mJ/
pulse. In order to check this, the power dependence is megulse at 438 nnibandwidth 0.15 cm?) at the location of the
sured in the freely burning flame, i.e., when no substrate iburner. The UV-Nikkor objective is replaced by the Micro-
present. Thef=41 cm cylindrical lens is temporarily re- Nikkor 200 mm /4.0 objective to obtain a spatial resolution
moved for this measurement, decreasing the size of the lasef 20 wm per pixel and a long-pass filter transmitting only
beam, to increase the available laser power density. Variation= 470 nm is used in front of it, which allows the detection
of the 205 nm laser power is in this case achieved by slighthyof the d31'[g(u "—adll,(v"), v’ —v"<1 fluorescence for
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FIG. 1. Atomic hydrogen LIF signal at 656 nm after two-photon excitation
vs the laser power at 205 nfthe size of the laser sheet is cons}afthe
dashed line is a quadratic fislope: 2 to the data points. Due to the loga-
rithmic scale, the deviation from the quadratic fit of the two lowest lying
data points appears to be more significant than it is.

v’ up to 4% Fluorescence from the’# 2 levels is due to
collisional redistribution of population in tm?‘Hg state.

In the laminar flame measurements two laser shots are
integrated on the CCD chip to increase the signal-to-noise
ratio. In the turbulent flame 100 laser shots are integrated to
obtain an averaged image which does not change in time
anymore. The gain of the CCD image intensifier is corre-
spondingly lower in this case.

At the laser powers used for imaging,,Ghe fluores-
cence signal is still linear with the laser intensity, which FIG. 2. H LIF signal(linear gray scale in arbitrary units, ranging from black
allows correction for the inhomogeneity of the vertical inten- (zero to white (maximum) during diamond deposition in the laminar flame,

. . . . . . with the corresponding £chemiluminescence superimposédophotes,
sity proflle of the,laser beam. Raylelgh Scatt?“ng IS ,used Ir\r(épresenting equal intensity difference siepa) Flame-substrate distance
the case of atomic hydrogen to correct for this, but since thg=0.85 mm: the image is constructed from six separate images recorded at
Rayleigh scattering signal intensity varies with # it is  different heights of the laser beam in the flame, each corrected for the
much weaker at 438 than at 205 nm. Hence scattering offertical laser intensity distribution. The slight vertical inhomogeneity in the
dust ticl b . tant at 438 hich i d LIF signal between 1.6 and 8.2 mm above the substrate is due to the image
ust paruicies becomes impor _an a _nm’ W Ic Impe e(?onstruction.(b) Single image, corrected for the vertical intensity distribu-
the measurement of the vertical laser intensity profile bytion of the laser beartthe noisy uppermost part is removed for reasons of
Rayleigh scattering. Therefore after every experiment the offlarity), d=3.05 mm. The laser beam travels from right to left through the
resonant fluorescence in a very fuel-rich fla(Bg= 25%) is flame, the substrate is indicated in gray and the burner tip is located just
ded hich i . | he | T c above the top of the image; the crosshatched area depicts the diamond
recorded, w 'F: IS p_roportlonglto the laser poyver. he ~ deposition region, dimensions are in mm.
fluorescence image is then divided by the vertical laser in-
tensity profile to obtain the laser power normalizedflDo-

rescence distribution. Absorption of the laser beam is foundnents described in this work. The method of correction for

to be negligible. the vertical power inhomogeneity in the laser sheet, as dis-
When the natural emission of the flame is observectussed above, is therefore valid.
through thex =470 nm long-pass filter, only Tchemilumi- Figure 2 shows the spatial distribution of the laser power

nescence is detectéayhich is used to determine the dimen- normalized atomic hydrogen fluorescence during diamond
sions of the acetylene feather and the flame front, as disgrowth for two different flame - substrate distances d. The

cussed above. signal intensities(arbitrary unit3 are represented by gray
values on a linear scale, ranging from blagkro intensity
IIl. RESULTS AND DISCUSSION to white (maximum intensity. In order to facilitate the inter-

pretation of the images, in terms of flame structure, and the
comparison to other measurements on flame deposition of
The dependence of the H fluorescence signal on the laséiamond, the € chemiluminescence as detected through the
power is shown in Fig. 1. From the quadratic fit to the data656 nm interference filter is superimposed as isophotes on
points it is clear that within the indicated error bars the LIFthe H LIF distribution. The isophotes depict ten steps of
signal varies as the square of the laser power, implying thatqual intensity difference on a linear gray scale. In Fig. 2a
multi-photon ionization and/or laser induced photochemicathe distribution of H fluorescence in nearly the whole cross
processes producing atomic hydrogen do not occur or argection of the flame is shown for=d.85 mm. This image is
negligible for the range of laser powers used in the expericonstructed from six separate images obtained at different

A. Distribution of atomic hydrogen in the gas phase
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heights of the laser beam above the substrate. Due to artifacts %7

in the image construction, some slight vertical inhomogene-

ities (“horizontal ripples™) are still visible between 1.6 and T 4

8.2 mm above the substrate, but the large scale distribution i ]

of atomic hydrogen in the flame is clearly seen from this % s SN -
image. H is created at the flame front and diffuses rapidly é I
throughout the flame, where it may be consumed and g N
(re-)created by reactions with other species present. Com- 3 g 4085
parison of the distribution of H to those of CH,GCN, and == d=230 mm
OH, obtained in previous stud®® and discussed below, T gz0smm
shows that the radial distribution of hydrogen is nearly ho- . e T e d'= 0.3 mm, turbulent
mogeneous inside the acetylene feativeiich has a radius 00 s 10 15 20
of ~2 mm under the present flame operating conditions Height above substrate (mm)

e?(cept for the region below the tip of the ﬂame front. Out- FIG. 3. Vertical profiles of the H LIF signal at the symmetry axis of the
side the acetylene feather the hydrogen signal decreas@gme (laminar, except for ¢0.3 mm). The distance d between substrate
gradually, until H is consumed by reactions with ambient airand flame front is given for each profile, together with a representative error
to form OH, among other species. Below the tip of the ﬂamebar (the local minimum in_ the &3.05 mm profile between 1.50 and 1.75
L. . . . . mm above the substrate is due to an artjfact
front the distribution of atomic hydrogen is strongly influ-
enced by the substrate and the diamond growth process tak-
ing place on it. Image construction artifacts are completelyyradient decreases with increasing d. The latter may be ex-
avoided in all other atomic hydrogen images, including theplained by the larger separation from the flame front, where
lower part of Fig. 2a(between 0 and 1.6 mm above the atomic hydrogen is created. Recent calculations by Okkerse
substrate An example of the H LIF distribution at the rela- reveal that the gradient in the first 0.3 mm above the sub-
tively large flame-substrate distance 6f8.05 mm is shown strate is independent of d and that a maximum H concentra-
in Fig. 2b. In this image the lower edge of the laser beam igjon is reached at0.6 mm above the substrate, for values of
below the substrate surface and the noisy upper edge of thup to 2.0 mnr>
H LIF signal (resulting from the division by the square of  For the turbulent flame the value of=@.3 mm is deter-
low laser intensitiesis removed for reasons of clarity. Upon mined from the averaged position of the flame front; the
close inspection a minimum in H signal intensity is found actual distance, however, between parts of the turbulent
above the center of the growing diamond layer at this valuglame front and the substrate varies rapidiyovement can
of d, in contrast to Fig. 2a, which is taken at a much smallemlready be seen after 100)risetween<0.1 and=2.0 mm.
distance. The H LIF signal, which is present below the actual turbulent
In general a dark boundary layer is observed just abov@lame front, can consequently also be observed at distances
the substrate under all deposition conditions, where the sigabove 0.3 mm from the substrate. Another implication of the
nal intensity is markedly lower than at larger distances aboveurbulence is that pockets of unburnt acetylene and oxygen
the substrate. In order to study the distribution of atomicare present close to the substrate, diminishing the averaged H
hydrogen close to the substrate in more detail, horizontal antdIF signal below 0.3 mm from the substrate and resulting in
vertical profiles of the H LIF distribution are obtained for a much less steep gradient in the vertical profile close to the
various growth conditions. Vertical profiles are given in Fig. substrate than found in the laminar flame fer@85 mm.
3; they show that for small d0.85 mn) the H signal is The vertical gradient in the H LIF distribution close to
non-zero close to the substrate and grows fast until 0.4 mrthe substrate is, apart from the flow geometry, due to reac-
above the substrate, after which it is constant up to the flamgons of atomic hydrogen in the gas phase with the growing
front. This is in agreement with calculations of Matsui diamond layer. It can stick to the surface or it can abstract
et al,’® Goodwin?? and Okkerseet al?® If the collisional  adsorbed species like H, C, or CHom the surface to form
guenching of fluorescence in a first approximation is asH,, CH, or CH, 4, respectively, in the gas phase. The dia-
sumed to be proportional to the pressure, its effect on the LIFnond surface hence acts as a sink for gas phase atomic hy-
signal can be estimated. Since pressure is proportional tdrogen in its close proximity.
temperature via the ideal gas law, the quenching would be More information is obtained from the horizontal pro-
proportional to the temperature, whence the LIF signafiles of the H LIF distribution, which are shown in Fig. 4.
would be relatively higher in colder areas of the flame. Lack-Each profile is taken at 0.10 mm above the substrate. The
ing experimental data on the temperature gradient, it can blateral distribution of H shows a marked dependence on d: if
taken from recent calculations by Okkerse, which show ahe flame is close to the substra@=0.85 mm, Fig. 4a,
rapid increase in the first 0.3 mm above the substrate, after compare to Fig. 2aa maximum is found in the center and
which the temperature is nearly constant up to the flamehe signal decreases linearly with radial distance. At moder-
front>® If the vertical H profile for &0.85 mm is corrected ate distances the H distribution is uniform in the central area
for this, it follows the calculated profile more closely be- with a radius of 4—6 mntFigs. 4b and 4c, respectivelgnd
tween 0.0 and 0.3 mm above the substrate. For distancesfdr larger distance¢Figs. 4d and 4e, compare to Fig.)2b
between flame front and substrate larger than 2 mm, the olwentral minimum is developed. Although the turbulent flame
served increase in H signéFig. 3) is much slower, and the is very close(d=0.3 mm to the substrate, a central maxi-
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FIG. 4. Horizontal profiles of the H LIF signal at 0.10 mm above the substrate during diamond growth and the depositigrofdtee corresponding
diamond layer along the path of the laser beam, for the laminar flare and the turbulent flamé). The distance d between flame front and substrate is

indicated.

mum is not observed in the horizontal distribution of H in above noise level in the two additional experiments, in which
this flame. This is caused by the higher mixing rates in theTy=950 and 1150 °C has been used, respectively. Also, in
turbulent flame compared to the laminar flame, which makeshe previous study on £and CH during diamond growth,
the species distribution in the central area of the flame moreo influence of J on the gas phase distribution of those
homogeneous. molecules has been found. This suggests thashot very
Two additional diamond growth experiments have beerimportant for gas phase processes involving these species.
carried out at deposition temperatureg different from the
1050+ 20 °C used in the experiments described above,
order to determine whether;has an influence on the distri-
bution of the H LIF signal in the flame. AlthoughyTis The two-dimensional distribution of LCat relatively
known to have a significant effect on the deposition ratesmall distances d between flame front and substtiess
quality and morphology of flame grown diamond layers, asthan 2 mm has been described elaborately in the previous
observed by Schermer and co-work&tsp difference inthe work on G.* Figure 5a shows the presence of &t the
spatial distribution of the H LIF signal could be detectedlarger distance of 2.80 mm. The highesy CF signal is

”b. Distribution of C , in the gas phase
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FIG. 6. Vertical profiles of the CLIF signal at the symmetry axis of the
laminar and turbulent flames. The distance d between substrate and flame
front is given for each profile, together with a representative error bar. The
three profiles for &0.49, 0.88, and 1.52 are normalized to have the same
maximum intensity, because the flame front is located within the laser sheet.

substrate. This sudden change of gradient may also be
present for &2.80 mm, but then it may be located above the
upper edge of the laser sheet and therefore not be visible in
Fig. 6. The nearly uniform increase of, @r d=0.88 mm is
similar to theoretical predictions by Okkerseal?® Recent
calculations by Okkerse for larger values of d reveal that a
FIG. 5. (a) C, LIF signal(linear gray scale in arbitrary units, ranging from radual increase of av also be expected in the first 1.0—
black (zerg to white (maximumn)) during diamond deposition in a laminar ?_ 5 b h mb Y ford 5p2 d 2.80 'd
flame at ¢=2.80 mm, with the corresponding, €hemiluminescence super- = mm a OYe the substrate .OI‘:. : a_n ’ mm an
imposed(isophotes, representing equal intensity difference st im-  that the gradient decreases with increasirtg ki the turbu-
age is corrected for the vertical intensity distribution of the laser bghe lent flame the G signal increases as well up to and beyond
noisy uppermost part is removed for reasons of clarify) Single 10 ns the averaged position of the flame front, and fer370 mm

snapshot of the turbulent flam@average distance=e0.49 mm), revealing .
C, chemiluminescence combined with, @IF signal. The laser sheet the G, gradient suddenly changes at 0.9 mm above the sub-

reaches to 2.5 mm above the substrate. The laser beam travels from right &rate.
left through the flames, the substrate is indicated in gray and the burner tip  The behavior of G on the flame axigFig. 6) can be

is located above the top of the image; the outer edges of the diamondl,yhareq to that of HFig. 3) for a few experiments where
deposmon region are not shown, dimensions are in mm. o
the values of d are not far apart. Fo+@.85/0.88 mm it is
remarkable that £steadily increases up to the flame front,
expected at the flame front, which is, however, above thevhereas H reaches a constant level already at 0.4 mm above
upper edge of the laser sheet. The dark boundary layer can lige substrate. In the turbulent flame close to the substrate
clearly seen above the substrate, and in the central 2 mm it (§/=0.30/0.49 mnn the H signal is more or less constant in
thicker than further outside. The distribution of G limited  the whole measurement volume, but thesiynal grows up
to the flame front and the entire acetylene feather, as alreadp 1.0 mm above the substrate and above that height in-
discussed in Ref. 4. creases even faster. At the relatively large distance of
The capricious character of the flame on the turbulentd=2.80/3.05 mm, however, both H and 6teadily increase
burner can be seen in Fig. 5b, which shows a single 10 nwith the height above the substrate. The differences in H and
shapshot of the turbulent flame with the laser tuned to th&, behavior for small to moderate values of d can possibly
resonance, freezing the motion of the flame front. The backbe ascribed to the larger diffusion coefficient for atomic hy-
ground of G chemiluminescence is still visible and shows drogen (with respect to that of the much heaviep @ol-
that the outer edge of the acetylene feather is much lesscule, and the fact that atomic hydrogen, in contrast t9 C
turbulent than the flame front itself. The laser sheet reachesften needs a third body in chemical reactions, which may
to 2.5 mm above the substrate and thel@F signal is su- reduce its reaction rate compared to that ¢f C
perimposed onto the Jchemiluminescence between the tip Horizontal profiles of the ¢ LIF distribution are ob-
of the flame front and the substrate. In Fig. 5b the boundaryained at 0.10 mm above the substrate and are shown in Fig.
layer is also clearly visible. 7. The trend in the central 4 mm of the profiles is similar to
The increase of the LCLIF signal from the substrate that observed for atomic hydrogen in the same region: at
towards the tip of the flame front is given in Fig. 6. It is clear small distance d a clear central maximum is found, which
that the G signal in the laminar flame increases nearly uni-changes into a uniform distribution at moderate distances
formly for d=0.88 and 2.80 mm, but for=d1.52 mm a sud- and into a central minimum at relatively large d. The pres-
den change in the gradient is observed at 1.25 mm above tlence of G is, in contrast to atomic hydrogen, limited to the
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FIG. 7. Horizontal profiles of the LLIF signal at 0.10 mm above the substrate during diamond growth and the depositian, @it¢he corresponding
diamond layer along the path of the laser beam, for the laminar flar@ and the turbulent flamé&—e. Q is the quality of the diamond layer at different
radial positions, as determined from Raman spectra. The distance d between flame front and substrate is indicated.

acetylene feather, which is why the @ignal falls off much  nected randomly oriented crystallites with11} and {100}
more rapidly at larger radial distances than the H signal. Théacets. Samples grown at larger distances in the laminar
characteristic distributions of H and,Close to the substrate flame (d>2.5 mm), however, reveal a less homogeneous
will be determined not only by the chemistry taking place,central area and show an additional core zone in the middle
but also by the flow geometry of the flame gases impingingf this region, where the crystallites are much smaller than

on the substrate. found at lower d value®* Outside the central region a

_ so-called annulus of enhanced growth is obserai dis-
C. Diamond growth cussed beloyy which exhibits large columnar crystallites
1. Morphology and growth rate separated by voids or embedded in an amorphous layer of

The morphology of the deposited diamond layers ob-cauliflower-like features. These crystallites frequently have

tained in this study is similar to that described in previous{100 top facets almost parallel to the substrate, but the side
work, where SEM photographs are givE# and in work of ~ facets are curved, highly twinned and reveal amorphous fea-
Schermeret al**~51°¢ Specimens grown relatively close to tures. Beyond this annulus of enhanced growth and rough-

the flame front have a continuous central area of well conhess the deposits have the same structure as the central re-
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gion, but the size of the crystallites decreases with increasing 207 F 40
radial distance from the center. The specimen grown by the 1 ® Ve <
turbulent flame at €0.30 mm is deposited so close to the
flame front that the central region of 2 mm diameter does not
form a continuous layer anymore, but is broken up into sepa-
rate crystallites revealing a relatively high growth rate.

The local variation of the deposition ratg along the
path of the laser beam is given together with the radial H or
C, LIF signal distribution in the boundary layer in Figs. 4
and 7, respectively. The distance d between the substrate anc ]
the flame front turns out to have a large influence on the 4
growth rate of the central region of 4—5 mm diameter of the 00 05 10 15 20 25 30 35 49 45
diamond layer. For d between 0.8 and 0.9 rffigs. 4a and d (mm)
7a a large Centrajl maximum IS_ observed withbetween 55 FIG. 8. Ratios of the deposition ratg (solid symbols, left-hand ordinate
and 75um/h, which changes into a central area of uniformang of the H LIF signalopen symbols, right-hand ordinatas observed
growth rate(30—40um/h) around d=1.5 - 1.6 mm(Figs. 4b  in/above the center and the annulus of enhanced growth of the diamond
and 7b. At larger distances d this is replaced by a shallow tola_yers, S distar_lce_d b_etween flame front_and substdatia obtaine_d frt_)m
deep central minimuntFigs. 4c, d, e, and 7c, respectively Z;(%a‘g(')lgfdStgl'gnigleer'sdigli’gfnem'al fit 104, center U annuus: WICH i
with the growth rate decreasing correspondingly to only 17
pm/h at &=4.08 mm. The diamond layers deposited by the

turbulent flame at small distances d have a central maximunﬂona| positive effect on the local growth rates discussed in
as well (Flg.s. A gnd 78l but at d=3.70 mm(Fig. 78 the previous stud? and references therginThe good agree-
central region still has a uniform growth rate, due to thement petween the H distribution in the boundary layer and
better mixing of flame gases in the turbulent flame, as OPrapart from the annulus of enhanced growihdicates the
posed to the laminar flame. _ _ importance of atomic hydrogen to the deposition rate of the

The annulus of enhanced growth, with a radius of 3.0—4iamond layer, which has already been studied elaborately in
3.5 mm, is found outside the central region. Its depos't'Orlheory.12'15‘17'21'24v2%t the edge of the diamond layer atomic
rate shows a pronounced local maximum which, excepting,qrogen is still found in measurable quantities, but diamond
small values of d, is higher than the growth rate of the centraly,\yth here is limited by the lack of carbon containing spe-
region and changes much less significantly with d, as can b&es. Further outside H reacts with ambient 10 form OH,
seen in Figs. 4 and 7. The dependence of the radial variatiofy qescribed above.
of vy on the distance d agrees well with findings from pre- Ajthough the H LIF signal is measured in arbitrary units
vious experiments in the same sefiff The growth rate of  and therefore cannot be compared on an absolute scale from
the center of the diamond layers agrees well with resultgne experiment to another, it is meaningful to compare the
obtained In the similar setup of Schermer andgimensionlessratios of the signal at different positions
co-workers.”*"Small differences in the absolute valuewsf \yithin a single growth experiment. In Fig. 8 the ratio of the
as well as in its local variation, as observed between diag | | signal above the centefH, e cene) and above the

. .. ,cente

mond layers deposm_ad unde_r nearly equal grovvtr_\ _Confj't'or‘sannulus of enhanced growtfH e 5onuu) Of the diamond
may be due to a slightly different gas composition in the|aye a5 obtained from Fig. 4, is plotted versus d, together
acetylene and oxygen bottlgs. Th_e importance of. the exacti the ratio ofvg in the central regiony cene) and in the
gas bottle contents, including minor contaminations, has,nnulus of enhanced 9rowth { annuied- With v annuiusbeing
been described previousfyand may even play a role if two roughly constant, as mentioned above, the decrease of

acetylene bottles from the same supplier are Conceme‘é'd,cemerwith d agrees with results obtained in other diamond

B
Lod
@

O H >

-

2]
!

™
g
©

1
»
@

Vd, center / vd, annuius
5
1
T
@0

0.5

T T
- N
o o
H LIF, center / HLIF, annulus

T
e
«n

o
=3

which is the case in Figs. 4a and 7a, respectively. flame deposition experimefit¥=>C and an exponential fit
) ) ] can be made, as argued by Schermer and co-worfers.
2. Relation with atomic hydrogen In the laminar flame the ratio it centefHLiF annuius Ol

When the variation ob 4 is compared to the radial dis- lows nearly the same exponential decay @Sente/ v d, annulus
tribution of H LIF signal in the boundary layer, it is striking From Fig. 8 it is also clear that i contefHLiF annuiue=2
that both show a very similar radial behavior from the center<v g cented Vd annuius IN the laminar flame. If the diamond
all the way to the edge of the diamond layer, if the annulusdeposition rate is assumed to be directly proportional to the
of enhanced growth is not taken into account. This is true fodistribution of atomic hydrogen over the entire diamond
the laminar flaméFigs. 4a—4gas well as the turbulent flame layer (not considering for the sake of argument other vital
(Fig. 4f), although for the latter the correspondence in thefactors such as the presence of carbon containing species
central 2 mm is not as good, which may be due to the verghis would mean thavy annuys iS about twice as large as
small distance between the substrate and the actual flarmeight be expected from the H distribution. Heneg annuius
front, as discussed before. The anomalous behavioydaf  could then be thought of as the result of two equally impor-
the annulus of enhanced growth can be ascribed to the influant processes: one being “normal” diamond growth, due to
ence of ambient air diffusing into and reacting with the species originating from the combustion of acetylene with
flame, creating CN and related species which have an addexygen, the other one “additional” diamond growth, caused
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by species created in the reactions of ambient air with flamevhich would then be limited to the center of the diamond
gases. In the turbulent flame it is much more difficult tolayer.
make this distinction, for there the flame species are better

mixed.
IV. CONCLUSIONS

The diamond growth process in both laminar and turbu-
lent flames has been studied in detail and the distributions of

From a previous study it is already known that in the atomic hydrogen and . have been visualized using the two-
central area of the laminar flame the distribution gfi€the  dimensional laser induced fluorescence technique. If high
boundary layer resembles the variationwgf up to d&=1.4 UV laser powers are avoided, a few 205 nm laser shots are in
mm:* At small d values a maximum in the,@istribution is  principle sufficient to detect a two-photon LIF signal of H in
observed, which turns into a minimum at large d values. Thehe plane of the laser sheet. Once the quadratic power depen-
atomic hydrogen distribution ang, reveal the same behav- dence of the H LIF signal is established, the images can be
ior. From Fig. 7 it follows that the similarity extends to corrected for inhomogeneities in the laser beam and the
larger d values and to the turbulent flame as well. Above th@tomic hydrogen distribution in the flame can be determined
annulus of enhanced growth, however, thesi@gnal has al- in an area of more than X2 mn?. Atomic hydrogen is
ready dropped significantly. The resemblance indicates thaimnipresent at and beyond the flame front to well outside the
C, may be important for the diamond growth rate in theacetylene feather, where it is finally consumed by reactions
center of the deposited layer, which agrees with the role oWith ambient air. During deposition the gas phase boundary
C, as a diamond precursor, as put forward by Gruen andayer above the entire growing diamond layer is filled with
co-workers™=4" An explanation for the anomalous behavior H. For small flame-substrate distandgls<1 mm) a central
of the annulus of enhanced growth has been given above amdaximum is found which changes into a uniform distribution
in Ref. 48. Further outside the annulus the <ignal dimin-  at larger distances. Under the present deposition conditions a
ishes rapidly, since its presence is limited to the acetylenshallow to deep central minimum develops above the dia-
feather. At the edge of the feather, @eacts with ambient mond deposit for &-2.3 mm.
0, and OH’ and diamond growth outside the annulus may A strong relation is observed between the distribution of
be due to H and CN or related species discussed before H in the gas phase boundary layer just above the diamond
and in Ref. 48 In contrast to atomic hydrogen, no clear and the radial variation of the growth rate: the diamond
relation between the ratio GentefCo annuiusOf the LIF signal  growth rate matches the horizontal distribution of atomic hy-
andv g cented U d,annuiusiS Observed. drogen very well over the whole deposition area, except for

The quality Q of the diamond layers is obtained fromthe annulus of enhanced growth, in both laminar and turbu-
Raman spectra, taken along the path of the laser sheet lnt flames. This relation is already expected from theoretical
radially different positions within the deposits. Figure 7 calculations on diamond growf:1°-17:21.2426The growth
shows the values of Q together withy and the distribution rate of the annulus of enhanced growth is about twice what
of C, LIF at 0.10 mm above the corresponding diamondcan be expected from the H signal in the gas phase. This can
layer. As has been discussed in the previous study §n Che explained by the presence of CN and related species
during diamond growth, a relation is observed in Fig. 7 above the annulus, created by the diffusion of ambient air
between the radial variation of Q and the flame-substratinto the flame, which have an additional positive effect on
distance d. Comparison of Figs. 4 and 7 reveals that in théhe diamond growth rate, as has already been described in a
laminar flame at a small d value Q as well as the LIF signalgrevious study?®
of H and G show a maximum in the center, and all three The distribution of G has been studied under compa-
decrease when moving radially away from the center. Forable conditions, which are complementary to earlier work.
relatively large d, Q is lower in the center than 2 mm outsideC, is found at the flame front and in the entire acetylene
it, similar to the H and ¢ distributions. In the turbulent feather, the outer edge of which is also the limit of the C
flame Q first slightly increases towards the annulus of enpresence. The horizontal distribution of @ the boundary
hanced growth at+0.49 (Fig. 7d, but at d&=3.70 mm the layer above the central regior=@ mm diameter, i.e., inside
trend resembles that in the deposits of the laminar flame. Ithe annulus of enhanced growtbf the growing diamond
the experiment performed at=®.80 mm(Fig. 70 S,.=8% layer resembles that of atomic hydrogen. A clear relation
has been used instead of.S5%, as applied in all the other between G in the gas phase and the growth rate of this
experiments described here. This results in lower Q valuesentral region has been observed, as described befdis
for the whole diamond layé? but the radial variation of Q relation confirms the importance of,@s a possible diamond
within this layer is still clearly visible. Considering the de- precursor for the central region of the layer, in accordance
pendence on d of the distributions of H ang jGst above the with theoretical as well as experimental results of Gruen
diamond layer and the radial variation of Q within the de-et al**~*"In their results of diamond growth fromggit was
posited layer, it is suggested a relation between Q and the Hemonstrated that atomic hydrogen is not necessary for dia-
distribution exists. Unfortunately, there was no possibility tomond growth, but in the oxyacetylene flame described here,
measure Raman spectra and determine Q values for th®th H and G are expected to be important, although the
specimens for which the H distribution was measured. As faimportance of G appears to be restricted to the center of the
as G is concerned, a similar relation may exist with Q, diamond layer. A possible relation is observed between the

3. Relation with C ,
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radial variation of the quality of the diamond layer, as deter-comes smaller and the center of the diamond layer starts
mined from Raman spectra, and the distributions of H andleteriorating, the first indication of which is the appearance
C, above the center and the annulus of enhanced growth aff the core zor®*Cif the flame front is more than 2.5 mm

the deposited layer. This agrees with the previously foundibove the substrate. At larger distances the central region in
relation between the quality and the @istribution? the gas phase eventually no longer touches the substrate and

Vertical profiles of both the H and Qlistribution on the  diamond growth only occurs in the annular second region,
symmetry axis of the flame have been determined. Close tohich has also been found by Cappelli and Phahd Abe
the substrate the Gsignal approaches zero, but the H signalet al>*®in different experimental setups. It is therefore im-
appears to remain non-zero under all deposition conditiongportant for the purpose of comparing the results of different
For both species the gradient is smaller if the flame is locateéxperimental setups to specify the distance d between the
at a larger distance from the substrate. The profiles obtaineifeme front and the substrate, and not only the burner-to-
for H and G with the laminar flame at about 0.9 mm above substrate distance, together with the total gas flows and
the substrate agree with calculations of Okkersal?® burner orifice diameter.

The aforementioned relations betweenddd H and the The observed relations between H andadd the prop-
diamond growth rate, combined with the distribution of OH erties of the obtained diamond layers not only elucidate the
and CN during diamond depositidff and the observed mor- growth process, but also show that both signals are important
phology of the deposited diamond layéf§ 516 suggest indicators in the flame growth of diamond. If monitored dur-
that three separate regions can be distinguished in the gétg growth, they can be used to adjust the process to obtain
phase above the diamond layer. The first region is the centéliamond layers with properties closer to those desired for
of the flame, beyond the flame front, where all speciedindustria) applications.
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