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Effects of low temperatures, low pressures and
seeding over the crystalline quality, yield and
stress of diamond films grown by ECR-assisted
chemical vapor deposition
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We have studied diamond films grown by electron cyclotron resonance (ECR)-assisted
chemical vapor deposition (CVD) on Si (100) substrates seeded with diamond, boron nitride
and unseeded. Relatively low temperatures (5650-710°C) and low pressures (1-2 Torr) were
employed. Raman spectroscopy, scanning electron microscopy (SEM), and X-ray diffraction
(XRD) were used to characterize the crystalline quality, diamond yield, and stresses
developed in these films. Most of the diamond films exhibit a Raman blue-shift with respect
to natural diamond, indicating that the net stress is compressive. However, this net stress is
significantly more compressive than the one estimated by taking into account the thermal
interfacial stress and the stress developed at the grain boundaries. In addition, this net
stress exhibits an inverse correlation with diamond yield, and a direct correlation with
crystalline quality. These results were interpreted in terms of the critical interplay between
the supply of precursor species to the growing surface and the surface mobility of
adsorbed species. The excess (or intrinsic) compressive stress shows an inverse correlation
with diamond crystalline quality, indicating that the creation of point defects serves as a
stress-relieving mechanism. Seeding effects, in general, are deleterious to diamond quality,
in this temperature and pressure regime studied. Seeding with boron nitride had the effect
of reversing the net stress from compressive into tensile, but this effect was rapidly lost as
the diamond yield increased. © 2000 Kluwer Academic Publishers

1. Introduction tive techniques as a function of growth conditions were
Diamond is a promising material for optical and elec-used to elucidate the sources of stress and to assess
tronic applications in high temperature/high powerthe role of seeding in its modification. The correla-
electronics, high microwave power transmission, detions found among diamond crystalline quality, dia-
vice miniaturization and flat panel displays. This use-mond yield and stress can be explained in terms of
fulness of diamond stems from its extreme hardnesthe critical interplay between the supply of precursor
combined with chemical inertness and wide spectrabpecies and the surface mobilities for the relatively low
transparency. Considerable efforts are currently depressures and temperatures employed in this study.
voted to understand and control the nature and sources

of stresses that develop during diamond film growth

since they affect substantially its physical proper-2. Experimental details

ties [1]. In this report, we analyze the effects of rel- The diamond films were prepared by Electron Cyclo-
atively low temperatures (550-71Q) and pressures tron Resonance (ECR) Chemical Vapor Deposition
(1-2 Torr), and of seeding over the properties of dia{CVD) technique. The details of the preparation tech-
mond films grown by Electron Cyclotron Resonancenique are described elsewhere [2, 3]. Here, we summa-
(ECR) assisted Chemical Vapor Deposition (CVD).rize them briefly. The diamond film growth was per-
We employed Raman spectroscopy, X-ray diffractionformed on Si (100) substrates at temperatures ranging
(XRD), and scanning electron microscopy (SEM) tofrom 550—710C, while the pressures ranged between
evaluate the degree of crystallinity, diamond content1-2 Torr. Methane (Ck) was employed as carbon
intrinsic and residual stresses, surface morphology, angsource under high hydrogen {Hgas dilution (99%).
average grain size. The results from these nondestrud-he total flow rate was kept at 100 sccm for all samples.
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Deposition was carried out for 5 hours, resulting in films
of around 1um thick.

The micro-Raman spectra were obtained with a
T64000 (Jobin-Yvon, ISA) triple grating spectrome-
ter in the subtractive mode. The measurements wer

the 514.5 nm line of an Ar laser (Coherent Innova
90 Plus) as an excitation source with 10 mW incident®
power (around Sum beam spot size). The spectrom-
eter slits were set at 100m, resulting in a resolution
of 1.0 cnt! and uncertainties of 0.3 cm in peak po-
sitions. In order to obtain the maximum information § "'-n
from the Raman spectra, we recorded both the para(#
lel Z(XX)Z and perpendiculaZ(XY)Z components of B"IIC'U :'"'qﬂ

the Raman scattering for each particular sample areg

These components were then combined into a single @)
characteristic spectrum of the film under study. This i

[6-8]. The diamond purity was evaluated from the ra-_
tio of the diamond peak area to that of the rest of the
spectrum between 1100-1700chftaking the Raman
scattering cross-section of nonswnded carbon to be
50 times that of diamond) [9]. 'y
The average grain sizes were estimated from SEN
(JEOL 35, CF), while the size of the coherently diffract-
ing domains (CDD) [1] contained within each grain g
was calculated by deconvolution of the diffraction peak| 'ﬂﬁ}t‘ '
breadth [10, 11] where the XRD measurements were "
taken by Siemens D5000 diffractometer using a Gu-K ()
line source. ! "

3. Results and discussion -
The diamond films hereby studied were grown by ECR
assisted CVD under varying conditions of substrate
temperature, pressure, and seeding. These films show¢
variations in their crystallite size and morphology as
seen in the SEM micrographs (Fig. 1), in their band-

(Fig. 2), and in the integral width of their XRD peaks
(Fig. 3). The crystallite sizes measured from the SEM’
pictures (Fig. 1) ranged between 0.5 ang 1, with
preferentially square morphology inthe unseeded films
triangular in the diamond-seeded films, and hexagox,
nal in the boron nitride-seeded films. Larger crystal-
lite sizes were associated to seeding, with either dia-
mond or boron nitride (BN), as expected. The diamondFigure 1 Scanning electron micrographs of (a) unseeded, (b) boron ni-
Raman bandwidths (Fig. 2) ranged between 4 andfide, and (c) diamond seeded diamond films. The white bar corresponds
10 cnl, after correcting for the instrumental contri- ©1-0#m-

bution, and therefore broad compared to that of natu-

ral diamond (i.e.~1 cnt ). Together with this band ied between 50-95%, for the growth parameters em-
broadening, Raman blue-shifts with respect to naturaployed in this study. The X-ray diffractograms (Fig. 3)
diamond (1332.5 cm') of up to 1.4 cnt! were found  show the (111) and (220) peaks of diamond, for all the
in all except one sample, indicating the existence of nesamples. In addition, they show a SiC diffraction peak,
compressive stresses of up to 2.7 GPa [12]. From thendicating the existence of a SiC interlayer. The promi-
Raman spectra it was also possible to estimate the diaent Si diffraction peak is due to the substrate. From the
mond yield by taking the ratio of the diamond to nori-sp diffraction peak positions it was determined that the di-
areas, after accounting for the difference in Ramaramond lattice constant of our films is about 1% smaller
cross-sections [9]. The calculated diamond yields varthan that of natural diamond, in agreement with the
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Us there is a fundamental trade-off between diamond yield

and quality for the experimental parameters employed.
There is a particularly interesting relationship be-
tween Raman bandwidths and Raman frequencies,
Figure 3 X-ray diffraction spectra of the seven diamond films. shown in Fig. 5. The narrower the Raman bandwidths,
the larger the corresponding blue-shifts. These blue-
shifts are directly related to the net stress in the films by
net compressive stress indicated by the correspondinipe pressure coefficient of 1.9 cRiGPa[12]. Thus, the
Raman blue-shifts. From the diffraction data, we alsdbetter the crystallinity of our diamond films the higher
calculated the average size of the coherently diffracttheir stress. In order to understand this result, it is nec-
ing domains (CDD) [1] within our diamond crystallites. essary to take into account that these films were grown
They were found to be around 280in the direction  at relatively low pressures and temperatures. The fact
perpendicular to the (111) planes and aroundA56  that there is a window in parameter space for diamond
the direction perpendicular to the (220) planes. Thesgrowth means that the fundamental diamond deposi-
CDDs are much smaller than the crystallite sizes judgedion process is a delicate balance between the supply of
from the SEM pictures, thus indicating that-scale  precursors from the gas phase into the growing surface
grains have many internal surfaces and/or cracks.  and the proper positioning of these precursors within
In the low pressure and temperature regime herebthe growing lattice. Our films were grown near the edge
studied, increasing the temperature by 160esulted of this parameter window, thus they give the opportu-
in adiamond yield increment from 58 to 72%, as shownnity to assess this interplay between the surface mo-
in Fig. 4. An increase in Raman bandwidth and, thusbilities and the supply of precursor species from the
a decrease in diamond crystalline quality accompaniegas phase. In this context, the inverse relationship be-
this improved diamond yield. This is since phonon life- tween stress and crystalline quality (Fig. 5) can be as-
time is inversely proportional to bandwidth and crys- cribed to a short supply of precursor species associated
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Figure 6 Effect of pressure increment over diamond yield and Raman FWHM (cm'1)
bandwidth (FWHM) for the seeded (BN and diamond) diamond films.
Filled symbols correspond to samples grown at&20while open sym-
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Figure 7 Correlation between the Raman bandwidth (FWHM) and es-
timated excess internal stregs)( Dotted line is drawn to guide the eye.

] ) [10,11] and the maximum thermal stress component

to the low growing pressures. As the growing temper{1 13] give net compressive stresses in the range of 0.2
ature increases, the fraction of open sites increases aRg 0.5 GPa. These calculated stresses remain between
surface mobilities improve, causing an improvementing g and 2.5 GPa below the corresponding net com-
diamond yield (Fig. 4). However, the low pressures emyressive stresses derived from the Raman blue-shifts.
ployed maintain a limited supply of precursor speciesgych a discrepancy cannot be accounted for by the
to the growing surface, thus facilitating the formation phonon confinement effect, since the calculated CDD
of point defects such as empty sites. This mechanisngjzes are larger than 10 nm, which is the threshold for
relieves the stress and results in high defect densitiesconfinement effects to start showing [12]. In addition,

_Seeding the substrate with either diamond or boroRhe simulations performed on the Raman spectra did
nitride results in broader Raman bandwidths (Fig. 6)not give any indication of confinement effects or any
and, thus, poorer crystalline quality. No increment iSgther band-distorting effect such as degeneracy lifting,
observed in diamond yield upon seeding for samplegyhich would have required overlapping bands to prop-
grown at 1.0 Torr, when compared to the unseeded on&sy account for the observed band shapes. Therefore,
(Fig. 4). However, a large increment in diamond yield the Raman blue-shifts are just showing the total stress. It
occurred when the pressure was increased from 1.0 g then possible to calculate the magnitude of the excess
1.5 Torr for the seeded samples (Fig. 6). This resulfor intrinsic) stress (sea in Table 1) [12]. An inverse
supports the previous explanation that at a pressure @g|ationship is found between the excess stragsid
1.0 Torr the small supply of precursor species to theRaman bandwidth (FWHM), that is depicted in Fig. 7.
growing surface is the limiting step, thus causing theThis result can be understood as indicating that the ex-
diamond to grow with a high defect density when sur-cess stress/) showing up in the Raman blue-shift
face mobilities were improved (Fig. 4). Regarding thestems from strained 8pond-lengths resulting from the
total stress, BN seeding had the effect of turning it teng mobilities. This strain becomes relieved by the cre-

sile instead of compressive (see Table I). However, agtion of point defects, which then shows up as Raman
the diamond yield increased by increasing the depopand broadening.

sition pressure, this effect over the total stress is lost.
This is expected, since after a few diamond layers are
deposited, the substrate effect becomes less importal

Estimated net stresses (see Table I) that were obtain
by taking into account the grain boundary componen[(S

§: Summary

man spectroscopy, scanning electron microscopy
EM), and X-ray diffraction (XRD) were employed

to investigate the crystalline quality, diamond vyield,
and stresses developed in ECR-assisted CVD diamond
films. Films were either unseeded or seeded (with BN
or diamond), and relatively low temperatures and pres-

TABLE | Experimental and calculated stress components of the seve
diamond films, and the corresponding estimated excess strésses (

Sample oexpt  oTh oce  ocac(GPa)= A (GPa)= sures were employed. It was found that there is a fun-
Id (GPa) (GPa) (GPa) om+toss  oep—ocac  damental trade-off between diamond yield and qual-
Ul 266 —060 4041 —019 247 ity. There is also an inverse relationship between stress
u2 ~141 -060 +021 -0.39 ~1.02 and crystalline quality that can be ascribed to a stress-
u3 -171 -060 +0.21 -0.39 -1.32 relieving mechanism, which results in high defect den-
b1 —-2.32 -060 +005 -0.55 -1.77 sities. No increment was observed in diamond yield
D2 -220 -060 +0.10 -0.50 -1.70 upon seeding. However, a large increment in diamond
BN1 -1.84 —060 +40.05 -0.55 -2.19 . . .

BN2 4272 —060 4007 —053 4219 yield occurred upon pressure increase. This was under-

stood as indicating that the short supply of precursor
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species to the growing surface was the limiting step.3. R. K. SINGH andD. R. GILBERT, J. Mater. Res4 (1998)

Boron nitride seeding had the effect of turning the net
stress from compressive into tensile, but this effect was*
lost as the diamond yield increased. There is also an

inverse relationship between the excess stragsa(d

Raman bandwidth (FWHM), that was taken as an indi-
cation that in this low pressure and temperature regime 8.
intrinsic stress stemming from low mobilities gets re-

lieved by creation of point defects.
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