JOURNAL OF APPLIED PHYSICS VOLUME 84, NUMBER 4 15 AUGUST 1998

Control of diamond film microstructure by Ar additions
to CH,/H, microwave plasmas
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The transition from microcrystalline to nanocrystalline diamond films grown from AfCH,
microwave plasmas has been investigated. Both the cross-section and plan-view micrographs of
scanning electron microscopy reveal that the surface morphology, the grain size, and the growth
mechanism of the diamond films depend strongly on the ratio of ArtanHhe reactant gases.
Microcrystalline grain size and columnar growth have been observed from films produced from
Ar/H,/CH, microwave discharges with low concentrations of Ar in the reactant gases. By contrast,
the films grown from Ar/H/CH, microwave plasmas with a high concentration of Ar in the reactant
gases consist of phase pure nanocrystalline diamond, which has been characterized by transmission
electron microscopy, selected area electron diffraction, and electron energy loss spectroscopy. X-ray
diffraction and Raman spectroscopy reveal that the width of the diffraction peaks and the Raman
bands of the as-grown films depends on the ratio of Ar fanHhe plasmas and are attributed to the
transition from micron to nanometer size crystallites. It has been demonstrated that the
microstructure of diamond films deposited from Agfl@H, plasmas can be controlled by varying

the ratio of Ar to H in the reactant gas. The transition becomes pronounced at anp Yoltime

ratio of 4, and the microcrystalline diamond films are totally transformed to nanocrystalline
diamond at an Ar/H volume ratio of 9. The transition in microstructure is presumably due to a
change in growth mechanism from @Hn high hydrogen content tof&as a growth species in low
hydrogen content plasmas$s0021-897®08)07316-3

I. INTRODUCTION CVD diamond films, however, require smooth surfaces,
) ) i . which are not readily prepared from hydrogen-rich plasmas.
Polycrystalline diamond films whose microstructure The ability to control the microstructure and the surface mor-

typically consist of crystallites with sizes on the order of hology of diamond films, therefore, could be important for
microns have been synthesized by a variety of chemical vaF ’ '

por deposition(CVD) techniques from methane—hydrogen ailoring this unique material to a variety of applications.

. 1-3 : . It has been found that a number of properties, including
mixtures.> Atomic hydrogen has been recognized to play a . . .
. . . . . surface morphology and crystal orientation of microcrystal-
crucial role in the growth of phase-pure microcrystalline dia-

mond films by the CVD techniques, typically using hydro- line diamond films, depend on a variety of factors such as the

. . . ..-12-14 .
carbons as the carbon soufcé Atomic hydrogen is thought nucleation process and film deposition conditiofis." Mi-

to play a number of roles including abstraction reactions?rocrySta"ine diamond films grown from randomly oriented

termination of carbon dangling bonds, and regasification oftuclél exhibit columnar growth, w5h|ch is caused by an “evo-
nondiamond materials at the growth surf&céReducing the Iu_tlongry selection” of crystallite$® Because crystals with a
concentration of hydrogen while continually increasing thedirection of fastest growth more or less perpendicular to the
hydrocarbon content of the plasma normally causes th&ubstrate grow at the expense of less favorably oriented ones,
growth of nondiamond phases and eventually the complet@nly a few crystallites survive, and a highly textured film
absence of the diamond phd$é! The grain size, surface consisting of larger, columnar crystallites is formed after a
morphology, and surface roughness of the polycrystallindonger period of growth. The grain size therefore increases
diamond films prepared from hydrogen-rich plasmas depenwith the thickness of the films, and usually the larger the
strongly on the film thickness. Generally, the thicker thegrains the rougher the surface of the films. Therefore, if it
film, the larger the grain size and the rougher the surface ofvere possible to reduce the grain size in a controlled way,
the film. This behavior is generally ascribed to growth com-smoother surfaces should result.
petition between differently oriented grains, with grain In order to understand and control surface morphology
growth in turn being strongly correlated with surface rough-and crystal orientation, both the nucleation and deposition
ness as discussed in more detail below. Many applications gfrocesses have been investigated extensifely. It has
been found that diamond films can be grown with a preferred
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pxygen additions in the plasmas have a strong effect on the
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to increase the electron density of the plasma and to modif§ABLE I. Summary of the reactant gases used for diamond film depositions
diamond film morphology, argon has been added td™m microwave discharges.

plasmas® Argon has also been used in place of hydrogen in Reactant gagvol %)

a carbon—oxygen—argon system, but oxygen was found to be

a critical parameter for the phase purity of the deposited Sample No. Argon Hydrogen Methane
diamond films?®® Furthermore, in a microwave methane— | 2 97 1
hydrogen plasma, noble gases were found to have a profound |I|I| 28 gg i
effect on plasma chemistry, including additional ionization v 60 39 1
and dissociation. Upon adding a noble gas such as Ar, the \ 80 19 1
emission intensity of various species changes and the growth \\//I'I S? g i
rate of diamond is enhancédHowever, the effect of Ar Vil 99 0 1

addition to the microwave discharges, and thus the micro=
structures of the deposited films at concentrations higher

than about 30_vo| % have not been studied in detail.. tration of the G dimer on the growth rate at a given AgH
Recently, it has been reported that nanocrystalline d'afatio, the total pressure of the reactant gas {(t) was
mond films can be grown from an Argf microwave . ed from 40 to 150 Torr.
plaszrga without adding molecular hydrogen to the reactant |, order to obtain some information on plasma species
gas:”In that experiment, fullerenes such ag@nd Gohave  ying the deposition process, optical emission was mea-
been used as the carbon source for nanocrystalline diamong,.«q4 using a spectrometer equipped with a 1200
growth. Fragmentation of Fhe_ fullerenes in the plasma resu“@rooves/mm grating and a water-cooled photomultiplier tube
in strong Swan band emission due tg @dicals. The & (|hieractive Technology The concentration of Cdimers
dimer appears to be the growth species for nanocrystalling, |4 pe determined from the emission spectra because it
diamond”® Furthermore, nanocrystalline diamond films 5 found in earlier work that emission is linearly correlated
have also been synthesized from Ar/CHhicrowave d'sé' with quantitative absorption measuremeiftEmission from
charges, without the addition of molecular hydrogén. e plasma was collected with a quartz optical fiber viewing
Atomic force microscopy(AFM) shows that the surface , yegion 1-2 cm above the substrate. The monochromater
r_oughr_1ess is in the range O_f 20-50 nm, |r_1depende_nt Qf G as stepped in 2.0 A increments with a dwell time of 100 ms
film thickness, thus suggesting that grain size remains in thg,, 3000 to 7000 A. The emission intensity of, @as
nanometer range. Some of the unique properties of SUCheasyred from the £Swan system at 5165 A. The growth
nanocrystalline films have been characterized, including theifyias of diamond thin films deposited from the As/BH,
. - . 2 . . - g
tribiologicaf* and electron field emission properties. plasmas were determined by monitoring modulations of the
In the present article, we report on a method that allowsrface reflectivity versus deposition time with a He—Ne la-

one to control the microstructure of diamond films grownger 5328 A) reflectance interferometer during the deposition
from Ar/H,/CH, plasmas. The factors leading to a transition process® One peak-to-peak modulation represents 130 nm,

from microcrystalline to nanocrystalline diamond have beer,y gepositions were carried out until film thicknesses of
mvestlgateq. The as-grown films produced from Alf€H; 464t 5 m were obtained.
plasmas with different ratios of Ar to +have been charac- The as-grown films were then investigated using a JEOL
terized by scanning electron microscog$EM), micro-  g4oa SEM with a tungsten filament operating at 10 KV ac-
Raman spectroscopy, transmission electron MICroSCoPYe|erating voltage and a probe current of 80X A. Both
(TEM), x-ray diffraction(XRD), and AFM. plan-view and cross-section SEM images were obtained to
examine the surface and growth morphologies as a function
of added Ar. A high-resolution JEOL 4000EX TEM operated
at 400 kV accelerating voltage and a Philips CM30 analytical
A microwave plasma enhanced CVD systé&ASTeX  TEM equipped with a Gatan electron energy loss spectros-
PDS-17 has been employed for the diamond film prepara-copy (EELS) spectrometer were employed for detailed mi-
tions. Mixtures of CH, Ar, and H have been used as the crostructural characterization of selected films. The plan-
reactant gases for the microwave discharges. The flow rate @few TEM samples were prepared by the conventional
CH, was kept constant at 1 sccm, while the flow rate of Armethods, i.e., mechanical cutting, shaping, dimpling, and ion
was varied from 0 to 99 sccm and supplemented bgdlas  milling. In order to confirm the crystalline structure of the
to maintain a 100 sccm total flow rate-type single crystal films, x-ray diffraction was conducted by using a Philips
silicon wafers with an100 orientation were used as the x-ray spectrometer with a coppkr, target. The starting and
substrates, and mechanical polishing with fine diamond powending angle$26) for the x-ray diffraction are 20° and 120°,
der (0.1 um) was employed to provide nucleation sites for respectively. A Renishaw Raman Microscofg&ystem
the diamond film growth. During the deposition process, the2000, which can capture both Raman spectra and images,
substrate temperature, which was controlled by a separateas used for further characterization of the as-grown films.
heater, was maintained at 800 °C, while total ambient presThe light source for illuminating the sample is provided by a
sure and input power were kept at 100 Torr and 1200 WHe—Ne lasen6328 A). Raman spectra and images can be
respectively. The reactant gases used for each film depositiaybtained via a grating or filter system. The Raman scattering
are listed in Table I. To investigate the effect of the concenproduced by a sample was measured by a charge-coupled
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mond grains during the deposition process, suggesting that
secondary nucleation or renucleation occurs when 20% of Ar
gas has been added to the microwave plasma. The number
density of the small crystals increases significantly at the
level of 40 to 60 vol % Arsee Figs. (c) and Xd) for films
Il and IV]. Note that these SEM images also show that most
of the small diamond crystals nucleate and grow at the edges
(twin boundariey of larger diamond crystals. At 80 vol %
Ar, the edges or the twins of the large-size diamond crystals
begin to disappear, and well-facettédll) as well as(110
diamond crystallites of micron size no longer exist, while
small diamond crystals mixed with large diamond flakes are
’«/ Ry SNEN S / e J found in the plan-view SEM imadesee Fig. 1e) for film V.
X10,000 Thw WD14 5 r & x 10, When 90 vol % Ar is added to the ArdACH, plasma, the
% s PR R : crystal sizes are greatly reduced to the nanometer scale, and

the surface structure of the diamond fifsee Fig. &f) for
film VI ] changes from microcrystalline to nanocrystalline. At
this point, facetted micron-size diamond has disappeared,
and nanocrystalline diamond begins to predominate. Figures.
1(g) and Xh) show the plan-view images of films VIl and
VIII, respectively, revealing that the crystal sizes of the
nanocrystalline diamond can be further reduced when the
plasma consists of 97% Aisee Fig. 1g)] or 99% Ar [see
Fig. 1(h)]. In the latter case, the film was grown in the ab-
sence of added hydrogen.

This series of SEM micrographs demonstrates the tran-
sition of the microstructure of the films from microcrystal-

A 1 o v - i 5 . . . . .
%10,000  1¥m UDIS ] line to nanocrystalline diamond. In order to obtain informa-
_ . _ tion on the development of the growth morphology, films I,
FIG. 1. The plan-view SEM images of the as-grown films prepared fromV’ VI, and VII were selected for further investigation by

microwave plasmas with different mixtures of ArpHand CH as the reac- . . .
tant gaseglisted in Table } showing the transition of microcrystalline to cross-section SEM. Flgurdfﬁ shows the cross-section SEM

nanocrystalline diamond filmga) film I; (b) film 11; (c) film 111, (d) film IV; image of film | with a columnar growth structure, which is
() film V; (f) film VI; (g) film Vil and (h) film VIIl. typical of the growth morphology from ;ICH, plasmas and
reflects the van der Drift growth mechanisiiThis colum-

nar growth phenomenon suggests that atomic hydrogen plays
an important role in suppressing secondary nucleation by
o . regasifying small or nondiamond phase nuclei. Thus, only a
3300 personal AFM with image resolution fy axes<30 few larger diamond crystals of micron size survive after a

A andz axis <3 A was-used. The true image softvyare man'Ionger period of growth. The greater the Ar content of the
ages the secondary signals sent to the electronic controller. . .
and displays the resulting images in close to real time microwave plasma, the greater the fraction of small diamond
' crystals. Figure @) shows the cross-section SEM image of
the as-grown diamond film V, displaying that the film still

1. RESULTS AND DISCUSSIONS has columnar growth, but the columns are much narrower

The as-grown films were first examined by SEM in orderthan those in film I As the Ar volume fraction increases to
to obtain the surface and growth morphologies as a functio§0 or 97 vol %, the columnar structure totally disappears
of added Ar. The plan-view SEM images shown in Fig. 1from the cross-section SEM images of films VIl and VI
demonstrate a dramatic change in the surface morphology é$€€ Figs. &) and 2d)]. Instead, the cross-sectional views
the films when adding Ar gas to the,KCH, microwave show smooth fracture surfaces, which suggests that the
plasma. Figure (B) shows the surface morphology of film I, nanocrystalline diamond does not grow from the initial nu-
displaying a well-facetted microcrystalline diamond surfaceclei at the substrate—film interface, but is the result of very
with grain sizes ranging from 0.5 to 2/&m. The surface is high renucleation rates. The mechanism of secondary nucle-
very rough and consists of a combination{dl 1} and{11¢  ation with G as the growth species is currently an active
facets. This SEM image suggests that the crystallite mortopic of investigation in our laboratory. Suffice it to say that
phology of film I is independent of crystal orientation and the cross-section SEM images clearly show columnar
that secondary nucleation rates must be very low. A plangrowth, which gives way to highly dense continuous films
view SEM image of film lI[see Fig. 1b)] shows thaf111l;  with no distinctive growth morphology. The lack of morpho-
planes are still the preferred growth planes, but small dialogical features is probably due to the fact that the crystal-
mond particles start to form on the surface of bigger diadites are too small to be resolved in the SEM.

device (CCD) camera. To obtain the planography and the
surface roughness of the as-grown films, a Burleigh ARIS



1984 J. Appl. Phys., Vol. 84, No. 4, 15 August 1998 Zhou et al.

' (g) 97% Ar

(e) 80% Ar
- (d) 60% A

Intensity (cps)

i

| S T | 1

1 | [
800 1000 1200 1400
Wave Number (1/cm)

1
1600

FIG. 4. Raman spectra of the as-grown films deposited from AfH,
FIG. 2. The cross-section SEM images of the as-grown films prepared fronmicrowave plasmas with different reactant gases show that Raman scatter-
microwave plasmas with different mixtures of ArpHand CH as the reac-  ing is strongly influenced by grain size) film I; (b) film II; (c) film 1II; (d)
tant gases showing different growth phenomena of microcrystalline andilm 1V; (e) film V; (f) film VI; and (g) film VII.
nanocrystalline diamond filmga) film I; (b) film V; (c) film VI; and (d)
film VILI.

increasing volume percent of Ar, the widths at half height of
the diffraction peaks increase significantly, which may be
X-ray powder diffraction has been used to characterizecorrelated with decreasing grain sizes. There is no evidence
the crystalline structures of the films. Figure 3 shows thefor the presence of graphitic or amorphous carbon in the
x-ray diffraction of films I, Il, IV, V, and VI. The diffraction  x-ray diffraction patterns of both microdiamond and nano-
peaks can be indexed according to the cubic diamond struegiamond films. The ratio of thél11) to the(110 diffraction
ture, which means that all the films produced from eitherpeak[see Figs. @)—3(e)] increases greatly with increasing
hydrogen-rich or argon-domain microwave plasmas consistatio of Ar to H,, indicating that the diamond grains tend to
of diamond crystals. The diffraction spectra show that withorient with the{110 crystallographic planes parallel to the
substrate surface when their sizes change to the nanometer
scale. Note that the silicon diffraction peak from &00
T T planes derives from the substrate used for the film deposi-

n 4 . :
8 tions.
T . . g
B 2 4 X-ray and electron diffractions are sensitive to the pres-
. 5 % ence of crystalline carbons such as diamond or graphite but
.g L(e) 97% Ar H - less sensitive to amorphous carbon. In contrast, Raman scat-
3 l tering is about 50 times more sensitive #ebonded amor-
E  [dse%Ar 4 P phous carbon and graphite than to the phonon band of dia-
£ i g i mond, and hence it is frequently used to characterize CVD
5 (c) 60% Arl < A diamond films. Figure 4 shows the plots of Raman spectra of
£ N @ - the as-grown films produced from Ar{iHCH, microwave
l & L plasmas with different ratios of Ar/Hn the reactant gases,
{b) 20% Ar A revealing the transition from microcrystalline to nanocrystal-
(a) 2%6"1 m line diamond films. For film | grown from the Ar/HCH,
k A 1 k ) . . "
30 40 50 60 70 80 90 100 microwave plasma with 2 vol % Ar addition, the spectrum
2-Theta (degrees) shows a sharp Raman band at 1332 &ncharacteristic of

diamond. Little Raman scattering in the range
FIG. 3. The x-ray diffraction patterns of the as-grown films deposited from1450— 1490 cm? (graphite bang caused by carbors p2

microwave plasmas with different mixtures of Ar,,Hand CH, as the reac- bonded carbon is observed. When adding argon to the reac-
tant gases showing that the films consist of crystalline diamond. The diffrac- '

tion peaks broaden with increasing concentration of Ar due to decreasinEj'E‘_nt gas up to 40 vol %, the Raman Sp_eCtra of _ﬁlms I and_ I
grain size:(@) film 1; (b) film 1I; (c) film 1V; (d) film V; and (e) film VII. still demonstrate the presence primarily of microcrystalline
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FIG. 5. Plan-view TEM images of nanocrystalline diamond films produced from A@H, microwave discharges showing the effect of the concentration
of Ar or H, on the the grain sizga) film VI with grain sizes ranging from 30 to 50 nnb) film VII with grain sizes in the range of 10-30 nm.

diamond, although the spectra are slightly broadened. Fucaused by decreasing the grain size to the nanometer scale,
ther increasing the concentration of Ar in the plasmas resultand the development of the “graphite” band is due to in-

in the shrinking of the diamond band and increasing its widthcreasing m-bonded carbon at the grain boundaries in the
at full width half maximum(FWHM) (see spectra for the nanocrystalline films®3” The grain boundaries consist of
films IV and V). When more than 90 vol % of Ar is added to carbon atoms with &p? electron configuration. Note that
the plasma, Raman spectra of the films VI and VIl typically besides the diamond and graphite bands, the spectra also
show nanocrystalline features. The diamond band akave an extra Raman shift around 1150 ¢nwhich may be
1332 cmr* is significantly broadened, and Raman scatteringcaused by nanocrystalline diamoidTherefore, in addition
intensity in the 14001600 cm region is pronounced. It to SEM images and x-ray diffraction, Raman spectra of the
has been shown that broadening of the diamond band igs-grown films further confirm the transition of microdia-
mond to nanodiamond prepared from microwave plasmas as
argon is added to CHH, mixtures.

A powerful way to study the effect of added Ar on grain
size is with TEM. Examples of the application of this tech-
nigue to the present study are given below. Figuta) 5
shows a plan-view TEM image of film V(90 vol % Ar)
with grain sizes ranging from 30 to 50 nm. However, film
VIl (97 vol % Ar) has grain sizes in the range of 10-30 nm
[see Fig. B)]. Thus, the grain size of the nanocrystalline
diamond decreases strongly in the range 90-97 vol % Ar.
Further characterization of the nanocrystalline film B9
vol % Ar) has been conducted by high-resolution TEM and
EELS observations. Figurg# shows a plan-view TEM im-
age of film VIII with grain sizes ranging from 3 to 20 nm.
The inset image is a selected afeaer 10um in diametey
700 ——rrrrrrrr S e electron diffraction pattern, which can be fully indexed on
the diamond structure. A high-resolution TEM image shown
in Fig. 6(b) demonstrates that individual diamond grains are
single crystals with sizes in the 10-20 nm range. The image
of lattice fringes has a spacing of 0.205 nm, which is the
interplanar distance between diamofiill} planes. Note
that the lattice image of diamond can only be observed on
{111} planes and only when they are properly oriented, since
the TEM resolution is about 1.8 A. EELS has been employed

. . as a diagnostic for amorphous or disordered carbon syith
0250 300 350 400 bonding. It is known that the different carbon phases have
Electron Energy Loss (eV) very distinct K-shell absorption edge structures. Diamond
has a single EELS feature with an onset at 289 eV due to its
FIG. 6. (a) A plan-view TEM image of diamond filngVIll ) produced from ¢ electronic state, while graphitic or amorphous carbon has
1% CH,+99% Ar composition, demonstrating that the film consists of very an additional EELS edge starting at 284 eV, owing to its
small_grains ranging from 3 to 25 nnfb) a high-resolution Iattice_ fringe lower lying antibondingz* state®? Figure &c) shows an
TEM image of the film,(c) electron energy loss spectrum of the film from . . .
an area over 1Qum in diameter showing the* edge. The inset images EELS spectrum of the nanocrySta"me diamond film pro-
show the selected area electron diffraction patterns of the film. duced from an Ar/CH plasma acquired over an areal0O

500 |-

Counts




1986 J. Appl. Phys., Vol. 84, No. 4, 15 August 1998 Zhou et al.

(a) (b)

(d)

Z:187.50 nm

Z 477.80 nm

FIG. 7. Three-dimensional AFM images of the as-grown diamond films deposited from /@] microwave plasmas with different reactant gases showing
the effects of increasing the ratio of Ar to, lih the reactant gas on the surface morphology and surface roughness of the as-grow(@)ffiinsi; (b) film
IV; (c) film VI; (d) film VII.

um in diameter, displaying only an EELS edge at 289 eV lytical data acquired by AFM characterization for films I, 11l
characteristic of diamond. No energy loss feature at 284 eWI, and VII are listed in Table I, wher&-rms is the root
has been observed, demonstrating the absence of an amanean square of the surfacgyar is the average height of the
phous or graphitic phase in the film. These TEM analysesurface, andZ-peak is the height difference between the
(plan-view and high-resolution TEM images as well as thehighest and lowest points on the surface. A plot of the sur-
EELS spectrum confirm that film VIII prepared from an face roughness of the films versus the concentration of Ar in
Ar/CH, microwave discharge without any,Haddition is the reactant gas is shown in Fig. 8. A plot of the data sug-
composed of nanocrystalline diamond. gests an almost linear relationship between surface rough-
To obtain information on planography and surfaceness of the films and volume % Ar. Since the ratio of Ar to
roughness, AFM has been employed. Note that all of thed, in the reactant gas strongly affects the surface morphol-
films for the AFM analyses have similar thicknesses of aboubgy and microstructure of the diamond films, this parameter
5 um. Figure Ta) shows a three-dimensional AFM image of can clearly be very useful in tailoring important properties of
film I (2 vol % Ar) with an rms(root mean squajesurface  this material.
roughness of about 425.43 nm. Addition of Ar up to 60
vol % decreases the rms roughness of film 11l to 262.76 nm,
because this film consists of a significant amount of Sma”TABLE Il. Summary of the surface morphologies of selected diamond
diamond particlegsee Fig. T)]. When Ar in the plasma is  fims, measured by AFMZ-rms is the root mean square of the surface;
further increased, the surface roughness of film34a vol % Z-var is the average height of the surfaZepeak is the height difference
Ar) is greatly reduced to 54.19 nfsee Fig. 7c)]. With a between the highest and lowest points on the surface.
reactant gas mixture of 97 vol % Ar, 2 vol %,Hand 1
vol % CH,, the AFM image shown in Fig.(d) reveals that

Sample No. Z-avg(nm) Z-rms(nm)  Z-var (nm)  Z-peak(nm)

the surface roughness of film VIl is just 18.84 nm, a typical ' 1215.94 425.43 390.03 2249.02
value for our nanocrystalline diamond films. Note that the v 72201 262.76 206.29 2011.31
Y . VI 176.07 54.19 42.47 477.81

rms roughness of film VII is about 25 times smaller than that 58.38 18.84 14.84 187.51
of microcrystalline diamond film I. The detailed surface ana
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FIG. 8. A plot of the surface roughness of the as-grown diamond films,

versus the concentration of Ar in the AyHKCH, microwave plasmas.
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These profound changes in microstructure must reflect
equally profound changes in the plasma chemistry. Optical
emission spectroscopy has been employed to investigate the
Ar/H,/CH, plasmas in order to monitor,&@imer and atomic
hydrogen concentrations in the microwave discharges. It has
earlier been proposed thap @imer is the growth species for
nanocrystalline diamontf. The emission intensities of ,.C
dimer from the discharges, which correlate linearly with the
absolute G concentration in Ar/H/CH, microwave
plasmas are directly measured using the Swan system
(5165 A bands Figure 9 shows the optical emission spectra
of plasmas with different ratio of Ar to 5 At 2% Ar the
major optical emission peak is due to atomic hydrogep)(H
Under these conditions, GHis generally believed to be the
important growth species, and its concentration has been

3x104 T T T I-i
(d) 80% Ar g
3 = i
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FIG. 9. The optical emission spectra of the AsflBH, microwave plasmas with different mixtures of Ar,,Hand CH, in the reactant gasega)
2% Ar+97% H,+1% CH,; (b) 20% Ar+69% H,+1% CH,; (c) 60% Ar+39% H,+1% CH,; (d) 80% AR+19% H,+1% CH,; () 90% Ar+9% H,

+1% CH;; (f) 97% Ar+2% H,+1% CH,.
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FIG. 12. Plots of growth rates of nanocrystalline diamond films grown from
Ar/CH, microwave plasmas and the emission intensities pf/€reactant
gas pressures for the discharges.

FIG. 10. Plots of the emission intensity of @nd the ratio of the emission
intensities of G to H, vs the concentrations of Ar in the reactant gases.

measured by others in absorption. Increasing the Ar concen-
tration to 20 vol %, H emission is still the major featufsee 0 99 vol % significantly increases the concentration of C
Fig. 9b)]. At 60 vol % Ar, we begin to observe emission dimer in the dischargésee Fig. 10 the growth rate in this
from C, dimers in addition to H [see Fig. &)]. Increasing fegion nonetheless decreases. Theoretical calculations have
the concentration of Ar increases the emission intensity,of CShowri° that there is a pathway for the growth of diamond
dimers[see Figs. @)—9(f)] still further. The emission inten- With C; as the growth species that involves hydrogen addi-
sities of G, and the ratios of the emission intensities gftg@  tion. This pathway has a lower energy of activation than the
H,, versus vol % Ar are plotted in Fig. 10. Both are seen toalternative pathway that does not involve the intervention of
increase by an order of magnitude in the range 80-97 vol 9Bydrogen, thus rationalizing the effect of hydrogen on the
Ar. This has already been shown to be the region of mosgrowth rate of nanocrystalline diamond in the range 80-99
profound and rapid change in the microstructure of the diavol % Ar. A great deal of further work needs to be done to
mond films. reach a complete understanding of the effect of Ar addition
Besides surface morphology, microstructure, and growttPn diamond film growth rate in the GifH,/Ar system.
mechanism, the growth rate of diamond film has also been In view of the above observations, it is important to
found to depend significantly on the ratio of Ar tg, ih the investigate the effect of the &oncentration on the growth
reactant gas presumably because of effects on the microwavate under the condition of constant hydrogen concentration.
discharge chemistry. Figure 11 shows the growth rates of he reactant gas for this experiment is Ar/Chiithout the
diamond films grown from 1% Cin Ar—H, mixtures as a addition of molecular hydrogen. The total pressure of the
function of vol % Ar. The growth rates of the films were reactant gas was varied, but the ratio of Ar to Jias fixed.
determined by monitoring modulations of the surface reflecFigure 12 shows plots of the growth rates of nanocrystalline
tivity versus deposition time with a He—Ne las&328 A) diamond films and emission intensities of, @om the
reflectance interferometer. According to Fig. 11, the growthAr/CH, plasmas versus reactant gas pressures ranging from
rate approximately doubles with Ar addition up to 60 vol % 55 to 150 Torr. One finds that pressure strongly affects both
Ar and then decreases quite rap|d|y in the range of 80_9?he CZ concentration and film grOWth rate. When the reactant

vol % Ar. Although increasing Ar in the reactant gas from 809as pressure is below 40 Torr, ng €mission is detected,
and no diamond film deposition is observed. Similarly, dia-

mond film growth was not observed from Ar/Ghplasmas

e R T up to 15 Torr®® At 55 Torr, there is a very low emission
‘g ) 3 ‘\? ] intensity of G, accompanied by a correspondingly low
£ [ o .’ | ] growth rate of about 0.0am/h. As the reactant gas pressure
g 08 fF e | . increases, both the emission intensity of thed@ners and

~ F oY K ] the growth rate of the nanocrystalline films is increased sig-
% 0.6 3‘3,’ Vo nificantly (see Fig. 12 The close relationship between the
o« F Q\ 3 growth rate and the L£concentration shown in Fig. 12 sug-
g 4 C ] gests that the concentration of i@ the Ar/CH, plasma is the

3 o2 Ge} factor determining the film growth rate under conditions of
S ]

s low and constant Kiconcentration. Our observations demon-
I — strate that the reactant gas pressure plays an important role in
0 20 40 60 80 100 enhancing the intensity and therefore the concentration,of C
Ar (vol. %) in Ar/CH, plasma. That €is the growth species for nano-
FIG. 11. The growth rates of the diamond films from the AdeH, mi-  crystalline diamond is confirmed by the functional relation-
crowave discharges vs the concentration of Ar in the reactant gases.  ship between the £concentration and the growth rate.
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