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Synthesis of nanocrystalline diamond thin films from an Ar—CH 4
microwave plasma

D. Zhou,® T. G. McCauley, L. C. Qin, A. R. Krauss, and D. M. Gruen
Materials Science and Chemistry Divisions, Argonne National Laboratory, Argonne, lllinois 60439

(Received 16 July 1997; accepted for publication 29 September) 1997

Nanocrystalline diamond thin films have been synthesized in an Ap—@idrowave discharge,
without the addition of molecular hydrogen. X-ray diffraction, transmission electron microscopy,
and electron energy loss spectroscopy characterizations show that the films consist of a pure
crystalline diamond phase with very small grain sizes ranging from 3 to 20 nm. Atomic force
microscopy analysis demonstrates that the surfaces of the nanocrystalline diamond films remain
smooth independent of the film thicknesses. Furthermore, the reactant gas pressure, which strongly
affects the concentration of,@imer in the Ar—CH plasma as well as the growth rate of the films,

has been found to be a key parameter for the nanocrystalline diamond thin film depositions.
© 1998 American Institute of Physids$0021-897@8)04501-0

I. INTRODUCTION growth precursors have their own unique properties, such as
nanocrystalline diamond grains, exceptionally smooth as-
Atomic hydrogen has long been recognized as playing grown surfaces, and outstanding electron field emission
crucial role in the growth of polycrystalline diamond films properties:*!® The growth of nanocrystalline diamond thin
by chemical vapor depositiof€VD), typically using hydro- films using hydrocarbon as the growth precursors in a plasma
carbons as the carbon soufcélt is well known that atomic  enhanced CVD system without hydrogen or oxygen addition,
hydrogen from a hydrogen-rich reactant gas can terminatBowever, appears not to have been studied in d&tail.
the carbon dangling bonds with a tetrahedrgf configura- We report here on the growth of nanocrystalline dia-
tion and etch out nondiamond materials at the growth surfaceond thin films from an Ar—Chimicrowave plasma without
of diamond during the CVD film depositiofs® Reducing  the addition of molecular hydrogen or oxygen. X-ray diffrac-
the concentration of atomic hydrogen or increasing the contion (XRD), transmission electron microscogyEM), and
centration of hydrocarbons in the reactant gas plasma  electron energy loss spectroscofSELS) analyses demon-
normally causes either nondiamond phase growth or no diestrate that the as-grown films from the Ar—gplasma con-
mond film depositior:® On the other hand, the grain sizes sist of phase-pure crystalline diamond grains ranging from 3
and the surface roughness of the polycrystalline diamond 20 nm in size independent of the film thickness. Similar to
films prepared from a hydrogen-rich plasma depend heaviljhe nanocrystalline diamond films prepared from Ag;C
on the film thickness. Generally, the thicker the film, theplasmas, the nanocrystalline films synthesized from ArzCH
bigger the grain size and the rougher the surface of the filmplasmas also have very smooth surfaces. Based on the study
In order to increase the electron density of the plasm#®f the optical emission of £dimer from the Ar—CH plas-
and to modify diamond film morphology, argon has beenmas and the growth rates of the films at different pressures
added independently to plasntagurthermore, argon has ranging from 55 to 150 Torr, we demonstrate that increasing
also been used in place of hydrogen in a carbon—oxygenteactant gas pressure enhances strongly the concentration of
argon system, but oxygen was a critical parameter for th&: in the plasmas, and thus significantly promotes the growth
phase purity of the deposited diamond filfsRecently, —Of nanocrystalline diamond thin films.
Gruenet al. has reported that nanocrystalline diamond thin

films can be grown from an Ar—g microwave plasma with- || EXPERIMENTS
out adding molecular hydrogen to the reactant Jam _
Gruen’s experiments, fullerenes, such ag &hd G, have A mixture of Ar (99 sccm and CH, (1 sccm) was em-

been successfully used as the carbon source for the diamoRépyed as the reactant gas for. the microwf';\ve plasma en-
growth. Through an argon microwave plasma fragmentatiomanced CVD thin film preparationd\-type single crystal

of fullerenes(without hydrogen involved the discharge dis- Silicon wafers with(100 orientation were used as the sub-
plays a strong green colgGwan banyi due to the 5165 A strates, and mechanical polishing with fine diamond powder
emission from the gradicals, and the £dimer appears to (0.1 um) was employed to enhance the nucleation density.
be the growth precursor of nanocrystalline diam&htf For all film depositions the substrate temperature and input
Note that the nanocrystalline diamond thin films preparednicrowave power were maintained at 800 °C and 800 W,

from an Ar—G, microwave plasma with £dimers as the respectively. The films prepared in this work were either 1 or
5 um thick, as determined by using am situ laser reflec-

tance interferometer to monitor the modulations of the sur-
Dept. of Mechanical, Materials, and Aerospace Engineering, University oefface rEﬂeCtIVIty durmg the growth. procegs.To St“dy th,e
Central Florida, Orlando, FL 32816. dependence of growth rate of the film on €ncentration in

Electronic mail: dzhou@pegasus.cc.ucf.edu the plasma, the reactant gas pressure, which strongly affects

dCurrent address: Advanced Materials Processing and Analysis Cent
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FIG. 1. X-ray diffraction of the as-grown nanocrystalline diamond film
prepared from an Ar—CHplasma at 100 Torr. The labels show the diffrac-
tion peaks from different planes of the cubic diamond.

production of G dimers from the Ar—Chlplasmas, was var-
ied from 20 to 150 Torr. A spectrometer equipped with a
1200 GR/mm grating and water-cooled photomultiplier tube
was employed to monitor the Ar—CGHblasma, and specially
the concentration of £dimers. Emission from the plasma
was collected with a quartz optical fiber viewing a region 700
1-2 cm above the substrate. The monochromater was
stepped in 2.3 A increments with a dwell time of 100 ms
from 3000 to 7000 A. The characterization of the as-grown
films was then carried out using XRD, TEM, EELS, and
atomic force microscopyAFM).
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IIl. RESULTS AND DISCUSSION

The x-ray diffraction spectrum of the as-grown film is
shown in Fig. 1. The diffraction peaks can be indexed on the 0
basis of the cubic diamond structusee the labels in Fig.)1 250 300 350 400
The diffraction peaks are significantly broadened due to the Electron Energy Loss (eV)
very small grain sizes. There is no evidence for graphite or , , _ _

. . s FIG. 2. (a) A plan view TEM image of the diamond film prepared from an
amorphous carbon from the x-ray dlffr_actlon. The silicon Ar—CH, plasma at 100 Torr showing that the diamond film consists of
diffraction peak from S{400 planes derives from the sub- nanocrystalline grains ranging from 3 to 20 nm. The inset image shows a
strate used for the film deposition. Further characterization o$harp ring pattern of a selected area electron diffraction, indicating that the
the films has been conducted using TEM. Figu(@ 8hows giar:nond tg:?;nsdha:ne r?dr?;rr\:om orirerclitatiot:); ann EEaLos sn;:gﬁtrdgmmoi t:]e
aplan Vie_w TEM _image, showing that the film Contain_s Verydiip?;;?lnsgaolnli aIr?EELS cladg:c;tu'ng g\\;ecoe:regpﬁndf;g t;p%tleellec(tergn’
small grains ranging from 3 to 20 nm, but the actual size caronfiguration, characteristic of diamond.
be determined more accurately from high resolution TEM
images'® The inset image shows a selected gmar 10um
in diametey electron diffraction of the film, in which the diamond. No energy loss feature at 284 eV has been ob-
sharp ring pattern illustrates that the diamond grains have served, demonstrating the absence of amorphous or graphite
random orientation. EELS was employed as a diagnostic fophases in the film. A high resolution TEM image of the
amorphous or disordered carbon wisip? bonding. It is  nanocrystalline thin film shown in Fig. 3 demonstrates that
known that different carbon phaségraphite or amorphous individual grains are single diamond crystals. The image of
carbon and diamondhave very distincK-shell absorption lattice fringes has a spacing of 0.205 nm, which is the inter-
edge structures. Diamond has a single EELS feature with aplanar distance between diamofitil1} planes. The lattice
onset at 289 eV due to it8* electronic states, while graphite image of diamond can only be observed when the diamond
or amorphous carbon has an additional EELS edge starting §11} planes are in proper orientation since the resolution of
284 eV owing to its lower lying antibonding™* statest® the TEM used is about 1.8 A.

Figure Zb) shows an EELS spectrum of the nanocrystalline  The surface morphologies of the as-grown nanocrystal-
diamond film acquired over an arealOum in diameter, line diamond thin films have been studied by AFM. Figure 4
displaying only an EELS edge at 289 eV, characteristic oshows three-dimensional AFM images of the films with dif-

100
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the nanocrystalline diamond films is largely insensitive to the Reactant Gas Pressure (Torr)

FIG. 5. (&) An optical emission spectrum of the Ar—Glglasma running
(a ) with 1 vol % CH, and 99 vol % Ar as the reactant gas at a chamber pressure
i of 100 Torr;(b) plots of growth rates of nanocrystalline diamond films and
emission intensities of £from the Ar—CH, plasmas vs reactant gas pres-
sures ranging from 55 to 150 Torr.

Z.26110nm film thickness, which is in contrast to the conventional CVD
polycrystalline diamond films prepared by an atomic
hydrogen-rich microwave plasma. Therefore, a new growth
precursor such as,Glimer associated with a novel growth
mechanism should be considered for the nanocrystalline dia-
mond thin film deposition from an Ar—Cjplasma presented
here.

To obtain information from the Ar—Clplasmas, optical
emission spectroscopy was employed. Figuf@ Shows a
(b) typical emission spectrum of the Ar—GHblasma running
with 1 vol % CH, and 99 vol % Ar as the reactant gas at the
chamber pressure of 100 Torr. In this spectrum, thewan
system(5165 A bands has been observed through in the
wavelength range from 3000 to 7000 A. A weak emission
line of H, (6562 A) from atomic hydrogen, which is contrib-
uted by the discharge reaction of methane, is also visible in
this emission spectrum. Figuré® shows plots of growth
rates of nanocrystalline diamond films and emission intensi-
ties of G, from the Ar—CH, plasmas versus reactant gas pres-
sures ranging from 55 to 150 Torr, showing that the pressure
strongly affects both the Ar—CHdischarge chemistry and
the nanocrystalline diamond film growth. The growth rates
of nanocrystalline thin films deposited from the Ar—gH

_ _ _ _ o ~ plasmas are determined by monitoring modulations of the
FIG. 4. Three-dimensional AFM images of the films with dlffere_nt th!Ck- surface reflectivity versus deposition time with a He—Ne la-
nesses ofa) 1 um and(b) 5 um, illustrating that the nanocrystalline dia- . .
mond thin films produced from the Ar—GHblasma have very smooth sur- ser (6328 A) reflectance interferometéf. One modulation
faces, which appears to be independent of the film thicknesses. (from peak to peak presents a film deposition

542 J. Appl. Phys., Vol. 83, No. 1, 1 January 1998 Zhou et al.



130 nm thick. The emission intensities of,Gvhich corre- ~ dence of the growth rates of the nanocrystalline diamond
lates linearly with the absolute,@oncentration in Ar—Cl  films on the optical emission intensities for the dmer in
microwave plasma® are directly measured from the,C the plasma supports the mechanism of nanocrystalline dia-
swan systen(5165 A bandsin the optical emission spectra. mond growth from G dimers proposed by Gruest al!**?
When the reactant gas pressure is below 40 Torr, pen@is-
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