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PROGRESS TOWARD ATOMIC LAYER EPITAXY OF DIAMOND:

DIAMOND FILMS GROWN ONE LAYER AT A TIME

ROY GAT, TERTTU I. HUKKA, ROBIN E. RAWLES, AND MARK P. D'EVELYN

Department of Chemistry and Rice Quantum Institute, Rice University, Houston, TX

77251-1892

ABSTRACT conductivity at room temperature of any material and is
chemically inert under most conditions. Diamond film

Diamond would be the ultimate coating for many applications which are already in commercial
applications: it is the hardest material known, is production include heat sinks and hard abrasive
chemically inert in most environments, has a thermal coatings.
conductivity five times that of copper, and is optically
transparent from the ultraviolet through the mid- and Many challenges remain, however, for diamond CVD
far-infrared. However, conventional CVD methods for technology. The rather modest nucleation densities
diamond have important limitations-many substrates typically achieved lead to grain sizes in the micron
of interest cannot withstand the 500-1000 "C range and films which are too rough and strongly
temperatures commonly employed, and the t1,'pically scattering to be useful for optical coatings for visible
low nucleation density generates films with large light. Typical growth temperatures range from 500 to
crystal grains and rough morphologies. We are 1000 *C. This temperature range is too high for many
developing a novel low-pressure method for atomic substrates and produces highly stressed films due to
layer epitaxy of diamond which should enable high- the mismatch in thermal expansion coefficients.
quality film growth at modest temperatures with very Considerable effort is being devoted to reduction of
high nucleation densities. The method uses growth temperatures, control of nucleation and film
alternating fluxes of halocarbon radicals and atomic morphology, and better understanding of the growth
hydrogen, generated by reaction with atomic fluorine, mechanism(s).
Under suitable conditions, carbon atom additions to
the growing film and subsequent re-hydrogenation of We are developing a method for atomic layer epitaxy
the surface should each be self-limiting reactions, of diamond which may solve several of the problems
resulting in deposition of one atomic layer of diamond mentioned above. Atomic layer epitaxy (ALE) is a
per cycle. To date we have obtained evidence for powerful technique for growing materials one atomic
diamond growth at rates up to 0.1 microns/hr from layer at a time 131. ALE involves alternating, cyclic
continuous flows of hydrogen and CHCl3 , CH4 , or exposures to different gas-phase reactants, with
C2H2 at reactor pressures between 10-4 and 10-2 approximately one monolayer of material being
Torr. In order to perform cost-effective measurements deposited per cycle. Originally developed for growth
of the growth rate per cycle to optimize the ALE of LI-Vt materials, ALE has been widely applied to
process, we have applied Fizeau laser interferometry growth of GaAs and other IIl-V semiconductors 13],
as an in situ probe of diamond homoepitaxy with and methods for ALE of silicon are being developed.
nanometer sensitivity.

Our method for diamond ALE involves selectively-
INTRODUCTION produced radicals in medium vacuum and should

have a number of advantages over more conventional
The extreme properties of diamond and myriad of diamond growth techniques. The surface dangling
applications for diamond thin films have motivated the bonds remain capped by hydrogen or halogen atoms
rapid growth of chemical vapor deposition (CVD) throughout the process cycle, stabilizing the diamond
growth technology [1,21. Besides being the hardest surface. Because radical reactions typically have low
material known, diamond has the highest thermal activation energies, the process should remain viable
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at relatively low substrate temperatures. There is no where R = H, CH 3 or CC13, corresponding to injection
obvious nucleation requirement and therefore of H2 , CH 4 , or CHC13 . We have also performed some
extremely high nucleation densities may be experiments using C 2H 2 as a precursor, which
achievable. probably reacts primarily via an addition reaction,

generating a fluorovinyl radical:
As described in detail elsewhere [41, our ALE method
involves alternating cycles of halocarbon radicals and HC-OCH(g) + F(g) --- HFC=CH(g) + HF(g). (6)
atomic hydrogen:

The radicals (and HF) formed downstream of the F-
C-H(s) + *CX3 (g) - C-*(s) + CHX3(g) (1) atom source flow under nearly molecular flow

conditions to the substrate. F-atom-based secondary
C-°(s) + 0CX3(g) - C- CX3(s) (2) generation of radicals has previously been used to

perform etching of semiconductor substrates (at rates
C-CX3 (s) -- C-C-X(s) (3) up to 1000 A/min) [5].

C-C-X(s) + H*(g) -) C-H(s) + HX(g) (4) Because only a handful of groups in the world have
successfully demonstrated diamond growth at

where X is a halogen atom (F or CI). The cycle begins pressures below 1 Torr [6] and because this growth
with a hydrogenated substrate surface. Surface method is completely new, our initial goal was to
hydrogen is abstracted by a CX3 radical, and then a achieve diamond growth using continuous flows of
second CX3 radical adsorbs on the resulting dangling- precursor plus hydrogen, that is, by CVD rather than
bond site. Adsorbed halocarbon species then by ALE. Typical flow rates were 0.1-3 sccm of F2 , 2-6
undergo surface decomposition or rearrangement sccm of H2, and 1-10 sccm of CH4, CHCI3, or C2 H2.
reactions to produce a halogen-terminated surface. The chamber pressure rose to 10-4 - 10-2 Torr during
Reactions (1)-(3) should be self-terminating because growth. As substrates we have used natural diamond
activation energies for abstraction of halogen atoms (100) and polycrystalline copper and nickel wires
by carbon- and silicon-centered radicals are much seeded with natural diamond grit, held at
higher than for abstraction of hydrogen. In the final temperatures between 500 and 900 'C.
step of the cycle, the surface halogen atoms are"
stripped off by abstraction reactions of incoming Films were characterized by Raman spectroscopy,
hydrogen atoms and replaced by hydrogen. Because scanning electron microscopy, and electron-beam
etching of diamond by atomic hydrogen is very slow, microprobe. Film thicknesses on the diamond (100)
reaction (4) should also be self-terminating, substrates were determined by measuring the total

thickness of the substrates before and after growth
EXPERIMENTAL DETAILS from the fringe pattern in Fourier transform infrared

transmission spectra [7].
Growth experiments were performed in an ultrahigh-
vacuum-compatible CVD/ALE reactor that has been RESULTS AND DISCUSSION
described previously 14]. Briefly, atomic fluorine is
produced by thermal dissociation in a hot tube. As In experiments on diamond (100) substrates, we have
tube materiaib wc have used both Ni and Ni-heated observed evidence for growth from both CH4 and
MgO, which are heated to 650-800 "C in order to CHCl3 --thickness increases of 0.3-0.9 gm in 10-12
produce a high degree of dissociation. Precursor hours [4,8]. In the case of CH4 evidence for etching
molecules are injected into the stream of F atoms, of diamond was also seen--etch pits were visible in
undergoing gas-phase hydrogen abstraction SEM photographs and in some cases a thickness
reactions to produce radicals with nearly complete decrease was observed. Raman spectroscopy
chemical specificity: indicated that any graphite deposition was below the.

sensitivity limit. In the case of growth from CHCI3 ,
R-H(g) + F(g) -- R'(g) + HF(g), (5)
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ledge features located at 90° angles were observed, therefore the method also provides a sensitive
also indicative of growth of the cubic diamond lattice. measure of the uniformity of growth.
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