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1.0 PROGRAM ACTIVITY

Work during this phase of the diamond program began to reap the fruits of the

collaborations established during the first quarter. Many details of the formal and

informal collaborations were given in the previous quarterly report. Consequently, we

will only report on the highlights of the collaborations. As discussed in the previous

report, the diamond program at RTI pursued two separate avenues for large area single-

crystal diamond development:

1) diamond heteroepitaxy,
2) diamond bonding, consolidation, and lift-off.

Congruent with those approaches, workers here at Research Triangle Institute

identified key issues which needed to be addressed before progress could be realized.

Those issues, in turn, dictated classes of experimental and theoretical activity. The issues

and the classes of activity are listed below:

1) the role of oxygen in diamond CVD,
a) surface chemistry studies: LEED, TPDS, AES,
b) theoretical calculations to ascertain the oxygen site(s), b) CVD growth

with oxygen-containing gasses,
c) SIMS analysis for impurity content,

2) why the limited success of diamond heteroepitaxy on Ni,
a) theoretical modeling of CH3 adsorption on Ni (the role of subsurface

impurities (catalyst),
b) ion implantation for controlled introduction of subsurface impurities

(catalyst),
c) low temperature diamond growth,

3) tools for quantitative microstructural characterization,
a) TEM sample preparation,
b) spatially resolved catholuminescence,
c) chemical etching for defect delineation,
d) Atomic Force Microscopy (atomic resolution),

4) techniques for separation and lift of thin single crystal sheets of diamond
a) C+ and O+ implantations,
b) determination of implant range and straggle,
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c) temperature activated separation techniques,

5) epitaxial consolidation of individual crystals into one single crystal (Details
of bonding not yet patent secured),

6) high quality diamond homoepitaxy for the epitaxial consolidation
a) microstructural comparison of available growth chemistries,
b) development of novel plasma sources for higher rate, larger area

diamond deposition.

These activities have generated some very exciting results. Almost all these

activities have involved very active collaboration between staff at RTI and the both the

formal and informal subcontractors. Many joint publications and paper submissions have

occurred during this quarter. Those papers (reproduced in section 3.0) are included in this

quarterly report to provide a comprehensive record of this work.
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2.0 ONGOING INFORMAL COLLABORATIONS

In addition to the informal collaborations with Penn State described in 1st

quarterly report, TEM Studies at RTI have been facilitated by excellent collaborative

work with Jet Propulsion Laboratory (JPL). Two important things have been

accomplished thus far in our collaboration with Dr. Thomas George and Dr. Tom Pike at

JPL. They were able to make a cross-section TEM sample of a diamond layer grown on

Si using 4 CF4/H2 mixture. This particular grown sample was notable because diamond

nucleated readily on the Si substrate without any substrate pretreatment (e.g., diamond

scratching) whatsoever. There were 2 "interlayers" observed on this sample - the first

(closest to the diamond) was a 150 nm thick region of polycrystalline f3-SiC. Beneath

that layer was an amorphous layer of varying thickness (it was not uniform) which

averaged - 1.5 pm. Although this result is not completely understood, it is encouraging

that there is no apparent interlayer between the SiC and the diamond, which may warrant

nucleation studies on single crystal Is-SiC using halogen-containing diamond growth

chemistries for possible heteroepitaxy.

Single crystal diamond were sent by RTI to JPL for the purpose of JPL

developing a rapid, laser-based method of making plan-view TEM samples. The crystals

were natural type Ia diamonds, and the technique developed is to be used ultimately to

examine the details of the microstructure of CVD-grown homoepitaxial diamond films.

Using the pulsed excimer laser to "bum" from one side of the diamond has been

successful. Final thinning was then accomplished in their ion mill and TEM micrographs

were obtained. A manuscript detailing the application and methodology of this technique

is being prepared by Dr. Thomas George. We plan to soon use this technique on

homoepitaxial diamond that is currently being grown.

3



In addition, cross-section TEM results have been obtained on diamond grown on

Si in the presence of copper. At the diamond growth temperature, the Cu vapor pressure

is quite substantial (- 10-6 Tort), thereby providing a continuous overpressure and supply

of Cu to the nucleating surface and to the diamond growth. It was found that

polycrystalline diamond grown on Si in the presence of Cu was showed a much smoother

surface topography and an apparently smaller grain size. This was using a more

traditional CH4/H2 gas mixture. JPL has made a cross-section TEM sample and made

initial examination of it. It appears as if there are very small nodules of a 3rd phase at

the diamond/Si interface, and efforts have begun to identify them. Possibilities include a

Cu silicide phase or SiC. JPL researchers took the TEM sample to the High Resolution

Electron Microscopy facility at Arizona State University, but due to equipment problems,

did not get a final answer. Time is being scheduled to make another attempt to get this

microanalytical result.

Complementing the TEM studies Cathodoluminescence (CL) studies have been

undertaken at RTI in conjunction with both Arizona State University and AT&T Bell

Laboratories.

EBIC and panchromatic CL images taken in the SEM at RTI of natural type Ilb

single crystal diamond indicated that dislocations were arranged in a cellular structure

and were electrically active and luminescent, indicating that dislocations are associated

with states in the gap that can be responsible for light emission in the visible and IR. The

states may be intrinsic to the dislocations themselves, or combine with impurities present

to create the states. Individual dislocations were not resolved due to the small spacing

(avg. - 0.5 pm) and relatively large electron beam interaction volume diameter (- 4 pm

at 25KeV). TEM on the same stone verified that the dislocations were "clustered" into

cells. A portion of this same stone was sent to Dr. Gene Fitzgerald at AT&T Bell Labs in

the context of a non-contractual collaboration. CL date was collected in his SEM at low
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temperature (6 'K) and was found to be strongest at 430nm, which has been associated

with donor-acceptor recombination due to nitrogen and boron impurities, respectively.

Other CL peaks were observed at 589nm, 648nm, and 680nm. Again, it is anticipated

that this initial work done on a natural crystal will be extended to homoepitaxial diamond

in the following phase of the program.

Collaboration (non-contractual) with Dr. Roger Graham at Arizona State

University (ASU) in the area of TEM-based high spatial resolution CL has continued at a

low level. Of most interest is the his results on polycrystalline diamond grown using

water:alcohol:acetic acid mixtures. Using CL mapping, initial results appear to indicate

that characteristic CL lines associated with nitrogen are significantly more intense in

regions that are rich in microtwins/stacking faults. If this result turns out to be verified

by further experiment, it could imply that N may play a role in the extensive

twinning/faulting that is so characteristic of polycrystalline diamond. Additionally, a

thin layer (- 2 pm) that has been implant lifted-off from a type Ia diamond has also been

sent to ASU and has been specially (locally) thinned using focused ion milling. Dr.

Graham has made initial TEM examination, and has found the layer to remain single

crystal. A full microstructural and CL analysis has yet to be done on this sample.

Finally, in the area of "Super" SIMS Studies: North Texas State University,

there has been continued contact and discussion with Prof. Floyd McDaniel in the

Physics Department of North Texas State University. A water:methanol diamond

homoepitaxial film was sent to Floyd McDaniel for initial experimentation and trial of

his more sensitive "super" SIMS techniques. This sample was of particular interest

because it showed the lowest N and 0 concentration by measurement with conventional

SIMS. However, it is recognized that a more sensitive technique for particularly the

presence of N will be needed. Upon discussions, it is clear that equipment difficulties

have inhibited progress to date for this characterization.
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Effects of subsurface Na, H and C on CH 3 adsorption on Ni(111)

Hong Yang, Jerry L. Whitten
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Raymond E. Thomas, Ronald A. Rudder and Robert J. Markunas
Research Triangle Institute, Research Triangle Park, NC 27709-2194. USA

Received 26 June 1992, accepted for publication 6 August 1992

Ab initio valence orbital configuration interaction calculations are used to study the energy effect of Na. H and C atom
subsurface species on CH3 chemisorption at a hollow 3-fold site on Ni( ll). The lattice is modeled as an embedded three layer

cluster of 41 atoms. Ni 3d orbitals are explicitly included on seven nickel atoms on the surface. The calculated chemisorption
energies of pyramidal CH on Ni( lll) are 38 for the clean surface and 50. 47. and 17 kcal/mol for the Na. H. and C implants.
respectively. The energies required to distort tetrahedral CH into a planar structure are 22 kcal/mol on clean Ni(lll). 30
kcal/mol with the Na implant, 24 kcal/mol with the H implant. and 12 kcal/mol with the C implant, respectively. Thus. Na below
the surface may stabilize a carbon overlayer to a tetrahedral diamond structure. CHl -surface distances. C-H stretching and

surface-CHl3 vibrational frequencies are also reported.

i. Introduction difficulty in diamond heteroepitaxy is the poor
chemical bonding between adsorbate and sub-

In the past decade, diamond film growth has strate. During heteronucleation, adsorbate species
received a great deal of attention not only due to such as methyls are receiving substantial fluxes of
the pure scientific interest in the low pressure atomic H. Under this high flux, carbon adsor-
formation of metastable diamond but also due to bates on the surface are gasified, defeating dia-
the many practical applications that exist for dia- mond nucleation. As a result, diamond nude-
mond films [1-9]. Despite the progress that has ation and growth is sporadic and highly thtee-di-
been made in developing a variety of techniques mcnsional.
for diamond film formation, understanding the In the present studies, ab initio cluster model
mechanisms for diamond fcrmation is still a sub- calculations are used to investigate the energy
ject of current debate. Continued progress in effect of subsurface interstitials such as Na, H,
diamond film technology will depend in particu- and C on the bonding of a CH. radical to a
lar on developing a better understanding of dia- hollow 3-fold site on Ni(Ill). The calculated re-
mond heteronucleation and correspondingly het- suits show that the presence of electropositive
eroepitaxy. Heteroepitaxial growth of diamond subsurface species in Ni dramatically increase the
on c-BN has been successful, but the availability bond strength between a CH., radical and the Ni
of c-BN limits the utility of this technology. Epi- surface. Correspondingly, electronegative subsur-
taxial growth on other closely lattice matched face species such as C dramatically weaken a
materials such as Ni, Cu, or Co have had only. CH 3-Ni surface bond. In addition, the energy
limited success. The formation of aligned dia- required to planarize a tetrahedral CH, on
mond crystals in a small local area has been Ni( 11) increases when electropositive species re-
reported for diamond growth on Ni [101. One side interstitially below the Ni surface.

0039-6028/92/$05.00 0 1992 - Elsevier Science Publishers B.V. All rights reserved
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Calculations are performed in the context of a DMa
many-electron embedding theory that permits the
accurate computation of molecule-solid surface
interactions at an ab initio configuration interac-
tion level. The CH.' and local surface region are
treated as embedded in a lattice electron distri- surface layer second layer third layer
bution which is modeled as a 41-atom, three layer
cluster.

The objective of the present paper'is to calcu- y
late the adsorption energy of CH-, on Ni( 1)A valence orbitals:
with subsurface Na. H. and C implants and then .f-..--..--- 3
to calculate the energy required to distort the.. .. 3d.4s.4p
tetrahedral CH., into a planar structure on the
surface. -.....0 -- - x--- . - x

2. The theory and calculations .

The purpose of the embedding theory em- surface layer local region
ployed in this work is to treat adsorbed species Fig. I. Cluster geometry and local region of the nickel cluster
and a surface region of the metal with sufficient used to model the (til)crystal face of nickel. The three layer.
accuracy to describe reaction energetics, while at 88-atom cluster, consists of a surface layer of 37 atoms, a
the same time maintaining a proper coupling of second layer of 30 atoms and a third layer of 21 atoms.

the surface region to the bulk [I 1-13]. The pre- Embedding theory is used to reduce the Ni. cluster to a 41

sent approach most closely resembles that in refs. atom model depicted as shaded atoms. Atoms surrounding
the seven local region atoms in the surface layer and those

114,151, where the details of the method are dis- surrounding the four central atoms in the second layer are
cussed. Calculations are performed by first ob- described by effective potentials for (is): ... (3p)(3d)'(4s) :
taining self-consistent-field (SCF) solutions for and (0s) -.. (3p)"(3e0"(4s)0' configurations. respectively.
the nickel cluster plus adsorbed species. The oc- Effective potentials for the shaded atoms in the third layer

cupied and virtual orbitals of the SCF solution describe the (Is)--' (3p)l(3d)"(4s)' " configuration. Un-
shaded atoms have neutral atom (0s-3 p coreX3d)M(4s)i po-

are then transformed separately to obtain orbitals tentials. All atoms have Phillips-Kleinman projectors
spatially located about all the atoms of the cluster EI Q,,, )(Q, I - f,,, for the fixed electronic distribution. The
except those in the seven-atom surface region nearest neighbor Ni-Ni distance is 2.48 A.

shown in fig. 1. This unitary transformation of
orbitals is based upon exchange maximization
with the valence orbitals of atoms outside the tion theory. For all geometries calculated, the
surface region and is designed to enhance conver- SCF solution is the dominant configuration. Con-
gence of the configuration interaction (CI) expan- figurations with coefficients > 0.05 are included
sion 111-131. as parent configurations. Details of the procedure

The Cl calculations involve single and double are given in ref. [16]. Basis superposition contri-
excitations from multiple parent configurations butions to the total energy were taken into ac-
within a 28 or 29-electron subspace to 28 possible count by calculating the energy of the Ni cluster
localized virtual orbitals. All configurations aris- with the adsorbed species' virtual basis present
ing from excitations with an interaction energy (but not the adsorbate nuclei).
greater than I x 10- hartree with the parent The cluster geometry and local region of the
SCF configuration are explicitly retained in the nickel cluster used to model the (0I ) crystal face
expansion; contributions of excluded configura- of nickel are shown in fig. 1. The three layer,
tions are estimated using second order perturba- 88-atom cluster, consists of a surface layer of 37
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atoms, a second layer of 30 atoms ane a third Y
layer of 21 atoms. Embedding theory is used to atm fi Vold sites
reduce the Ni. cluster to the 41-atom model
depicted as shaded atoms: the surface layer of 19
atoms, a second layer of 14 atoms, and a third 0X
layer of 8 atoms. For the seven-nickel-atom local hollow 3fold sites
surface region, a [Is-3p] core potential is used;

3d, 4s and 4p orbitals are explicitly included in
the valence basis. Other Ni atoms are described (a)
by an effective core potential for [is-3d] elec-
trons, and a single 4s orbital. For all boundary
atoms, and those in the third layer, the core _ 109 5
potential is further modified to account for bond- " C "I
ing to the bulk region, as described in refs. [14,15].
The basis orbitals of Ni, C, and H are the same as .
used in previous dissociative chemisorption stud-\ _/_\ / interstitial - 0
ies of CH4 on Ni( 11)[17). A double-zeta s and p ato0
basis for Na is taken from Veillard [181 and
augmented with a set of p polarization functions (c)
(exponent of 0.5). Fig. 2. CH ._ geometry and the local region of NiK I ll) showing

The Na, H and C interstitials are positioned subsurface Na. H and C atoms. The interstitial species are
below a hollow 3-fold site and midway between below a hollow 3-fold site. midway between the first and

second layers. The vertical distance of the interstitial to thethe first and second layers, as shown in fig. 2. first and second layers is 1.01 A.

3. Results subsurface atoms, respectively. However, the en-
ergy decreases to 17 kcal/mol in the case of a C

Fig. 2 shows the geometry of pyramidal CH, subsurface atom. The distances of CH.to the
adsorbed at a hollow 3-fold site. where there is surface change only slightly from 1.85 to 1.93 A.
no second layer Ni atom underneath. The inter- Thus CH3 adsorption energies are comparable
stitial Na, H or C atom is below the hollow 3-fold for Na and H interstitials, while the subsurface C
site, in the interstitial position midway between significantly weakens the CH,-surface bond to a
the first and second layers. In the initial carbon-
surface distance optimization, the C-H bond
lengths are fixed at 1.08 A and the HCH angles Table I
at 109.5'. Calculated adsorption energies, dis- Adsorption energies (Eh). CH, distances from C to the

tances from CH- to the surface, and vibrational surface (R,). and vibrational frequencies for CH., adsorbed at
• a hollow 3-fold site on Ni( ll) with subsurface Na. H and C

frequencies are reported in table 1. For CH. on interstitials.
clean Ni(l 11), the computed adsorption energy is
38 kcal/mol with a surface-CH. distance of 1.90 Eb Ro Ni-CH t C-H
A. These values along with the calculated vibra- (kcal/mol) (A) stretch stretch
tional frequencies are consistent with our previ-
ous calculations of CH., on Ni(lll), where the NiUltl) 38 1.90 374 3140

Na interstitial 50 1.85 361 3140
lattice was modeled as a 28-atom, three layer H interstitial 47 1.87 340 3130
cluster [ 19,201. C interstitial 17 1.93 476 3170

For CH 3 adsorption at the 3-fold site above Results are from configuration interaction calculations and
the interstitial atom, the chemisorption energy are corrected for basis superposition effects of approximately
increases to 50 and 47 kcal/mol for Na and H 3 to 4 kcal/mol.
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109.5° 1200

SC-_ As indicated above, the interstitial atoms are
positioned below a hollow 3-fold site and midway

____,_ Rbetween the first and second layers, i.e., at the
0 _ _ center of an octahedral hole in the lattice. The

smaller, tetrahedral hole (below the filled 3-fold

(a) (b) site) was not investigated. The octrahedral hole is
not quite large enough to accommodate Na + and
is much too small for negatively charged carbon.

Ni(111) Na Interstitial H Interstdtial C Interstitial Therefore, we would expect that interstitial
species such as Na and C. and to a lesser extent

AE (KcaVrd) +-2 +30 +24 +12 hydrogen, will expand the lattice locally. This in

Fig. 3. Tetrahedral and planar CH. geometries on Ni(llI) turn will affect some of the properties we have
with subsurface Na, H and C interstitials (shaded circles). The calculated, but the extent is unclear. Further, the
interstitials are below a hollow 3-fold site. midway between implant species are mobile and in the case of H
the first and second layers. AE is the energy required to and C may ultimately react with the adsorbed
distort the tetrahedral geometry of (a) into a planar structure CH3. Thus, although the large effects found in
of (b). The CH 3 -surface distances (R.) are listed in table 1. the present study are intriguing, much more work

is needed before a quantitative understanding of
value less than one-half that for Ni(l11) with no accompanying effects will be possible.
interstitial species. Na is an electron donor and
the 3s electron is distributed over the neighboring
Ni atoms in the first and second layers. It is
therefore easier for CH 3 to receive electronic 4. Conclusions

charge from the surface and form a strong bond.
The interstitial H behaves somewhat like the Na The conclusions of the present study of CH . at
interstitial, but its net charge is only + 0.091 e 1. a hollow 3-fold site on Ni( 11l) with subsurface
On the other hand, Mulliken populations from Na, H and C interstitials can be summarized as
the SCF calculations show that the C interstitial follows.
receives almost 2 electrons [211. The surface ad- (1) Tetrahedral CH., binds strongly to the
sorption region becomes electron deficient, and Ni(11) when an interstitial Na or H atom im-
the CH3-surface bond strength is diminished plant is present; the adsorption energy is 50 or 47
since it is more difficult for CH., to pull electrons kcal/mol, respectively, compared to 38 kcal/mol
from the substrate. for Ni(I 11) with no implant. The adsorption en-

Fig. 3 shows the energy required to distort the ergy is only 17 kcal/mol in the presence of a
tetrahedral CH 3 into a planar structure on subsurface C implant. The corresponding CH.,-
Ni( 111) with and without the interstitial species. surface distances are 1.85, 1.87, and 1.93 A for
The purpose of these calculations is to determine Na, H, and C cases, respectively. With no implant
whether the implants stabilize or destabilize the the value is 1.90 A.
CHl3 tetrahedral geometry. The figure shows that (2) Energies required to distort tetrahedral sp3

the energy required to distort tetrahedral CH 3 to CH 3 into a planar sp 2 structure are 22 kcal/mol
a planar sp 2 geometry is 22 kcal/mol on Ni(111), on Ni(11), and 30, 24, and 12 kcal/mol for Na,
at the surface-CH., equilibrium distance of 1.90 H, and C implants, respectively.
A. For Ni( 11) with an interstitial Na atom, this (3) Calculated C-H stretching frequencies are
energy increases to 30 kcal/mol. for interstitial all around 3150 cm- t with or without the im-
H, the value is 24 kcal/mol, and with the C plants. The surface-CH 3 perpendicular stretch
interstitial atom, only 12 kcal/mol is required. vibrational frequencies are 374 cm-' on Ni(11l),
The latter value is about one-half that required and 361, 340, and 476 cm- with the Na, H, and
for. distortion of CH 3 on Ni(l 11) with no implant. C implants, respectively.
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ABSTRACT

We describe a new method for removing thin, large area sheets of diamond from bulk or

homoepitaxial diamond crystals. This method consists of an ion implantation step, followed by a

selective etching procedure. High energy (4 -5 MeV) implantation of carbon or oxygen ions creates a
well-defined layer of damaged diamond that is buried at a controlled depth below the surface. For C

implantations, this layer is graphitized by annealing in vacuum, and then etched in either an acid

solution, or by heating at 550-6000 C in oxygen. This process successfully lifts off the diamond plate
above the graphite layer. For 0 implantations of a suitable dose (3-1017 cm"2 or greater), the lift-off

is achieved by annealing in vacuum or flowing oxygen. In this case, the 0 required for etching of

the graphitic layer is also supplied internally by the implantation. This lift-off method, combined with

well-established homoepitaxial growth processes, has considerable potential for the fabrication of

large area single crystalline diamond sheets.

An essential hurdle yet to be cleared, before one can fabricate diamond electronic devices, is the

creation of large area, flat, single crystalline diamond layers. A very promising beginning has been

made by Pryor et al. 1 ,who have shown that homoepitaxial diamond layers can be grown by

chemical vapor deposition onto a matrix of oriented diamond microcrystallites, which are imbedded

in an array of etch pits on a Si substrate. However, this method is both costly and time-consuming,

and the crystallites are only poorly oriented, thus causing low angle grain boundaries We propose to

combine homoepitaxial growth with lift-off technology to permit large area diamond sheets to be

economically fabricated from a master template. For example, such diamond films could be

fabricated by tiling together several small diamond crystals on which one then deposits a single

crystalline layer; and then removing thin sheets of single crystalline diamond from the surface using a

lift-off process. In this way, a large diamond template could be fabricated, from which large

diamond sheets could be removed ad infinitum. In the present paper, we shall describe the use of ion

implantation to lift thin sheets of diamond from a single crystal substrate.

In our lift-off method, we have used ion implantation to create a buried damaged layer in a

polished bulk diamond crystal, and then removed that damaged layer by selective etching, thus lifting
1



a thin sheet of diamond from the surface. The fundamental concepts of the method are the following.

(a.) Most of the damage caused by ion implantation occurs at the end of the ion range, and thus is

confined to a buried layer of material at a controllable depth. (b.) The damaged layer can be

graphitized by annealing, and the graphitized layer has sharp boundaries because of the well-defined

critical damage density necessary for conversion of diamond to graphite 3,4. (c.) The graphitic layer

can be preferentially etched at a much more rapid rate than that of the adjacent diamond. We note that

successful lift-off of AlxGal.xAs films has been achieved by selectively etching a buffer layer of

AlAs located between a GaAs substrate and the AlxGal-xAs layer.5 The etching of the damaged

diamond can be achieved in different ways: for example, via reaction with oxygen supplied

externally or internally, or by dissolution in an acid solution. We shall discuss results for both of

these methods.

It is known 3,4 that ion beam damage caused by carbon implantation at low temperatures in

diamond can be divided into four general regimes.

(i.) At low doses (<1.5.1015 C ions/cm2 at 100 keV, corresponding to a Frenkel defect

concentration of -7%), the damage is almost completely recoverable by thermal annealing at about

9000 C in vacuum.

(ii.) At doses >1.5.1015 C ions/cm 2 at 100 keV, a stable damaged diamond structure ("green

diamond' 4 ) may be formed by annealing at 9500C.

(iii.) At doses greater than about 1016 C ions/cm 2 at 100 keV, the damaged diamond is
graphitized by thermal annealing at moderate temperatures (about 6000C).

(iv.) At very high doses, diamond is spontaneously graphitized. It should be noted, however,

that diamond is much more resistant to such graphitization when the damaged layer is buried,

perhaps because of the constraint on expansion due to the relatively undamaged overlying diamond 6.

The depth profile of ion beam damage can be calculated using Monte Carlo computer
programs, such as TRIM 7. Because high energy ions lose most of their energy via electronic

collisions, there is relatively little damage near the surface of an ion-implanted sample. The damage is
confined to a relatively narrow buried region near the end of the ion range, where the ions lose most

of their energy via nuclear collisions. Thus, by varying the initial ion energy, the depth of the buried

damaged layer can be controlled. The thickness of the buried damaged layer is almost independent of

the ion energy. Consequently, a buried thin layer of graphite can be created in diamond by ion

implantation followed by low temperature annealing.

Selective etching of the graphitic layer can be achieved by several methods.

(1.) Since a hot chromic-sulfuric acid solution etches graphite much more rapidly than

diamond, it is apparent that lift-off could be achieved by the graphitizing of a buried layer followed

by an acid etch. However, because the overlying diamond is also attacked by the etch, it would be

necessary to first grow a thick diamond overlayer onto the implanted diamond. Also, the penetration

of the acid into the narrow graphitic layer may be slow. In the case of removal of AlxGal-xAs layers

2



by an HF etch, the penetration was aided by providing an overlayer that caused the AlxGal.xAs layer

to curl up at the edges during the etching 5.

(2.) The graphitic layer can be etched by annealing in an oxygen atmosphere 2 ; i.e., burning the

graphite to form CO or CO2. It is important that the etching rate of the graphitic layer is considerably

faster than the rate for diamond.

(3.) In method (2.), the oxygen must be supplied via diffusion from the edge of the sample.

However, if the implanted species is oxygen, the implantation serves the dual role of creating the

damaged layer and providing the required 0 for etching.

As an alternative to selective etching, the overlayer may be removed by mechanical shearing. In

this case the damaged layer could be graphitic, or alternatively it could be a low shear resistant

material created by implantation with ions which do not form volatile compounds.
Natural diamond type Ia and Ha crystals, in the form of polished thin plates 2x2 or 3x3 or 4x4

mm areal dimensions and 0.25 mm thick (from Dubbeldee Harris Diamond Corp.), were implanted

with C÷ or 0 ions to doses of 6-1016 cm"2 to 1018 cm"2 at energies of 4 to 5 MeV. The ranges for 4

MeV C÷ and 5 MeV O÷ are 1.95 jim and 1.86 jim, and the straggling 0.07 jim and 0.05 jim,

respectively. The C-implanted samples were annealed in vacuum to graphitize the damaged layers,

and then annealed in air or flowing oxygen. Some samples were etched in a chromic-sulphuric acid

solution. The O-implanted samples were annealed in vacuum at 500 - 900°C to form COx in the

damaged layer, and in some cases a further anneal in 02 was used to complete the lift-off process.

The samples were examined by both optical and scanning electron microscopy to monitor the
etching.

C-implanted samples

One set of samples was implanted with 4 MeV C+ ions to a fluence of 6.1016 cm"-2, with the

substrate at a temperature of approximately 80K. These samples were annealed in a vacuum of

approximately 10-6 Torr for 30 min at 9500C to graphitize the buried damaged layers, and then annealed at

successively higher temperatures in air to selectively etch the graphitized layers. A sample that was

annealed for 2 h in air at 550 0C (Fig. 1) showed undercutting of the diamond surface layer by about 9-13
gim from the edges, as demonstrated by interference fringes caused by an air gap between the partially

under-cut surface layer and the substrate. One broken-off piece of the surface layer is visible in the figure.

The etching rate at 550°C was - 5-10 jim/h for the first 4 h. After - 20 min had been undercut, the rate

decreased markedly with time. Presumably the etch rate was limited by the penetration of the 0 in from

the edge, and/or by removal of the reaction products COx out of the constricted layer. The etching rate at
6000 C was higher than at 550 0C, but the diamond overlayer was also slowly etched at that temperature.

The etching rate of the graphitic layer was about 100 times faster than that of the diamond overlayer. Thus

in order to completely etch away the graphitic layer for a 2x2 mm sized crystal, a thickness of about 0.01
mm (1 Wpim) diamond would be removed. Consequently, for this C implantation dose it would be
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necessary to protect the diamond overlayer, perhaps by depositing homoepitaxial diamond followed by a

diffusion barrier.

After the 9500C vacuum anneal, one of these samples was etched in hot chromic-sulphuric. acid,

which also caused undercutting by removal of the graphitic layer. A 5 min. etch gave an undercut depth of

0.35 pm, and the overlying natural diamond layer was 2 ptm thick.

A second set of samples was implanted with 4 MeV C+ ions to a fluence of 1-1018 cm"2, also

with the substrate at 80K. These samples were annealed in flowing oxygen at 550 0C for I h. This

annealing produced a partially under-cut surface layer, again shown by interference fringes. This

sample was then annealed at 5500C for 4 more hours in flowing oxygen. The diamond overlayer had

separated when the sample was removed from the furnace, demonstrating that complete lift off

required less than five hours at 550 0C in flowing oxygen. Both the lifted-off plate and the diamond

substrate are shown in Fig. 2. The lifted plate (on the right) is darker than the diamond substrate (on

the left). Since darker coloring indicates more irradiation defects, this effect demonstrates that the

maximum depth of ion implantation has a sharp cut-off; hence the diamond crystal template has less

damage. The line near the edge of both the lifted-off layer and the substrate corresponds to the
etching depth after the first hour (about 120gm). The black areas on both the lifted plate and the

substrate are unetched graphite.The etching rate at 5501C was determined to be between 120 pm and

140 pm/h, which is much greater than that for the lower dose C-implanted sample described

previously.

0-implanted samples
Several samples were implanted at -80K with 5 MeV 160 ions to fluences of 1017 to 1018

cm"2 . The highest dose was chosen to give a peak oxygen cohcentration equal to the concentration of

host C atoms in the graphitic layer. One of the 1018 cm"2 samples was annealed at 9500 C for 1 h in
vacuum. Most of the diamond overlayer flaked off the surface (Fig. 3), presumably because of the

high pressure from the reaction products CO and CO2 at high temperature. A unique mesa structure

resulted, as shown in Fig 3a, where well-defined cleavage plane traces are visible. A scanning

electron micrograph of one of the remaining pieces on the surface is shown in Fig. 3b. Here residual

graphitic layers are visible both on the sample surface and on the underside of the undercut diamond

layer. One method by which this unwanted graphite can be removed is by annealing in flowing

oxygen.

A second 4x4 mm diamond sample that had been implanted to 1018 0 ions/cm 2 was etched in

flowing oxygen at 5500C for 1 h. Most of the 4x4 mm layer of diamond was removed in one piece,

but it broke into 3 pieces while being handled. One of the pieces (4x1.5 mm) was then annealed in

vacuum (10-5 Torr) at 950 0C for 1 h to remove the residual damage. This annealing increased the

transparency of the lifted diamond, leaving it curled with a translucent brownish hue, as shown in

the SEM micrograph (Fig. 4).
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To determine the minimum dose of oxygen needed to lift off a diamond layer, single crystals

were implanted with 5 MeV 160+ to fluences of 1.1017, 3.1017, and 7.1017 cm"2 at 80 K. A dose of
1-1017 cm"2 was not sufficient to amorphize the diamond or to cause lift-off. However, successful

lift-off was achieved for a dose of 3-1017 cm- 2. The sample was annealed in flowing oxygen for 4 h

at 5500 C. The top layer, which lifted off in one piece, was darker than the diamond substrate, as in

Fig. 2. Once again, the central pan of the lifted layer appeared black, because of unburnt residual

graphite. The 3-1017 cm"2 fluence should produce a Frenkel defect concentration of -10 % in the

near-surface layer7, which is close to the damage concentration that is completely recoverable,

according to our earlier annealing results4 . To avoid the curling of the lifted diamond layer, it would

be necessary to deposit a thick (-10 4~m) homoepitaxial layer before !,e lift-off in order to endow the

top layer with greater mechanical strength.

We have demonstrated that square millimeter-sized areas of diamond can be lifted off intact

from natural diamond crystals through a technique combining implantation and selective etching.

Both 4 MeV C implantation, followed by selective etching in oxygen or in chromic acid, and 5 MeV

0 implantation, followed by vacuum annealing and/or annealing in 0, were used. Sheets up to 4x4

mm in size were lifted off by the 0 implantation method.
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Fig. 1. Optical micrograph of a diamond crystal after implantation with 4 MeV C ions to a fluence of

6.1016 cm"2 , and subsequent annealing for 0.5 h at 9500C in vacuum, and for 2 h in air at 5500C.

Undercutting of about 1 Ijm from the edge is shown by the interference fringes.

Fig. 2. Optical micrograph of lifted-off diamond layer (on the right) beside the original diamond

crystal template (on the left). This lift-off was achieved by an implantation of 4 MeV C ions to a

fluence of 1.1018 cm2, followed by an anneal at 5500 C for 5 h in flowing oxygen.

Fig 3. (a.) Optical micrograph of a diamond crystal after implantation with 5 MeV 0 ions to a fluence
of 1018 cm"2, followed by annealing at 9500C for 1 h in vacuum. Most of the overlayer was lost, but

a few rectangular-shaped pieces of the overlayer remained, and are seen as bright areas in the

photograph.

(b.) Scanning electron micrograph of one edge of a piece of diamond overlayer from the

sample of Fig. 3(a.). The thickness of the layer was 2 jim.

Fig. 4 Scanning Electron Micrograph of a lifted-off diamond layer. The lift-off was achieved by

implantation with 5 MeV 0 ions to a fluence of 1018 cm"2, followed by annealing in flowing oxygen

at 5500 C for 1 h The sample was then vacuum annealed at 9500C for 1 h to remove radiation

damage.
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Formation of diamond films from low pressure radio frequency
induction discharges

R. A. Rudder, G. C. Hudson, R. C. Hendry, R. E. Thomas, J. B. Posthill and R. J. Markunas
Research Triangle Institute. Research Triangle Park. NC 27709-2194 (USA)

Abstract

Diamond films have been deposited in a low pressure, radio frequency (r..) induction plasma-assisted chemical vapor deposition
system. The rl.-indiction system confines the plasma at the low pressures of operation 0.010-10.00 Tort to permit efficient dissoci-
ation or the reactant gases. A variety of chemical systems have been used to deposit diamond, including traditional H,-CH,1
discharges containing 0.5-20% CH,; Hs-CF4 discharges containing 4-16% CF,,. and water vapor discharges containing high
concentrations of alcohol and/or acetic acid vapors. No molecular hydrogen is admitted to the growth chamber for the water-based
processes. The water vapor becomes the functional equivalent of the molecular hydrogen used in more traditional H--CH, dis-
charges. The success of the low pressure rL-induction plasma for diamond growth from the wide variety of chemical systems is
predicated on the generation of a high electron density plasma. Parent gaseous molecules arc converted into appropriate high
temperature stable products such as H. H1. CO. and C5lla as they traverse the plasma. Quadrupole mass spectroscopy has been
used to study the conversion of the water-alcohol vapors to Hs, CO. and C2H, as they pass through the rJL plasma. 99% of the
CH4 0 is converted into H3, H,O, and CH,.These studies show plasma conversion of H,O into molecular H,. The excess oxygen is
rapidly converted into CO through interactions of the 0. presumably with solid carbon sources. Optical emission from both the
water-based discharges and the molecular hydrogen-based discharges shows the propensity for atomic hydrogen generation from
these low pressure r.f.-induction discharges.

1. Introduction yields great insight into the plasma chemistry. The water-
based system may also be of greatest interest to those

Diamond film production via chemical vapor depos- concerned with commercialization of diamond films. As
ition has clearly been demonstrated by a vast number compared to more traditional growth processes involv-

of chemical vapor deposition (CVD) techniques (1-10]. ing H2-CH 4, the water-based processes offer numerous
Typically, the ability to produce diamond via those advantages. Those advantages include: low temperature
CVD techniques depends critically on the production of growth, low pressure operation; the availability of large
atomic hydrogen through interaction of molecular r.f. power supplies; the elimination of explosive gases
hydrogen with hot filaments, microwave plasmas, d.c. from the growth process; the elimination of compressed
arc discharges, or atmospheric ri. plasma jets. Alterna- gases from the growth process.
tively, oxy-acetylene torches have been used for the
growth of diamond wherein the hot flame provides
atomization of gases [6, 7]. We previously reported on 2. Experimental equipment and procedures
the use of a low pressure (less than 10 Torr) r.f.-induction
plasma technique for the growth of diamond films from A description of the chemical vapor deposition system
many different feed-stock gases ranging from traditional used in this work has been previously reported (I1-13].
H 2-CH 4 discharges (Il-15], to halogenated H2-CF 4  A schematic diagram of the system is shown in Fig. 1.
discharges (16, 17], to H20-alcohol discharges (18], The system consists of a 50 mm ID plasma tube attached
and to H 2 0-alcohol-acetic acid discharges (19]. Dia- to a standard six-way cross. The plasma tube contains
mond growth from these varied systems can be associ- an integral water jacket to dissipate heat from the
ated with the efficient production of atomic hydrogen interior quartz walL An r.f. (13.56 MHz) induction coil
in the low pressure r.f.-induction discharges. couples power from the r.f. power supply into the plasma

This paper briefly reviews conditions upon which discharge. Samples are located on a graphite carrier
diamond growth proceeds from the various gas mixtures located immediately underneath the induction coil.
and then concentrates on analysis and characterization Samples are heated indirectly by induction heating of
of the water-methanol system for diamond growth. This the graphite susceptor. If higher temperatures are
system is the simplest of the water-based systems and desired, a supplemental resistive graphite heater can be

02S7-$972/92/S5.00 0 1992 - Elsevier Sequoia. AN rights resrmd



2 Rudder et 1. / Formation of diamond films

cam

1 _-9 CM30 (no pLasma

Fig. I. Schematic of low presuce eL-ioduction plasma-assisted M M20 (no &S-4
system. 10.10 -

used. Care is taken not to insert the graphite carrier
into the plasma coil. Insertion into the coil would result (W0 two 0,)
in much greater heating of the graphite susceptor. _ _ _ _ _

Gases from compressed sources are introduced into
the plasma system through a gas feed at the top of the 20 40 W so

plasma tube. The gas ratio is controlled by adjusting
the relative mass flow rates of evch *cimponent. Gases Met V Pwg,
above liquid reservoirs (water, Alcohol, acetic acid) are Fig. A plot of HSO* and CH3O* ion counts with and without the
introduced into the chamber through a leak valve on a 'fl-dutive plasma as a function of the methanol concentrtiog iA

the liquid reservoir.
storage tank which contains solutions of the water-

alcohol or water-acetic acid-alcohol. Gases from the
liquid reservoirs have been introduced either from the proceeds by initiating a rf.-induction plasma with suffi-
top of the plasma tube or at the base of the plasma cient power to create intense atomic hydrogen emission.
tube. Either point of introduction can result in diamond For each gas combination and pressure, there exists a
growth for an appropriate water to alcohol ratio. In this critical power at which the discharge suddenly becomes
work, the water to alcohol ratio is dictated by the locally very intense within the ri. coils. The authors
volumetric ratio in the gas phase above the liquid. Later, believe that this power threshold is a consequence of
in discussing the conversion of the water and alcohol the power coupling changing from E-field coupling at
into other gaseous products upon passage through the low powers to B-field coupling at high powers. Amorim
rJf. discharge, exact ratios of water-to-alcohol in the gas et al. [20] have shown in low pressure Ar plasmas that
phase are given for the volumetric mixture in the liquid the coupling changes from capacitive coupling to induc-
reservoir (see Fig. 2). The practice of mixing the solutions tion coupling at a critical power level depending on the
into one storage tank allows a convenient method for Ar pressure. For Ar at 130 mTorr, the critical power is
evaluating different ratios of water-to-alcohol without ca. 275 W. The B-field coupling is characterized by
the necessity of a gas manifold. There will be some intense plasma luminosity from a region of high electron
depletion from the solution of the higher vapor pressure density, ca. 101' cm-3. The E-field coupling at lower
component. For the experiments performed here, the powers is characterized by weak plasma luminosity from
liquid loss rate is only 0.2 cm 3 h-1. Accordingly, for a region of low electron density, ca. 100 cm -3. Establish-
relatively short growths (under 10 h) only about 2 cm3  ing the high electron density plasma is critical in order
is lost from a total volume of about 100 cm3. In a worse to produce diamond growth in this low pressure ri.-
case, the depletion of the higher vapor pressure co#- induction system. Attempts to deposit diamond under (§.)
nent would only represent a 2% change. low density plasma conditiobs with concentrations of

Samples are introduced to the growth system through CH4 in H2 used for diamond deposition under high
a vacuum load lock. Prior to insertion, samples were power conditions were unsuccessful in producing any
subjected to a diamond abrasive treatment with I pum film growth, diamond or non-diamond.
diamond paste to enhance nucleation. Diamond growth This work concentrates on understanding the necessity
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of the high electron density plasma for diamond growth the low temperature growth capability now permits

by examining the plasma chemistry through optical diamond growth studies on relatively low-melting-

emission and quadrupole mass spectroscopy. Optical temperature materials such as Al.

emission spectroscopy has determined the proficiency of Critical to the diamond growth in all these processes

the process to produce atomic hydrogen. Quadrupole is the establishment of a high density plasma. While the

mass spectroscopy (performed through differential sam- amount of power necessary to achieve a high density

pling of the gases at the base of the reactor tube) has varies from one gas mixture to another, in general, lower

determined reaction products formed as the parent gases pressure discharges require less power to achieve induc-

traverse the high-temperature plasma region. Following lion coupling. Figure 4 is a plot of the critical power

diamond deposition, samples were analyzed using scan- necessary to achieve a high density plasma for the

ning electron microscopy (SEM) and Raman spectro-

_zopy to ascertain the quality of diamond growth. s• •

40o0D aH

3. Experimental results and discussion . H2 0

Previous work [rli-19] has demonstrated the diversity 3o.

of the low pressure r.f.-plasma technique for the growth -

of diamond films from a variety of chemical systems " 20 --

under vastly different input powers, substrate temper- e

atures, and pressure conditions. Fig. 3 depicts diamond low .

growth from three different chemical systems (H 2 CH.,,
H 20:CH4 O, and HIO:CH3COOH:CH,4O). Table a

shows experimental differences between the conditions 0 Os ' s 2 25 3 35

used to deposit diamond in Figs. 3(a)-3(c). Despite the p,.saW (TW4

vast differences in deposition conditions, well faceted Fig. 4. A plot of critical power necessary to achieve a high density

diamond growth occurs under all these conditions even plasma for both Ha and H0:CH4 0 mixtures as a function of

at low temperatures and low input power. In addition, prsure.

•oii-c'

SI0

(a) (b) (C) Pm

Fig. 3. Scanning electron micrographs from various polycrystalline diamond films deposited from (a) CH. in H. on Si100); (b) CHO in HIO
on fused silica; (c) CHO in H jO and CHjCOOH on an aluminium alloy BC 23.

TABLE I. Deposition conditions for diamond shown in Figure 3

Sample Figure Pressure (Tort) Rf power (W) Substuamc i. (*C) Gas Mixture Deposition rate (1rm b- ')

(a) 5.0 2000 Si S0o H,:CH4  99:1 I
2 (b) 1.0 1000 Fused silica 300 H3O:CH'0 2: ' 0.8
3 W) 0.5 800 Al 300 HI0:C2H0,O:CH.O 2:2: V 0.4

"These are the volumetric ratios of the constituents is solution.

scttS$2586 / 21-07-92 07:54:50 I Rev. 7.32
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H,:CH, and HO:CHAO systems as a function of
pressure. The threshold power necessary to establish the
high density plasma varies almost linearly with pressure
(in this pressure range) for the H2O:CH4 0 system. The
H2: CHl, system behaves supralinearly so that at higher

pressures there is a significant power difference between ,2
operating a water-based process and operating a molecu- •
lar-hydrogen-based process. 10

4 so

3.1. Optical emission
Optical emission spectroscopy was used to confirm

atomic hydrogen generation from these low pressure
discharges. Figure 5 shows the optical emission from a
3 Torr I% CH4 in H, discharge. The emission is domi-
nated by the 656 nm atomic hydrogen emission from
the transition from the n=3 to the n=2 energy level. w m )

Correspondingly, the discharge has a characteristic red Fig. 6. Optical emission spectrum from a H30:CKO0 (t:1) rL-
color. High plasma density water discharges, also show inductive discharge at 1.0 Toff.

a characteristic red color with emission dominated by
the 656 nrn atomic hydrogen emission. Addition of to high-temperature-stable products as they traverse the
CHAO to the high density water discharges results in a plasma. Figure 2 shows HO+ and CH 30÷ ion counts
bluish-red emission still with dominant atomic hydrogen before and after initiation of the high density plasma.
emission. Figure 6 shows an optical emission spectrum Figure 2 also shows those ion counts as a function of
from a I Torr H20: CH4 0 discharge containing approx- the volumetric concentration of methanol in the liquid
imately equal parts H2O and CHAO in the gas phase. reservoir. Before initiation of the plasma, the ratio of
Like the diamond producing 1% CH4 in H2 discharge, H20 and CH30÷ ion counts reflect Raoult's Law
emissions from the water-methanol show intense atomic relating the partial pressures above a solution to the
hydrogen emissiop even with high CH4 O concentrations. vapor pressure of the constituent multiplied by its mole
In contrast, low plasma density water discharges are fraction in solution. However, after plasma initiation, a
bluish in color with the dominant emission from OH rather dramatic occurrence is observed. Nearly all the
bands and very little atomic hydrogen emission. CHAO is converted upon traversing the plasma. The

CH30* counts after plasma initiation are only a couple

3.2. Quadrupole mass spectroscopy of percent of the original CH30 counts. Even more
Quadrupole mass spectroscopy has been used to knowledge of the plasma dissociation is obtained when

monitor the conversion of parent H20, CHAO molecules one examines by-products from the H2O: CHAO plasma
discharge. Figure 7 shows the dominant conversion
products observed as a function of methanol concen-
tration in the reservoir. A high fraction of molecular H2
is produced in the gas phase almost regardless of the
CHAO concentration. Molecular H2 is the dominant
species produced by the H,O:CHO plasma discharge.

,.4 CO and C2H, are also produced as a by-product of the

H2O:CH4 O plasma discharge. At high water concen-
trations (i.e. high oxygen fraction), CO is the preferred

e '• gaseous carbon product. At high CHAO concentrations
1,0 (i.e. low oxygen fraction), CaH, is the preferred gaseous

carbon product. Thus. we have identified H2, CO. and
04 C2H2 as conversion products in the high density water-
GA methanol plasma discharges. The water concentrations

in the discharge remain high, but the CH4 O concen-
trations are reduced to only a small percentage of their

s SO I I original concentrations. The production of CO and
CwH,1 can occur via direct conversion of CHAO into CO

Fig, S. OpticaJ amission spectrum from at 1% CH4 in Hz rJ.inductive or C2H2 or via gasification of solid carbon through
discharge at 3.0 Tort. interactions of oxygen and hydrogen with graphite.

sctSSS2586 / 21-nl7-q9 l7-;,L.';n / Da,, 7 17
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For comparison at 2300 K, only 4% of the water is
decomposed under atmospheric pressure. (This amount
is expected to increase some as the pressure is reduced.)

----- 13 .... __/ ------ 0-. One key to the success of the growth of diamond at low
j0

4  pressures is undoubtedly the high generation rate of
atomic hydrogen in these r.f.-induction discharges. At
low pressures, atomic hydrogen can rapidly diffuse from
the plasma dischargc and recombine on reactor walls.

The diffusion depletes the gas phase of atomic hydrogen.
. Correspondingly, high generation rates must occur to

-/coa maintain a high concentration of atomic hydrogen. The
high generation rates are insured by the high temper-
atures of the r.f.-induction plasma.

- .~00

0. o 0 4. Conclusions

Diamond films have been produced from a great
variety of chemical systems in a low pressure rJ-induc-
tion plasma-assisted CVD system. Key to this processI is the generation of high density plasmas in which
efficient atomic hydrogen is possible. Optical emissions

I t -I- from both the water-methanol and the H2-CH, high
20 Io W so density discharges show strong atomic hydrogen emis-

Methlanol Volumetric Percentage sion. Quadrupole mass spectroscopy shows that the

Fig. 7. A plot of the dominant by-products observed from the rf- H 20:CH40 system is converted into high temperature
inductive plasma as a function of the methanol concentration in the stable products H 2, CO, and C2 H2 . Substantial concen-
liquid reservoir. trations (ca. 25%) of water remain in the system, but

almost all the CHO is converted. The production of
It is abundantly clear that the water-based processes CO and C2H2 can occur via direct conversion of CHO

convert parent H20 and CH40 molecules into more into CO or C2H2 or via reactions of oxygen and
stable high temperature products. One can estimate an hydrogen with nearby graphite. The ability to sustain a
effective temperature of the plasma by comparing the high plasma density discharge at low input powers
H,O to H2 conversion in the plasma to that predicted allows diamond growth from the H20:CHO system
from thermodynamic equilibrium. Lede et al. [21) have to proceed at reduced pressures where recombination
reported on the direct thermal decomposition of water on the reactor walls can deplete atomic hydrogen from
at elevated temperatures (1500-4000 K) at pressures the gas phase. Estimates of an effective plasma temper-
from l04 to 106 Pa. At temperatures in excess of 3300 K, ature based on the degree of H2 0 dissociation shows
H20 is no longer the dominant species. Atomic hydrogen the effective temperature to be ca. 3100 K. Such temper-
and atomic oxygen are the dominant species at high atures are sufficient for atomic hydrogen generation in
temperature. From the quadrupole data in Fig. 7, one these low pressure r.f.-induction discharges.
can estimate the partial pressure of H20 in the system
with the discharge initiated. By taking into account
differences in ionization efficiency and differences in
mass conductances of H2, H20, and CO. we estimated Acknowledgments
the partial pressure of H20 in the growth chamber with
the discharge on to be 0.28 Torr. Compared to the The authors wish to thank the support of this work
partial pressure of I Torr for H20 in the system before through the SDIO(IST organization and DARPA via
the discharge was initiated, the amount of H20 dissoci- ONR contracts N-00014-86-C-0460 and N-)00014-91-D ated by the plasma is 72%. Referring to the 10' Pa data C-0177. Thelluthors wish to thank Dr T. P. Humphreys
given by Lede et aL [21], dissociation of 72% of the and Dr R. J. Nemanich for Raman support during this
water would require a temperature of ca. 3100 K for work. The authors wish to thank D. P. Malta,
homogeneous dissociation. Thus, the low pressure r.f.- S. Ammons, and R. V. Durkee for outstanding technical
induction technique generates an extremely hot plasma. support of this work at Research Triangle Institute.
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HYDROGEN-OXYGEN EXCHANGE REACTIONS ON DIAMOND(100) SUR-
FACES

R.E. Thomas. R.A. Rudder, and R.J. Markunas
Research Triangle Institute
Center for Semiconductor Research
Research Triangle Park
North Carolina, 27709-2194
USA
Telephone 919 541-7302
FAX 919 541-6515

We are studying hydrogen--oxygen interactions on diamond surfaces as part of an
atomic layer epitaxy (ALE) growth cycle for heteroepitaxial diamond thin films. An
ALE sequence designed to grow column IV materials is expected to be quite different
than methods currently used for II-VI and III-V materials in that one cannot rely on
alternating chemistries associated with the semiconductor constituents. A strategy
based on changing the terminating surface species is currently being pursued.

In spite of numerous diamond growth techniques which have been developed to date,
relatively little is known concerning gas/surface interactions and surface processes on
single crystal diamond. Hydrogen plays a key role in many of the traditional low-
pressure diamond growth techniques. Oxygen has been used to extend the diamond
growth regime for H2 -CH 4 processes[l] and, in larger concentrations, for the more
recently developed water/alcohol growth process[2]. Using thermal mass desorption,
LEED, and Auger electron spectroscopy, we have studied interactions of atomic hydro-
gen and atomic oxygen with both clean and terminated diamond (100) surfaces. Ther-
mal desorption spectra were first measured from surfaces dosed with either atomic
hydrogen or atomic oxygen. Desorption spectra were then taken from surfaces sequen-
tially dosed with atomic hydrogen and atomic oxygen, and finally the reverse sequence,
atomic oxygen then atomic hydrogen. Molecular hydrogen is the main desorption pro-
duct observed from surfaces dosed solely with atomic hydrogen. In contrast, CO is the
main desorption product from oxygen terminated surfaces. Thermal desorption results
from sequentially dosed surfaces indicate that the atomic oxygen is relatively much
more efficient at removing adsorbed hydrogen from the surface than atomic hydrogen
is at removing adsorbed oxygen from the surface. In addition the atomic oxygen leaves
the diamond surface in a lxi.surface configuration. Hydrogen, in contrast, leaves the
surface in a 2x1 configuration which is thought not to be the preferred surface struc-
ture for continued growth.

1). J.A. Mucha, D.L. Flamm, and D.E. Ibbotson, .J. Appi. Phys. 55, 2179 (1989).
2). R.A. Rudder, et al., Appl. Phys. Lett. 60, 329 (1992).
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SURFACE PROCESSES DURING DIAMOND GROWTH FROM WATER-ALCOHOL
VAPOR rf-PLASMA DISCHARGES

R.E. THOMAS*. R.A. RUDDER. G.C. HUDSON, and R.J. MARKUNAS
Research Triangle [Jistitute. P.O. Box 12194. Research Triangle Park, NC (USA)

Water-alcohol based diamond growth processes have recently been developed which

utilize fa," higher concentrations of oxygen in the feedstock than in previous growth chemistries,

[ II It is currently not clear what role the oxygen plays in these processes. A two-part approach

has been adopted to understand the growth chemistries: growth experiments in an rf reactor and

separate UHV experiments to study interactions of likely constituent species such as 02, 0, H,

OH with clean diamond surfaces.

We Find that good quality diamond can be grown at the relatively low substrate

temperature of 350"C. Experiments in the rf reactor have shown that water-vapor discharges

were much more efficient than hydrogen discharges at etching graphite. A similar process may

occur at the growth surface where products from the water vapor discharge etch away non-

diamond carbon. In separate surface chemistry studies, thermal desorption spectroscopy. low

energy electron diffraction. and Auger electron spectroscopy were used to study interactions of

molecular and atomic oxygen with diamond (100) surfaces. Diamond surfaces exposed to atomic

oxygen are seen to convert from the 2xl to the IxI state: in contrast to atomic hydrogen which

does not break the surface dimer bond at room temperature exposure.[21 CO is the main

desorption product from surfaces dosed with atomic oxygen. A broad desorption feature is

observed at - 6000C. If the temperature ramp is terminated at - 800 0C. the surface remains in a

I xI configuration with little oxygen remaining on the surface. Atomic oxygen appears far more

efficient than atomic hydrogen in maintaining the (100) surface in a IxI configuration. In

addition, we find that atomic oxygen easily displaces hydrogen from the diamond (100) surface.

The studies provide a detailed picture of the behavior of oxygen on the diamond surface

and clues to the role oxygen plays in the growth process.

1. R.A Rudder et.al. App, . Phs. Lett, 60(1992) 329-331.

2. R.E. Thomas et.al. Jnl. Vac. Sci. & Tech A Jul/Aug (1992) in press.

Prime novelty: detailed surface chemistry studies to understand mechanisms
associated with a new growth process.

Keywords thermal desorption spectroscopy, rf-plasma. water-alcohol discharge.



Diamonid Growth - 4

CO & CO2 Desorption from Diamond (100)
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Diamond nucleation on non-diamond substrates is an issue that has been widely studied. Many authors have

correlated diamond nucleation with advantageous carbon on the wafer surface. However, the chemical constituency and

the role of the carbon on the wafer surface have not been rigorously established. We have undertaken nucleation studies

wherein a survey of carbon species have been applied to Si wafers without physical abrasion by diamond polish.
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Growth and Characterization of SiGe Raman spectroscopy measurements of the SiGe
Contacts on Semiconducting Diamond films obtained at room temperature showed two distinct

Substrates phonon peaks pertaining to Si and Ge at 518 cm"! and

300 cm
t

. respectively. It is interesting to note that the
T.P. Humphreys. P.K. Baumann. K.F. Turner and corresponding SiGe phonon mode. indicative of alloy
RJ. Nemanich formation (near 400 cm-1) was not observed. The
Department of Physics, North Carolina State absence of the SiGe phonon mode would tend to suggest
University, Raleigh. North Carolina 27695-g202 USA. an apparent segregation and clustering of Si and Ge

K. Das during growth. Differences in the Si and Ge surface

Kobe Steel Inc., Electronic Materials Center, P. 0. Box mobilities and/or surface energies on the chemically
13608, Research Triangle Park, North Carolina 27709 cleaned diamond C(00I) surface during the initial stages
USA. of growth may account for this behavior. Further

lstudies are currently in progress to study this growthR.G. Alley, D.P. Malta and J.B. Posthill phenomena.
Research Triangle Institute. Research Triangle Park.
North Carolina 27709-2194 USA. Current-voltage (I-V) measurements were

obtained by mounting the diamond substrates on a Cu

At present, there is a significant scientific and plate using Ag paint to form a large area back contact

technological interest in the fabrication of stable ohmic and applying a bias to the SiGe contact using a W
and high-temperature rectifying contacts on diamondt

.2. probe. The room temperature I-V characteristics
To date, several metals, 3.4 refractory metal silicides 5 obtained for the SiGe contacts on semiconducting

and semiconductors 6 have been investigated as diamond are shown in Fig. 2. The rectifying character

appropriate contact materials to semiconducting of the SiGe film is clearly evident. From the I-V

diamond substrates. In particular, it has been recently measurements a small forward bias turn-on voltage of -
demonstrated by Venkatesan et ai.6 that highly doped 0.6 V was estimated. The corresponding reverse bias

polycrystalline p-Si (B doped) and n-Si (As or P doped) leakage current density was measured to be - 1.56 , 10,6

contacts fabricated on semiconducting diamond A / cm2 
at 20 V. Moreover, from the apparently linear

substrates are rectifying at room temperature and at 400 region of the semilogarithmic plot of the forward

°C. Furthermore, the Si / diamond heterostructure also characteristics an ideality factor n of 2-5 was calculated.

affords the potential of fabricating novel heterojunction This high n value may be an indication that the current

devices which can be integrated with existing Si-based conduction at the SiGe/diamond interface is not

processing technologies, governed by a thermionic emission mechanism. It is
In this study we report the first results pertaining interesting to note that similar observations have also

to the growth and characterization of SiGe contacts been reported for Ni. TiSi2 and Si contacts on

deposited on semiconducting natural diamond semiconducting diamond C(001) substrates 4.5.6. in

substrates, each of these studies current conduction appeared to be
Commercially supplied (D. Drucker & ZN.N.V) dominated by a space charge limited current (SCLC)

low-resitivity (- 104 Q- cm, p-type) semiconducting mechanism. Consistent with the small turn-on voltage

natural diamond (surface orientation (001)) substrates and the relatively high reverse leakage current, the

were chemically cleaned. The cleaning procedure corresponding I-V measurements recorded at 400 OC
included boiling CrO 3+H2SO 4 (heated to 2000C) for 10 exhibit ohmic-like behavior.

min followed by immersion in aqua regia (3HCI TPH and RJN gratefully acknowledge partial

+IHN03) and standard RCA cleaning solutions, support from the Office or Naval Research (Contract

Following cleaning, the samples were mounted on a Mo No. N00014-92-J-1477) and Kobe Research Labor-

sample holder and transferred into the electron-beam atories, USA. TPH, RJN. RGA, DPM, and JBP

evaporation chamber. The base pressure in the system acknowledge support from the Strategic Defense

was typically 2 x 10'
10 

Torr. Prior to deposition, the Initiative Organization I Innovative Science and

substrates were heated to 550
0
C for 5 minutes to Technology through the office of Naval Research

thermally desorb both water vapor and possibly physi- (Contract No. N00014-92-C-0081).
adsorbed gas contaminants. On cooling to room
temperature an unreconstructed (Ixl) low energy References

electron diffraction (LEED) pattern was observed from
the C(00I) surface. By employing a stainless steel I. M.W. Geis, N.N. Erremow and D.D. Rathman,
shadow mask several SiGe dots of -200 nm in thickness J.Vac. Sci. Technolol. 6, 1953 (1988).
and 3 x 10-3 cm2 

in area were fabricated. The substrate 2. For a review see K.Das, V. Venkatesan. K.

temperature was maintained at 550 °C during Miyata and D.L. Dreifus, Thin Solid Films. 212,

deposition. Corresponding Si and Ge fluxes were 19(1992).

calibrated to obtain SiGe layers with a 5% Ge 3. T.P. Humphreys. J.V. LaBrasca, RJ. Nemanich,

composition. K.Das and J.B. Posthill. Jipn. J. Appl. Phys. 30,

Examination of the as-grown films by LEED L1409 (1991).

failed to obtain an ordered surface structure. InWeed. an 4. K.L. Moazed, J.R. Zeidler and MJ. Taylor, J.

inspection of the SiGe films by ex-situ scanning Appl. Phys. 68. 2246 (1990).

tunneling microscopy (STM) showed a highly textured 5. T.P. Humphreys. J.V. LaBrasca, RJ. Nemanich,

surface morphology which indicated that the deposited K.Das and J.B. Posthill. Electron. Lett. 27, 1515

layers were polycrystalline as shown in Fig. I. The (1991).

STM image was obtained in the constant current mode 6. V. Venkatesan. D.b.Thompson and K. Das,

with a tip bias of 2 V. The presence of small Mater. Res. Soc. 270, 419 (1992).
polycrystalline grains of -100 rim is clearly evident.

The corresponding rms surface roughness of the
deposited layer has been determined to be - 5 nm.
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Fig. I Topographic (constant cunent) STM microgrlph
of the surface morphology of the SiOe filn dep•sited
on natural C(OI1) substrates.
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Fig. 2 Linear plot of the current-voltage (I-V)
characteristics of the SiGe contacts on semiconducting

C(OOI) substrates. Measurements were conducted at
25

0
C.
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A CORRELATIVE INVESTIGATION OF
DEFECTS IN NATURAL AND
PECVD-GROWN DIAMOND

D*P. Malta, J.B. Posthill, E.A. Fitzgerald*, R.A. Rudder.
G.C. Hudson. and R.J. Markunas
Research Triangle Institute
Research Triangle Park, North Carolina 27709-2194

*AT&T Bell Laboratories, Murray Hill, New Jersey 07974

Many potential electronic applications of diamond
require a smooth continuous epitaxial layer with a low
defect density. As diamond growth technologies progress
toward this goal, focus will shift from the achievement of
epitaxial registration to defect reduction in the epitaxial
growth. In order to attain defect control, methods of rou-
tine and accurate assessment are necessary for an under-
standing of the nature, origin and propagation of defects in
diamond'.

We have conducted a correlative investigation of struc-
tural, electrical, optical, and oxidation properties of defects
in natural Type Ilb diamond and compared those results to
the properties of defects in plasma-enhanced chemical vapor
deposition (PECVD)-grown polycrystalline diamond films.

A natural Type Ilb semiconducting diamond stone that
was cut into three substrates with (100) face orientations
was obtained from a commercial vendor. A polycrystalline
diamond film was grown on Si(100) by low pressure rf-
induction PECVD using an acetic acid/water/methanol
mixture at 0.5 Torr and a substrate temperature of 350 * C-2.
Both sample types were investigated using plan-view
transmission electron microscopy (TEM), scanning catho-
doluminescence (CL), scanning electron microscopy (SEM),
electron beam-induced current (EBIC) and a newly
developed oxidation/etching method for defect delineation.
The natural diamond substrates were cut 100pim thick to
minimize ion milling time during TEM sample preparation.
The oxidation technique consisted of immersion of the dia-
mond in an oxidizing flame for 3-4 seconds followed by SEM
analysis.

Plan-view TENM on (100) Type Ilb semiconducting cry- ,.
stals revealed a high (_--10 8 cm-2) density of dislocations
which showed preference for clustering (Fig 1). EBIC and
panchromatic CL images indicated that dislocations were
arranged in a cellular structure and were electrically active
and luminescent (Figs. 2a and 2b). Individual dislocations
were not resolved due to the small spacing (avg.'-0.•pm)
and relatively large electron beam interaction volume diam-
eter (•-4pm at 25KeV). CL collected at 6 K was strongest



I

at 430nrm, which has been associated with donor-acceptor
recombination due to nitrogen and boron impurities3 4 .
respectively. Other CL peaks were observed at 5Sgnm.
6-8nin. and 680nm.

Oxidation/etching of the aforementioned Type lib dia-
niond crystal formed etch pits at dislocation sites with a
density in close agreement with TEM measurements (Fig. 3.
compare to Fig. 1). Plan-view TEM of the polycrystalline
film (Fig. 4a) revealed a high density of microtwins and pos-
sibly dislocations. Due to the very small spacing between
these defects, the SEM-based CL and EBIC techniques were
incapable of resolving them. Oxidation/etching of a sample
grown under the same conditions, however, revealed the
twin boundaries (grooves) and dislocations (holes) with high
spatial resolution (Fig. 4b).

I The flame-exposure process is believed to oxidize dia-
mond forming volatile CO and CO 2 products. Defect sites
are presumed to etch faster. Others have reported defect
delineation on polycrystalline diamond using furnace
annealings and reactive ion etching6 with oxygen-containing
gases. This new method is easy to implement and correlates
well with more rigorous techniques such as TEM.

Acknowledgements: The authors gratefully ack-
nowledge the support of this work by the SDIO/IST
through ONR (Conti ct No. N00014-92-C-0081).

References

1. D.P. Malta, S.A. Willard, R.A. Rudder, G.C. Hudson,
J.B. Posthill, R.E. Thomas and R.J. Markunas
Proceedings of the 49th Annual Meeting of the Elec-
tron Microscopy Society of America (Ed. G.W. Bailey,
San Francisco Press, 1991) p.880.

2. R.A. Rudder, J.B. Posthill, G.C. Hudson, D.P. Malta,
R.E. Thomas, R.J. Markunas, T.P. Hamphreys and
R.J. Nemanich, Mat. Res. Soc. Symp. Proc., 23
(1992).

3. G. Davies, in: The Properties of Dlimond, Ed. J.E.
Field (Academic Press, London 1979) Ch. 5.

4. R.J. Graham, J.B. Posthill, R.A. Rudder and R.J.
Markunas. Appl. Phys. Lett., 59, 2463 (1991).

5. W. Zhu, X. Hong Wang, A. Badzian and R. Messier,
Proceedings of New Diamond Science and Technology,
Washington, DC, 812 (1990).



6. Y. Sato, C. Hata, T. Ando and MI. Kamo, Proceedings
of New Diamond Science and Technology, Washing-
ton, DC. 537 (1990).

FIGURE 1: Plan-view TEMI of natural Type HIb dia-
mond shows dislocations. Examination of
large areas found that dislocations tended to
cluster and overall density was _--10 8 cm- 2 .

FIGURE 2: Large area maps of defect distributions in
natural Type lib diamond; (a) EBIC image;
dark regions represent all electron-hole
recombination sites, (b) panchromatic CL
image; bright regions represent radiative
electron-hole recombination sites.

FIGURE 3: Oxidation etch pits in natural Type I1b dia-
mond formed at dislocation sites upon expo-
sure to a propane flame in air. Density
measured over large areas was _10<cm-2.

FIGURE 4: Defect iA'ages of PECVD-grown polycrystal-
line diamond; (a) plan-view TEM shows very
high density of microtwins and, (b) SEM of
similar sample after exposure to propane
flame in air identifies microtwin boundaries
(grooves) and dislocations (holes).
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HOMOEPITAXIAL DIAMOND LAYERS Fig. 2 shows an SEM micrograph taken froni an epitax-
GROWN WITH DIFFERENT GAS ial film grown on a (100) substrate with a l%('l4/109C•lH-

MIXTURES IN A RF PLASMA REACTOR mixture at a pressure of 5 Torr and temperature of -
N 900"C. An extensively 'shingled' morphology is evident.

"Interestingly, micro-Raman spectroscopy taken from the
J.B. Posthill, D.P. Malta, R.A. Rudder. G.C. Hudson, near-surface region of this sample was not found to be
R.E. Thomas, and R.J. %iarkunas severely degraded; the full-width at half-maximum (FWHNI)
Research Triangle Institute of the diamond LO phonon line at 1332 cm-" was measured
Research Triangle Park. North Carolina 27709-2194 to be 2.8 cm- 1 . Fig. 3 shows a much improved surface

. H ytopography from an epitaxial film grown on a (110) sub-
T.P. Huinphreys and R..I. Nenanich strate with a 0.62%CO/0.23%,CH 4/9g.15CH., mixture at IS Department of Physics, North Carolina State University = 5 Torr and T "9 900'C. There are some regions on this
Raleigh, North Carolina 27695-8202 sample that exhibit polcrystallinity, whieh is believed to be

due to incomplete particle removal. The micro-Raman

The thermal and electrical properties of diamond make shows a FWHM of 2.7 cm- 1 (Fig. 4). Given that smooth
it an excellent candidate for electronic applications in (100) diamond epilayers have been observed previously

extreme environments, but significant device development when grown with comparable CO/CH/H 2 mixtures3, it is
in this materials system cannot take place unless larger area believed that the presence of the CO is the dominant factor

single crystals are available. While significant progress has responsible for the superior morphology. However, previous
been made towards increasing the areal size of diamond cry- research has shown good (110) diamond epitaxial surface
stals by different meanseg 12, it is also recognized that a morphologies using only CH4/H 2 mixtures7.
reliable and inexpensive method of growing high-quality epi- Fig. 5 shows the surface of a (100) homoepitaxial film
taxial diamond will be necessary to grow device structures grown by introducing the vapor pressure of a
and to increase the thickness of diamond crystals and films. 33.3%CH3OH/66.7,%i•H 20 liquid mixture at P = 1 Torr and
To this end, we have examined the effect of gas phase T c- 400*C. The diamond epilayer shows little roughness.
chemistry on the homoepitaxial growth of diamond on Perhaps the most remarkable aspect of this water:methanol
natural diamond single crystals. A brief outline of some of diamond film is the measured concentrations for some of
these results obtained in an rf-driven plasma-enhanced the common (and potentially detrimental) elemental impuri-
chemical vapor deposition (PECVD) reactor follows, ties. Secondary ion mass spectrometry (SIMS) showed that

The substrates used in this study were nominally (100) Si, B, and N were at measured instrumental background,
and (110) oriented 1± 3'* natural type la diamonds. It has while H and 0 were measured to be 2X1018 cm- 3 and
been established previously by both X-ray topography and 3X1018 cm-3, respectively. All these values are the lowest
ion channeling studies that type [a substrates are crystallo- that we have observed in any of our high-temperature-

graphically superior 3, and it is believed that this would grown homoepitaxial diamond films. No special
result in improved diamond homoepitaxial films. Transmis- distillation/purification was performed to the liquid
sion electron microscopy (TEM) of a type la diamond reagents to achieve this result. It appears that
showed the expected presence of nitrogen-containing pla- water:alcohol mixtures can be used where a low temperature

telets lying on {lO0}-type planes (Fig. 1). However, no diamond epitaxial process is desired or required.
dislocations could be seen in the field of view. hence, the .4cktowledgeinents: The authors gratefully ack-
dislocation density is < 105 cm- 2 . This contrasts with sub- nowledge the support of this work by the SDIO/IST
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DIAMOND SURFACE STUDIES OF GROWTH gen respectively for comparison. Figures 4b. 4e, and 4d give
MECHANIS.MS FROM WATER-ALCOHOL DEPO- results for samples that were saturated with atomic oxygen
SITION CHEMISTRIES at 25'C and then exposed to atomic hydrogen at 550'C,

650"C. and 800'C respectively. The samples were cooled,
surface vtrueure was determined by LEED. and then ther-

-.I". ThomL,. R.A. Rudder, and R.J. Markuntas. rnal desorption spectra were taken. Results from samples
4-4 exposed to atomic hydrogen at 550"C and 650'C indicate

Research Triangle Institute that oxygen remained on the surface after annealing under
an atomic hydrogen flux. In addition both samples remained

Research Triangle Park. NC 27709. in the lxl configuration. In contrast, the sample annealed
at 800",C converted from the 1x0 to the 2x] configuration

Diamond growth chemistries have been developed and it appears that very little oxygen was left on the surface

which rely solely on vapors from water-alcohol mixtures.[lJ following the anneal. Although Figures 4b and 4c show the

l; The relative concentrations of C,O, and H used in the hydrogen desorbing from what appears.to be IxI sites on

liquids puts the mixtures within the confines of the 'Bach- the surface, the hydrogen desorption spectra appear identi-

mann triangle", towards the hydrogen rich corner of the cal to desorption spectra taken from samples that were

diagram.[21 Although numerous growth chemistries have dosed with atomic hydrogen while in the 2x1 configuration.

utilized oxygen as a key component, the role that oxygen In the case of silicon, two desorption peaks are generally

plays is still not well understood. In this paper we will be observed upon desorption from the di hydride silicon sur-

presenting results from diamond growths using water- face. The lower temperature desorption peak from silicon is

alcohol mixtures and results from basic surface chemistry usually associated reconstruction from IxI to the 2xl

studies of interactions of atomic oxygen with single crystal configuration and the second peak is from the monohydride
diamond (100) surfaces. phase. To study hydrogen desorption further two separate

In general, we find that diamond (100) surfaces are left experiments were performed on a diamond sample. In the

in a lxi configuration following polishing and wet chemical first the surface wis converted to the lxl configuration by

cleans. Auger analysis of samples as introduced to the saturating with atomic oxygen and partially ,esorbing the

vacuum chamber reveals oxygen concentrations equivalent oxygen. A second sample was prepared by completely

to those seen after in vacuo saturation of the surface with desorbing oxygen and converting the surface to the )2xl con-

atomic oxygen. Although it has long been thought that dia- figuration. Both samples were then dosed with equivalent

mond surfaces were hydrogen terminated following cleaning, quantities of atomic hydrogen at 25' C and thermal desorp-

results here indicate that oxygen is responsible for produc- tion spectra were taken. Hydrogen desorption peaks from

ing the lxi configuration on the diamond surface. In fact, both samples occurred at the same temperature and were

calculations indicate that it is difficult to produce a very similar in appearance. With regard to hydrogen desorp-

saturated dihydride surface on the diamond (100) face.131 tion there does not appear to be a large differemrce between

After annealing to approximately 1100"C, LEED observa- sites on a nominally lxi surface and the 2xl diamond sur-

tions on these samples indicate the surfaces convert from face.

the lxi phase to the'txl phase. Dosing of the samples in the The results for oxygen reactions with the diamond sur-

2xl state with atomic oxygen will then convert them back face indicates that atomic oxygen can play many of the roles
to the lxi configuration. Figure 1 shows possible bonding that have traditionally been attributed to atomic hydrogen.
configurations for oxygen on the diamond (100) surface. Specifically. atomic oxygen has the ability to both m-intain

and restore sp 3 bonding on the surface as evidenced by the
Figure 2 shows a series of thermal desorption LEED observations. Atomic oxygen may assist in the remo-

from oxy)genated diamond (100) surfaces. The main de-orp- val of non-diamond carbon from the growth surrace.1S)
toho pro•luct from o(ygcm'n termiiiate, (1101) -irfaces is (0. Finally. desorption of CO from the surface leaves sites open
'Aith a muaximumn desorpti,•i rate at appro\iuately 6,( C. for addition of carbon to the lattice. Although two carbon
.dllitiomal thermual desorption experiments %.re p,,rformm,- atoms need to be added to replace the one removed, the
where the hea-ting rate was varied in order to extract activa- opening of sites can occur at temperatures as low as 250"C.
tion energies for the desorption of CO and Co., from the as shown with the thermal desorption results.
,oxygenated surfaces. Results shown in Figure 3 show ther-
mal desorption spectra for CO as a function or heating rate .4cknou'ledgeynenlis: The authors gratefully acknowledge the

and the analysis to determine the activation energy. Activa- support of this work by the SDIO/IST through ONR (Con-
tion energies of approximately 44 kcal/mole and 21 tract No. N00014-92-0081).
kcal/mole were found for CO and CO, desorption respec-
tively. I) R.A. Rudder et al., Appl. Phys. Lett., 60 , 3*2- (1992).

If the desorption ramp is continued to approximately
1050'C and the samples are cooled the)' are found to be in 2) P.K. Bachmann, et al.. Diamond and Related Materials.
the 2xl configuration. However, if the temperature ramp is 1 . 1 (1091).
terminated at approximately 650' C, most of the oxygen has

desorbed from the surface as CO, but upon cooling the sir- 3) R.E. Thomas. et al., J. ('hem. Vap. Dep. I , 6 (1992).
face is found to remain in the lxl configuration. Figure 4
shows hydrogen and CO desorption spectra from a series of 4) R.E. Thomas, et ai., J. Vac. Sci. Technol. A 10 , 2451
thermal 'desorptions where hydrogen was used to probe the (1992).
Ixi sites left open by the CO desorption. Figures 4a and 4e
give results from samples exposed only to oxygen and hydro- 5) PK. Bachmann, et al.. paper 13.16, presented at Dia-

mond 1902, Heidelberg, Germ:nny, 1992.
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LOW TEMPERATURE DIAMOND GROWTH: Empirically, we have found that the critical power level
DEVELOPMENT OF WATER-BASED necessary to inductively couple and, in turn, the critical
TECHNIQUES FOR DIAMOND CVD power eccessary for diamond growth falls as one introduces

gasses %Nith lower ionization potentials. Furthermore, we
have observed that the critical power level is a strong func-

R.A. Rudder, ILE. Thomas, (;.C. Ilml•on, 1B. Posthill, tion of tile growth pressure. Figure I shows the critical
D.P. Malta, and R.J. Markunas power to inductively couple as a function of pressure for

pure water discharges and for pure hydrogen discharges. At
Research Triangle Institute Research Triangle Park, NC low pressure, there is not a pronounced difference. How-
27709. ever, at more typical growth pressures (above 1 Torr), the

water discharges require considerably less power input.

Recently, we have demonstrated, and others have The water/alcohol discharges require considerably less
reproduced chemical vapor diamond deposition from water power than the molecular hydrogen discharges to achieve
solutions containing alcohols and organic acids. These tech- induction coupling antd consequently to grow diamond.
niques have been quite successful in depositing diamond at Furthermore, the addition of acetic acid to the water solu-
temperatures well below 600 C. These demonstrations have tion allows even lower input power to be applied to the rf
taken place in low pressure rf induction plasma systems'.2  coil. These innovations now allow diamond growth to
and in low pressure microwave ECR systems3 .4. Diamond proceed at very low temperatures, perhaps as low as 250 C.
deposition at temperatures below 6000 C allows for the Figure 2 shows SEM micrographs from a sample deposited
application of diamond thin films on materials which can from the vapors above a room temperature acetic-
not survive high temperature growth. Our work has con- acid:water:methanol solution. The input power to the rf coil
centrated on diamond growth from low pressure rf induc- was - 500 W. Under these conditions, a continuous film
tion plasmas. These plasmas have shown a great propensity was not obtained. Discrete diamond particles were pro-

for diamond deposition. Diamond growth from low pressure duced. The diamond particles grew in a very anisotropic
rf induction plasmas occurs when sufficient power is applied fashion. Micro-Raman from these crystals shows (shown in
to the rf coils to inductively couple to the plasma gas. Dia- Figure 3) these crystals to have a very narrow FWHM of 2.9
mond growth below this critical power level proceeds very cm-' with negligible amorphous carbon or graphitic com-
slowly, if at all. This can be understood by considering the ponent.
plasma density when the power is capacitively coupling It is certainly encouraging that the material quality did
verses rf induction coupling. Inductively coupled discharges not degrade at the low temperature. This one data pointhave about a two-order of magnitude higher plasma density suggests that very high quality diamond can be grown atthan do capacitively coupled discharges. Along with induc- renmarkably low temperatures. Prelintinarv experiments have

ing currents in th plasma gas, the radiation field from the rf been undertaken to determine a low temperatuire limit to
coil produces eddy currents in the sample and the sample the process by actively cooling the sample stage. These
stage. For low temperature diamond deposition, the applied experiments indicate that the low temperature limit 1, the
power needs to be reduced in order to avoid high substrate acetic-acid water-based diamnond deposition process appears
temperatures. to be between 200"C and 25.1' C. The quality of the dia-

We have found that diamond growth can be obtained inond, once again, does not appear to degrade as the tein-
at lower and lower applied powers 1) if the molecular hydro- peratures is reduced below 300* C. However, at 2W0* C. no
gen is replaced by alternrative sources o atomic hydrogen carbon deposition occurred. It is yet to be determined if this
which have lower ionization potentials and 2) if the olerat- result is a nucleation problem or a deposition problem.
ing presnurr is reduced. Table I shows a list of inlizatloim

Itietlti;tlu for ithse g:L'-es which we h;ave used diri g ,ii:i- Acknoirledgerents: The authors gratefully acknowledge the
mond %r thIt iii itle lhsv pressure rf induieion •vstcemi. support of this work by the SDIO/IST through ONR (Con-

tract No. N00014-92-0081).
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INVITED TALK

Meeting: 1992 TMS Fall Meeting, Chicago, IL
Symposium: Beam Processing of Advanced Materials

NUCLEATION OF DIAMOND FILMS ON NON-NATIVE SUBSTRATES
J.B. Posthill, R.A. Rudder, D.P. Malta, R.E. Thomas, G.C. Hudson, and R.J.
Markunas, Research Triangle Institute, Research Triangle Park, NC 27709.

Different materials have been examined fortheir intrinsic propensity for nuclea-
tion of diamond from the vapor phase. Certain standard and unconventional
sources have been employed to grow diamond in an rf-driven plasma-enhanced
CVD system. These include: (1) CH4/H 2, (2) CO/H 2, (3) CF 4/H 2, and (4)
alcohol/H 20-based mixtures. It has been found that diamond heteronucleation
can be radically affected by the specific growth chemistry as well as the identity
of the substrate material. For example, CF 4/H 2 mixtures have been found to
nucleate diamond on Si(100) without the need for any substrate pretreatment.
An amorphous interlayer has been observed between the diamond film and sin-
gle crystal Si. Using a more conventional mixture of CH4/H 2, we have achieved
nucleation and growth of diamond with complete coverage and well-faceted
topography on sintered cubic BN compacts without any surface pretreatment.
These and other results will be discussed in the context of the interplay between
different gas phase chemistries and different substrates used for diamond
heteronucleation.


