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1.0  INTRODUCTION AND TECHNICAL HIGHLIGHTS

This is the final report on the Heteroepitaxial Diamond Growth Program Contact No.
N-00014-92-C-0081 at Research Triangle Institute.

Two approaches have been taken in the development of diamond substrates for electronic
applications. In the first we are attempting to consolidate natural diamond substrates into a large
area template from which thin sections can be cleaved to act as single crystal seeds for
subsequent substrate production. Thus a single reusable template could provide an arbitrary
number of "seeds" for growth of large area substrates. In the second approach we are developing
substrate preparation techniques for direct heteroepitaxial growth of diamond substrates on non-
diamond substrates.

The final report is organized as follows. The introduction provides a brief background
for the project and program highlights for 1993. Additional information on progress in both
large area substrate development and heteroepitaxial growth is provided in the two subsequent
sections that provide summaries of individual papers presented and published in 1993. Detailed
descriptions of the experimental methods, results and analyses are provided in copies of the
journal articles reproduced in the appendix.

Substantial progress was made in both program areas and the following section provides
technical highlights from 1993 program activities.

1.1  Large Area Substrate Development Via Tiling.

Production of large area substrates by a tiling process requires the integration of several
key steps: consolidation of natural substrates via homoepitaxial growth, ion-implantation and
lift-off of diamond sheets, and subsequent homoepitaxial growth on the cleaved "seed".

Growth Studies:

. Growth Chemistries. A clear correlation was observed between ionization
potential of feedstock gasses and critical power necessary for inductive coupling
of the plasma and consequent diamond growth. The water based growth
chemistries also allow growth at substantially lower substrate temperatures.




1.2

. A variety of carbon sources local to the silicon surface are found to enhance

. Thermal desorption studies of oxygenated diamond (100) surfaces reveals that

. Acetylene will react at room temperature with sites created by partial desorption

. Substrate preparation and epitaxial film quality. Ion-implantation of C and O has
been coupled with either electrochemical etching or acid cleaning for surface
preparation prior to homoepitaxial growth.

. Reactor modifications. Key improvements were made to the rf reactor to allow
for long growths to consolidate substrates. Liquid mass flow controilers were
added to precisely meter both the water and selected alcohol. This allows long
growths without changes in concentration seen in premixed solutions. An optical
feedback loop was added to control the tuning of the reactor and maintain the
high-power inductively coupled mode.

lon-Implantation and lift off:

. Lift off of diamond platelets has been achieved with two processes. 1) lon-
implantation of either C or O followed by annealing. 2) Implantation of either C
or O followed by water based electrolysis. = Maximum lift off size to date is
2 mmx 2 mm.

Diamond characterization:
. Development of novel defect characterization techniques.
1.) Etch delineation of defects by exposure to propane torch flame.

2.) Hydrogen plasma exposure to enhance secondary electron emission
and provide non-topographical defect contrast.

. Detailed correlations between defects in natural and PECVD-grown diamond
have been made using plan-view TEM, scanning cathodoluminescence, SEM,
electron beam induced current and etch delineation by oxidizing flames.

Heteronucleation Development

nucleation of diamond growth.

some CO desorbs from the surface a relatively low temperatures, < 300°C, which
results in open sites for carbon addition.

of oxygen on the (100) diamond surface.
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Thermal desorption measurements give an apparent activation energy for CO
desorption from diamond (100) of 45 kcal/mol

Quantum chemical calculations indicate an activation energy of 38 kcal/mol.
(Collaboration, M. Frenklach Penn. St. U).

Ab initio calculations on (100) surfaces indicates that oxygen adsorbed at one
dimer site has an effect on the dimerization of an adjacent site. (Collaboration, J.
Whitten NCSU).
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2.0 LARGE AREA SUBSTRATE DEVELOPMENT.

Substantial progress was made in 1993 on development of key areas for large area
diamond substrate production via a tiled array of natural diamonds. This section incorporates a
more detailed review of published results and a review of recent unpublished work. Following
the format of the introduction, three areas of concentration are described: growth studies, ion-
implantation for lift off, and characterization of natural diamond and CVD diamond.

2.1 Growth Studies.

Growth experiments during this phase of the project have concentrated on developing
reactor conditions, substrate surface preparation techniques and reactor improvements to allow
long duration, high quality, homoepitaxial diamond growth. Particularly troublesome has been
morphology variations in homoepitaxial films grown on natural diamond substrates which have
received only basic cleaning procedures. A variety of acid cleans including chromic/sulfuric,
sulfuric/hydrogen peroxide, "RCA" cleans, and aqua regia have been tried to remove residual
contaminants and damage from the mechanical polishing process. No clear correlation has been
observed between a given cleaning process and the resulting film morphology. To overcome
this difficulty and recover a "true" diamond surface, ion-implantation to generate a subsurface or
surface graphite layer has been coupled with either an electrochemical etch or one of the above
acid etches. Natural diamond crystals subjected to this treatment have shown improved surface
morphologies following homoepitaxial growth. This cleaning process also allows recovery of
the diarr ond surface following ion-implantation for lift off. A key component of the tiling
process.

Reactor modifications were also implemented during this phase to allow for stable
reactor operation during long duration growths. Delivery of the water/alcohol feedstocks was
upgraded from a premixed tank fed through a leak valve to separate water and alcohol sources
metered through liquid mass flow controllers. The premixed tanks suffered from variations in
water/alcohol ratio due to differences in the vapor pressures of the constituents. This was not a
problem for short trial growths but is a concern for long duration growths, >10 hours. Process
parameters can also be more reproducibly set with the mass flow controllers than with a leak
valve. Stability of the discharge was addressed with addition of an optical monitoring and
feedback system to maintain the plasma in the inductively coupled mode.

Water alcohol was chosen as the growth chemistry to concentrate development efforts on
for several reasons [1,2,3]. The water alcohol process is able to grow diamond at lower




temperatures than traditional hydrogen/methane chemistries. Lower growth temperatures puts
fewer demands on the bonding system used to hold the tiled array during consolidation. In
addition work has shown that lowering the ionization potential of the feedstock gasses allows
one to achieve inductive coupling at lower applied power levels. A clear trend towards lower
power and lower temperature growth is observed as one goes from hydrogen to water to acetic
acid as the primary hydrogen source.

2.2  lon-Implantation for Lift Off.

Two lift off processes have been developed involving ion-implantation. A buried
damage layer is first created using either C or O implants. Release of the diamond platelet thus
created is achieved by either through furnace annealing to graphitize the damage layer [4] or
through water based electrolysis. Lift off of 2 mm x 2 mm platelets from type Ila substrates was
achieved following both C and O implants. As noted above, process steps have been developed
to recover the diamond surface for subsequent homoepitaxial growth. Water based electrolysis
was found to have a substantial advantage over furnace annealing to achieve lift off. Much
lower doses, 8E15 O++/cm2 versus 3E17 O++/cm2 could be used for electrolytic lift off as
compared with annealing for lift off. The advantage of such a low dose is that virtually all the
near-surface damage can annealed out as revealed by RBS/channeling spectra of annealed and
virgin diamonds. We have not yet attempted to lift off platelets from a consolidated array of
natural diamonds. This is expected to occur at the beginning of the next phase of the project.

2.3  Characterization of Polycrystalline and Homoepitaxial CVD Diamond.

Semiconductor material destined for electronic applications requires the lowest possible
defect and impurity concentrations. A major thrust in the last phase of the program was to
develop the tools needed to rapidly assess the quality of the CVD diamond prepared by various
growth chemistries. The most detailed microstructural information is provided by transmission
electron microscopy. However sample preparation on natural substrates is an arduous task. Ion
milling requires on the order of 100 hours of mill time to prepare a sample. Work was done to

both improve sample preparation times and to develop new techniques to rapidly assess diamond
quality.

In collaboration with JPL a rapid method for thinning single crystal diamonds for
transmission electron microscopy was developed [5]. Below band-gap laser ablation was used to
thin natural diamond substrates. Thinning was performed in air, using an excimer laser operated
at 248 nm (KrF) at a pulse rate of 5 Hz., and with an output energy of 600mJ, at normal and




glancing angle (22°) incidence. Glancing incidence provided excellent thin areas for electron
microscopy with no post-milling processing necessary. Dramatic reductions in the time
necessary to produce a sample were realized, going from approximately 100 hours for argon ion-
milling to less than 1 hour with excimer laser milling.

In related work a number of new techniques were developed in this phase to allow
assessment of diamond quality. These techniques are rapidly and easily performed, allowing us
to determine which samples are worth detailed analysis by transmission electron microscopy. In
the first technique the diamond sample is exposed to an oxidizing flame, in this case a propane
torch for several seconds [6]. Defects intersecting the surface are selectively etched allowing
relatively simple analysis in a scanning electron microscope with no further sample preparation.
The second technique exposes natural substrates to a hydrogen plasma for approximately 1
minute [7]. The surface is saturated with hydrogen as a result of the plasma exposure and SEM
analysis shows a dramatically enhanced secondary electron yield. The enhanced yield in turns
gives rise to non-topographic contrast mechanisms at the surface. The nature and density of the
dark areas seen at high magnifications corresponds quite closely with defects observed by the
oxidizing flame and by direct observation in transmission electron microscopy [8, 16]. The
contrasting areas are therefor thought to arise from defects intersecting the free surface. Both
techniques offer the potential for rapid and easy assessment of diamond quality. With these
techniques the growth conditions and growth chemistries can be fine tuned to provide high
quality diamond homoepitaxial films.
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3.0 HETEROEPITAXIAL SUBSTRATE DEVELOPMENT

Work on heteroepitaxial diamond growth progressed in parallel with the tiling
development. Studies of heteroepitaxial growth were roughly divided into three areas, substrate
engineering via surface modifications of heterosubstrates, detailed experimental studies of
surface processes and detailed theoretical studies of surface processes.

3.1 Substrate Modifications for Heteroepitaxy

Growth studies on silicon substrates have shown that a variety of carbon sources when in
close proximity to the surface, can considerably enhance nucleation of diamond [11]. Surface
pre-treatments of photoresist, sucrose, Teflon, and graphite were tested. A tendency was shown
for longer carbon chain species to promote greater nucleation. Of the substances tested, graphite
showed the densest nucleation. Graphite has the additional advantage that it can be applied
without damage to the surface. The enhanced activity of graphite can be attributed to the slower
dissolution rate of graphite in the plasma, as compared to long chain hydrocarbons,
carbohydrates, and fluorocarbons.

Based on theoretical studies by J. Whitten of NCSU, nickel samples were implanted with
Na. Dr. Whitten's calculations indicate that methyl radicals attached to the nickel surface have a
greater barrier to planarization if electropositive species such as Na are located in sites just
below the surface. Early results were promising in that dense nucleation was observed in one
area of a nickel sample. There were questions however concerning the purity of the nickel
surface following the implant process. We have prepared a new set of nickel samples by directly
reacting metallic Na with single crystal nickel. This avoids the contamination associated with
the implant process and provides a far higher concentration of Na near the surface than can be
achieved through ion-implantation. We are currently optimizing a reactor for standard
hydrogen/methane growths and we expect nucleation experiments will continue in the early part
of the next phase.

3.2 In-situ Surface Studies.

Surface studies in this phase have concentrated on understanding interactions of oxygen
with the diamond surface and the role oxygen plays in the growth process. Detailed studies
using thermal desorption from oxygenated diamond surfaces have shown that both fully and
partially covered surfaces will lose oxygen via CO desorption at temperatures less than 300°C
[12]. Analysis of the thermal desorption data indicates an effective activation energy of 45




kcal/mol for CO desorption from the (100) surface. This has been corroborated by MNDO
calculations described below which provide a low energy pathway for CO desorption from the
surface. Desorption of CO from the (100) surface leaves behind two dangling bonds to carbon
atoms. These dangling bonds appear able to react with acetylene at room temperature. This
provides a simple mechanism for diamond growth from water alcohol mixtures at relatively low
temperatures. EELS studies of both hydrogen and oxygen terminated surfaces have shown that
as the surfaces lose the respective adsorbates a new loss feature appears at approximately SeV
from the elastic peak [13]. This peak appears distinct from the 6eV pi-plasmon observed on
graphite and rather seems to be related to dangling bonds on the surface.

Ultraviolet photoemission analysis of a hydrogen plasma-treated C(100)-(100) surface
has shown the presence of an intense low-energy emission peak which can be extinguished upon
exposure to a 20% oxygen/argon plasma or upon high-temperature annealing. The intense low-
energy emission feature has been attributed to photo excitation of inelastically scattered electrons

into unoccupied H-induced states near the conduction band edge which can escape into the
vacuum.

3.3  Modeling of Surface Processes.

Collaborations continued with Prof. J. Whitten (NCSU) and Prof. M. Frenklach (PSU).
Both groups have applied analytic techniques to model surface processes on diamond. The
collaborations have resulted in stimulation of new avenues of research in both the experimental
work and the theoretical work.

Calculations by Prof. Whitten's group of oxygen on the diamond (100) surface have
shown that oxygen adsorbed at one dimer site can have an influence on adjacent dimer sites[14].
The influence however is not sufficient to prevent dimerization of the adjacent pair of carbon
atoms. Additional oxygen to the surface will result in conversion of the 2 x 1 surface to the 1x1

configuration, but adsorption at adjacent sites is not sufficient to open dimer bonds for carbon
addition.

As mentioned above, mechanisms have been modeled for CO desorption from the
diamond surface. Calculations by Prof. Frenklach's group indicate a possible desorption pathway
for CO from the diamond surface with a value of 38 kcal/mol as the largest barrier in the

sequence of steps [15]. This is in quite good agreement with the measured value of 45 kcal/mol
described above.
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LOW TEMPERATURE DIAMOND GROWTH: DEVELOPMENT OF
WATER-BASED TECHNIQUES FOR DIAMOND CVD

R.A. Rudder, R.E. Thomas. G.C. Hudson. J. B. Posthill. D. P. Malia, and R J. Markunas
Rescarch Triangle Institute, Research Triangle Park, NC 27709

Low tcmperature diamond deposition techniques have heen developed
using low-pressure f-induction plasmas coupled with water-based chemical
vapor deposition.  Both the low-pressure rf-induction plasma and the water
chemistry are critical to the production of diamond films at low icmperature (less
than S00°C). This work elaborates on the imcrdependencics between plasma-
chemistry and induction coupling at 13.56 MHz. A critical power must be
applied to the f coil 1o achieve induction coupling. Empirically. we have
determined that the power threshold for induction coupling is a strong function
of the gas-pressure and the ionization potentials of the source gasses. Low-
pressure plasmas containing water-vapor facilitate induction coupling at modest
power levels (300 - 500 W). At these levels. induction heating of the sample
slage is restricted to low iemperatures (less than S00°C), and diamond growth at
low tcmperature can be evaluated.

INTRODUCTION

Recently we have demonstrated, and others have reproduced. chemical vapor diamond
deposition from water solutions containing alcohols and organic acids. These techniques have
been quite successful in depositing dianond at temperatures well helow S00°C.  These
demonstrations have taken place in low pressure of induction plasma systems and in low pressure
microwave ECR sysiems.(1-4) Diamond deposition at temperatures below 600°C allows for the
application of diamond thin films on materials which can not survive high temperature growth,
Our work has concentrated on diamond growth from low pressure rf induction plasmas. These
plasmas have shown a great propensity for diamond deposition. Diamond growth from low
pressure rf induction plasmas occurs when sufficiemt power is applied to the f coils to
inductively couple to the plasma gas. Diamond growth below this critical power level proceeds
very slowly, if at all. This can be undersiood by considering the plasma density differences
between capacitive coupling and induction coupling. Inductively-coupled discharges have a two-
order of magnitude higher plasma density than do capacitively-coupled discharges. Along with
inducing currents in the plasma gas, the radiation field from the f coil also produces eddy
currents in the sample and the sample stage. For low temperature diamond deposition, the
applied power needs 1o be reduced in onder 10 avoid substantial substrate heating. We have
found that diamond growth can be obtained at fower applicd powers 1) if the moleculas hydrogen
is replaced by altemative sources of atomic hydrogen which have lower ionization potentials and
2) if the operating pressure is reduced.

EXPERIMENTAL APPROACH

These experiments have heen conducted in a standard plasma system consisting of a
water-cooled SO mm diam quanz tube surrounded by a 2-tum helical coil. This system has been
described in more detail elsewhere. A schematic of the system showing the simple waler vapor
delivery system is shown in Figure 1. To date. solutions containing water, alcohot, and organic-
acids have been connected to the low-pressure rf-plasma system by a leak valve which permits




the composite vapor pressure of the constituents in the solution to be pumped into the plasma
system. The proportion of waler to alcohol 10 organic-acid is controlled by the molw
concentration in the solution. For extended growths, depletion of ihe higher vapor pressure
component is a concem. But for the work presented here, depletion is not greal. The samples are
located on a graphite susceptor positioned a few mm removed from the ff coil. The graphite
susceplor is not necessary for diamond growth from the water-based solutions. However. its
prescnce aclively cottributes carbon (o the vapor phase by gasification. The graphite susceptos
also scrves as a sample heater.  Circulating currents in the of will produce eddy currents in the
graphite susceptor which resistively heal the suscepior.  Consequently, lower applicd powers
result in lower growth temperatures.

Diamond growth proceeds by admitting gasses info the reactor vessel (maintained at a
constat pressure) wwd by applying sufficient power (0 the rf coil to inductively couple.
Induction-coupling is distinguished by a sudden change in plasma intensity as the applicd power
is increased. The abrupt change in luminosity is 3 manifestation of the two-order magnitude
increase in the plasma density. This dramatic increase in plasma density results in plasma
densities at (356 MHz that is comparable (o plasma densities in  microwave systems
-10"%/cm? ) ‘

Induction-coupling via high frequency discharges has been long-studied.(5) At low
power, a discharge is initiated inside the rf coil by the clectric field which exists due to the
potential drop across the length of the coil. Once the plasma initiates. the interior of the plasma
is screcned from the applied clectric field. Thus. electrons in this region do not have sufficient
encrgy to create ionization and sustain the plasma. However, the magnetic field permeates this
low density plasma. At 13.56 MHz, the rapidly changing magnetic field produces an induced
electric field or electromotive force. Free electrons in the plasma are accelerated by this force.
Pruvided the field sirength is high cnough or the mean free path to cotlision is long enough. these
electrons can gain sufficient energy to produce impact ionization with ncutral molecules or atoms
in the gas. Once this occurs. a rapid increase in plasma density follows as free electrons in the
plasma (previously not contributing to plasma-ionization) promate electron-impact ionization.
Thus. induction coupling procceds when the product of induced electric field strength and the
mcan frec path for elcctron-neutral collision is greater than the ionization potential of the gas.

EXPERIMENTAL RESULTS

Empirically, we have found that the critical power level necessary to inductively couple
and. in tum, the critical power necessary for diamond growth, falls as one introduces gasses with
fower ionization potentials. Furthermore, we have observed that the critical power level is a
strong function of the growth pressure. Figure 2 shows the critical power that is necessary to
inductively couple as a function of pressure for pure water discharges and for pure hydrogen
discharges. At low pressure, there is not a pronounced difference.  However, at more typical
growth pressures (above | Tor), the water discharges require considerably lower power input
than docs the molecular H,.

While water/alcohol discharges require considerably less power than the molecular
hydrogen discharges to achicve induction coupling, addition of acetic acid to the water solution
allows diamond growth at even lower input power. As a consequence, the addition of acetic acid
allows diamond growth 1o proceed at very low femperatures, perhaps as low as 250° C. Figure
3 shows SEM micrographs from a sample deposited using vapors from an acetic-
acid:methanol.water sofution. The input power to the if coil was ~ S00 W. For the limited
deposition time, a continuous film was not obtained. Discrete diamond panticles were produced.
The diamond particles grew in a very anisotropic fashion. Micro-Raman from these crysials
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shows (Figure 3) these crystals (o have 3 very namow FWHM of 2.9 em-! with negliginie
amurphous carbon or graphitic component.

Recently. acetic-acid solutions have produced at low temperature (_ $00°C) a continuous
film which also disr ays highly anisotropic grain growth. [t also had a fairly narmow Raman
FWHM of 5.0 cm*!, but exhihited a bruad hand around 1500 cm-!. perhaps originating from
material in the grains.

DISCUSSION

In considering the low-teinperature growth of diamond, the propensily for diamond
deposition at low emperatures from the water-based solutions is consistent with the work of
others who using Hy-hased microwave plasmas have been able to reduce substrate temperatures
required for diamond growth through Oy or HyO xidition.(6-8) The role of oxygen on the
diamond growth surface must be critical to low temperature growth, Surface chemistry studies
by Thomas et. al. have provided considerable insight.(9-10) Oxygen on the diamond surface
behaves quite different from hydrogen on the diamond surface. On diamond (100), oxygen
climinates surface dimerization; it desorbs as CO at temperatures fas lower than hydrogen which
desorbs as Hy; and it serves to stabilize the (1 x 1) bulk surface termination. Of particular
importance to this work is the extremely low-teraperature desorption (onset at 200 - 300°C, peak
a1 550°C) and the desorption product CO. It is speculated that, in diamond growth using the
water chemistry. water contributes O to the diamond surface. As a consequence sites become
available on the growth surface &t low temperature through CO desorption. These open sites are
sites for radical addition and hence growth propagates. If this mechanism accounts for the low
temperature growth phenomena with Oxygen present than at least Cp species must be
contributing 10 the growth. CO desorption removing one carhon atom must be followed by
inscrtion of at least a C; species in order for the diamond crystal to grow.

It is cenainly encouraging that high quality material can be produced a1 relatively low
temperatures.  Preliminary experiments have been undenaken to determine a low temperature
limit to the process by actively cooling the sample stage. These experiments indicate that the
low tiemperature limit to the acetic-acid water-based diamond deposition process appears (o he
hetween 200°C and 250°C.  The quality of the diamond, onuve again. does not appear 10 degrade
as the temperatures is reduced helow 300°C. However, at 200°C, no carbon deposition occurred.
ft is yet 10 be determined if this result is a consequence of a nucleation problem or a deposition
probhlem.

SUMMARY

Low temperature diamond growth has been facilitated using low-pressure rf-induction
plasmas and water-based chemistries. In order 1o study low-temperature growth in the -
induction plasma system, the critical power necessary to achieve induction coupling had to be
reduced. Low pressure operation as well as the inclusion of low ionization potential gasses (H20,
CHACOOH) cnabled these experiments. Our results indicate that high quality diamond panticles
and continuous films can be produced at low temperatures (250 - 450° C). At the present lime,
diamond deposition appears restricied to temperatures above 200°C. The low temperature limit is
consistent with oxygen desorption data showing the onset of CO desomtion around 250°C.
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GROWTH OF DIA™1OND FILMS FROM WATER-BASED CHEMICAL VAPOR
DEPOSITION SYSTEMS
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R.C. Hendry!- T.P. Humphreys2, and R.J. Nemanich?2
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Abstract

Diamond research has clearly demonstrated that high quality diamond films can be
produced from a variety of chemical vapor deposition systems using a wide variety of
source gasses. Unfortunately, the high costs involved in the production (capital, labor,
gas, electricity, etc.) have precluded widespread commercialization of diamond products.
Research must target development of chemical and physical systems wherein diamond
can be produced at reduced cost. This paper reports on the chemical vapor deposition of
diamond films using vapors from water-based solutions. Application of water-based
solutions for the growth of diamond will dramatically reduce the process gas cost. In
addition, growth rates obtained in low pressure rf- induction plasmas using water-based
feedstocks are comparable to those obtained using hydrogen-methane feedstocks. It is
thus anticipated that the water-based solutions will incur no higher energy costs than the
traditional hydrogen-based methods.

1.0 INTRODUCTION

Chemical vapor deposition has been widely used for the production of diamond
films.! - 19 The majority of diamond film production has occurred from gasses residing
in the C-H-O system. P. K. Bachmann has derived an empirical diagram to predict the
relative atomic fraction of C,H, and O required for diamond growth.®) This diagram
permits one to rapidly converge on parameters suitable for diamond growth. Workers
interested in cost reduction are then free to investigate a great variety of feedstocks
provided that the relative mixture of feedstock gasses can be adjusted to produce
diamond growth. In comparison to the traditional hydrogen-based processing, workers
can now choose gasses which are relatively inexpensive in comparison to hydrogen-
methane, which impose fewer fire and explosion hazards, and which are readily ionizable
thereby facilitating easy power coupling from the electromagnetic applicator to the
plasma gas. In short, one has tremendous flexibility in the selection of starting materials.

This paper compares the growth of diamond from water-based feedstocks to the
growth of diamond from hydrogen-based feedstocks. Vapors from water-based solutions




have a number of distinct advantages which should simplify the manufacturing tool.
Vapors from water-based solutions 1) have lower ionization potentials than hydrogen-
methane, 2) have bond strengths comparable to hydrogen-methane, 3) evaporate from
subatmospheric liquid sources, and 4) are quite inexpensive compared to hydrogen-
methane.

We have compared the growth of diamond from both chemical systems in a low-
pressure rf induction plasma deposition system that is quite proficient in diamond
growth. We have found no technical reason to preclude the water-based solutions as a
diamond manufacturing technology. Indeed, our results indicate that water-based
feedstocks would be comparable to traditional hydrogen-based feedstocks and not impose
the hazards and safety controls demanded for the storage and handling of copious
amounts of hydrogen.

2.0 EXPERIMENTAL METHOD

The low pressure rf-induction plasma system used in this work consists of a 2 1/2
turn copper coil surrounding a 50 mm diameter quartz tube. 1! - 16 The sample rests in
the CVD chamber on a graphite susceptor isolated from ground underneath the rf coil.
All samples were abraded with 1 um diamend paste prior to introduction into the reactor.
H,-CHy gasses are metered into the system through mass flow controllers connected to
high-pressure cylinders. Water:alcohol vapors are metered in the system through a leak
valve connected to a room-tempature liquid reservoir. In this work, the liquids are held
in a common reservoir, and the proportion of water to alcohol is dictated by the molar
concentration in the liquid. The process pressure is controlled by an automatic butterfly
valve. Sufficient power is applied to the coil to insure induction coupling (i.e. currents in
the rf coil induce currents in the plasma gas). The onset of induction coupling is
manifest through an abrupt intensity change in the plasma luminosity.!?)

With H,-CHy, the abrupt intensity change is also accompanied by a distinct change
in the visible color of the plasma. Prior to achieving induction coupling, emissions
through the H,-CH, plasma have a characteristic blue color originating from an anti-
bonding molecular hydrogen continuum. Upon achieving induction coupling, the
emission has a characteristic red color dominated by atomic H emission at 656 nm. For
diamond growth in this system, it is critical that induction coupling be achieved. For
water-based solutions, the abrupt intensity change concomitant with achieving induction
coupling does not produce a distinct change in the visible color of the plasma. However,
spectral analysis of the emission from the water-based solutions does show intense
atomic H emission once inductive coupling has been realized. Prior to inductive
coupling, OH emissions dominate the spectrum.

The propensity for this system to produce diamond from both Hj-based and
water-based systems permits one to use this system to compare and contrast processing
conditions necessary for diamond growth. It is speculated that differences discovered
between hydrogen-based and water-based feedstocks in the low pressure rf induction
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plasma system will be similar to differences that might be experienced in other plasma
systems producing diamond.

3.0 EXPERIMENTAL RESULTS

The great variety of hydrocarbons that can be mixed with either the hydrogen-based
or water-based feedstocks permits enormous lattitude in the choice of hydrocarbon. For
the purposes of comparing a hydrogen-base process to a water-base process, we chose a
H;-CH4-H,0 mixture which used a small amount of water (3%). Water addition
improves the crystalline quality of crystals deposited from H,-CH,4 system. From the
water-based feedstocks, we chose the HyO-CH40 family. Water and methanol are
miscible and thus can be stored in solution with vapors above the liquid serving as the
gas feedstock to the CVD system. H,0-CH4O represents the simplest of the water-
alcohol systems. Correspondingly, H,-CHy represents the simplest of the hydrogen-
hydrocarbon system.

3.1 H,-CH4 (H20-minor) Growth

Shown below in Table I are growth conditions typical for diamond deposition from
both hydrogen and water-based chemistries. As previously noted, the hydrogen-based
results depicted here use Hy-CHy along with a small amount of water. Growth at higher
pressures from this mixture is certainly possible but requires even higher input rf power
to achieve induction coupling. Growth at lower pressures is possible, but the nucleation
density and quality suffer. Figure 1 shows SEM micrographs from the H,-CH4 growth
depicted in Table I. One can see that the diamonds are well-faceted and reminiscent of
polycrystalline diamond deposited by other techniques. A cleaved cross-sectioned view
such as the one that is shown in Figure lc shows the deposition rate under these
conditions to be 0.4 pm/hr.

Table 1
A comparison of hydrogen and water chemistries.

H,-CH4-H,0 H,0-CH40
Gas Phase .
Concentrations (%) 95:02:03 27:73
Pressure (Torr) 5.0 1.0
rf Power (W) 2100 1300
Temperature (°C) 850 600

Deposition rate (um/hr) 0.40 0.25
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3.2 H,0-CH40 Growth

Also shown in Table | are growth conditions that we have employed for diamond
deposition from the water-based chemistry. The water-based processes routinely
operates at pressures lower than the 5 Torr used for the H,-CHy4 chemistry. Figure 2
shows SEM micrographs from H,O-CH4O growth at 1.0 Torr. At lower pressures, the
input power required to achieve induction-coupling is less. Consequently, the graphite
susceptor containing the substrate is maintained at a lower temperature. The micrographs
show well-faceted diamond growth. The high concentration of water in the reactor
promotes aggressive etching of the crystallites. Like the H,-CHy4 growth, the crystallite
faces show little if any secondary nucleation and growth. A cleaved cross-sectional view
such as the one that is shown in Figure 2¢ shows the deposition rate for the water-based
conditions depicted in Table I to be 0.25 pm/hr.

4.0 CONCLUSIONS

Diamond has been produced using the water-based process at comparable growth
rates and quality to the traditional Hy - CHy4 process. The water-based process shows
nearly comparable diamond growth at lower pressures (implying a higher carbon yield),
at low input power (implying reduced power costs) and at lower temperatures (permitting
the application of diamond to more materials). Our work to date has not shown any
significant disadvantage to the water-based process. While this paper does not show the
results, the water-based process has also been successfully used for homoepitaxial growth
on natural stones.!® Future work will concentrate on process control and refinement to
enable high quality thick film diamond production.
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HOMOEPITAXIAL DIAMOND LAYERS GROWN WITH DIFFERENT GAS
MIXTURES IN AN RF PLASMA REACTOR

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

T.P. Humphreys and R J. Nemanich
Department of Physics, North Carolina State University
Raleigh, North Caroling 27695-8202

Homoepitaxial diamond films have been grown using rf-driven plasma-
enhanced chemical vapor deposition. Certain CHy/H; chemistries are
shown to be inadequate for extended deposition times, the addition of an
oxygen-containing species being required to maintain smooth topography.
CO and HO additions were found to be beneficial for CH /H,-based gas
mixtures. Elimination of the methane completely and using water/alcohol
mixtures exclusively was found to yield excellent results with respect to
surface topography, minimal impurity introduction and defect density.

INTRODUCTION

The thermal and electrical properties of diamond make it an excellent candidate
for electronic applications in extreme environments, but significant device development
in this materials system cannot take place unless larger area single crystals are available.
While significant progress has been made towards increasing the areal size of diamond
crystals by different means {e.g. 1,2], it is also recognized that a reliable and inexpensive
method of growing high-quality epitaxial diamond will be necessary to grow device
structures and to increase the thickness of diamond crystals and films. To this end, we
have examined the effect of gas phase chemistry on the homoepitaxial growth of
diamond on natural diamond single crystals. This paper outlines some of these results
obtained in an rf-driven plasma-enhanced chemical vapor deposition (PECVD) reactor.

EXPERIMENTAL PROCEDURES

The substrates used in this study were nominally (100) oriented [+ 3°] natural
type Ia diamonds. It has been established previously by both X-ray topography and ion
channeling studies that type Ia substrates are crystallographically superior [3), and it is
believed that this would result in improved diamond homoepitaxial films. Transmission
electron microscopy (TEM) of a type la diamond showed the expected presence of
nitrogen-containing platelets lying on {100)-type planes (Fig. 1). However, no
dislocations could be seen in the field of view, hence the dislocation density is
< 105 cm-2 This contrasts with substantially larger dislocation densities observed in type
1Ib substrates [4]. Prior to loading into the reactor, the standard substrate preparation




involved swabbing in deionized water and blow drying with clean nitrogen. Swabbing
has been shown to remove particles from the diamond surface, thereby minimizing the
sporadic regions of polycrystallinity that are thought to be caused by this contamination
{3]. One other diamond substrate preparation method is also described herein and
compared with our standard preparation.

The system used for the growth of homoepitaxial diamond consists of a 13.56
MHz inductively-coupled plasma-enhanced chemical vapor deposition (PECVD) system.
The sample is positioned near the if coil on a graphite susceptor, and the growth
temperature was achieved by a combination of rf inductive coupling to the susceptor and
additional heating from an independently driven radiative source beneath the susceptor.
A variety of different gas mixtures have been used for diamond growth. In addition to
conventional CH4/Ha mixtures, we have also explored oxygen-containing mixtures
which utilized combinations of CO, CHy, and Ha. Recently, polycrystalline diamond has
been grown using water/aicohol and water/alcohol/organic acid mixtuges [5,6). This new
method of CVD diamond growth using inexpensive liquids has been extended to
homoepitaxial diamond growth in this study.

RESULTS

CHyH { CHy/CO/H3 Chemistri

Fig. 2 shows an SEM micrograph taken from an epitaxial film grown on a (100)
substrate with a 0.33%CH4/99.67%H?2 mixture at a pressure of 5 Torr and temperature of
~ 900°C for 6 hours. An extensively "shingled® morphology is evident. The surface
topography has been roughened, not planarized, by this process. These results were
unexpected. Micro-Raman spectroscopy taken from the near-surface region of this
sample was not found to be severely degraded; the full-width at half-maximum (FWHM)
of the diamond LO phonon line st 1332 cm*! was measured 1o be 2.8 cm*!l. To observe
the transition from the polished as-received surfaces to this rough “shingled”
morphology, an epitaxial growth was performed for a slightly longer duration, but by
interrupting the deposition at 1 hour, 3 hours, and 6.5 hours. Figures 3a, 3b, and 3¢ show
SEM micrographs from these epitaxial layers. The topography after the 6.5 hour
interrupted growth was distinctly smoother than the "shingled" topography observed
previously for the uninterrupted 6 hour growth using CH 4/H3 chemistry.

The interruption and exposure to room ambient proved beneficial. We suspected
that the graphite susceptor above transfer into the room ambient absorbed considerable
water vapor. Upon reintroduction into the vacuum environment of the deposition system
and upon heating, the susceptor would desorb the water into the system. Water vapor
released from the heated susceptor would be adsorbed onto the nearby water-cooled
quariz walls. Water vapor would be slowly released from the quartz walls resulting in
the system having a prolonged memory for water and thereby a significant oxygen source
at the beginning of each run; lasting for some amount of time before depleting.




To begin to address this hypothesis, feedstock gases containing oxygen were
deliberately introduced for extended homoepitaxial growths. Figure 4 shows a SEM
micrograph from a diamond deposition using 1.14%C0/0.43%CH4/98 43%H;,
uninterrupted for 6.5 hours. The surface topography appears nearly identical to the SEM
micrograph from the 6.5 hour interrupted growth using 0.33% CHy in H2. Oxygen
addition in the form of CO or H20 (see below) is beneficial to the growth of smooth
(100) homoepitaxy.

CH;OH/H,0 Chemistries

Fig. S shows the surface of a (100) homoepitaxial film grown by introducing the
vapor pressure of 8 30%CH30H/70%H20 liquid mixture at P = | Torr and T = 500°C
for S0 minutes. The diamond epilayer shows no roughness. It was then ion milled from
the back-side for plan-view TEM examination. Fig. 6 shows the dislocations observed
by TEM in the film. The average dislocation density was found to be ~ 5§ x 106 cm-2,
and no other types of defects were observed. This dislocation density would be
considered high by single crystal Si standards, but it does represent the current
benchmark for diamond epitaxy. We are certain we are observing the epilayer because
of the absence of nitrogen-containing platelets. Micro-Raman spectroscopy results were
obtained from this back-thinned TEM sample. Spectra acquired from the region near the
center, where the epitaxial film is expected to dominate the signal, yielded a FWHM of
2.7 cm-! for the 1332 cm-! LO phonon mode. This contrasts with the slightly improved
FWHM of 2.5 cm-! observed from the edge of the sample, which would be dominated by
the bulk type Ia natural single crystal substrate. These results show that growth of
homoepitaxial diamond can be achieved on natural type Ia diamond to a reasonable
standard. In other words, the presence of the nitrogen-containing platelets in the
substrate does not result in catastrophic dislocation densities in the diamond epilayer, nor
in a severely broadened Raman diamond line width.

Perhaps the most remarkable aspect of the water/methanol-grown diamond films
is the measured concentrations for some of the common (and potentiaily detrimental)
elemental impurities. Secondary ion mass spectrometry (SIMS) depth profiling on
another homoepitaxial film grown in a similar manner (33.3%CH;0H/66.7%H,0, |
Torr, T = 500°C) showed that Si, B, and N were at measured instrumental background,
while H and O were measured to be 2 x 108 cm3 and 2 x 1018 cm*3, respectively. All
these values are lower than we have observed in any of our high-temperature-grown
homoepitaxial diamond films to date. No special distillation/purification was performed
to the liquid reagents to achieve this result. It appears that water/alcoho! mixtures can be
used where a low temperature diamond epitaxial process is desired or required.

Substrate Preparation
Although discussed briefly earlier [3], the issue of properly preparing a diamond
single crystal substrate for CVD growth is still important. This was illustrated by




growing an epitaxial film on two diamond (100) substrates, which were prepared
differently, in the same run. One substrate was only given an ethanol/water swab and
blown dry, whereas the other substrate was additionally subjected to an ethanol/water
pressurized jet before being blown dry. SEM after cleaning looked very similar and
featureless, and few particulates were observed on either sample (Fig. 7). A subsequent
2-hour epitaxial growth on both using a 1.5%CH4/98.5%H:2 mixture with H20 added
continuously to the process showed a considerable difference in the resulting morphology
(Fig. 8). While the standard preparation yielded a relatively smooth topography, the
ethanol/water-jet-prepared sample showed large (10 pm) pyramidal hillocks and smaller
nodules of apparent polycrystallinity. These features have been observed by other
researchers that have grown homoepitaxial diamond on (100) single crystals [7,8]. The
precise origin of the detrimental features seen in this study is currently unknown, but
appears to result from contamination introduced by applying the ethanol/water jet.

DISCUSSION AND SUMMARY

The epitaxy of diamond can be severely effected by the gas chemistries, other
reactor variables, and the nature of the substrate surface upon which homoepitaxial
diamond nucleation is to occur. In particular, we have found that the introduction of
oxygen via CO or H;0 into a CHy/H2-based chemistry is highly desirable 1o maintain a
topographically smooth epitaxial film. It should be mentioned that earlier results with
CO/H3 plasmas showed extensive incorporation of Si into polycrystalline diamond films
[8], thereby raising suspicion with regards to CO introduction. Although we do not have
sufficient data to currently recommend H20 introduction into a CH4/Hz-based diamond
growth chemistry as a solution to the Si incorporation problem, we find the SIMS results
from the CH30H/H20 diamond growth encouraging. One epitaxial film grown with this
chemistry also showed the lowest dislocation density reported to date for a diamond
epitaxial film. Future work in this area will focus on diamond substrate preparation.
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Fig. 1. TEM of natural type la diamond Fig. 2. SEM of 0.33%CH4/99.67%:H;
substrate showing ~50 nm homoepitaxial (100) diamond
diameter nitrogen platelets on after 6 hours.

{100}-type planes. No
dislocations were observed.




Fig. 3 SEM of 0.33%CH4/99 67%H; "interrupted® homoepitaxial (100) diamond.
After: (a) | hour. (b) 3 hours, and (c) 6.5 hours.

2900 3KV X6.00K “5.0um P80 3KV X6.88K '5.8u
Fig. 4 SEM of 1.14%C0/0.43%CHy/ Fig. 5. SEM of 30%CH;0H/70%H,0

98 43%H) homoepitaxial (100) (100) homoepitaxial diamond
diamond after 6.5 hours. afler SO minutes.
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Fig. 7. SEM of diamond (100) substrates after: (a) ethanoVwater swab and blow dry and
(b) ethanol/water swab, ethanol/water jet, and blow dry.

TR

Fig. 8. SEM from same substrates after diamond homoepitaxy using 1 S%CH 4/98 5%H;
with H20 addition for 2 hours; (a) ethanol/water swab and blow dry and (b)
ethanol/water swab, ethanol/water jet, and blow dry.




Single-crystal diamond plate liftoff achieved by ion implantation

and subsequent annealing
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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 550-600 °C in oxygen. This process successfully lifts
off the diamond plate above the graphite layer. For O implantations of a suitable dose (3 X 10"
cm ™2 or greater), the liftoff is achieved by annealing in vacuum or flowing oxygen. In this case,
the O required for etching of the graphitic layer is also supplied internally by the implantation.
This liftof 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.,' who
have shown that homoepitaxial diamond layers can be
grown by chemical vapor deposition onto a matrix of ori-
ented 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 bound-
aries. We propose to combine homoepitaxial growth with
liftoff technology to permit large area diamond sheets to be
economically fabricated from a master template. For ex-
ample, 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 liftoff process. In this way, a large diamond template
could be fabricated, from which large diamond sheets
could be removed ad infinitum. In this letter, we shall de-
scribe the use of ion implantation to lift thin sheets of
diamond from a single-crystal substrate.

In our liftoff 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 a thin sheet of diamond from the sur-
face. The fundamental concepts of the method are the fol-
lowing. (a) Most of the damage caused by ion implanta-
tion 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 conver-
sion of diamond to graphite.? (c) The graphitic layer can
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be preferentially etched at a much more rapid rate than
that of the adjacent diamond.

It is known®? that ion beam damage caused by carbon
implantation at low temperatures in diamond can be di-
vided into four gencral regimes.

(i) At low doses (<1.5%10'* C* ions/cm® at 100
keV, corresponding to a Frenkel defect concentration of
~7%), the damage is almost completely recoverable by
thermal annealing at about 900 °C in vacuum.

(ii) At doses between 1.5% 10" and 1% 10'® C* ions/
cm® at 100 keV, a stable damaged diamond structure
(green diamond®) may be formed by annealing at 950 °C.

(iii) At doses greater than about 10'® C* ions/cm? at
100 keV, the damaged diamond is graphitized by thermal
annealing at moderate temperatures (about 600 °C).

(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 dam-
aged layer is buried, perhaps because of the constraint on
expansion due to the relatively undamaged overlying dia-
mond.*

The depth profile of ion beam damage can be calcu-
lated using Monte Carlo computer programs, such as
TRIM.® 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 bur-
ied thin layer of graphite can be created in diamond by ion
implantation followed by low-temperature annealing.
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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 liftoff could be achieved by the graphitizing of a buried
layer followed by an acid etch. However, the penetration of
the acid into the narrow graphitic layer may be slow.

(2) The graphitic layer can be etched by annealing in
an oxygen atmosphere,® i.c., burning the graphite to form
CO or CO,.

(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 oxygen for etching.

Natural diamond types la and 11a 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 O* ions to
doses of 6 10" cm~2-10'® cm~2 at energies of 4-5 MeV.
The ranges for 4 MeV C* and 5 MeV O* are 1.95 and 1.86
pm, and the straggling 0.07 and 0.05 um, respectively. The
C implanted samples were annealed in vacuum to graphi-
tize the damaged layers, and then annealed in air or flow-
ing oxygen. Some samples were etched in a chromic-
sulphuric acid solution. The O implanted samples were
annecaled in vacuum at 500-900°C to form CO, in the
damaged layer, and in some cases a further anneal in O,
was used to complete the liftoff process. The samples were
examined by both optical and scanning electron micros-
copy to monitor the etching.

One set of samples was implanted with 4 MeV C* ions
to a fluence of 6 10" cm =2, with the substrate at a tem-
perature of approximately 80 K. These samples were an-
nealed in a vacuum of approximately 10~¢ Torr for 30 min
at 950 °C to graphitize the buried damaged layers, and then
annecaled at successively higher temperatures in air to se-
lectively etch the graphitized layers. A sample that was
annealed for 2 h in air at 550 °C showed undercutting of
the diamond surface layer by about 9-13 um from the
edges, as demonstrated by interference fringes caused by an
air gap between the partially undercut surface layer and
the substrate. The etching rate at 550 °C was ~5-10 um/h
for the first 4 h. After ~20 um had been undercut, the rate
decreased markedly with time. Presumably the etch rate
was limited by the penetration of the O in from the edge,
and/or by removal of the reaction products CO, out of the
constricted layer. The etching rate at 600°C was higher
than at 550 °C but the diamond overlayer was also slowly
etched at that temperature.

After the 950 °C vacuum anneal, one of these samples
was etched in hot chromic-sulphuric acid, which also
caused undercutting by removal of the graphitic layer. A §
min etch gave an undercut depth of 0.35 um, and the
overlying natural diamond layer was 2 um thick.

A second set of samples was implanted with 4 MeV C*
ions to a fluence of 1< 10'* cm =2, also with the substrate at
80 K. These samples were annealed in flowing oxygen at
550 °C for 1 h. This annealing produced a partially under-
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FIG. 1. Optical micrograph of lifted-off diamond layer (on the right)
beside the original diamond crystal template (on the left). This liftoflf was
achieved by an implantation of 4 MeV C ions to 2 fluence of 110"
cm™?, followed by an anneal at 550°C for $ h in flowing oxygen.

cut surface layer, again shown by interference fringes. This
sample was then annealed at 550 °C for 4 more hours in
flowing oxygen. The diamond overlayer had separated
when the sample was removed from the furnace, demon-
strating that complete liftoff required less than § h at
550 °C in flowing oxygen. Both the lifted-off plate and the
diamond substrate are shown in Fig. 1. The lifted plate (on
the right) is darker than the diamond substrate (on the
left). Since darker coloring indicates more irradiation de-
fects, this effect demonstrates that the maximum depth of
ion implantation has a sharp cutofl; 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 120 um). The
black areas on both the lifted plate and the substrate are
unetched graphite. The etching rate at 550 °C was deter-
mined to be between 120 and 140 um/h, which is much
greater than that for the lower dose C implanted sample
described previously.

Several samples were implanted at ~ 80 K with S MeV
%0 ions 1o fluences of 10'-10'"® cm~2. The highest dose
was chosen to give a peak oxygen concentration equal to
the concentration of host C atoms in the graphitic layer.
One of the 10" cm~? samples was annealed at 950 °C for 1
h in vacuum. Most of the diamond overlayer flaked off the
surface (Fig. 2), presumably because of the high pressure
from the reaction products CO and CO, at high tempera-
ture. A unique mesa structure resulted, as shown in Fig.
2(a), where a well-defined cleavage plane traces are visible.
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FIG. 2. (a) Optical micrograph of a diamond crystal after implantation
with § MeV O ions to a fluence of 10'® cm ~*, followed by annealing at
950*C 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 um.

A scanning electron micrograph of one of the remaining
pieces on the surface is shown in Fig. 2(b). 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 4xX4 mm diamond sample that had been
implanted to 10"* O ions/cm? was etched in flowing oxy-
gen at 550 °C for 1 h. Most of the 4 X4 mm layer of dia-
mond was removed in one piece, but it broke into 3 pieces
while being handled. One of the pieces (4% 1.5 mm) was
then annealed in vacuum (10~° Torr) at 950 °C for 1 h to
remove the residual damage. This annealing increased the
transparency of the lifted diamond, leaving it curled with a
transfucent brownish hue, as shown in the SEM micro-
graph (Fig. 3). .

To determine the minimum dose of oxygen needed to
lift off a diamond layer, single crystals were implanted with
5 MeV '%0* to fluences of 1x 10", 3x 10", and 7x 10"
cm~? a1 80 K. A dose of 1 x 10'” cm ™2 was not sufficient to
amorphize the diamond or Yo cause liftoff. However, suc-
cessful liftoff was achieved for a dose of 3 10'" cm =2 The
sample was annealed in flowing oxygen for 4 h at 550 °C.
The top layer, which lifted off in one piece, was darker than
the diamond substrate, as in Fig. 1. The 3x10" cm™?
fluence should produce a Frenkel defect concentration of
~10% in the near-surface layer,” which is close to the
damage concentration that is completely recoverable, ac-
cording to our earlier annealing results.’ To avoid the curl-
ing of the lifted diamond layer, it would be necessary to
deposit a thick (~ 10 um) homoepitaxial layer before the
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FIG. 3 Scanning electron micrograph of a hfted-off diamond layer The
Lftofl was achieved by implantation with S MeV O 1ons to a Aluence of
10" cm °, followed by anncaling in flowing oxygen at 550 °C for 1 h. The
sample was then vacuum annealed at 950 °C for | h to remove radiation
damage.

liftoff in order to endow the top layer with greater mechan-
ical strength.

We have demonstrated that square millimeter-sized ar-
eas of diamond can be lifted off intact from natural dia-
mond crystals through a technique combining implanta-
tion and selective etching. Both 4 MeV C implantation,
followed by selective etching in oxygen or in chromic acid,
and 5 MeV O implantation, followed by vacuum annealing
and/or annealing in OQ,, were used. Sheets up to 4 X4 mm
in size were lifted off by the O implantation method.
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Below band-gap laser ablation of diamond for transmission

electron microscopy
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A 48 nm excimer laser was used to thin naturally occurring type la diamond substrates at
norma! and glancing (22°) incidence. Perforation of a 250-um-thick substrate was achieved in
about 15 min at normal incidence. While the substrate thinned at glancing incidence was found
to have large electron-transparent areas, that thinned at normal incidence required additional
argon-ion milling to achieve electron transparency. X-ray photoelectron spectroscopy of the
back surface of the diamond failed to detect any graphite or glassy carbon, confirming that
damage due to laser ablation occurs only at the incident surface. Samples prepared using this
technique imaged in the transmission electron microscope were observed to have retained the
nitrogen platelets characteristic of such type 1a diamonds.

Recently, interest in diamond as a bulk substrate and
as a coating material has grown for a variety of applica-
tions.! Transmission electron microscopy (TEM), both in
the conventional and analytical modes, will continue to be
an important technique for the characterization of dia-
mond based materials. However, the main barrier to the
widespread use of TEM as a characterization tool is the
lack of a suitable technique to produce electron transparent
thin foils in a controlled and timely manner. Natural dia-
mond is the hardest substance known and, consequently,
the thinning of diamond has been a centuries-old problem,
particularly among manufacturers of diamond jewelry.
Traditionally the grinding and polishing of diamond is
achieved with diamond-based abrasives and is a time con-
suming process. Alternatively, argon-ion milling? oxida-
tion® in a furnace, and laser ablation® have been used as
means of obtaining electron-transparent specimens. The
furnace oxidation approach suffers from a lack of control-
lability in the desired area for TEM examination and pos-
sible surface structural modification, making the technique
unsuitable for producing TEM specimens from homoepi-
taxial samples. Argon-ion milling is a time-consuming pro-
cess with a very low sputter rate of approximately 1 um/
h.? Laser ablation has been attempted previously although
only using radiation above the band gap (193 nm).* This
letter describes the results of an in-depth study of the laser
ablation approach using below band-gap laser radiation
with a view towards its applicability in producing TEM
specimens from homoepitaxial samples without signifi-
cantly damaging the epitaxial layers. The use of below
band-gap laser radiation confines most of the energy of the
laser pulse in the surface carbon layer formed during ab-
lation and minimizes the absorption and consequent struc-
tural damage in the bulk of the diamond.

In this work, 2 mmXx2 mmx0.25 mm, (100) ori-
ented, type la diamond substrates were used. The sub-
strates were mounted in a copper holder in the as-received
condition without the use of optically absorbent coatings.
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Thinning was performed in air, using an excimer laser
(Questek 2960) operated at 248 nm (KrF), at a pulse rate
of 5 Hz, and with an output energy of 600 mJ, at normal
and glancing (22°) incidence. Although the band gap of
natural diamond is around 5.48 eV (226 nm), a high con-
centration of nitrogen impurities in type la diamond low-
ers the UV absorption edge to 340 nm.® The laser output
was.first reduced in size by passing the beam through a
3-mm-diam aperture; the remaining 15 mJ was focused
onto the diamond substrate using a 30 cm focal-length
fused-quartz lens. The substrate was placed near the focal
point of the lens to produce a laser spot of approximately
300 500 um at normal incidence. The fluence at the cen-
ter of this spot is estimated to be 20 J/cm?.

Following laser thinning the resultant surface mor-
phology was studied using scanning electron microscopy
(SEM). TEM observations were conducted at 200 kV. The
diamond substrate thinned at glancing incidence could be -
imaged directly. However, the substrate thinned at normal
incidence required the removal of the layer formed on the
ablated surface of graphitic and amorphous carbon by
argon-ion miiling at § kV and 0.5 mA for electron trans-
parency. X-ray photoelectron spectroscopy (XPS) data
were taken with a Surface Science Instruments SSX100-
501 spectrometer using monochromatic Al Ka x rays
(1486.6 ¢V) with a beam of diameter 150 or 300 pem. Prior
to XPS measurements, the diamond samples were de-
greased in hot trichloroethylene, acetone, and methanol to
minimize surface organic contaminants. The effects of sam-
ple charging XPS data accumulation were minimized with
the use of a low-electron flood gun.

Low-magnification SEM micrographs of the laser-
thinned diamond substrates are shown in Fig. 1. The laser-
exposed surfaces on both substrates are rough whereas the
unexposed back surfaces retain their original surface pol-
ish. It was found that an absorbent coating was not neces-
sary to initiate the laser-thinning process. A black surface
layer, presumably a mixture of graphitic and amorphous
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FIG. 1. Low-magnification scanning electron micrographs of diamond
substrates thinned at (a) normal incidence and (b) glancing incidence
(the sample has cleaved in half, arrows point to the groove ablated by the
laser).

carbon, forms very soon in the ablation process. This layer
is consistent with the results from eatlier furnace-oxidation
studies of diamond which have shown the formation of a
surface carbon (nondiamond) iayer.> These studies deter-
mined that above 850°C a carbon (nondiamond) layer
appeared on the (100) surface of the diamond. The forma-
tion of a surface carbon layer would reduce the absorption
depth of the laser radiation significantly and also have a
lower thermal diffusivity than the underlying diamond,
leading the localization of the laser pulse energy within the
surface layer.“¢ Rothschild, Armone, and Ehrlich have
proposed that thinning in such circumstances involves a
sustained process of conversion of diamond to a graphite/
amorphous carbon layer followed by evaporation or reac-
tion of this layer with the ambient. However, unlike their
etching method which used above band-gap 193 nm laser
radiation, this work uses a laser energy below the band gap
of the diamond, with the bulk of the pulse energy being
absorbed in the surface carbon layer thus minimizing ab-
sorption in the interior of the diamond. Although an opti-
cally absorbent coating was not used in the present study to
initiate the thinning, such a coating could potentially be
used with lasers having wavelengths in the optical trans-
mission regime for diamond but within the absorption
range for graphite or glassy carbon. The only requirement
would be that the lasers have sufficiently high-energy den-
sities for substaining the ablation process.

For the laser-thinning technique to be utilized in future
TEM studies of homoepitaxial diamond layers, it is neces-
sary to demonstrate that there is negligible damage in the
form of graphitization to the back surface of the substrate.
The presence of a surface graphite/amorphous carbon
layer can be detected using XPS. Although both diamond
and graphite contain only carbon and have C 1s core level
XPS peaks at the same binding energy of 284.3 eV, the C
Is signals for these materials are distinguishable by their
line shapes and characteristic energy losses. Diamond is an
insulator with a C 1s signal which is symmetric, while
graphite is a semimetal whose C 1s signal exhibits a pro-
nounced asymmetry on the high binding energy side and a
characteristic energy-loss peak at 291 eV which is absent in
the signal from diamond.”® Glassy carbon also exhibits

FIG. 2. Transmission electron micrograph of a diamond substrate laser
thinned at glancing incidence showing clectron-transparent areas exhib-
iting thickness fringes. '

spectral characteristics similar to those of graphite.” The
diamond substrate laser thinned at a glancing angle was
selected for the XPS study. The C Is signals from the
samples measured in this work, including a virgin diamond
csystal, consist of a single main peak with shoulders at
both low and high binding energy. The only significant
contaminant is O, which is present at a level of ~0.5-]
monolayer assuming surface localization. Surface C—O or
C—OH bonding may account for the high binding energy
shoulder on the main C 1s peak. Alternatjvely, the C Is
line shape may indicate some differential charging of the
sample surface. However, the 291 eV cnergy-loss peak
characteristic of graphite or glassy carbon was not ob-
served, even near the spot where the laser has ablated com-
pletely through the sample. This result demonstrates that
laser-induced heating does not damage the back surface of
the diamond substrate in these experiments.

Figure 2 shows a TEM micrograph of a diamond sub-
strate thinned at glancing incidence. This specimen con-
tains electron-transparent regions which exhibit thickness
fringes. The substrate thinned at normal incidence, how-
ever, required argon-ion milling at 12° for an hour follow-
ing laser ablation to achieve electron transparency. Also,
very small areas were available for observation as com-
pared to the sample thinned at glancing angle, due to pres-
ence of steep sidewalls surrounding the perforated region.

The presence of graphitic and amorphous carbon as ini-.

tially proposed by Rothschild, Armone, and Ehrlich® on
the ablated surface of the diamond thinned at normal in-
cidence was confirmed via electron diffraction. Figure 3
contains a diffraction pattern obtained from a (1211) ori-
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FIG. 3. (1211) diffraction paitern obtained from a graphite particle
present on a diamond substrate laser thinned at normal incidence.

\- -




FIG. 4. {100} oriented nitrogen platelets characteristic of type la dia-
mond found in the substrate laser thinned at normal incidence.

ented graphite particle found on the diamond substrate
laser thinned at normal incidence. It was found that the
graphitic and amorphous carbon layer could be removed
by extended ion milling. Figure 4 contains a high magni-
fication electron microscope showing the presence of
nitrogen platelets lying on {100} planes in the diamond
thinned at normal incidence, which is characteristic of type
la natural diamond. These results provide ample evidence
for the viability of laser ablation as a TEM specimen prep-
aration process.

In summary, a novel technique for the rapid thinning
of diamond using below band-gap laser radiation is de-
scribed. An optically absorbent surface carbon layer is
formed during irradiation which then sustains the ablation
process. XPS measurements were not able to detect the
damage in the form of graphitic/amorphous carbon forma-
tion on the unexposed side of the diamond substrate.
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agreement with the National Aeronautics and Space Ad-
ministration.

'For a recent review in this field see, “Status and applications of dia-
mond and diamond-like materials: An emerging technology™ Report of
the committee on superhand materials, National Materials Advisory
Board, NMAB-445, National Academy Press, Washington, DC, 1990.

T, Mpyers and J. B. Posthill (unpublished).

5T. Evans, in Physical Properties of Diamond, edited by R. Berman
(1965), pp. 122-124.

‘M. W. Geis, M. Rothschild, R. R. Kunz, R. L. Aggarwal, K. F. Wall,
C. D. Parker, K. A. Mclntosh, N. N. Efremow, J. J. Zayhowski, D. J.
Ehrlich, and J. E. Butler, Appl. Phys. Lett. §5, 2295 (1989).

*0. Madelung, Ed., Physics of Group 1V Elements and I11-V Compounds,
Vol. 17a of Landolt-Bornstein, New series (Springer, 1982), p. 36.

$M. Rothschild, C. Armone, and D. J. Ehrlich, J. Vac. Sci. Technol. B
4, 310 (1986).

F.R. McFeely, S. P. Kowalczyk, L. Ley, R. G. Cavell, R. A. Pollak,
and D. A. Shirley, Phys. Rev. B 9, 5268 (1974).

'R. P. Vasquez, Surf. Sci. Spectra 1, 188 (1992); 1, 238 (1992).




Etch-delineation of defects in diamond by exposure to an oxidizing

flame

D.P. Malta, J. B. Posthill, R. A. Rudder, G. C. Hudson, and R.J. Markunas
Research Triangle Institute, Research Triangle Park, North Carolina 27709-2194
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An experimental study of the etching properties of defects in diamond using propane
flame exposure in air is presented. Both natural diamond crystals and polycrystalline
diamond films were exposed to a flame for an optimum time of 3~4 s. This process
topographically delineates defects in diamond via an accelerated etch rate at defect
sites. Using transmission electron microscopy (TEM) to determine the exact nature and
density of defects present in the diamond, we have found a direct correlation between
topographical delineation observed by scanning electron microscopy (SEM) and the

defect structure observed by TEM.

Diamond has several properties that make it
desirable for electronic applications.! Foremost are dia-
mond’s high thermal conductivity (~2000 W m~! K™')
and wide band gap (5.48 eV). However, before the
impressive attributes of diamond can be fully exploited
for electronic device purposes, several manufacturing
technologies must be developed. First among these is
the growth of electronic-quality diamond thin films of
high microstructural perfection. Considerable worldwide
effort has gone into developing chemical vapor
deposition (CVD) techniques for growing high-quality
diamond,>® and considerable progress has been made.
And, by analogy with the historical development of
other semiconductor materials, techniques are evolving
to determine accurately the crystalline quality of grown
diamond. For example, Raman spectroscopy has been
used extensively to ascertain the presence of unwanted
sp? bonding in diamond films.* In other semiconductor
material technologies, wet chemical etch delineation
is used to ascertain defects at the per cm? level.
But this technique is lacking in diamond technology,
as diamond is virtually impervious to standard wet
chemical etchants. This communication describes a
defect delineation method for diamond, which involves
anisotropic defect etching using a propane torch.

Previous etching studies on diamond have been
undertaken to investigate feasibility of patterning,® to
determine etch removal rates,*!! to identify the role of
non-diamond phase removal during the growth process,’
and to assess crystalline quality through preferential
etching of defects,'? to name a few. Several methods
that have proven successful in etching both diamond
and non-diamond phases have employed both (a) an
oxygen-containing gas and (b) an activation mechanism.
Etching under these conditions is generally believed to
occur via the oxidation and volatilization of the carbon

J. Mater. Res., Voi. 8, No. 6, Jun 1993

phase(s). It has been suggested that etching of diamond
proceeds through graphitization followed by oxidatior
of the graphitic phase.® Several observations regarding
etch rates have been made: (1) non-diamond phases etch
faster than diamond,’*!' (2) natural diamond etches
faster than plasma-enhanced chemical vapor deposition
(PECVD)-grown diamond,**!! and (3) diamond etches
faster at grain boundaries and other defects than non-
defective regions.3%!112 Oxidation/etching experiments
recently reported have employed either a temperature-
activated®®!! or plasma-activated>'? process using air
or oxygen-containing gas mixtures. We have achieved
temperature-activated etching of diamond using only a
short exposure to an oxidizing flame. Our results indicate
that accurate, reproducible etch-delineation of defects is
possible with minimal investment. These results have
been correlated with TEM analysis.

A continuous polycrystalline film was grown at
450 °C by low pressure rf-induction PECVD on Si(100)
using an acetic acid/water/methanol mixture at 1 Torm,
similar to results described elsewhere.’> For compari-
son, a natural type IIb semiconducting diamond stone
sectioned into thin (100 wm) wafers with (100) orien-
tation was obtained from a commercial vendor. Both
sample types were examined by TEM in order to as-
sess crystalline quality. TEM samples were prepared
by ion milling. Each sample type was immersed in
a propane flame for various lengths of time and then
topographically examined by field-emission scanning
electron microscopy (FESEM).

Plan-view TEM of the polycrystalline diamond film
revealed a high degree of microtwinning within the grains
[Fig. 1(a)]. After immersion of the sample in the flame
for an optimum time of 3-4 s [Fig. 1(b)], the microtwin
boundaries were clearly delineated as were grain bound-
aries which were attacked more vigorously (arrow).

© 1993 Materials Research Society 1217
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FIG. 1. Microscopic images of PECVD-grown polycrystalline dia-
ond; (a) plan-view TEM shows a very high density of microtwins,

and (b) FESEM image of sample after exposure to an oxidizing flame
which shows delincated microtwin boundaries (paralle] grooves) and

'a grain boundary (arrow).

TEM analysis of the type IIb natural diamond over
relatively large areas found only line defects with an
rea density of ~10% cm ™2 [Fig. 2(a)). Immersion of the
iamond in the flame for an optimum time of 3-4 s
produced roughly square etch pits with an equivalent
'area density of ~10® cm™2 [Fig. 2(b)]. Note that after

FIG. 2. (a) Plan-view TEM of natural type IIb diamond shows
dislocations. Examination of large areas found that dislocations tended
to cluster and the overall density was ~10® ecm™2. (b) Ech pits in
natural type 1Ib diamond formed at dislocation sites upon exposure to
an oxidizing flame. Density measured over large areas was averaged
to be ~10° cm™2. Both results were obtained from the exact same
crystal; the etching work was followed by ion milling the 100 um
thick wafer from both sides to electron transparency.

this exposure the remnants of the unidirectional scratches
left over from the commercial polishing process are
still evident. Shorter exposure times resuited in fewer,
smaller pits; longer exposure resulted in larger (but
few additional) pits and a roughened surface no longer
showing scratches.

The results are consistent with those obtained
by furnace annealing in an oxygen atmosphere at
700 °C-800 °C for several hours® and by air microwave
plasma etching for 15-30 min.'” In this work, the
accelerated etch rate obtained through flame exposure
produced verified topographical defect delineation
requiring only several seconds at negligible cost. The
value of this method for routine and rapid evaluation
of diamond is considerable. Future research will extend
this technique to homoepitaxial diamond films grown
by PECVD.
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Abstract

Polished nominal (100) surfaces of four types of diamonds were exposed to atomic
hydrogen by hot filament cracking of H2 gas or by immersion in a H: plasma discharge.
Both type Ila and IIb (100) diamond surfaces exhibited the following characteristic
changes: (a) secondary electron (SE) yield increased by a factor of ~30 as measured in a
scanning electron microscope (SEM), (b) near-surface, non-topographical defects were
observable directly using the conventional SE mode of the SEM, (c) surface conductance
increased by up to 10 orders of magnitude. These changes were observed only weakly in

nitrogen-containing type Ia and Ib diamonds
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Diamond has several properties such as high thermal conductivity (~2000 W m~'K-
)and wide bandgap (5.48eV) that make it a desirable candidate material for electronic
device applications. Considerable research world-wide has been undertaken to optimize
diamond growth processes and significant work has focused on the interaction of the
diamond surface with reactive gas species in an effort to better understand the process of
growth from the gas phase. Hydrogen, because of its critical role in most diamond growth
processes, has received the most attention. Surface studies on (100) natural diamond!
have shown that the clean surface becomes H-terminated upon exposure to atomic H and
that H can be desorbed from the surface upon annealing above ~950°C or altematively
displaced by oxygen in an atomic O environment. Hydrogen-treated diamond surfaces
have been known to demonstrate negative electron affinity (NEA). For example,
photoemission studies by van der Weide et al.2 on (111) diamond indicate that the H-
terminated diamond surface exhibits NEA such that the energy position of the vacuum
level lies below the conduction band minimum. Higher electrical conductivities have also

been associated with H-treated diamond surfaces34.

In this letter, we report on the enhancement and control of the secondary electron
yield and surface conductance on diamond through exposure to atomic H, atomic O and
high temperature annealing processes. We present, for the first time, near-surface, non-
topographical defect images from H-treated natural single crystal diamond surfaces using

conventional secondary electron contrast in the SEM.

F)




Four types of diamond crystals commercially cut and polished to nominally (100)
orientation (types la, Ib, I1a, and IIb), were exposed to atomic hydrogen. Each sample
was exposed by immersion in a hydrogen rf-plasma at SOW with a sample temperature of
380°C and hydrogen partial pressure of 7x10-*Torr or alternatively by immersion in a
H/H: gas flow over a hot tungsten filament with a hydrogen partial pressure of 2x104Torr
and the sample at room temperature. Both systems are ultra-high vacuum (UHV) with
base pressures <5x10°Torr. Time of exposure was varied from lsec to several hours.
Samples were then removed and characterized by SEM and by two-point probe, current-
voltage surface conductance measurements. One of the following steps was then used to
remove H from the diamond: (a) annealing in UHV at ~1000°C for 15 minutes, (b)
exposure to a 20%oxygen/argon plasma for Imin, (c) immersion in an O/O: gas flow over
a hot iridium filament for 1 min with an oxygen partial pressure of 2x10<Torr and the
sample at room temperature or (d) immersion in boiling CrO¥H:SO« for 15 mins followed
by boiling aqua-regia for 15 mins. SEM and conductance measurements were then

repeated.

Natural type Ila (highly insulating) and IIb (semiconducting, p-type) diamond
(100) surfaces exposed to the H: plasma for Imin showed a large increase in electron
emission as observed by SEM using a conventional Everhart-Thomley SE detector (see
Fig. 1). In the example shown in Fig. 1, Ni dots that were evaporated on the diamond
through a shadow mask illustrate the relative electron yields. In all cases, Pt wires were
used to suture the diamonds to a graphite puck. Areas of the diamond shadowed from the

plasma by the wires showed much lower electron emission in the SE mode; however, no




contrast was observed using a solid-state Si backscattered electron (BSE) detector
indicating that yield enhancement was of the much lower energy (0-50eV) SE 's. This
shadowing effect indicates that the emission enhancement is intensified in areas that
received directional dosing from ion bombardment in the plasma. Exposure to an O/Ar
plasma for Imin resulted in a decrease of SE yield from the diamond surface to below that
of the Ni dots and Pt wires, (Fig. 1b). Highly insulating type Ia (containing nitrogen
platelets) and Ib (containing nitrogen in solution) (100) diamond surfaces showed only
weak enhancement of SE yield when treated with a H: plasma under the same conditions

for up to 100 mins.

The total electron yield, 0, can be deduced fairly readily by measuring the beam
current I» with a Faraday cup and the specimen current Is with an electrometer and using

the current balance relation

Ib=clhh +1L; (1
where

c=30+n7 )

3 is the SE yield and 1 is the BSE yieldS. Values of 6 measured from the natural type IIb
(100) diamond in the SEM using a 3keV/70pA beam were G = 1.3 following an anneal at

1000°C for 15min and 6 = 37.7 following a H: plasma exposure for Imin. 7 is small for

ta




low atomic number elements and on the order of 0.09 for carbon at 3keVS. Assuming
this value for 1} and that it did not change upon atomic H exposure, which is supported by
BSE images,

d=(0-n)~0 since n<<o (3)

and therefore 8 ~ 37.7. To the best of our knowledge, this value of § is the highest SE

yield measured to date for any material’.

Enhancement of SE yield was not as pronounced in samples dosed with atomic
hydrogen produced by a hot filament but showed increases with longer exposures over
several hours. These long exposures were more than adequate to leave the diamond
surface H-terminated!, however, the hot filament method of dosing does not involve ion
bombardment, an apparent contributing factor to SE yield enhancement, as does the
plasma method. SE enhancement was, however, achieved fully by a 1sec exposure to a H:
plasma when preceded by an anneal at 1000°C in UHV for 15mins. It is interesting to
note that the enhancement effect degraded very little upon storage of a H-exposed

diamond in air for several weeks.

Specific processing steps were found to reduce the SE emission and surface
conductance to more typical levels. Annealing, O/Ar plasma exposure or treatment in an

oxidizing acid bath appeared to be equally effective. Surface conductance on the type Ila




(100) diamond following the high temperature anneal was extremely low (<1fA at 100V),
and increased more than 10 orders of magnitude following the 1 min H: plasma exposure

(10nA at 100V); it was subsequently decreased again upon O/Ar plasma exposure (<1fA
at 100V). The increased surface conductance upon hydrogen exposure is consistent with

results by Landstrass et al.? and Nakahata et al.4 on polycrystalline and homoepitaxial

diamond, respectively.

SE images from H-exposed type IIa and IIb single crystal diamond surfaces that
showed SE emission enhancement also showed non-topographical, near-surface defect
contrast. A similar observation was first reported by Harker, et al.2 following high
temperature iron metal polishing of polycrystalline diamond in a hydrogen atmosphere.
Fig. 2a is a low magnification SE micrograph taken from a natural type Ila (100) diamond
surface following H: plasma exposure clearly delineating an orthogonal array of defects
showing directional preference. Plan-view transmission electron microscopy (TEM)
examination of another natural type Ila (100) diamond confirmed the presence of an
orthogonal dislocation substructure with preference to lie in <011> directions (Fig. 2b).
Isolated dislocations were also observed. Higher magnification SEM images on the type
ITb diamond surface after H: plasma exposure show a portion of the characteristic cell
structure of dislocations as previously observed by TEM, cathodoluminescence and
electron beam-induced current® (Fig. 3a) and resolution of individual defects (Fig. 3b) with
directional preference. Reversal of the SE defect contrast effect by O/Ar plasma

exposure yields the more typical topographical image showing polishing scratches (Fig.




3c). The defect contrast was observed at all beam energies (0.5 - 25keV) and sample tilt

(0° - 80°) and was not observed using a BSE detector.

These new observations have considerable apparent utility and points can be made
about the increased SE emission and the accompanying defect contrast. To permit the
detection of secondary electrons created within the solid, the secondary electrons must be
able to: (1) migrate to the surface without being trapped and (2) overcome any surface
potential energy barrier between the solid surface and the vacuum. We present the
hypotheses of two possible mechanisms to account for the observed increase in secondary
electron yield with H plasma exposure: (1) H exposure has created a surface potential
which establishes an attractive electric field that effectively increases the maximum escape
depth for secondary electrons, and (2) the H-exposed C(100) surface is exhibiting negative
electron affinity2, meaning that any mobile electron at the surface of the diamond can
"drop"” into the vacuum level as opposed to having to overcome an energy barrier. Both
possibilities can explain the increased secondary electron yield, 8, and it is interesting to
note that they are not necessarily mutually exclusive. It could then be reasoned that
mobile secondary electrons migrating in the near-surface region could be trapped by a
dislocation or by a deep-level-creating impurity such as nitrogen. This would appear to
explain the defect contrast in type I1a and IIb diamond and the lower degree of secondary
electron emission enhancement from nitrogen-containing type Ia and Ib diamonds and is
consistent with observations by Hoffman, et al.!% indicating that the SE yield is sensitive to
near-surface damage in diamond. If we are correct in our interpretation of our results,

then this technique has potential utility beyond dislocation observation and




characterization. In principle, a simple measurement of secondary electron yield from a H-
exposed diamond surface can be employed as a useful measure of electrical quality, in a
manner that would be analogous to minority-carrier diffusion length measurements derived

from the electron-beam-induced current (EBIC) technique.

In summary, we have demonstrated a factor of ~30 increase in SE yield to § = 37.7
from a type 1Ib diamond crystal. Yield enhancement observed on both type Ila and ITb
diamonds was climinated upon removal of hydrogen by exposure to an oxygen plasma,
high temperature annealing, or by treatment with an oxidizing acid solution. H-exposed
type I1a and IIb surfaces also exhibited considerable surface conductance and showed
defect contrast in the SE mode of the SEM. The authors gratefully acknowledge the
support of this work by the BMDO/IST through ONR (Contract No. N00014-92-C-0081)
and we thank Dr. David C. Joy and Mr. Max N. Yoder for insightful discussions.
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Figure Capti

Figure 1 - Secondary electron-mode images of a (100) natural type IIb diamond wafer
with epitaxial Ni dots (a) after exposure to a H: plasma for 1min (notice the diagonal
shadow lines where the wire sutures were) and (b) after exposure to an O-plasma for
Imin. The SE yield (8) from the H-treated diamond surface was ~30 times greater than

that from the O-treated surface.

Figure 2 - (a) Low magnification secondary electron map of near-surface non-
topographical defects lying in <011> directions in highly-insulating natural type Ila (100)
diamond after exposure to a H: plasma for Imin. (Es=25keV; surface conductance is high;
no charging observed) (b) Plan-view TEM image of natural type Ila (100) diamond
showing dislocations in cell walls with <011> directional preference and individual

dislocations within cells.

Figure 3 - Secondary electron images of the surface of natural type IIb (100) diamond
after 1 min exposure to a H: plasma [(a) and (b)) and after a desorb step in UHV at 1000°
C for 15Smins (c). (a) Shows a portion of the characteristic cellular wall structure of
dislocations and <011> preference. (b) shows individual near-surface dislocations. The
more typical surface topographical image of polishing scratches is observed (c) after H

desorption by high temperature annealing.
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A CORRELATIVE INVESTIGATION OF DEFECTS
IN NATURAL AND PECVD-GROWN DIAMOND

DI Malta, LB, Posthill, DAL Fitzgerald®, 1A Rudder.
G.C Hudson and RO NMarkngas

Research Triangle in<titute
Research Triangle Pack. North Carolina 27708-2194
SATET Bell Laboratories, Murray Hill, New dersey 07974

Defects contained in natural tvpe HU siusle erysial dinmonds ansd

polverystalline diamond films grown by plasma-enhanced chemical
vapor deposition (PEC\D) were characterized wsing several Jil-
ferent techniques. Dislocations in a cellular-like network in
natural IIb diamond were electrically active and huninescent
predominantly at 430nm. A high density of microtwins was
present in the PCCVD polycrystalline diamond. All defect types
etched faster than surrounding diamond when exposed to an oxi-
dizing flame creating readily observable topographical delineation.

The potential for wtilizing the many superior gualities of diamond in
electronics applications has driven a large ¢ffort toward the advancement of
diamond materials technologies. Diamond filim growth technologies have
recently heen developed that are sale and relatively inexpensive and therefore
promising for large-scale applications (1).

Active electronic device applications require a smooth diamond surface
and a low defect density. As diamond growth technolugies progress toward
this goal. focus will shift from the achievement of epitaxial registration to
defect rednction in the epitaxial growth. In order to attain defect control.
methods of routine and accurate assessment are necessary for an understand-
ing of the nature, origin and propagation of defects in diamond (2). Unlike
other semiconductors. diamond is inert to wet chemical attack thus preclud-
ing the use of commou wet chemical etch technignes for defeet defineation.
Also highly electrically insulating in some forms. the use of electron-beam-
based techniques can be difficult.

We have conducted a correlative investigation of stractural. electrical.
optical, and oxidation properties of defect= in natural and PEC\D-grown dia-
mond and present a new technique for the rontine, accurnte assessment of
the erystalline guality of diamond.
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ENPERINENT AL

A natueal type L semivonducting diamond stone sectioned into three
2082080 Hmm walees with (100) face orienttions was obtained from a com-
mercin! vemdor, Uy pe Hh diamonds Lo relatively low electrical resistivity
(L0107 olim-ene) anld ane petype with boron as the predominant impurity (3).
The simall thickuess (0w ) was specified 1o minimize ion mitling time dar-
iy traosmission electron microscopy (TENM) sample preparation.  The see-
tions were analvzed as follows: (o) Waler Nool was subject to a defect eteh
delineation technigue (described in derail elsewhere (1)) by immersion in a
propane flame for 3 <ee Tollowed by ~eanning clectron microsecopical (SEN)
observation. This wafer was then ion-thinned from both sides to electron
transparency and observed in plan-view by TEM (b) Wafer No.2 wus
amalyzed using wavelength-resolved eathodoluminescence (CL) spectroscopy
in an SEM at a sample temperature of 6° K. {¢) Wafer No.3 was imaged using
a scanning panchromatic Cl, signal collected by an annular solid state Si
detector. Thin (10nin) Au Schottky divdes were Lthen fabricated to facilitate
plan-view imaging by electron beam-indneed current (EBIC) which followed.

The polyerystalline diamond film was grown on $i(100) by low pressure
rl-induction plasma-enhanced chemical vapor deposition (PECVD) using an
acetic acidfwater/methanol mixture in the ratio 2:2:1 at 1 Torr and a sub-
strate temperature of 150 C (1), Part of the sample was observed in plan-
view hy TENM and part was etehed via flame exposure for 3 see followed by
SENM observation.

RESULTS

Natueal Type b Diamond

Oxidation/etching of wafer No.l of the type Hb nataral diamond cryvstal
via flame cxposure created roughly square eteh pits on the surface as
obrserved by SEM (Fig. 1a). The density of pits connted over large arcas was
~1fem™? Plan-view TEM also on wafer Noul following ion-thinning from
both sides revealed a relatively high density of dislocations (Fig. 1h). Fxami-
nation of large areas indicated a slensity of ~10%m ™ dislocations,  The
dislocitions werve arranged in elusters. No other type of defect was observed.

N CL spectram eollected From walier Noo2 of the aataral dinmond crvstal
(i, 2) zove strong emission at 130nm. which has been termed "hand A"
cotission aned has been associated with donor-aceeptor recombination due to




pitrosen ad boron imparities (3), respeetively. Minor CLopeaks were
observed ot Ssthan and 648am.  Famission at 58%mm is near the cmission gen-
erably assaciated with o nitrogen-vacaney complex al 370 (6). The origin
of the emission ot GI8um is nnknown,

Pancheomatic Cloand EBIC images collected from waler Nod of the
natural dizmond cesstal (Figs. 38 and 3h. respectively ) indicated that aetive :
sites were areanged meoa cellubae-like netvwork, Bricht regions in Fig, 3a i
correspomd 1o himineseent sites in the dinmond within ~3--gm from the sur- :
Faee. As indicated by the CL speetra. most of the uminescence that com-
poses this ineege s of o wavelength of 150w (2.88¢\) w liich is within the
sensitiviey range of the Sisolid state detector. The dark regions in the EBIC
image of Fiz. 3b are sites where carrier recombination takes place. Individual
sites were not resolved in either imaging mode likely due Lo small spacing

hetween active sites and the relatively large electron heam interaction volime
diameter {~~{ym at 25KeV).

Polverystalline Diamond

Oxidation/etching via flame exposure of the polyctrystalline diamond l

film on Si{100) followed by SEM examination (Fig. 4a) revealed dclineated
grain houndaries {arrow) and closely spaced parallel grooves within the
grains. FPlan-view TEM of the same polycrystalline film (Fig. 4b) <howedl a
high density of n’crotwing within the crystals with spacing and gzeometry
very similar to the topographical grooves shown in Fig. la.

Attempts at imaging using the SEM-based EBIC and CL technigues were
unsuccessinl, probably due to the small defect spacing relative to the electron

heam interaction volume diameter and/or a high density of nonliminescent
sites.

DISCUSSION AND CONCLUSIONS

It is likely that dislocations in the natural diamond crystal observed hy
TEM were ctehed preferentially during the flame exposure process sinee etch
pits in a similar arrangement and density were ohserved by SEAL. This ohscr-
vation indicates that surface-terminated dislocations in natural semiconduct-
ing dismond. whea exposesd Lo an oxidizing environment, behave similarly 10
disloeations in other semiconductors when exposed to wet chemical etehants
{cg. 7). Since dinmond is virtually inert to wet chemical etehants, this resuht
is sgnificant, EBIC analysis showed a network of (electrically active) carvier
recombination sites similar in strocture and  density (o the  disloeation

__#




network obseeved by TENL Dae to the fimited resolution of the BRIC 1eeh-
uique. only clusters of sttes were resolved, Neverthelesss this olseevation sug-
wests Uit the disloeations are e clectrically aetive sites,
firmn. however, that ell dislocations are clectricatly active,

It does not eon-
Comparison of
FAMC fmeges and panchiromatie CEoimages shiows maeh similarity in the
arrongement of active sites. This Fusther indicates tha indecd some or all
cleetrieatly active sites {dislocations) are glso nnineseat. Others have con-
cluded i o CLITENM stidy of naioesd type tH dizmond tlase sl CLoin the
range of ~20nm-700nm originated from dislociions bute not all dislocations
were lnminescent in that range ().

The high density of microtwins observed by TLN in the polversstalline
diamond film grown on Ni(100) fikely prevented resolved panclhicomatic CL
images. Likewise. resolved EBIC images have not been possible previonsly on
polyerystalline diamond films. Band A CL emission hias been observed in
PEC\D polverystalline diamond films (9). however, it is not known if this
emission is associated with microtwins as it has been with dislocations. Owr
studies have shown that microtwin and grain bonndaries in PECVD diamond
rich in an oxidizing environment faster than surroun:ling diamond material.
As in the ease of uatural diamond. the potential usefuluess of this guick and
simple method for defeet delineation ix significant.

In summary. we have studied and compared the inicrostructure and pro-
perties of defects in natural and PECYD-grown diamond. This study has
identificd a deuse {~10%m=?) cellular-like dislocation strnetare in natural
tvpe b diamond with the following properties: (a) come or sl are electrically
active. (b) some or all of those clectrically active are luminescent. (¢) the
predominant emission of those that luminesee is at 130nm. () the surface-
terminated disloeation sites eteh Master than the surronnding diamond when
exposed to a flame creating readily observable pits, (¢) no other defect types
were observed, The PECVD-grown polyerystalline diamond film contained o
high density of microtwins, The Cl emission and induced currenmt signal
were insufTiciently low for imaging. Both grain and twin howndaries etehed
faster than the surrounding diamond when exposed to o flame ereating
readily observable topographical delincation.
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FIGURE 1: (a)SEX of the natural type Hb siamond urface following
exposure to an oxidizing flame showing cteh pits at disloca-
tion sites. Etch pit density is ~10%m~. Notice that the
poli<hing seratches are still visible. (b)Plan-view TEM of the
same wafer shows aslocations, Examination of large areas
founrd that dislocations tended to clyster and overall density
was ~ | 0%em~?,
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FIGURE 2: (L <peetrum acquired from the <ame natwesl tvpe N dlia.
momwd examined in Fig. 1 showing the eharneteristie hond A
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FIGURE 3:

FIGURE 4:

Large area maps of defect distributions in the same natural
Type IIb diamond: (a) panchromatic CL image: bright regions
represent luminescent clectron-hole recombination sites. (b)
EBIC image: dark regions represemt all eleetron-hole recombi-
nation sites.,

tmages of PECVD-gronn polyersstalline dmeonnd: () SEND
alter exposare so an oxidizing fLane delineates miceot win
honndaries {rooves) and a geain bomdars (arrow ). (B) brigla
Field TEN image confirms the high density of mierotwins,
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CHARACTERIZATION OF EPITAXIAL DIAMOND ON
NATURAL DIAMOND SUBSTRATES BY CATHODOLUMINESCENCE

DE Malia, B A Fizgeeald”, JB. Posthill, R.A Rudder. G.C' NHudson. R Markunas

Rescarch Triangle Institute. Research Triaugle Pack, NC' 27709-2194
*ATAT Bell Laboratories, Murray Hill, NJ 07974

A large effort continues in the development of diamond growth techuologies for the production of
clectronic-grade diamond epitaxy®$! Diamond has several properties such as a wide band gap (5.48
eV') and high thermal conductivity (2000 W m 'K ™!) that make it desirable for electronic applications.
Characterization of diamond with cathodoluminescence (CL) spectroscopy yields information on
umpurity and defect distributions with both spatial and energy resolution, providing insight into the
growth process.

Diamond films were grown by plasma-enhanced chemical vapor deposition (PECVD) on natural type la
lmmX Imm X0.25mm diamond substrates. The results of microstructural studies on this type sub-
strate are discussed elsewhere in these proceedings®. Two films were selected for CL analysis based on
their strikingly different surface morphologies but similar growth conditions. Both were grown for 6
hours at a substrate temperature of ~750° C and a pressure of 5 Torr. The gas mixtures were varied:
CO/CH,/H, was used in one case and CH,/H, in the other. Growth rates for both processes were
estimated at 0.5sm/hr thus giving film thicknesses of ~3pm. Films were examined topographically
by field emission scanning electron microscopy (FESEM). Wavelength-resolved CL spectroscopy was
performed in another SEM using a 15keV electron beam and a sample teinperature of 6° K.

“The CL spectrum from the film grown with the CO-containing gas mixture (Fig. 1a) showed a major

peak at 432nm with a shoulder at 472um and minor peaks at 575nm and 602nm. The film grown with
CH,/H, (Fig. 1h) showed major peaks at 444nm and 478nm with a shoulder at 384nm. In both spec-
tra, appearance of the large peaks in the 800-900am range was attributed to second harmonics due to
the unavailability of appropriate filters; their large size is due to the increased sensitivity of the
detector in that range. Corresponding surface morphologies are presented in Figs. 1c and 1d. The
CO/CH,/H.-grown film appeared very smooth with a speckled contrast. The CH,/Hrgrown filin con-
tained pyramid-like protrusions and scattered crystalline diamond particles.

Emissions at 3%tnm and 575nm have been attributed to N-vacancy complexes®. Emissions at 472nm
and 478nm are unknown, however, they have heen ohserved in polycrystalline diamond?. An emission
at 737nm attributed® to di-Si interstitials and possibly N was not obscrved in either case but could
have been obscured by the second harmonic peaks. Emissions at 432nm and 444nm are termed “band
A* emissions and have heen associated with closely spaced donor-acceptor (D-A) pairs likely due to
nitrogen and horon impurities segregated at defects®. Emission at 602nm has also been observed pre-
viously! in VD) diamond and is thought to be due 10 band A emission from more widely spaced D-A
pairs. Monochromatic CL, images (not shown) from the CO,;/CH /Hs-grown film using the 432nm peak
revealed a cellular structure similar to that observed in natural diamonds’. TEM on those natural
diamonds indicated the cellnlar structure was composcd of dislocations. hmuges from the CH, H.-
grown litm using the 4-44nm and 178 m peaks independently indicated non-radiative sites correspond-
ing with the pyramid-like features shown in Fig. 1d on a uniform background. In studying individual
diamond grains using CL in the TEM. Graham® has determined that grains conlaining moderate den-
sities of defects emit band A ClL, strongly and those with very high or low defect densities emit very
weakly., By analogy, our obscrvations appear to indicate that the pyramid-like features on the
CH, H.grown film have a different defect density than the surrounding epitaxial film. Independent ol
whether the defect density in the hillock regions is higher or lower. these features are undesirable.
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The fact that pyramid-like defects are not observed in the CO/CH, Hygrown film and spatial unifor-
mity is observed with respect to band A luminescence. suggests the poteutial superionty of CO-
containing growth chemistries over the more widely used CH,, Hy mixtures for homoepitaxial dininond
growth®.
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FIGURE 1: CL spectra and SEM topographical images of epitaxial diamond films grown by
PECVD using gas mixtures of CO/CH,/H, (a and c) and CH,/H; (b and d)
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GROWTH AND CHARACTERIZATION OF $iGe CONTACTS ON
SEMICONDUCTING DIAMOND SUBSTRATES

T.P. Humphreys, P.K. Baumann, K.F. Tumer and RJ. Nemanich
Department of Physics, North Carolina State University, Raleigh, North Carolina
27695-8202 USA.

R.G. Alley, D.P. Malta and J.B. Posthill
Research Triangle Institute, Rc.swch Triangle Park, Nosth Carolina 27709-2194 USA.

Silicon-Germanium films have been grown by electron-beam deposition on
naturally occuring p-type semiconducting diamond C(001) substrates. As
evidenced by low-energy electron diffraction and scanning tunneling
microscopy the SiGe layers are ycrysulhnc Corresponding current-voltage
(I-V) measurements conducted at room temperature have demonstrated the
formation of a low-barrier mcufying contact. Consistent with the observed

Jow-barrier height, the I-V measurements recorded at 300 °C exhibit ohmic-
behavior. In addition, subsequent post-growth annealing of the SiGe contacts
at 850 °C in ultra-high vacuum has shown an apparent degradation in the [-V
characteristics.

INTRODUCTION

At present, there is a significant scientific and technological interest in the
fabrication of stable ohmic and high-temperature rectifying contacts on diamond (1, 2).
To date, several metals (3, 4), refractory metal silicides (5) and semiconductors (6) have
been investigated as appropriate contact materials 10 semiconducting single crystal
diamond substrates. In panticuler, the authors have demonstrated that the deposition of
heteroepitaxial films of Ni on diamond exhibit excellens high-temperature rectifying
properties (4). Indeed, similar studies conducted on post-growth annealed TiSi; contacts
on diamond have also shown rectification at high-temperature (5). Moreover, it has also
been recently demonstrated by Venkatesan et al. (6) that highly doped polycrystalline Si
contacts fabricated on semiconducting diamond substrates form stable high-temperature
rectifying diodes. In particular, the Si / diamond heterostructure also affords the potential
of fabricating novel heterojunction devices which can be integrated with existing Si-
based processing technologies.




In the present study we report initial results pertaining to the growth and
characterization of SiGe contacts deposited on natural p-type semiconducting diamond
C(001) substrates.

EXPERIMENTAL PROCEDURE

Commercially supplied (D. Drucker & ZN.N.V) low-resitivity (~ 10* Q-cm, p-
type) semiconducting natural diamond (surface orientation (001)) substrates were
chemically cleaned. The cleaning procedure included boiling CrO3+H,S0, (heated 1o
200 °C) for 10 min followed by immersion in aqua regia (3HC1 +1HNOs) and standard
RCA cleaning solutions. Following cleaning, the samples were mounted on a Mo sample
holder and ransferred into the electron-beam evaporation chamber. The base pressure in
the system was typically 2 x 10 10 Torr, Prior to deposition, the substrates were heated to
550 °C for 5 minutes to thermally desorb both water vapor and possibly physi-adsorbed
gas contaminants. On cooling to room temperature an unreconstructed (1x1) low-energy
electron diffraction (LEED) pattern was observed from the C(001) surface. The substrate
temperature was maintained at 550 °C and the SiGe films were grown by the co-
deposition of Si and Ge using electron beam evaporation. The corresponding Si and Ge
fluxes were calibrated to obtain SiGe layers with a 5% Ge composition. By employing a
stainless steel shadow mask several SiGe dots of ~200 nm in thickness and 3 x 103 cm?
in ares were fabricated. Subsequent post-growth in-situ anncaling of the samples was
performed at a temperature of 850 °C at 10°8 Torr for 30 min.

RESULTS AND DISCUSSION

Examination of the as-grown films by LEED failed to obtain an ordered surface
structure. Indeed, an inspection of the SiGe films by ex-situ scanning tunneling
microscopy (STM) showed a highly textured surface morphology which indicated that
the deposited Jayers were polycrystalline, as shown in Fig. 1. The STM image was
obtained in the constant current mode with a tip bias of 2 V. The presence of small
polycrysialline grains of ~100 nm is clearly evident. The cotresponding rms surface
roughness of the deposited layer has been determined to be ~ 5 nm. Also, it was
apparent that the SiGe films exhibit excellent adhesion properties with the underlying
diamond substrate. In contrast, STM images of the anncaled films were much more
difficult to obtain due to their higher resistivity. As shown in Fig. 2, the surface
morphology of the annealed films was significantly smoother with a corresponding rms
surface roughness of ~ 3 nm and an apparent increase in grain size.
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Shown in Fig. 3 is the Raman spectrum of the SiGe films obtained at room
temperature using an Ar* ion laser (514.5 nm) excitation source. Clearly observed are
two distinct phonon peaks pertaining 1o Si and Ge at 518 cm'! and 300 cm'!,
respectively. It is interesting 10 note that the corresponding SiGe phonon mode,
indicative of alloy formation (near 400 cm™!) was not observed. The absence of the SiGe
phonon mode would tend to suggest an apparent segregation and clustering of Si and Ge
during growth. Differences in the Si and Ge surface mobilities and/or surface energies on
the chemically cleaned diamond C(001) surface during the initial stages of growth may
sccount for this bebavior (7). Further studies are currently in progress to study this
growth phenomena. Following the high-temperature ultra-high vacuum annealing step
oaly the Si phonon peak was observed in the Raman spectrum. The absence of the Ge
phonon mode in the layer was attributed to the evaporation of Ge during thermal
annealing.

Current-voliage (I-V) measurements were obtained by mounting the diamond
substrates on a Cu plate using Ag paint to form a large area back contac. and applying a
bias to the SiGe contact using a W probe. The room temperature I-V characteristics
obtained for the as-deposited SiGe contacts on semiconducting diamond substrates are
shown in Fig. 4. The rectifying character of the SiGe contact is clearly evident. From
the I-V measurements a small forward bias tum-on voliage of ~ 0.6 V was estimated,
The corresponding reverse bias leakage current density was measured to be ~1.56 x 106
A /cm? at 20 V. Moreover, from the apparent linear region of the semilogarithmic plot
of the forward characteristics an ideality factor n of 2.5 was calculated. This high »
value may be an indication that the current conduction at the SiGe/diamond interface is
not governed by a thermionic emission mechanism. It is interesting to note that similar
observations have also been reported for Ni, TiSi; and Si contacts on semiconducting
diamond C(001) substrates (4-6). In each of these studies current conduction appeared to
be dominated by a space charge limited current (SCLC) mechanism. Consistent with the
small tumn-on voltage and the relatively high reverse leakage current, the corresponding
1-V measurements recorded at 300 °C exhibit ohmic-like behavior.

Shown in Fig. S is the corresponding I-V characteristics for the high-temperature
annealed SiGe contacts recorded at 25 °C. Clearly, in comparison with the as-deposited
films, the rectifying behavior of the annealed SiGe contacts has been degraded. In
particular, the forward bias tum-on voltage has been significantly reduced. From the IV
measurements a forward bias turn-on voltage of ~ 0.2 V has been estimated. Also, the
reverse bias leakage current has increased 10 ~22 nA which corresponds to & current




density of 7.3 X 106 A/cm? at 20 V. In addition, corresponding I-V measurements
conducted at 300 °C showed ohmic-like behavior,

CONCLUSIONS

In summary SiGe films have been grown by the co-deposition of Si and Ge on
natural single crystal diamond C(001) substrates. As evidenced by LEED and STM
analysis, the as-deposited films are polycrystalline. The I-V measurements of the SiGe
contacts have demonstrated rectifying characteristics at room temperature. However, for
measurements conducted at 300 °C the I-V characteristics exhibit ohmic-like behavior.
Furthermore, it has also been demonstrated that subsequent post-growth annealing of the
contacts has degraded the 1-V characteristics.
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Fig. 1 Topographic (constant current) STM micrograph of the surface morphology of the
SiGe film deposited on natural diamond C(001) substrates.

Fig. 2 Topographic (constant current) STM micrograph of the surf' ce morphology of the
as-deposited SiGe film following a high-temperature anneal 2 850°C in a
vacuum of 108 Torr for 30 min.




Raman Intensity (arbitrary units)

ry —

200 240 320 00 80 $60
Wavenumber Shift (cm')

Fig. 3 Raman spectrum of the SiGe film deposited on natural C(001) diamond
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Fig. 4 Linear plot of the current-voltage (I-V) characteristics of the SiGe contacis on
semiconducting diamond C(001) substrates. Mcasurements were conducted at
25°C.
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A SURVEY OF LOCAL CARBON SOURCES FOR ENHANCING DIAMOND
NUCLEATION

R.A. Rudder, G.C. Hudson, R .E. Thomas, J.B. Posthill, and R.J. Markunas
Research Triangle Institute, P. O. Box 12194, Research Triangle Park, NC , 27709

ABSTRAC1

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. Experiments were performed in a low pressure rf-
induction plasma system using Hy-CH4 The carbon species applied to the surface
ranged from graphite powders to fluorocarbon polymers to hydrocarbon polymers to
polycarbonates. These experiments show that many local carbon species promote
diamond growth. We suspect that these carbon sources contribute to diamond nucleation
by substantially changing the C/H/O ratios nearby the surface without distorting the
balance of C/H/O in the gas phase region of the plasma. It is critical that the carbon
sources upon dissolution not distort the C/H/O ratio in the plasma region, if the
nucleation is to occur under conditions of high quality diamond growth (i.e., high atomic
H flux).
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L INTRODUCTION

Chemical vapor deposition (CVD) of diamond films has attracted great attention
in the scientific and industrial community. The extreme properties of diamond
(hardness, optical transparency, thermal conductivity, etc.) offer opportunities for
commercial application. Almost all of these opportunities require that diamond deposit
onto a host substrate. The most traditional method for insuring diamond nucleation is to
treat the host substrate with diamond powder prior to introduction into the CVD
system.1-4 These diamond treatments have involved polishing or ultrasonic techniques
utilizing typically 1um size diamond grit. Many studies have expounded the role of this
diamond pretreatment. Such techniques are very successful in enhancing diamond
nucleation. Diamond nucleation proceeds on residual diamond providers, at protruding
surface features, and perhaps at unique defect sites on the Si surface. In some work,
researchers have enhanced the effect of the diamond polish by performing the polish with
an oil-base.®6 For many applications, this method may be totally satisfactory. However
on many substrates, the damage to the substrate is intolerable. Furthermore, diamond
treatments can aggravate diamond adherence problems by resulting in diamond growth
on residual powders rather than diamond growth directly to the substrate material. It is,
thus, highly desired to develop alternative diamond nucleation techniques wherein pg
diamond is applied to the substrate surface.

This paper reports on the enhancement of diamond nucleation by various "local"
carbon sources which are applied to the surface prior to introduction to the CVD system.
We choose to refer to these carbon sources as local to the substrate to distinguish them
from gas-phase carbon as supplied by the gaseous feedstock. Previous work’ by
ourselves has shown that graphite fibers (3 - S um diam.) when placed on a substrate,
enhance the nucleation of diamond on the area of substrate that is directly undemneath the
graphite fiber. We postulate that the dissolution of the fiber changes the local gas phase
carbon concentration near the substrate such that diamond nucleation is enhanced local to
the dissolving fiber. It is critical not to distort the plasma gas-phase concentration.
Distortion of the plasma-gas phase carbon concentration will compromise the atomic

hydrogen generation.8.9 Under these conditions, poor quality crystals would grow at
the nucleation sites. The previous graphite fiber work stimulated a study to investigate
the effects of various local carbon sources.




n EXPERIMENTAL APPROACH

The system used here for the growth of diamond has been reported on
previously. It is a low-pressure rf-induction plasma system operating at 13.56 MHz.
This system has typically operated at pressures less than 10 Torr. The work here has
been at S Torr. This low-pressure rf-induction system has deposited diamond from a
wide variety of feedstocks including Hy/CO, Hy/CHy, Hy/CF4, HyO/CH40, H,0/C,H0,
and H,O/C3HgO The work here has concentrated on nucleation enhancement using
H,/CH4 gas. We chose to standardize the conditions at S Torr, 2000 W, 30 sccm of 1%
CH4 in H3, and 800°C. The substrate temperature of 800°C is reached both through
eddy-current-heating of a graphite susceptor upon which the substrate rest and through
radiative heating of the susceptor by a nearby graphite resistive element. The low-
pressure rf-induction plasma is observed to be confined within the 50um dia quartz
tube between the turns of the rf coil. The graphite susceptor resides 15 um from the
boundary of the intense plasma. It should be noted that the graphite susceptor supplies
carbon to the gas phase through atomic-H dissolution. The area of graphite is equivalent
to the area of the silicon samples which have been treated with the local carbon sources.
All the effects observed here from the various local carbon sources occur under atomic H
gasification of the graph susceptor. Despite the graphite susceptor dissolution in all
experiments, rather dramatic differences are observed between various local carbon
sources. This observation attests to the Jocal effect of the surface carbons.

This study addressed the use of local carbon sources with varying chemical
constituency, bond order, and saturation. Fluorocarbons, carbohydrates, hydrocarbons,
and graphite, were applied to Si (100) surfaces. An effort was made pot to abrade the
surfaces during the application of these carbon sources to the surface. Teflon (without
“black" pigment) was tested as a local fluorocarbon source. Sucrose was tested as a local
carbohydrate source. Photoresist was tested as a local hydrocarbon source. Graphite
fibers were crushed into powder and applied to a Si (100) surface as a local graphite
source. No precautions were taken to control the thickness between the various
pretreatments 100nm of photoresist was applied. 0.5 um of teflon was applied. The
sucrose layer thickness was not accurately known but probably was 1-Sum. The graphite
powders were crushed from 3um diam fiber stock without 100% coverage and then
were dispersed on the silicon wafer.
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. EXPERIMENTAL RESULTS AND DISCUSSION

All carbon sources showed some nucleation enhancement as compared to an
untreated Si wafer. Few of the local carbon sources showed nucleation enhancement
comparable to that obtained by diamond scratching/polishing with I pm diamond paste.
The graphite powder treatment produced a nucleation density comparable to diamond
scratching Teflon and sucrose produced substantial diamond nucleation enhancement.
Photoresist showed little, if any, nucleation enhancement. All the local carbon sources,
except the diamond crystal, were dissolved rapidly in the CVD growth environment.

Figures 1 and 2 shows SEM photographs of Si wafers treated with photoresist,
sucrose, teflon, and graphite powders prior to introduction into the CVD chamber. In
some cases, the dissolution produced observable changes in plasma emission while the
carbon sources were being gassified. Saturated local carbon source such as
carbohydrates and fluorocarbons are "labeled" with oxygen atoms and flourine atoms,
respectively. One can observe their effect on the global gas phase concentration by a
visible change in the plasma emission upon dissolution. Furthermore, their rapid
dissolution does not persist long enough to greatly enhance diamond nucleation. From
Figures 1d and 2d, it is apparent that the graphite powders were the most successful at
diamond nucleation enhancement.

During the dissolution period, surface carbons are locally changing the gas phase
concentration. Atomic hydrogen is being depleted from the gas phase as the hydrocarbon
concentration is increasing. The high gas phase carbon concentration creates nucleation
sites for diamond growth. Indeed other workers have used a "bilayer” processes for
obtaining densely nucleated diamond films.10 With a bilayer process, a standard
diamond polished wafer showed higher diamond nucleation, if diamond was nucleated
on it under microwave plasma conditions rich in carbon. This approach was also
demonstrated in an oxy-acetylene diamond growth.l!  Unfortunately, nucleation
conditions were conditions rich in gas-phase-carbon. This over abundance of carbon
quenches the atomic H population in the gas phase. As a consequence, small grain, poor
diamond is produced at the diamond/substrate interface. In this work here, the local
carbon sources dissolve producing a high gas-phase carbon concentration local to the
dissolution site. While the dissolution contributes hydrocarbons to the gas-phase in the
plasma region, the gas-phase concentration in the plasma is much lower than at the Si
surface due to volume dilution. As a consequence, the atomic hydrogen flux to the




nucleating surface is not compromised. High quality crystals are nucleated. Thus, local
carbon sources create conditions of carbon supersaturation in the gas phase nearby the
carbon source without compromising atomic H generation from the plasma.

Thus, local graphite sources are seen as an ideal alternative to diamond
pretreatments for nucleation enhancement. The dissolution rate is high enough to
enhance local nucleation without seriously degrading the global gas-phase concentration.
Remember, that the samples are resting on a graphite susception which is contributing
gas-phase carbon. The global-gas-phase carbon concentration is controlled by the
susception dissolution and the methane to hydrogen ration in the feedstock. The local
graphite carbon sources then enable a partial separation of control variables. High
quality, high rate diamond deposition demands the ultimate in atomic H flux. Yet,
carbon addition into the global gas phase has been reported to reduce the atomic H
generation in the gas phase. By introducing local graphite carbon sources, the carbon
concentration at the nucleating surface is greatly increased without compromising the
atomic H flux generation from the plasma. In addition, it is hoped that the nucleation
sites produced by the local change in carbon concentration under still high atomic H
flux will improve the adherence and quality of the diamond nuclei. Thus, improving the
performance of diamond thin film products.




‘

IV. CONCLUSIONS

Various local carbon sources have been tested for nucleation enhancement. Of
the sources tested (photoresist, sucrose, teflon, graphite powders), the grabhite powders
demonstrated the highest nucleation ennancement. The work here with various carbon
sources shows a tendency for longer the carbon chain species to promote more
nucleation. Graphite powders are then seen as an ultimate long chain carbon. Graphite
dissolves at a slower rate than hydrocarbons, carbohydrates, or fluorocarbons due to its
unsaturation, every carbon atom requiring at least 2 hydrogen atoms to complete
gasification (i.e. acetylene) or at least 4 hydrogen atoms to complete gasification (i.e.
methane) . This work demonstrates an alternative nucleation technique which avoids
physical abrasion the substrate with diamond powder. It preserves the plasma gas-phase
carbon concentration, thus maintaining high atomic H flux, while local to the nucleation
sites providing carbon super-saturation. Diamond growth occurs on surface sites
intrinsic to the substrate and not on residual diamond powder. It is thus hoped that the
use of local carbon sources such as graphite will promote better adherence between the
diamond film and the substrate.
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Figure 1:

Figure 2:

FIGURE CAPTIONS

Low magnification SEM photographs of diamond deposition on Si(100)
wafers which were treated with a) photoresist, b) teflon, c) sucrose, d)
graphite powers, and e) diamond scratched.

High magnification SEM photographs of diamond deposition on Si(100)
wafers which were treated with a) photoresist, t) teflon, c) sucrose, d)
graphite powers, and €) diamond scratched.
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DIAMOXND SURFACE STUDIES OF GROWTH MECHANISMS FROM
WATER- ALCOHOL DEPOSITION CHEMISTRIES

R.E. Thomas, J B. Posthill, R A. Rudder, and R.J. Markunas
Research Tnangle Institute, Rescarch Tnangle Park, NC 27709

M. Frenklach
Department of MS&E, Pennsylvania State University,
University Park, PA 16802.

In this paper we will be presenting results from basic suiface chemistry
studies of interactions of atomic oxygen, atomic hvdrogen and acctvicne with
single crystal diamond (100) surfaces. Mecasurements of oxygen terminated
surfaces indicatc an activation encrgy of approximately 44 kcal/molc for CO
desorption and 21 kcal/mole for CO2 desorption. Thermal desorption and LEED
studics of C(100)-1x1:0 surfaces indicatcs that the reconstruction upon CO
desorption occurs in the tcmperature range of 450-525°C. Anncaling of
oxygenated surfaces in an atomic hydrogen flux does not appear to appreciably
delay the onsct of the reconstruction. Thermal desorption studies also indicate
that CO will desorb from both saturated and partially oxygenated surfaces at
temperatures in the 200-250°C range. Experiments with C!3 homocpitaxial films
indicates that C2H2 will preferentially adsorb at room temperature on oxygenated
surfaces that have been partially desorbed. The CO desorption appears 10 open
sites at < 300° which will easily react with acetylene.

INTRODUCTION

Hydrogen plays an integral role in many of the CVD diamond growth proccsses
developed to date [1] Hydrogen is thought to function in the growth process in a number of
ways, including maintcnance of sp? hybridization of carbon atoms at the growth surfacc
Oxygen has been used in concentrations of approximatcely 1-2% in H2/CHy plasmas to cxtend the
diamond growth regime with respect to gas composition and substrate temperature {2.3] The rolc
oxvgen plays is pcrhaps more complicated. It has been suggested that oxygen increascs the
atomic hydrogen concentration through gas phase reactions and also etches non-diamond
carbon.[2) Oxygen will also desorb from the diamond surface at temperatures much lower than
hydrogen, this may allow sites to open at the surface for the ac.ition of carbon (4] Recently,
however, oxygen has been introduced (o the growth process in much larger concentrations in the
form of watcr and alcohols.[S] In spitc of numerous growth studics. the details of the roles of
hydrogen and oxygen in the CVD growth cnvironment are still unclear, as arc fundamcental
qucstions conccming interactions of these two gasses with the diamond surfacc.  Important
questions remain conceming the details of the reconstruction and the cfiect of adsortates on
surface structure. [n order fo greatly simplify the systems under consideration, we have used a
combination of low pressurc gas dosing. icmperature pro,rammed desorption. and low cnergy
clcctron diffraction (LEED) to study intcractions of rclativels simple gasses such as atomuc
hydrogen and atomic oxygen with a clcan diamond surface. We have also studicd the addiion of
carbon 10 the diamond surface in the form of acctylence reactions with partially deoxy genated
(100) surfaces.
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EXPERIMENTAL PROCEDURES

A full description of the cxperimental procedure is available in carlier publications and
only a baef review is given herc.[4] Thermal desorption spectroscopy and LEED obscrvations
were performed in a stainless steel UHV system. Sample heating was accomplished by clipping
the crystals to a 0.25mm thick molybdenum resistive strip heater. The sample temperature was
measured by a 0.125mm diameter chromel/alume! thermocouple threaded through a laser drilled
holc in the diamond and held in tcnsion against the crystal face. Two type lla (100), 5x5x
0.25mm, diamond crystals were used in the course of the present study. In order to be able to
more clearly differentiate CO desorbing from the sample surface, a homocpitaxial C!3 laver was
grown on the substrates. Thermal desorption from samples before and after C!3 deposition
shows no difference, aside from an increase in sensitivity, in the CO and Hz desorption features
Approximately 2000 A of diamond was deposited in an rf plasma reactor with a Ha/C!3Hy
discharge. To clcan the surfaccs, the samples are initially hand polished $ minutes with 0.25 um
diamond gnit, followed by solvent rinses. The samples arc then placed in a CrO3/H804 (125°C)
solution for 20 minutes to remove non-diamond carbon. The samples are rinsed in DI water and
then boiled in a 3:) solution of HCI/HNO; for 20 minutes to remove any metals contamination.
Samples subjected to this cleaning process typically show a good quality 1x1 LEED pattem at
beam voltages as low as 50 volts with no anncaling. Auger spectroscopy of the diamond surfaces
as introduced to the chamber indicates that the surface is lefR O-terminated following the acid
clcaning. In all cases atomic hydrogen for dosing was gencrated via a tungsten filament
opcrating at a temperature of approximately 1500°C. Filament temperatures were measured with
a hand hcld optical pyrometer. Atomic oxygen was generated via an indium filament at 1100°C.
VLS| grade hydrogen and oxygen gasses were used with no further purification. No attempt was
made to quantify the percentage of atomic species generated by the filaments.

RESULTS
CO and CO3 D ion Kineti

Figure | shows results for CO thcrmal desorption from oxygen covercd surfaces as a
function hcating rate. Samples were dosed to saturation with atomic oxygen and then thermal
dcsorption spectra were acquired at set heating rates. The activation energy is casily extracted by
mcasurning the pcak maximum and plotting In(Tm?)B vs 1/Tm, where B refers to the heating rate
and Tm refers to the temperature of the maximum desorption rate.(6] The slope of the resulting
linc then gives the activation energy. Since the heating rate appears in a logarithmic function, 1t
must be vaned as widcly as possible. Hcating rates from 2°C/s to ~ 18°C/s were uscd. The
analysis tecchnique also depends on several assumptions; v (frequency factor) and Eg (activation
cnergy ) arc independent of coverage and the initial surface coverage is the same for cach
tcmperature ramp.  The derivation on which the activation cnergy cxtractions is bascd is
ngorously correct only for first-ordcr desorptions. However, simulations for second-order
dcsorptions indicates crrors of < 2% arc observed when applying this analysis to sccond-order
dcsorption kinctics.[6). In the present study there is a much greater vanability in the data. Using
this approach, an activation cnergy of approximatcly 44 kcal/mole was obtained for CO
desorpion A similar analysis for CO2 desorption gives an activation energy of approximately
21 keal/mole.




1/O Interactions on the C(100) Surface,

Unlike atomic hydrogen adsorption, atomic oxygen adsorption will convent the 2x|
surface to the Ix1 configuration {4). In the next series of experiments the effect of oxyvgen
coverage on the conversion back to the 2x1 state was studied along with the influence of atomic
hydrogen on the process. The state of the surface was determined by LEED while the oxygen
coverage, relative to saturation, was determined by thermal desorption spectroscopy.  Figure 2
shows a senics of CO desorption curves where the surface was saturated with oxygen and then
anncaled at the indicated temperatures. The samples were cooled before performing LEED and
thermal desorptions. LEED indicates that the surface converts to the 2x! configuration between
450°C and 525°C for 10 minute anncals. At this point there is 35-50% coverage of oxygen.
relative to the saturated surface.

The adsorbed oxygen appcars to have some ability 1o stabilize the 1x1 configuration on
the surface, but as more oxygen is lost the surface eventually converts to the 2x) configuration
We know that exposure of the 2x1 surface to atomic hydrogen does not readily result in a Ix)
configuration but in a growth cnvironment the surface is continually exposcd to atomic
hydrogen.[4]. Would atomic hydrogen stabilize the 11 configuration if supplicd while oxyvgen
gradually lcft the surface? Figure 3 shows results where oxygen saturated surfaces were anncaled
in an atomic hydrogen flux. The samples were then cooled to room tempcerature and LEED taken
on the surface. Finally, thermal desorption spectra were obtained 1o determine the relative
conccntrations of H & O remaining on the surface. The curves obtained for the 500 and 623°C
anncals are very similar. except that slightly less CO desorbed from the surface after anncaling at
650°C. Both surfaccs appcared by LEED to be left in the 2x1 configuration aftcr anncaling and
hydrogen dosing. The atomic hydrogen docs not appear to be ablc to stabilize the surface n the
Ix1 configuration upon desorption of CO.

Acetylene Adsorati COD ion Sil

We are clcarly able to desorb CO from the surface at relatively low temperaturcs. and
carlicr work has shown that oxygen v il desorb at low temperatures cven for fow surface
coverages, < 10% {4]. ¥ the surface docs not reconstruct there will be 1wo dangling bonds Icft
where a carbon atom has left the surface. This should be an extremely active sitc and may casily
accommodatc a small hydrocarbon such as acctylenc. (7] Figurc 4 shows results of an expenment
where this idca was tested.  Scveral control expenments were performed to detcrmunce that
acctylenc was preferentially adsorbing on CO dcsorption sites.  Figure da shows thermal
desorption results from a sample where atomic oxygen was adsorbed 1o saturation and then the
samplc was cxposed to acctylenc. The diamond substrate consists of a C!* homocpitavial faycr
and conventional C'2 acctylenc was used to determine if carbon addition had occurred  Masscs
2, 26, 27, 28. and 29 were scanncd and desorption was obscrved only for mass 29 or C''Q In
the sccond cxpenment, Fig. b, the samplc was first cxposed to acetslenc and then atomic
oxygen. Again, no evidence is scen of C'20, to indicalc accthlenc adsorption.  Acctone 1s a
common contaminant of acctylenc and 2 third control cxpeniment was performed where the
samplc cxposcd only to acetylenc. In this casc neither C120 or C170 was obsened 1t 1s only for
the final casc, Fig dc. that we scc cvidenee of acety lenc adsorption  In this case the oxy genated
surfacc was parhally desorbed at 350°C 1o approximatch 85-90% oxagen coverage and then




exposed to acetylene at room temperature. Thermal desorption shows clear evidence for both
€120 and C3 desorption.

DISCUSSION

D ion Kineti

Activation cncrgies of 44 kcal/mole and 21 kcal/mole were measurcd for CO and CO;
desorption respectively. We have not found references to carlicr measurements of activation
cnergics, but the temperatures reported here for CO desorption agree well for CO desorption
from both graphite and from diamond powder [8,9,10). For the diamond powders the desorption
maximum is observed at approximately 600°C at a heating rate of .333°C/s. In contrast we
observe a maximum at ~ 500°C for desorption from the C{100) face and for a heating rate of .5°
C/s. There are scveral experimental diffcrences that may account for the differences observed in
desorption maxima. For the powder desorptions, molecular oxygen was adsorbed at 420°C a1 7.5
%103 Torr. In the present study atomic oxygen was adsorbed, at room temperature, at an
effective pressure < 1x10-7 Torr. In addition Fig. 3 shows the effect of anncaling in shifting the
desorption pcak maxima to higher temperatures.  However, for graphite, and certainly for
diamond powdcrs, a vaniety of crystallographic faces and sites are exposed. It may be that
oxygen desorption from the (111), (110) faces, or sites not present in quantity on the (100) face
of diamond, may show very different kinetics from those observed on the (100) face. There is
some cvidenee of this from graphite desorptions where two distinct CO peaks are observed
[9.10].

H/Q Interactions

Oxygen terminated samples were annealed under an atomic hydrogen flux. We were
interested in determining if hvdrogen supplied durning the CO cvolution would be able to prevemt
the surface from rcconstructing to the 2x1 configuration. Anncaling at 550°C and 625°C
converts the surface to the 2x1 configuration in spite of the hydrogen flux. At 800°C the oxygen
has entircly lcft the surface and again the surface converts to the 2x1 configuration in spite of the
atomic hydrogen flux. [t does not appcar that atomic hydrogen is particularly successful at
maintaining the sp* coordination. We have observed in earlier work thar hydrogen will not
convert a 2x1 surface to the 1x1 configuration [4). This of coursc is for the relatively low atomic
hyvdrogen fluxes we are able to obtain in UHV with filament sources. Fluxcs are obviously much
greater under growth conditions which may altow the insertion reaction to procced. Calculations
on the (100) surface, however, indicate that there are steric hindrances to achieving a fully
saturated dihydride phase on the (100) surface [11]. Also of intcrest in the growth environment
is the ability of oxygen to displace hvdrogen on the surface. We find that the removal of
hydrogen by oxygen proceeds much faster than the roverse reaction.  Depending on the relative
ratcs of these two reactions under growth conditions this result has obvious implications for the
rolc of oxygen 1n the growth environment. Bascd on these results it appears that oxvgen wili
much more cfficicnily open sites for addition of carbon than hydrogen, both by hydrogen
removal and by CO desorption.

Acetylene Adsorpti

Removing a CO molecule. whether the oxygen is double bonded to the individual carbon
atom or bndgc bonded to two adjacent carbon atoms on the surface. requires two carbon-carbor




bonds 1o be broken. If all the oxygen from a saturated surface was desorbed an cntire layer of
carbon atoms would be removed and the sutface would reconstruct to the 2x1 configuration. For
a partial desorption the carbon atoms with dangling bonds arc in the next plane of atoms down
from the surface. The surrounding lattice can then contnbute to keeping this site from
reconstructing. The thermal desorption data show that at room temperature acetylene will only
adsorb on surfaces that have been prepared in such a way as to leave these sites open.  Methyl
radicals, CO, and mcthane may also react at these sites. However for there to be a net addition of
carbon to the surface, two carbon atoms have to be added each time a CO molecule desorbs

SUMMARY

Atomic oxygen adsorption on the C(100)-2x1 surface will convert the surface back to the
Ix! configuration. Surfaces with full or partial oxvgen coverages will lose oxvgen from the
surface through CO desorption at relatively low temperatures, < 300°C. The partial desorption of
CO from the (100) surface presumably lcaves two dangling bonds, which appear to preferentially
adsorb acetylene. In addition it appears that atomic oxygen is much more efficient at removing

hydrogen bonded to the diamond surface, than atomic hydrogen will remove oxygen adsorbed on
the surface.
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Surface Processes Associated with Diamond Growth From Water Alcohol

Deposition Chemistries
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Electron energy loss spectroscopy (EELS) and low energy electron diffraction (LEED) have been
used to study the effects of atomic oxygen dosing and atomic hydrogen dosing on the diamond (100)
surface. Terminated surfaces appear very similar with EELS although the oxygenated surface gives a
Ix1 LEED pattemn and the hydrogenated surface gives a 2x1 LEED pattem. Annealing of both surfaces
gives rise to a new loss peak at approximately 5 eV from the elastic peak. This peak is thought to arise

from dangling bonds on the surface

1. INTRODUCTION

Although a wide variety of growth
chemistries and techniques have been developed
for the chemical vapor deposition of diamond,
fundamental questions remain  unresolved
conceming surface processes during diamond
growth, A number of diamond growth
mechanisms have been proposed which involve
atomic hydrogen and hydrocarbon species.[1] In
addition, numerous growth studies have shown
that oxygen, in the form of CO, H;O, or alcohols,
can contribute to diamond formation.[1] Previous
surface studies have shown that atomic oxygen
will convert a C:(100)-2x1: surface to 1x1
configuration.[2] Upon heating the oxygen leaves
the surface predominantly in the form of CO with
some CO; also desorbed. The maximum
desorption rate for CO occurs at approximately
600°C for a heating rate of 5C/s, and significant
desorption occurs at temperatures less than 400°C,
well below the peak maximum. As CO desorbs
from the surface the surface reverts to the 2x1
configuration. The desorption of CO from the
surface at relatively low temperatures has the
potential for opening sites for the addition of
carbon to the diamond lattice. However, the
nature of these sites is unclear. In the present

study we have used electron energy loss
spectroscopy (EELS) and low energy electron
diffraction (LEED) to study the transition from
the 1x1 to the 2x1 structure upon CO evolution
and to probe the surface sites resulting from CO
desorption. Comparisons are made of both
hydrogen and oxygen temminated surfaces and
graphite surfaces.

2. EXPERIMENTAL PROCEDURES

A full description of the experimental
procedure is available in earlier publications and
only a brief review is given here.[2] EELS and
LEED observations were performed in a stainless
steel UHV system, Sample heating was
accomplished by clipping the crystals to a 0.25
mm thick molybdenum resistive strip heater. The
sample temperature was measured by a 0.125 mm
diameter chromel/alumel thermocouple threaded
through a laser drilled hole in the diamond and
held in tension against the crystal face. Two type
Ila (100), 5x5x0.25 mm, diamond crystals were
used in the course of the present study. To clean
the surfaces, the samples are initially hand
polished 5 minutes with 0.25 um diamond grit,
followed by solvent rinses. The samples are then
placed in a CrO3/H,SO4 (125°C) solution for 20




minutes to remove non-diamond carbon. The
samples are rinsed in DI water and then boiled in
a 3:1 solution of HCI/HNO; for 20 minutes to
remove any metals contamination.  Samples
subjected to this cleaning process typicaiy show a
good quality I1x1 LEED pattem at beam voltages
as low as SO volts with no annealing. Auger
spectroscopy of the diamond surfaces as
introduced to the chamber indicates that the
surface is left O-terminated following the acid
cleaning. In all cases atomic hydrogen for dosing
was generated via a tungsten filament operating at
a temperature of approximately 1500°C. Filament
temperatures were measured with a hand held
optical pyrometer. Atomic oxygen was generated
via an iridium filament at 1100°C. VLSI grade
hydrogen and oxygen gasses were used with no
further purification. No attempt was made to
quantify the percentage of atomic species
generated by the filaments. EELS data were
collected with a Perkin-Elmer single pass
cylindrical mirror analyzer. The elastic peak was
set at approximately 150 eV for all spectra to
maximize surface sensitivity. Differentiation of
the spectra was performed digitally using a
Savitsky-Golay differentiation and smoothing
routine.

3. RESULTS AND DISCUSSION

Figure 1 shows derivative EELS spectra
obtained from annealing of a hydrogen terminated
sample. The hydrogen dosed samples remained
in a 2x1 configuration after exposure to the atomic
hydrogen, with each dangling bond now
terminated by a hydrogen. The unannealed
sample shows large peaks at approximately 8 eV,
23 eV, and 33 eV away from the elastic peak.
Upon annealing of the hydrogen terminated
surface the 23 eV peak gradually diminishes in
intensity relative to the 33 eV peak. The 8 eV
peak grows in intensity relative to the other peaks
and we observe the appearance of a new peak
approximately SeV from the elastic peak
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1000C /308
| 900C/ 308
800C/ 308
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(_sc oled) )

~65.00 -55.00 -45.00 -35.00 -25.00 ~1500 -35.00 5.00
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Figure 1. Electron energy loss spectra from
diamond (2x1):H surface.

following the anneal at 700°C. Fig 1. The 5 eV
peak grows in magnitude with subsequent anneals
at 800°C and 900°C. The temperature at which
the 5 eV feature first appears corresponds very
well with the onset of hydrogen desorption from
the surface measured in earlier thermal desorption
experiments.[2] The differentiation process
emphasizes changes in the peak structure,
however peak positions quoted in the text refer to
the undifferentiated spectra for consistency with
previous literature. Figure 2 shows a ccu parison
of differentiated and undifferentiated spectra. The
evolution of EELS structure for oxygen
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Figure 2. Comparison of differentiated and
undifferentiated spectra from

hydrogen-dosed sample.
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terminated surfaces is more complex as can be
seen in Figure 3. The oxygen dosed samples also
exhibited a peak at S eV away from the elastic
peak after annealing. The peak appeared at
approximately 600°C, which again corresponds
quite well with thermal desorption data.[2)
However from Figure 3 one can see that the peak
at approximately 8 eV undergoes imnore complex
transformations. Following the anneal at 1000°C
all of the oxygen has desorbed from the surface
and the surface is left in a 2x1 configuration with
I dangling bond per carbon atom. If the surface is
then exposed to atomic hydrogen Figure 3 shows
that the peaks at both 5 eV and 8 eV are
suppressed.

[ Mydrogen dosed
| ofter onnecling

dN/dE (ord units)
g
$
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eV (meosured from elostic peok)

Figure 3.  Electron cnergy loss spectra from
diamond (1x1):0 surface.

For comparison purposes EELS spectra were
obtained from pyrolytic graphite samples using
the same apparatus and geometry. Results from
graphite surfaces are shown in Figure 4 along with
spectra from hydrogen dosed samples. In the case
of graphite the most prominent feature is a loss
peak at approximately 6 eV. From the plot one
can see that this feature is clearly at a different
energy than the S eV loss feature seen on diamond
surfaces.

The peak at 33 eV is associated with a bulk
plasmon in diamond {3), and we do not see
much

| DIAMOND
Anneg

1 30%
F ¢ oo-S-zn :

Unonneoled
C(100)-2x1:#

ON/oE/ (orb units)

[ GRAPHITE

-65.00 -55.00 -45.00 -35.00 -25.00 -15.00 ~500 S$.00
eV (meosured from elostic peok)

Figure4  Comparison of EELS spectra from
clean graphite and hydrogen-dosed
diamond samples.

change in this feature as a function of surface
structure or termination. The peak at 23 eV has
been comrelated with plasmon and/or interband
excitations and the peak at 8-10 ¢V with interband
transitions.[3] The peak at 23 eV diminishes
upon annealing for both H-termination and O-
termination even though the surface structure
remains in a 2x1 configuration throughout the
process for hydrogenated surfaces and
reconstructs from a Ix1 to a 2x! structure in the
case of oxygenated surfaces. It is not surprising
that both desorption series converge to the same
EELS spectra since equivalent 2x1 reconstructed
surfaces are obtained via each path. Apparently
the presence of dangling bonds serves to suppress
or shift the frequency of the surface plasmon
mode. Zangwill has pointed out that the zero
point energy of the plasmon oscillator system
increases as the electron density increases.[4]
With dangling bonds on the surface we have
effectively increased the electron density and we
expect the plasmon frequency to shift to higher
energies. With the resolution available in the
present arrangement it is difficult to observe this
shift but what may be happening is that the
surface plasmon energy shifts towards the bulk
plasmon and cannot be resolved. The behavior of
the peak at 8-10 eV is more difficult to explain.
This peak has been associated with a transition




from the valence band to the conduction band.[3]
The behavior of the peak is also more complicated
and distinct differences are observed between
samples with oxygen temmination and hydrogen
termination. The evolution of surface structure
accompanying oxygen desorption is more
involved than the case for hydrogen. CO desorbs
from oxygenated surfaces causing a loss of carbon
and then the surface reconstructs.

We also observe the appearance of a peak at
approximately 5 eV from the elastic peak after
annealing both oxygen and hydrogen terminated
surfaces. A similar feature has been observed
following annealing of as deposited and
oxygenated polycrystalline diamond.[S] The as
deposited material was presumed to be hydrogen
terminated. The 5 eV feature has been associated
with band gap excitation.[3] Altemative
explanations include surface states induced by
dangling bonds or plasmon losses from n bonding
as the surface reconstructs. The 5 eV loss feature
disappears after the surface is dosed with atomic
hydrogen. We do not expect band-gap excitation
to disappear with hydrogen dosing. However the
dangling bonds would be filled and/or n bonds
lifted from the surface dimers. Several facts point
to dangling bonds as the source of the loss peak at
5 eV. High resolution electron energy loss
spectroscopy of (111) and (100) surfaces shows
the presence of a C=C double bond on the (111)
surface but not on the (100) surface.[6] The C=C
double bond is seen on the (111) surface after
hydrogenation, so the addition of atomic hydrogen
does not necessarily break all of the double bonds
on the surface. Double bonds may also exist on
the (100) surface but cannot be resolved by the
HREELS measurement. Recent quantum
chemical calculations show the dimer bond on the
(100) surface does not contain a significant n
component.[7]  Finally, EELS spectra from
graphite surfaces taken under the same conditions
show the n plasmon on graphite shifted by
approximately 1 eV from the 5 eV loss feature
observed on diamond.

4.0 SUMMARY

Electron energy loss spectroscopy has heen
used to study hydrogen and oxygen termminated
diamond surfaces and graphite. Both terminated
diamond surfaces exhibit similar loss spectra with
major peaks at 33, 23, and 8 eV. Annealing of the
samples gave rise to a new loss feature at 5 eV
thought to be a result of the appearance of
dangling bonds on the surface.
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Abstract

Recent experiments on diamond growth by chemical vapor deposition indicate that atomic oxygen converts the
diamond (100)<(2 x 1) surface to the (1 X 1) structure. Ab initio total energy calculations are performed on a cluster
of carbon atoms simulating the (100) surface in order to investigate the effect of oxygen on surface reconstruction.
Calculations are reported for the clean surface and for O atoms adsorbed atop carbon and at a C-C bridge site.
Bridge and atop carbon sites for oxygen have nearly identical adsorption energies and adsorption of O at either site
prevents the C(100)-1 % 1 1o 2 X 1 dimerization reconstruction. Adsorption of oxygen at one bridge site affects, but
does not prevent, the dimerization of an adjacent pair of surface carbon atoms.

1. Introduction

The application of chemical vapor deposition
techniques to grow diamond is under intense
investigation in many laboratories [1-10). In
plasma or hot filament techniques, high concen-
trations of hydrogen in source gases are generally
employed in order to maintain tetrahedral, sp?,
bonding of the surface carbon; H atoms subse-
quently abstract surface hydrogen to form H,

* Corresponding author.

! Permanent address: Centro CNR, Dipartimento di Chimica
Fisica ed Elettrochimica, Universita di Milano, Milano, 1-
20133 ltaly.

and growth continues at unsaturated carbon sites
by the addition of hydrocarbon fragments [1,10-
13). The openness of the ideal C(100) surface and
the nature of its surface sites would make this a
preferred surface for film growth. However, the
ideal surface, ((100)-1 X 1, readily undergoes re-
construction to form a dimerized ((100)-2 % 1
structure [15-18). This dimerized surface, de-
picted in Fig. 1, can easily add one hydrogen per
carbon, but unlike Si(100), the distance between
adjacent carbon atoms on C(100) is too short to
accommodate two additional hydrogens [19].
Consequently, the dimerized surface less readily
adds additional carbon. Incompletely hydro-
genated surfaces, e.g., the addition of three H
atoms to a pair of carbon atoms, convert to the

0169-4332/94/507.00 © 1994 Elsevier Science B.V. All rights reserved
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Diamond (100) 2 x 1 Structure

Diamond (100) 1 x 1 : O Double-bonded Structure

Fig. 1. Diamond (100) surface showing the 2X 1 dimer recon-
struction and possible adsorption sites for oxygen.

2 X 1 configuratior ‘vhen hydrogen is removed
[18].

LEED studies have shown that adsorption of
atomic oxygen is able to convert the 2 X 1 surface
to 1x1 [14,15]. Large amounts of oxygen will
saturate the surface sites, but less than one-half a
monolayer of oxygen would leave carbon sites
available for reaction with carbon containing CVD
species [14,18,20). Annealing studies of oxygen-
terminated (100) surfaces show that surfaces that
are only partially covered with oxygen are able to
maintain the 1 X 1 configuration {14} In addition,
thermal desorption studies have shown that de-
sorption of CO from the (100) surface can occur
as low as 200°C [14]. Thus, dosing ((100) surfaces
with oxygen shows promising in enabling low tem-
perature epitaxial growth of diamond [14,18,20~
24].

The nature of the C(100)-1 X 1 surface, its
distances and tetrahedral structure of C-C bonds
to the lattice, suggest that oxygen could add to

the surface to form C-O-C (cther) or C=O (ke-
tone) linkages commonly found in organic com-
pounds. Thus, full monolayer coverages involving
one O per surface carbon as well as half mono-
layer coverages of one O per two surface carbons
are likely, see Fig 1. It is unclear from either
experimental or theoretical studies exactly how
much oxygen on the surface is required to pro-
duce a C(100)-1 x 1 structure [13,25,26).

The purpose of this study is to investigate,
using first-principles theory, the adsorption of
oxygen atoms on C(100). Adsorption energetics
and the energetics of different surface recon-
structions are calculated. Since we are primarily
interested in a detailed account of the structure
and energetics of the region around the adsor-
bate, a cluster model of the surface is used. This
approach allows the application of ab initio con-
figuration interaction theory to produce an accu-
rate description of various stages of the dimeriza-
tion reconstruction and a determination of oxy-
gen—carbon and carbon-carbon distances and
angles in the vicinity of the adsorption site.

2. Theory

In this work, calculations are carried out for
the full electrostatic Hamiltonian of the system,
with wavefunctions constructed by seif-consistent
field (SCF) and configuration interaction (CI)
expansions. There are no empirical parameters
and distances and angles in the vicinity of the
oxygen adsorbate are optimized in all calcula.
tions. For N electrons, Q nuclei

N N Q N
H=Z—1/ZV,-2+XZ—Z,‘/rh-{»zl/r‘j
i ik P

CI wavefunctions are generated from an initial
SCF configuration, or from multiple parent con-
figurations in the case of stretched or broken
bonds, by one- and two-particle excitations from
the main components of the wavefunction to give
expansions of the form

¥=YAA(x{x5-- x5)-
k




In the CI calculations, the occupied and virtual
orbitals of the SCF solution are transformed sep-
arately to obtain orbitals with varying degrees of
localization about the oxygen adsorbate and sur-
face carbon atoms undergoing dimerization. This
unitary transformation of orbitals which is based
upon exchange maximization with the valence
orbitals of atoms in the dimer region of the
cluster enhances convergence of the configura-
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Table |

((100) clean surface reconstruction

Angle Rec Spin state (eV)

a A) §=2  s-1 $=0
o 2.52 0.63 013 00°*

25° 1.76 8.16 -249 -2.58

0 1.63 9.61 -251 ~2.84

35° 1.50 10.8 -2.06 -30

40° 1.38 -091 -2.78

45° 1.26 -2.06

tion interaction (CI) expansion. Perturbation the-
ory is used to incorporate numerous small contri-
butions not explicitly included in the Cl expan-
sion. Details of the theory have been reported
elsewhere [27-30].

3. Clean surface studies

In this section, we consider the dimerization of
C(100) using the cluster of carbon atoms depicted
in Fig. 2 to describe the surface. This particular
cluster has all of the nearest neighbor and bulk
next nearest neighbor atoms of the C,-C, pair of
atoms undergoing dimerization. Carbon atoms on
the boundary of the cluster, except C, and C,,
are saturated by hydrogen atoms to simulate con-
tinuation of the lattice. The energy change on
reconstruction, as a function of the angle of rota-
tion about the second layer atoms, a, is reported
in Table 1 for three spin states, S =2, $=1 and
§ =0, of the pair of carbon atoms C,-C,. The
lowest state is for § = 0, corresponding to a strong
interaction between the interior dangling bonds
and a weak coupling of the dangling orbitals
depicted as arrows extending outward as depicted
in Fig. 2. If the latter two orbitals are triplet
coupled, the energy increases by 0.33 eV for the
idea! surface (a =0). As shown in Table 1, as a

g

Fig. 2. (X100} clean surface reconstruction. The dimerization
of surface atoms C,~C, as a function of angle a is treated by
configuration interaction theory for three different spin states
of the system.

The dimerization of surface atoms C,-C, as a function of a,
depicled in Fig. 2, is treated by configuration interaction
theory for three different spin states of the system. The most
stable structure is a singlet, 3.01 eV exothermic compared to
the ideal su:tac.e. with a = 35* corresponding to a C-C dis-
tance of 1.50 A. Energies, in eV, are relative 10 the ideal
surface § = 0 state.

* Total energy: —463.5980 a.u.

increases, the energy of the high spin state in-
creases sharply due to the Pauli repulsion of
electrons in the inward directed hybrid orbitals,
whereas the energies of the § =1 and § = 0 spin
states decrease. The lowest energy state, § =0,
shows an energy minimum at a = 35° wh.ich cor-
responds to a C,-C, distance of 1.50 A and a
large energy lowering on dimerization of 3.0 eV.
From the shape of the ground state potential
curve, the uncertainty in the equilibrium distance
is ~00S5 A. Subsequent studies show that a is
the appropriate variable to describe the dimeriza-
tion since this rotation preserves bond lengths
between atoms C, and C, and the remainder of
the iattice. This is consistent with data for many
organic compounds in which one finds fairly con-
stant C-C bond lengths within the respective
classes of single, double and triple bonds. Note
that the C-C bond length in diamond is 1.544 A
which is similar to the C-C single bond in organic
compounds. Thus, the cz!culated reconstruction
of the ((100) surface results in a distance for the
dimerizing carbon atoms slightly shorter than a
typical C~C single bond.

4. O adsorption on C(100)

Adsorption of atomic oxygen is first consid-
ered at atop C and C-C bridge sites on the
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unreconstructed C(100)-1 X 1 surface. The dis-
tance of oxygen from the surface is varied and
calculated encrgies are reported in Table 2. The
total energies for the atop and bridge sites are
found to be nearly identical, differing by less than
0.2 eV. For the atop atom site, the CO distance is
1.23 A, a value similar to that for a typical ketone
double bond. The CO distance for the bridge site
is 1.48 A, slightly longer than the CO distance in
dimethyl ether.

In the next series of calculations, the C,-C,
dimer length is optimized for the two cases: O
adsorbed at the bridge site and O at an atop C
site. Total energy calculations as a function of the
angle of rotation, a, and vertical O distance vari-
ations are reported in Table 3 for the bridge O
site. These data show that the minimum in energy
will be around a = 7° which would correspond to
a decrease of only 0.22 A from the ideal surface
C,-C, distance of 2.52 A. By comparison, the
dimerization reconstruction for the clean surface
corresponds to a decrease in C,~C, distance of
1.02 A. Calculations were also performed to de-
termine whether oxygen at the bridge site would
weaken the bonds between the C,~C, atoms and
the remainder of the lattice. Changing the verti-
cal distance of the C,-O-C, unit by 0.05 A
caused a 0.18 eV increase in energy, thus imply-
ing that bond length changes due to oxygen ad-
sorption will be quite small. After the small
dimerization reconstruction of the C-C bridge,
this site becomes slightly lower in energy than for
atop carbon adsorption. Similar studies were car-
ried out for oxygen adsorbed atop one of the

Table 2

Adsorption of O atop C and at the C,-C, bridge site in Fig. 2
for the unreconstructed O(100) surface geometry; the vertical
distance of O from the surface, 2, is varied

Atop site Bridge site

'R AE 2, AE
A) (eV) (A) (eV)
1.33 +0.47 0.88 +0.17
1.23 00°* 0.78 00°
1.12 +0.43 0.67 +0.07

* Total energy: —538.6737 a.u.
®Total energy: —538.6672 a.u. The distance zo=0.78 A
corresponds to a CO distance of 1.48 A

Table 3
Effect of O adsorption on C(100)-2 x | surface reconstruction
Angle a Reo AE
(A) (eV)
o 1.43 0.07
1.48 oo0*
1.54 0.17
7 1.32 0.10
1.37 -0.45
1.43 -043
10° 1.31 -0.11
1.36 -0.35
1.43 ~-0.21
15° 1.26 0.73
1.36 031
1.43 0.60

O is adsorbed at a C-C bridge site. The dimerization of the
C-C bridge atoms is investigated by varying the angle, a,
defined in Fig. 2. For each angle, the vertical distance of
oxygen from the surface is varied and results are reported in

terms of the corresponding CQO distance.
* Total energy: —538.66715 a.u.

carbon atoms of the C,-C, pair. On rotating
these carbons by a = 10°, the energy increased by
0.2 eV. This means that oxygen adsorption atop
alternate C atoms, at a half monolayer coverage,
would prevent the dimerization reconstruction, a
result that is not surprising since formation of
one C=0 double bond removes the driving force
for pairing dangling bond orbitals.

In the final series of calculations, an O atom
was adsorbed at one bridge site, and the dimer-
ization of the adjacent C,~C, pair of atoms was
investigated using the cluster depicted in Fig. 3.
This system is found to behave somewhat like the
clean surface except that the energy of dimeriza-

Fig. 3. (X100) surface with O adsorbed at a bridge site. The
dimerization of surface atoms C,~C, as a function of angle a
is treated by configuration interaction theory for three differ-
ent spin states of the system. The solid circle denotes the
oxygen adsorption site.
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Table 4
Effect of bridge O adsorplion on adjacenmt C-C dimerization
Angle a Rec Spin state (eV)
A 523 s=2 s=1°

(1 2.52 0.60 0.30 00°
25° 1.76 7.49 -242 -2.46
30 1.63 8.86 -2.46 -278
35 1.50 10.3 -1.98 -250
40° 1.38 -0.78 -263
45° 1.26 1.70 -1.84

The dimerization of surface atoms C,-C,, depicted in Fig. 3,
as a function of a is treated by configuration interaction
theory for three different spin states of the system.

& The carbon atoms bonded to oxygen are triplet spin coupled
in all cases; thus, S = 1 for the present case corresponds to the
singlet coupling of the dimerizing carbon atoms.

® Total energy: — 806.5908 a.u.

tion is less, 2.8 eV compared to 3.0 eV, and the
equilibrium distance between the dimerized C
atoms is longer, 1.63 A (uncertainty of ~ 0.05 A)
compared to 1.50 A for the clean surface. Table 4
gives the relative energies of the three relevant
spin states as a function of the dimerization re-
construction. The trends for each spin state are
the same as shown in Table 1 for the clean
surface dimerization. The ground state shows a
double minimum at 30° and 40°, separated by a
small barrier. Although the double minimum per-
sists for multiple parent CI treatments, a more
thorough investigation of the surface is needed
before concluding that the effect is real. On the
principal point, the results of the calculations are
conclusive: the presence of O adsorbed at a bridge
site affects, but does not prevent, the dimeriza-
tion of the adjacent pair of surface carbon atoms.

8. Conclusions

The results of the present theoretical investi-
gation lead to the following conclusions:

(1) The dimerization reconstruction of the
C(100) surface occurs by a rotation of surface
carbon atoms about atoms in the second layer,
preserving the bond lengths between the pair of
carbon atoms undergoing dimerization and the
remainder of the lattice. The dimerization is 3.0

eV exothermic and produces surface dimers with
a C-C distance of ~1.50 A, a value slightly
shorter than for a typical C-C single bond in
organic compounds.

(2) Adsorption of O atoms can occur at atop
carbon and C-C bridge sites; adsorption energies
at these two sites are nearly identical for the
unreconstructed surface. After the accompanying
very small reconstruction, the bridge site is lower
in energy, but adsorption of O at cither the atop
site or bridge site prevents significant dimeriza-
tion of surface carbon atoms.

(3) Optimized C-O distances are similar to
those found for C=O double bonds in ketones
(for atop C adsorption) and similar to typical
values in ether compounds (for C-C bridge ad-
sorption).

(4) Adsorption of oxygen at one bridge site on
the surface is found to affect, but does not pre-
vent, the dimerization reconstruction of an adja-
cent pair of surface carbon atoms.
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Activation energy and mechanism of CO desorption

from (100) diamond surface
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An apparent activation energy for CO desorption from (100) diamond surfaces exposed to
atomic oxygen was determined by thermal desorption spectroscopy performed in ultrahigh
vacuum and found to be equal to 45.0 kcal/mol. A minimum potential-energy reaction path was
identified by semiempirical quantum chemical calculations. Starting with an O-on-top radical
site, the reaction proceeds through a f-scission of the C—CO bond, formation of a dimer C—C
bond, and finally cleavage of the second C—CO bond. The largest barrier along this pathway is
that of the final desorption step; it is equal to 38.4 kcal/mol, in reasonable agreement with the
experimental activation energy. Taken together, the broad experimental desorption-peak feature
and the multitude of possible desorption sites with differing potential-energy barriers, suggests
the existence of a distribution of CO sites on diamond surfaces.

Deposition of diamond in oxygen-containing environ-
ments has received widespread attention and the beneficial
effects of oxygen on the growth of diamond films have been
reported.' Little, however, is known on the fundamental
aspects of the interaction between oxygen and diamond
surfaces. Recently, Thomas er al? carried out an experi-
mental study on desorption of CO from diamond surfaces.
In their experiments, atomic oxygen was adsorbed on a
(100) diamond face at room temperature, and then the
species desorbing upon heating were monitored by mass
spectrometry. In this letter, we report on determination of
an apparent activation energy for desorption of CO in these
experiments, present results of semiempirical quantum
chemical calculations, and suggest a plausible reaction
mechanism that is consistent with the experimental obser-
vations.

Details of the experimental procedure are available in
carlier publications? and only a brief summary is given
here. In order to more clearly distinguish CO desorption
from the sample surface, a 2000 A homoepitaxial '>C layer
was deposited on a natural diamond substrate in a rf
plasma reactor with a H,/'’CH, discharge. Thermal de-
sorption from samples before and after '3C deposition
shows no difference, aside from an increase in sensitivity, in
the CO desorption features. Atomic oxygen for dosing was
generated via an iridium filament at 1100 °C.

There are several methods for extracting activation en-
ergies for desorption processes.’ In the present study, we
have chosen the method of varying the heating rate and
measuring the desorption peak temperature.® For a first
order process, the peak T, is related to the heating rate S
in the following manner:

T, E, _E,
=%, t "R

where R is the universal gas constant and v the pre-
exponential factor. The apparent activation energy of CO

desorption E, was extracted by measuring the peak T, for
various heating rates and plotting In(72/8) vs 1/T,.*
Figure 1 shows such a plot for samples which have been
saturated with oxygen and for which heating rates from 0.5
to ~ 14 °C/s were used. A line fit to the data yields a slope
of 2.27x10* or E,=45.0 kcal/mol and an intercept of
—16.34 or v=2.8%10"" s~ 1,

The analysis technique depends on several assump-
tions: the initial surface coverage is the same for each tem-
perature ramp, and v and E, are independent of coverage.
The dosing process is designed to ensure that samples re-
ceive an equivalent exposure to atomic oxygen prior to
cach thermal desorption. Samples are annealed to remove
any adsorbates and exposed to oxygen for the same time
and at the same pressure for each temperature ramp. Given
the extremely wide desorption peaks observed for CO de-
sorption, FWHM =260 °C, it is not clear that a single ac-
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FIG. 1. Arrhenius plot for thermal desorption of CO. The circles are
experimental data and the line is the least-squares fit.
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FIG. 2. Potential energy diagram for CO desorption from an O-on-top (100) diamond radical site. The designation of atoms follows Ref. 6: The filled
circles designate carbon atoms, except for the uppesrmost one which represents an oxygen atom. The open circles are hydrogen atoms. Carbon atoms of
different layers are shaded with different patterns and labeled in accordance with Ref. 6. The numbers are the enthalpics of formation in kcal/mol.

tivation energy can be used to characterize the desorption.
There may exist a range of activation energies associated
with sites on the surface which sum to produce a very
broad desorption curve. We see no clear evidence for mul-
tiple peaks in the desorption curves which implies closely
spaced activation energies if this explanation obtains. Al-
though the surface is likely roughened by the desorption of
CO, it does not appear that this alone can account for the
broad desorption features seen. Identical desorption spec-
tra are obtained directly after homoepitaxial growth of the
13C layer. No differences in the width or shape of the de-
sorption curves were noted after multiple desorptions. If a
range of energies exists, the present analysis will simply
give the activation energy for the dominant process. De-
sorption processes with larger and smaller activation ener-
gies may also be occurring. In addition, the analysis is
rigorously correct only for first order desorption processes.
Previous thermal desorption studies have shown that the
peak tends to decrease in temperature as the coverage in-
creases.? After Redhead,” a plot was made of In(0,T?2) vs
1/T,,, where o, is the initial surface coverage, to determine
if the activation energy was coverage dependent. The plot
gave a straight line indicating second-order kinetics with a
constant activation energy. The derivation on which the
activation energy extractions is based is rigorously correct
only for first-order desorptions. However, when the above
analysis was applied to data simulating second-order ther-
mal desorption,* errors of less than 2% were obtained.

To investigate for a possible reaction mechanism of CO
desorption, semiempirical quantum chemical potential-
energy calculations were carried out. These calculations
were performed, as in the previous studies® and to be con-
sistent with them, using the modified neglect of diatomic
overlap (MNDO) all-valence electron parameterization of
the neglect of diatomic differential overlap self-consistent
field (NDDO-SCF) approximation.” Calculations were of
restricted Hartree-Fock type with the half-electron
method being used for radical species.® The computations
were performed with the AMPAC computer program de-
veloped by Dewar and co-workers.” The background ( 100)
surface element was represented, as in the previous study,®
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by a CyHyy cluster—a model compound comprised of
three layers of carbon atoms whose dangling bonds are
saturated with hydrogen atoms.

First, we calculated the two geometries identified to be

the most stable for oxygen adsorption on (100) diamond
surface,'® bridge and on-top configurations. For the bridge
configuration, the C—O bond length was computed to be
1.48 A, the same as reported by Badziag and Verwoerd"'
and in good agreement with the result of Zheng and
Smith,'® 1.49 A, but somewhat apart from the result of
Russo,'? 1.40 A. For the on-top configuration, the C—O
bond length was computed to be 1.22 A, the same as re-
ported by Russo'? and in good agreement with the result of
Zheng and Smith,"° 1.25 A. Referenced to the ideal undis-
torted clean surface, the chemisorption energies obtained
in the present study were 172 and 162 kcal/mol per oxygen
for the bridge and on-top configurations, respectively.
These can be compared to the values reported by Zheng
and Smith,'® 194 and 198 kcal/mol, Russo,'? 133 and 185
kcal/mol, and Badziag and Verwoerd,!! 143 kcal/mol for
the bridge site configuration. High resolution electron en-
ergy loss spectroscopy confirms the presence of carbonyl
bonding on the (100) diamond surface after exposure to
atomic oxygen.'?

The minimum-energy reaction path identified in our
calculations is shown in Fig. 2. The starting configuration
is an O-on-top radical site shown as the left most configu-
ration in Fig. 2. The minimum-energy reaction path then
proceeds through a B-scission of the C—CO bond, forma-
tion of a dimer C—C bond, and finally cleavage of the
second C—CO bond, as shown in Fig. 2. The largest
potential-energy barrier encountered during this reaction
sequence is that of the final desorption step; it is equal to
38.4 kcal/mol, relatively close to (within the accuracy of
the MNDO potential) but slightly lower than the experi-
mental activation energy for CO desorption of 45.0 kcal/
mol described earlier in this letter. )

The H atom connected to one of the C atoms in Fig. 2
is used, as described above, to aid the calculations by sat-
urating a dangling bond. In reality, this C-atom valeice is
not necessarily capped by a H atom, but may be vacant or
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connected to another C atom. In such cases, the energetics
of CO desorption becomes less favorable; for example, the
barrier for the first step is increased to 45.2 and 35.8 kcal/
mol, respectively, from 23.5 kcal/mol shown in Fig. 2. On
the other hand, the assumption of at least one radical site
in the initial structure, as shown in Fig. 2, seems to be
critical for obtaining a low activation energy, because then
the cleavage of the C—C bond is accompanied by the for-
mation of a 7 bond (i.e., a B-scission reaction). For exam-
ple, at the same level of theory, the expulsion of CO from
a fully hydrogenated site encounters a barrier® of 67.6
kcal/mol (for further comparison, a similar expulsion of
CO with the two H atoms removed results in a 116 kcal/
mol barrier). These considerations point out an array of
possible CO desorption sites, some with close and some
with vastly different potential energy barriers. Additional
variation in the desorption energies may result from the
multitude of ways in which the radical sites can be created.
The existence of a distribution in activation energies is in
general agreement with the interpretation given to the
broad desorption peak observed in the experiment.

We also note that the reverse of the reaction pathway
depicted in Fig. 2 is the insertion of CO into a (100)-
(2x 1) dimer, similar to the insertion of methyl.%' The
initial step of this insertion is the addition of CO to a dimer
radical, with the computed barrier of 28.9 kcal/mol, close
t0 32.6 kcal/mol obtained for a similar addition of methyl.®
The subsequent steps follow a two-step mechanism similar
to one identified in molecular dynamics studies of Garrison
et al.'* for methyl. The potential energy barriers computed
here are 17.0 kcal/mol for the cleavage of the dimer C—C
bond and 13.9 kcal/mol for the formation of the O-on-top
configuration (see Fig. 2). By comparison, for the methyl
insertion, the MNDO calculations resulted in 14.2 and
18.3 kcal/mol, respectively. Thus, the energetics of the
two-step CO dimer insertion are close to a similar insertion
of methyl and are more favorable than the addition of CO
to a triplet diradical, which has a prohibitively large (51
kcal/mol) potential energy barrier.® The present results
make it feasible for CO to contribute to the growth of
diamond, via the two-step insertion mechanism. Indeed,
carbon monoxide, either formed in large quantities in
oxygen-containing environments or used as the initial re-
actant,”!® has been implicated as a diamond growth spe-

cies.!®
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In summary, an apparent activation energy of CO de-
sorption from the (100) diamond surface was determined
by thermal desorption spectroscopy and found to be equal
45.0 kcal/mol. A minimum potential-energy reaction path
was identified by quantum chemical calculations with the
semiempirical MNDO Hamiltonian. The largest barrier
along this pathway is 38.4 kcal/mol, in reasonable agree-
men! with the experimental activation energy. Taken to-
gether, the broad experimental desorption-peak feature
and the multitude of possible desorption sites with differing
potential-energy barriers, suggests the existence of a distri-
bution of CO sites on diamond surfaces.
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Semiconducting diamond films have the potential for use as s material in which to build
active electronic devices capable of operating at high temperatures or in high radiation
environments. Ultimately, it is preferable to use low-defect-density single crystal diamond for
device fabrication. We have previously investigated polyerystalline diamond films with
transmission electron microscopy (TEM) and scanning electron microscopy (SEM)*8!, and
homoepitaxial films with SEM-based techniques® 8. This contribution describes some of our
most recent observations of the microstructure of natural diamond single crystals and
homoepitaxial diamond thin films using TEM.

We are developing techniques to thin diamonds to electron transparency in the region of
interest; particularly as diamond is difficult to mechanically thin. One simple (but time con-
suming) approach for the fabrication of plan-view diamond TEM samples is to thin only by
ion milling. Figs. 1 and 2 show TEM micrographs taken from a (100) natural type IIb (sem-
iconducting) diamond crystal and a (100) natural type la diamond that have been ion milled
to electron transparency. The mottled background contrast observed in both images is
believed to be an artifact due to ion milling. An average dislocation density of ~ 5X10°
cm™? was observed in the type IIb material, and the dislocation distribution was found to be
nonuniform. Dislocations were not observed via TEM in the type Ia diamond (dislocation
density < 10° em™2), but nitrogen-containing platelets that lie on {100} planes, characteristic
of type la diamond, were observed. A technique for more rapid thinning for plan-view TEM
sample preparation was achieved by laser ablation (Fig. 3). which is described in more detail
elsewhere®. Although it is recognized that defect densities will vary from stone to stone for
natural diamond, type Ia has consistently been found to show lower dislocation densities.

Homoepitaxial diamond films were grown on (100) type Ia diamond substrates using
water/methanol mixtures in an rf-driven plasma-enhanced chemical vapor deposition
(PECVD) reactor. The growth conditions were comparable to that described elsewhere?.
They were then ion milled from the back-side for plan-view TEM examination. Figs. 4 and 5
respectively show the featureless topography recorded by a field emission gun SEM and dislo-
cations observed by TEM in a film grown for 50 minutes. The average dislocation density
was found to be ~ 5X10% cm~?, and no other types of defects were observed. This disloca-
tion density wonld be considered high by single crystal Si standards. but it does represent the
current benchmark for diamond epitaxy. We are certain we are observing the epilayer
because of the absence of nitrogen-containing platelets. Note also that the micro-Raman
spectrum of the diamond epitaxial layer showed the characteristic LO phonon peak with a
FWHM of 2.4 em™!, comparable to that of the substrate. These resuits show that growth of
homoepitaxial diamond can be achieved on natural type la diamond to a reasonable standard.
In other words. the presence of the nitrogen-containing platelets in the substrate does not
result in catastrophic dislocation densities in the diamond epilayer.”
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FIG. 1.--TEM of single crystal C(100) [type lIb]. Note high dislocation density. Sample
prepared by ion milling.

FIG. 2.--TEM of single crystal (((100) [type Ia]. Note the presence of {100} nitrogen pla‘elets
(shown inclined in this {110] orientation) characteristic of natural type la diamond. Sample
prepared by ion milling.

FIG. 3.--Higher magnification TEAI of single crystal C(100) [type la] in [100! orientation.
Sample prepared by laser ablation.

FIG. 4.--SEM topographical image of diamond homoepitaxial film grown using water/
methanol mixture. The surface is featureless.

FIG. 5.--TEM plan-view of diamond homoepitaxial film grown using water/methano! mixture.
Sample prepared by ion milling.
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