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y , The development of techniques to enhance diamond heteronucleation without
abrasive ex situ surface treatment now permits researchers to study diamond heteronu-
cleation (epitaxy) at growth temperatures far below the thermal desorptions of H and
O. At these temperatures, surface chemistry on the nucleating surface will be con-
) trolled by chemical exchange and abstraction reactions. This fir ' report highlights the
important results achieved during 1991 in diamond production a 4 in diamond surface
chemistry. Of particular interest are O and H interactions oi. diamond (100) surfaces
and the development of water-based processes exclusive of me' + ‘ar hydrogen for high
quality fow temperature diamond growth. The role of oxygen o: hydroxyl is becoming
increasing illucidated as surface chemistry studies show the pi.ersity for O to ter-
minate and stabilize 1x1 surfaces and as water-based growth pro. :sses permit diamond '
stabilization and growth at lower and lower temperatures. For suke of completeness,
publications for this year are included in the appendix to provide the reader with full
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150 SUMMARY-OF-PRGGRESS -

. {
This is the-final report for 1991 on the S;:miconduct._ir}g Diamond-Technology pro- §

. . grim at Research Triangle Institute. The report highlights accomplishments in several E

- '

areas critical to the development of semiconducting diamond. Research Triangle Insii-

ISRV R—

— gy

tute during the course of the current program has developed a number of critical dia-

IR R e o T e

N B w

‘mond technologies unique to the tommunity. T]lgse developments now provide

Research Triangle Institute a unique position to'understand diamond surface chemis-

B
»..:3
-

try as it relates to heteronucleation: growth, and epitaxy. Those developments

AN

include:

Qe e —
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\

(1) Establishingan integrated-processing system connecting CVD, MBE, sub-
S} 0 -
L= - L : -
B &trate cleaning, and surface characterization equipment through ultrahigh

-

/
e
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vacuum {ransfer. .

#

Far -

(2) Pioneering work in halogen-based diamond growth that has investigated

[

thermal fluorine-assisted processes and plasma-assisted Ho/CE, processes. i
’ i

. Establishing two alternative gas-phase-induced diamond nucleation -tech-

[
N
—
&3
~—

niques involving Ho/CF,; with non-locai .carbon sources and involving
"

Ha/CH,; with.local carbon sources.

A 4 -

“) Demonstrating-epitaxial lateral overgrowth-on natural -diamond substrates

/o =

and-limited diamond-platelet growth on Ni(100).

Identifying using temperature programmed thermal desorption important

e
i
—~—
()
~—

- cflemic_al pathways for the reactions of atomic hydrogen and atomie oxygen
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‘ 2 ) with the digmond (190){surl'acé.
{6) ‘Finally, pioncering. water-based processes for diamond CVD wherein no
' molecular l}_\'drogeg is required as a process gas for the growth of high qual-
iL:V material. In this technique, water vapor H,O replaces molecular H, as
—

the source for atomic hydrogén in diamond CVD.

Ciirrent work at Research Triangle Institute is establishing new science and new

N

technology for diamond.

New Science: The surface chemistry facility using thermal mass desorption spec-

5

troscopy is explorin; atomic.H, F, Cl, and O interactions with-the diamond (100) sur-
face. Already-in the stiidy of atomic H interactions, new phenomena are being docu-
mented. Atomic hydrogen saturates the (100) 2x1 surface at near monolayer coverages.
Post-saturation exposure of the surface to atomic hydrogen does not immediately open
the surface-dimer pair. Rather, it appears that the dimer unit back bonds are suscep-
tible to atomic hydrogen, attack and desorption. As these 2x1 surface units are
desorbed, the surface converts toward at -IxL surface. The Ix1 post-saturated surface
shows a hydrogen doublet H, desorption around 950°C. Prior:to the I, desorption,
the post-saturated-1xL:H surface shows methyl desorptions at 700° C below the hydro-
gen desorption temperature. The methyl desorption is a considerable fraction of the
Ha desorption, thus,/s an appreciable pathway for dehydrogenation of the diamond

surface.
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; U In: contrast to this work,.it-appears that atomic O dosing of the diamond (100) L
i
: . by
i g ﬂ surface readily-converts the surface structure to a*1 X1 bulk-like termination. \Ve pos~ }
i -tulate that the atomic oxygen bridges the dimer rows-so as t6 break the dimer bonds

hayonmmert
FRNRY

responsible for the 2X1 feconstructions. Upon annesling, oxygen desorbs from the sur-

i
. '
{ ,
j face as CO leaving the surface denuded and fof temperatures less than 900°C ! ‘ ‘
unreconstructed. Close collaborations with Dr. Michael Frenklach at Pennsylvania % L
% B State.University are beginning to givé-insight into the chemical and physical processes
; D at the diamond-surface. A-copy a joint paper-recently-submitted to.the Journal of ; ! '
; ﬂ Chem?cal Vapor Deposition is included in this Apackage. ; ‘
h
i N New Science-Experimentation with mixed hydrogen-fluorine chemistries for the ] t
‘ : »‘ ! CVD growth of diamond have lead to'the discovery of two-pathways for enhancing the ‘
J ; nucleation of diamond. First, H,/CF, plasmas have produced dense diamond nuclea- l ;
: ‘, tion on as-received Si substrates when the graphite surface of the susceptor was
" E exposed to the plasma. Gasification of the graphite susceptor in the presence of the
‘ {3 H,/CF, plasma.produced ‘a precursor necessary for diamond nucleation. In contrast, z
e H,/CH, plasmas do not normally produce dense nucleation regardless of the status of 5 :
) the graphite susceptor. It'was discovered‘that the nucleation density from the H,/CH, ‘
ﬂ plasma process could be greatly enhanced by placing graphite fibers in close proximity | %
U to the substrate. Dense diamond growth local to the region of contact between the %
fiber and tlie substrate was observed on Si, Ni, quartz, and spinel substrates. This !
F» suggests that a precursor species is formed from the dissolution of the graphite fiber in v
‘ B _ the H,/CH, plasma that induces nucleation but is normally converted into a non- i
o | 3
LR F
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nucleating species by the-interactions with the gaseous boundary layer on the plasma.

Both experiments show-that dissolution of graphite can produce species.capable of

inducing diamond nucleation. Previous experimernits’ with non-nucleating species have

been unsuccessful in producing 2-dimensional nucleation on non-diamond substrates.

As a consequence, the preliminary. problem to be addressed prior to heteroepifaxy is to

de\;elop CVD teclxnlquesyi\vllich\\v{ll deposit high quality diamond without nucleation

barriers. Once the nucleation barrier is eliminated, then issues such as surface cleanli-
ness, order. lattice match-become critical-as they are far all other heteroepitaxial sys-
tems. Determination of these species will be ¢f paramount importance for the develop-

mént of diamond heteroepitaxy.

New Technofogy: Oné impediment to the commercialization of diamond thin,

films is the costs,and hazards of-the molecular hydrogen required in almost all dia-
mond-CVD systems. Ip other systems such as the oxy-acetylene torch system which
does not require molecular hydrogen, co;npressed, explosive gasses are used. Research
'I.:riangle Institute-has discovered and is applying for a patent on a diamond growth
process which does not rely-on compressed, toxic, flammable, or explosive gasses. Dia-
mond growth has been demonstrated.using low-pressure rf-plasma assisted CVD at 1.0
Torr with gas mixtures of water vapor and aleohol. Gas vapors are pumped from a
volumetric mix of 20% methanol or 20% ethanol- or 20% isopropancl in water. No
other gas sources are introduced. The system.requires no pressure regulators, no mass
flow controllers, no over-pressure sensors, no explosion containment. Both polyerystal-

line and homoepitaxial growths have been demonstrated. Given the economic advan-
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tages of this mixture; this discovery should provide-great impetus for commniercializa-
tion of diamond films. -

j\'c;u Science and Technology: The water-baséd processes have been extended to
even lower substrate temperatures through the addition of acetic acid to the water-
aleohol s;lutions. The presence of acétic acid gives the plasma gas a réadily ionizable
moleculé permitting magnetic field coupling to the plasma gas to be obtained at
extremely low power input. The presence of the organic acid molecule also permits
through plasma dissociation the presence of the carboxyl radical in the gas phase. The
COO-H bond strength in the carboxyl radical is extremely low, only 15 keal/mol. Thus,
carboxyl radicals can easily donate H atoms to the. growth surface. Reduction in power
input permits low temperature diamond growth to proceed in the rf induction plasma
as induction currents in the graphite susceptor are reduced. Currently, diamond
growth at temperatures as-low as 300° C has been demonstrated. By implementing a
cooling stage to the growth.reactor, lower temperature growth should be realized dur-
ing the next quarter. The.lower temperature technologically permits diamond applica-
tion to materlals which heretofore could not survive the temperature extremes. Scien-
tifically, the growth at lower and lower temperatures will undoubtedly change the
nugleation. kinetics. In many lattice mismatched systems, growths at low temperatures
initially is one means by which planar hetercepitaxial films can be obtained. At tem-
peratures much lower than 200° C, water will' not desorb from the growth surfaces.
Under those condibions,,’ the growth chemistries will undoubtedly undergo remarkable

change. The study of growth nucleation and behavior in these temperature regimes
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{izill‘yield profound’insights into the water-based méchanisms.

Exgi\tﬁl}g scientific and techndlogical d;lfcoyeries weré made at RTI duiing the
course of.the 1991 year, Exciting new growth chgn;jspriés and"new knowledge of dia-
mond surface che.nistry-permit current work to focus on heterocpitaxy With technolog:
ical- tools and. intelligence not at ones disposal a.year ago. These tools in some cases

involve deposition _technologies whercin the diamond ‘nucleation density is ligh

-enough. to-permit in situ studies of nucleation, not.in situ studies of diamond over-

growth from fucleation sites. These tools in some-cases'involve deposition technologies

wherein-the temperature can be significantly reduced below thermal desorption tem-

peratures. The-surface chemistry now will be controlled by chemical extraction and
exchange. These tools in some cases involve knowledge that surface control and stabil-
ization with hydrogen.alone under, low hydrogen flux conditions (likely to promote 3-
dimensional nucleation) will have to be stabilized with a more reactive species such as
0. These tools in.some cases involve the knowledge that O stabilization is accom-
paniéd by etching through, CO- desorption at temperatures broadly centered about
600° C.

These.important results have been summarized in this introduction. .For the sake
of completeness, publications on-RTI work during this year are included in the follow-
ing.sections. Some of these publications appeared in earlier quarterly reports. The

more recent publications appear in the first sections.
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SUBMITTED TO' JOURNAL.OF CHEMICAL VAPOR ‘DEPOSITION
AN

L
Atomic-Hydrogen-Adsorption ‘on:the Reconstructed:Diamond (100)-2%1 Sur-

face:

R:E. Thomas, R.A. Ruddér, and R.J. Markuhas

Research Triangle Institute, Research Triangle Park. NC 27700

D. Huang, and M. Frenklach

Department, of Materials Science and Engineering, Pennsylvania State University,

University Park, PA 16802

ABSTRACT

A combination of theoretical and experimental techniques have been used to
study atomic -hydrogen adsorption on the diamond 2x1 surface. Low energy electron
diffraction (LEED) has been used to study the effects of atomic and molecular species
of hydrogen on the reconstructed 2x1 surface. Atomic hydrogen appears relatively inef-
ficient at breaking C-C dimer bonds on the (100)-(2x1) surface. LEED patterns show
only slight changes even after exposure of the surface to 40000L of H/H,. Under simi-
lar conditions a silicon 2x1 surface converts to the 1x1 phase after an exposure of less
than 600L. Calculations: using modified neglect of-diatomic overlap (MNDO) were done
for two atomic hydrogen insertion reactions, direct attack of the dimer bond and
attack of the back bond: Calculations indicate that there are substantial potential

energy barriers to both reactions. The barrier to hydrogen addition on the dimer bond
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‘Vvas calculated .as 48,7 keal/mol-as compared to 76.1?k<;al/ molfor addition.to the dimer

&

back bond. Based og';v'fexpgrimental and gheqreticalcreéf;lts’it éppeais that exposure of
N M k3
the-C(100)-{2x1) surface- to atomic hydrogen at 25° C does not.readily convert the sur-

face t3 the IxI state. °
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I. INTRODUCTION

.-

Hydrogen is an integral constituent in many of the ‘CVD diamond growth

[

processes developed-to date.[1]-Hydrogen is thought to function-in ke growth process
. R

=

in a nember of ways. including maintenaace of sp°® bybridization of carbon atoms at

d

| How—

the growth surface. In spite of numerous growth studies. the details of the role of

A et i onrils N e\

hydrogen in CVD growth environments are still unclear, as are fundamental questions

pronenre
[

concerning interactions of this gas with the diamond surface.

Although similar in structure to the silicon (100) surface. the diamond (100) sur-

¢ }

; [? face has not been studied nearly zs intensively, with only a handful of experimental
o !‘ studiesf2,3.4,5,6] and theoretical studies{7.8,9,10,13] pubiished to date. Important ques-
tions remain concerning the details'of the reconstruction and-the effect of adsorbates

; ;'i on surface structure. As with silicon (100), the diamond (100) surface reconstructs to a
; l 2x1:122 dimer configuration.upon heating.{2;1,6] Due:to the higher bond strengths in
U the carbon system the reconstruction does not occur until the diamond is annecaled to

1
} [; approximately 1000°C, as compared to 450°C for silicon. Hydrogen desorption has
f; U been-found to.occur.at approximately 900 C for a:heating rate of 20 C/s. .\dsorption
;; of atomic hydrogen has been reported to convert the surface back to the 1x1 configura- !
i B tion.[2] Hotvevcr:-sub?scq\xent annealing to 1200°C did not convert the surface back to ’
} ﬁ the 2x1 configuration.[2] Rccc‘;ltly published theoretical calculations indicate a barrier ;
Nt of 34.1 keal/mol for the insertion of hydrogen into the C-C dimer bond.[10] From these ‘

{ calculations it appears difficult to form the dihydride from the monohydride by the

[ ; exposure of bhie surface to atomic hydrogen.

i
»
B
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In the present paper xe have used LEED and MNDO calculations to study the
effects of atomic and molecular species of hydrogen on the recorstructed 2x1 surface.
LEED combinedﬁwi!h UHV dosing with atomic hydrogen was chosen in order to reduce
extraneous surface interactions. Two atomic hydrogen insertion reactiocns were studied
with«<MNDO ealeulations. direct attack of the dimer bond and attack of the dimer
back bond. The attack of the dimer bond simulates the conversion of -the surface from
2x1 to Ixi. Studies of hydrogen attack of the dimer back bond were stimulated by

recent results of Boland wherein strained silicon back bonds on the reconstructed sili-

con (7x7) surface were found susceptible to attack by-atomic hydrogen.[18]
II. METHODS

A. Experimental

Atomic hydrogen dosing and LEED observations were performed in a stainless
steel UHV system. Turbomolecular pl;mps were used both on the main chamber and
to’ differentially pump the chamber housing the quadrupole mass spectrometer. Base
pressure was 5x1071° Torr for the sample chamber and 1x10~*° Torr for the quadru-

pole chamber. LEED observations were performed with 2 Princeton Research Instru-

ments reverse view system.

Sample heating was accomplished by clipping the ervstals to a 0.25mm thick
molybdenum resistive strip heater. All parts associated with the heater stage, including
the clamps and current leads were manufactured from molybdenum. The sample tem-

perature was measured by a 0.125mm diameter chromel/alumel thecmocouple threaded

10
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through: a laser drilléd hole in-the diamond ax'xd" held in_tension against the crysial.
Sample heating was controlled by feedback from the thermocouple which adjusted a
SCR power supply. After an initial warm-up phase, temperature ramps are finear from
approximalel,v'lso‘ Ctoover 11007 C.

Two type Ila (100). 5x5x0.25mm. diamond crystals were used ii:the course of the
present study. Otl;cr than thermal cleaning, no technique is available in situ for
removing surface contamination from the diamond crystals. Particular attention was
therefore. paid to preparing the diamond surface before entry into the vacuum system.
The samples are initially hand polished for 5 minutes with 0.25¢m diamond grit-and
deionized water on a nylon polishing pad. The samples. are then ultrasonically
degreased in a series of solvents, trichloroethyléne, acetone, methanol, and deionized
-water. Following the deionized water rinse, the samples are swabbed under DI water to
remove particles. The samples are rinsed again in the solvent series and then placed in
Cr03/H,SO, (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. Finally the samples are rinsed in deion-
ized water and blow-dryed with compressed nitrogen. Samples subjected to this clean-
ing process: typically show a good quality Ixl LEEI; pattern with no annealing. For
the initial thermal cieaning the sample was ramped up in temperature at approxi-
mately 10°C/sec until'the pressure in.the main chamber rose to 5x10~% Torr at which
point the power was shut-off and the sample cooled, This cycle was repeated until a

maximum temperature of 1150° C was reached.
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“In all cases atomic hydrogen was generated via a tungsten filament operating at 2
temper?t.ure of approximately 150030. The sample was positioned approximately 2 em.
from the filament during dosing. The sample was nét actively cooled"and at the lowest
dosing pressures remained at room temperature. No attempt was made to quantify the
percentage of atomic species generated.by the filaments. All doses are given for the
total Ho exposure from uncorrected ion gauge tube readings. X-ray photoelectron spec-

troscopy was done ex-situ after extensive dosing with the tungsten filament and no evi-

dence of metal contamination was seen.

B.-Galculational

The energies were obtai_r}ed, as in the previous studies,[11,12.13] using the MNDO
all-valence electron parametrization of the NDDO SCF approximation.|14] Calculations
were of restricted Hartree-Fock type with the half-electron method being used for
single-radical species.{15] The computations were performed with the *AMPAC" com-
puter program déveloped by Dewar and co-workers;[16] they were carried out on an
1BM:3000/600S main-frame computer.

The "background” (100) surface element was represented in this study by a
CogHyg cluster used in the previous study.[13] The cluster, shown in Fig. 1, consists of

three fayers of carbon atoms. All dangling bonds of these carbon atoms are saturated

~ 7

with hydrogen atoms, For identification purposes, the carbon sites of the first two
layérs are marked with letters q, b, ¢, .and d in Fig. 1. The central C,—C, carbon site

of the top layer, on-which the reaction is taking place, is a carbon monohydride dimer.

12
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U ‘It is a product of Hy elimination frofm‘a 1x1 surface dihydride, CogHyg. To simulate the
B rigidity of the real surface, the dihydride carbons of the top layer (CbandC; atoms)

were fixed at the positions of an ideal diamond lattice (with distance between tlie dihy-

=

dride carbons of 2.53 A) and-the positions of the rest of the carbon atoms were

~

U obtained by full minimization of the total potential energy.
{ ! IIL. RESULTS
S
E B A. Experimental Results
I} Upon annealing, more than 90% -of the freshly polished surfaces used in the
’% i present study exhibited.a transformation from the IxI configuration to the 2x1 confi-
i ' } . guration. During the initial annealing sequence the samples would typically show indi-
i
§ o)
f { 3 cations of the 2x1 structure at approximately 800° C, with the transformation.com-
U pleted by 1050° C on successive anneals. No correlations were observed between sam-

ple preparation conditions and failure of the surface to reconstruct.

Figures 2 and 3 show LEED patterns from two series of experiments where sam-

{

ﬂ ) ples were annealed_to convert the surface to the 2x1 state and then exposed to atomic
hydrogen. The}!’irs& of figures, Fig. 2, shows a sample as loaded (Fig. 2a) and then

U before’ (Fig. 2b) and after (Fig. 2c). exposure to H/H, at a pressure of 5x10~° Torr for

ﬂ 30 min. There is -perhaps a slight diminishment in the intensity of the second order

spotstbut thic. 2x1 pattern is still quite evident. The dose used represents an equivalent

exposure of 40000L wheré ZlI{, is equivalent to 1x107® Torr-s. In contrast, a dose of

-600L under identical conditions-is sufficient to convert the silicon (100) surface from
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the 2x1 state back 16 the-1xI'state. We note again that doses referréd to here are for a

total "hydrogen-dose of moleculay_plus~at;gx;1i;: hydrogen. The-dose is calculated from

S

uncorrécted jon gauge tube.readings. Samples were also exposed to molecular hydro-

=

gen at equivalent doses and no evidence of reversion to.the IxI structure was observed.

Figure 3 shows'LEED results from a sample-exposed to H/H, at much higher pres-

B

sures, 0.95 Torr (Fig. 3b) and.6.5 Torr (Fig. 3¢). These pressures are similar to what is

v,

currentfy used.in plasma enhanced- CVD diamond growth systems. Although the rate
of atomic hydrogen generation by tungsten filaments decreases as the pressure is raised
aboves10™ Torr, we see-né evidence-that- the surface has been reconverted to the Ixl ,

¢ )
¢ |
: 8

state.

B. Galculational Results

The -geometric results for the d, .er of the background surface cluster is shown at
the top of Fig. 1. The dimer bond length was calculated to be 1.64 A. For addition of J
hydrogen to the surface, two reactions of H atom with the dimer were considered: first
is the attack.on the dimer carbon atom, C,, and second is the attack on the second-
layer carbon atom, Cq. In the former case, the results indicate the breaking of C,—C, }
dimer bond. The variational potential energy surface diagram and the corresponding ‘
change of C,—~C, dimgr bond length with the H atom approaching:the dimer C, atom
are shown in Fig. 4. The potential eneigy barrier obtained for this reaction is 48.7 i J

keal/mol. The variational potential energy surface diagram and the corresponding

-
[

change of C,~C back bond length with the H atom.approaching a C4 atom are shown

)
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in Fig: 5. The results in this case.indicate that.the C,—C,.dimer bond doés not break

_ but instead. the C,—C4 back bond is cleaved. However, the potential-eniergy-barrier

obtained: for this réaction. 76.1 keal/mol, is substantially larger than that of the direct

dimer attack.

IV..DISCUSSION

The dimer bond length of 1.64A calculated here is in good agreement with Yang
and D'Evelyn's[7] 1.63A and Verwoed's[8] 1.67A, but somewhat apart from the result
of Mehandru and, Anderson.[9] 1.73A, and: the 1esult of Zheng and Smith, 1.56)\[10].
Although LEED-observations have been made of the reconstructed surface(2,3,1,6] no

quantitative experimental data has been published to date on the bond lengths.

‘Reconstruction of the diamond (100} surface to the 2x1 state Is an experimentally
well documented phendmena.[2,3,4,6] The resulting structure appears very similar to
the 2x1 silicon reconstruction.{2,3] Although the process seems to be quite similar to
that seen on silicon, researchers report that a varying percentage of the [reshly pol-
ished surfaces studied do notreconstruct to the 2x1 structure upon annealing.[2,3,4,6]
Hamza et al. have reported an association between residual oxygen on the surface
detected by electron stimulated desorption and the ability of the surface to recon-
struct.[2})-Samples with the most oxygen detected were-less likely to reconstruct. Given
the surface preparz;tion techniques available both in situ and ex situ for diamond it
seems ;easonable to assume that surface contamination may explain the failure of some

samples to reconstruct. The effect of impurities on surface reconstruction has been

noted in a number of other systems including silicon and platinum.[17)
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Conversion of- the surface back to the Ixl state by exposure to atomic hydrogen

has been studied expenmentallv by only one other group.[2] Results reported by
‘Hamza et al. indicated that.the surface converted to the-Ix! configuration-upon dos-
ing with atomic hydrogen at 180K coupled -.with annealing at.700l.[2] LEED patterns
disappeared following-the dosing and the 1x1 pattern was then seen after annealing.|2]
We see no evidence of eithér obscuration of the LEED pattern following dosing or of a
reversion to-the 1x1 surface stracture.. The LEED patterns gradually deteriorated with
repeated dosing-and desorption cycles until ouly weak first order spots remained cou-
pled with a very high background. One expects the dimer bond on she C(100)-(2x1)
surface to be stronger than what is seen on the Si(100)-(2x1) surface given the greater
C-C bond strength, 83 keal/mol{19] versus 46 keal/mol[19] for-Si-Si, and the ability of
carbvon to form-double bonds. Theoretical calculations in the present study indicate
that it is difficult to break the C-C dimer bond with atomic hydrogen. A large poten-
tial energy barrier, 48.7 keal/mol, was found for breaking of the dimer-bond by‘hydro-
gen atom ra‘..l\‘cﬁpion. The calculated energy barrier for-hydrogen addition to the dimer
bond is inuifairly close agreement with the 39 keal/mol reported in Fig. 5 of
Verwoerd|[8],-and with the 34.1 keal/mol estimated recently by Zheng and Smith(10].
The theoretical results obtained here support the LEED observations which indicate
the 2x1 surface does-not convert back.to the 1x1 configuration even after substantial

dosing with atomic hydrogen.

The results obtained: for hydrogen attack of the dimer -backbond reinforce the

observation that the C(100)-(2x1) surface is resistant to restructuring by atomic hydro-
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gen. The po‘tential‘ energy barrier obtained’ for addition to: the backbond, 76.1-
*keal/mol, is substantially larger than for direct.attack of the dimer-bond. Although
the potential energy barricr for dimer attack is relatively lower than for backbond
attack, neither, reaction appears_likely in light of the substantial absolute value of the
p%tenbial energy barriers. Furthermére, Yang and D'Evelyn -have argued that even if
individual dihydride units form, steric constraints severely limit the ability of the sur-
face to saturate in the dihydride phase and at most the-surface assumes a disordered

dihydride with random dihydride units scattered among monohydride pairs.[7)

It should.be n,otcdi that all of tue dosings used.in the present study were with an
atomic hydrogen flux considerably lower than found in a typical CVD growth environ-
ment and>with a substrate temperature also much lower. Breaking of the dimer bond
by atomic hydrogen was predicted to have a large potential energy barrier at low tem-
perature. In a CVD environment, with much higher fluxes of atomic hydrogen, it may
be that significant numbers of dimer bonds could be broken to form the dihydride. At
hi};her substrate temperatures it Is also likely that the reaction probability for dimer
bond breaking and hydrogen atom insertion will increase. However, at room tempera-
ture-and with nominal dosing fluxes, the conversion to the 1x1 structure appears to be

very much slower than what is seen on silicon.

V. CONCLUSIONS

Atomic hydrogen appears relatively inefficient at breaking C-C dimer bonads on
the C(100)-(2x1) surface compared to the Si(100)-(2x1) surface under identical condi-

tions. LEED patterns show only slights changes even after exposure of the surface to
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76.1 keal/mol for attack of the back bond. Based on experimental and theoretical

40000L of H/H2 Under §imijar conditior:lsla silicon-(2x1) surface: convests to-the 1x1 U | :
v phas“elavfter a:h exposure of less than GOOL.,MNﬁO calculations were -done for two ; l 1 ! T
: a'tomic‘hydrogénj%;sertipn reactions,. direct attack of.thé.dimer bond and attack of the { ;
f l%aci; bond. Calculations indicate-that there are substantial potential energy barriers to ﬂ ‘
% }» 4both reactions. The barrier to}he dimer aéditiqn, was- calculated as 48.7 keal/mol and U ‘ ;
| |
| |

results it does not-appear that-exposure of the C(100)-(2x1) surface to atomic hydrogen

¢ at 25° C readily converts the'surface to the Ixl state. | ) %
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‘ “ “Figure 1. The "background! {100) surface element. The filed circles desig-
U nate carbon atoms-and: the open circles ~ hydrogen atoms. Carbon atoms-of

U different. layers are-shaded with different patterns. Letters a, b, ¢, and d
identify distinct reaction sites at the'top two layers. The bottom of the figure

gives top -view of the model. compound, and the top of the figure -- side (left)

and top (right) views of the reacting monohydride dimer,

[— S i

ﬂ Figure 2. LEED patterns at 157eV from diamond(100)-(2x1) surface as loaded

(Fig. 2a), before (Fig. 2b), and after (Fig. 2¢) exposure to-atomic hydrogen for

l} i } 30 min at a total hydrogen pressure of 5x10~% Torr. There may be a slight

. H diminishment of the second order spots in Fig. 2¢ but the 2x1 pattern is
; clearly evident.

Figure 3. This figure shows LEED patterns from a sample exposed to H/H, at

much higher pressures than used for the sample shown is Fig. 2. Figure 3a

i ﬁ shows the sample after thermal cleaning. The-2x1 pattern is evident. Figure
n 3b shows the sample after dosing at .95 Torr for 5 min at 25* C. The 2x1 sur-
face-structure is still visible. Figure 3¢ shows the sample after annealing at

50, and atomic hydrogen dosing at 6.5 Torr. The 2x1 pattern is still

l ; ‘present.

U Figure 1. Variational diagram for the addition of an H atom to a Cy, atom of
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the.dimer: top -- potential energy, and: bottom -- dimér C- C bond length.

Figire 5. Variational diagram for .the addition of an H atom.to 4 Cy atom:

top ~--potential energy, and bottom ~ C-C back-bond length.
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Chemxczl Vzpor Deposlhon of: Dlamond Films Using-Water:Alcchol: Orgamc-Acxd
;Solutlons

RA. Rudder, J.B..Posthill,"G.C. Hudson. D. P. Malta,:R.E. ‘Thémas, and* R.J. Markunias, T.P.
Humphreys! and R.J. s\em:mwhI

Research Trianglc Institute, Research Triangle Park, NC 27_70913194
f Dept. of Physics; North Carolina State.University, Raleigh, NC 276955-8202

ABSTRACT

-A:low_pressure.chemical vapor deposition technique using-water-alcohol.vapors has been
developed for the deposmon of polycrystalline diamond films and homoepitaxial diamond filmis.
The technique. uses a low pressure (0.50 - 1.09 'l‘orr) rf-induction-plasma to effectively dissoct-
ate the water vapor into atomic hydrogen and OH. A)Icohol vapors admitted into the chamber
with the water vapor provide the carbon balance to produce diamond growth. At 1.60 Torr,
high quality diamond growth occurs with-a gas phase concentration of water 1pprow‘nately
equal to 47% for methanol, 66% for cthanol, and,83%: for isopropanol. A reduction in-the critt-
cal power y to magnetically couple to the plasmagas 1s chieved through the addition
of acetic ﬁc:li.\to the water:alcohol solution. The lower input power allows lower temperature
diamond growth. Currently, dlamond‘deposmons using water:methanol-acetic-acid are occur-
ring as low as 300 ° C with only about 500 W power input to the 50 mm diameter plasma tube.

INTRODUCTION -

To date,.diamond films produced by chemical vapor deposition techniques .have-been
grown prmclpally using heavy dilution of organic.gasses with molecular hydrogen.!"** ‘The role
of molecitlar hydrogen to the.process is manifold, but the dissoctation of molecular hydrogen
into a hlgh fraction of atomic hydrogen is crltlcal to diamond. stabihzation and: growth. A
;plethiora of techniques have been applied to create concgntr:mons of atomic hydrogen sulficient
for high quality diamond growth. Typically, these techmques mvolve a high-temperature
region (hot-filament, oxy-acetylene torch, microwave plasma, dc arc.discharge ., etc.) wherem
high dissociations of molecular hydrogen 15 feastble. Some workers have avoided: the use of
molecular hydrogen by using source ga.sses rich in oxygen.2~1° Other workers-have augmented
the molecular hydrogen with small percentages of water.!'~!? We report here on a low.pressure
rf-inductive plasma-assxsted chemical vapor deposition technique for the growth of diamond
which uses water not’ molecular hydrogen as a , process gas stabilizimg diamond growth. Atomic
hydrogen necessary ry for diamond growth. (m this process) is supplied from: plasma-dissociation
of water and alcohol vapors, Unlike previous work, addition-of water to the alcohol 15 neces-
sary to produce well-facetted diamond growth 1n this low pressare rf-plasma technique.® Furth-

-ermore, it has beén observed that addition of acetic acid to this CVD process enables diamond

growth to occur at reduced rf power levels.and consequently at lower substrate temperatures.

~2

.EXPERIMENTAL APPARATUS AND APPROACH

A description-of the chemical vapor deposition system used mn this work has been previ-
ously reported. -4 The system produces diamond from both traditional H, - CH, mixtures as
well as the water.alcohol.organic-acid solutions The system consists of a 50 mm id plasma
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‘tube appended to:a standard six-way cross. A radio frequency’ (13. 5(1; MHz) induction coi} cou-
plw power {rom thesrf powert supply:into the. plasma discharge. Samples.are located on’ i gra-
phite carrier located |mmedrately underneath the mducuon plasma. The rf egeitation indices
currents in the graphite susceptor which gerve to heat v.he sample Samples “are mtroduced
into the vacuuin System via.a vactum load locl\,\whxch lsolates the main chamber. The gasses
{water, alcohol; acetrc-acxd) are mtroduced into the chamber through a-leak valve on a svorage
tank which congains solutions ol' the \yaterjalcohol or.water /ncetlc-acrd[alcohol \’apors above

_ the liquid-are pumped from.the storage tank’ into the .growth chamber. The:vapor pressure of:
~the constituents above the’ llqurd should be a produce of therr molar coneentratxonmnd‘thelry

respective.vapor: pre%ures Water and alcohol solutions at‘room tcmncrature have stifficient
vapor. pressures to- supply a low pressure discharge- (< 10 Torr) ngh pressure operations,
might require the liquid solutions to mamtamed at an’elevated-temperature. For the growths
reported” here, vapors from. rvanouswolumetnc mlvcures have been evaleated for diamond
growth. The.leak rate into. che growth chamber from the soluuons results: m a 1oss of i 62
cc/mr. from the liquid. solutions. Whlle there wrll be some depletron of the lu«hcr vapor:pres-
sure component; the practice of mmng -allows arconvement method for evalunung different
ratios of water-¢o-alcohof wrthout the'necessity of gas manifold.

Samples are introduced, to’ Lhe growth system through mcuum load fock. Priot to mser-
tion, samples. have,been sub]ected to:a, dlamond ‘abrastve treatment with Lipm diamond paste
to.enhance nucleation. Dlamond growch proceeds by lnmatmg a f induction plasma thh sui-
ﬁclent power to magmf ically couple t0.the gas. J,,Amorrim &t al.*® have sliown that-rf coils
couple:zo the plasma gas at low power: le)Lels through E-field couplmg At higher power levels,
the rf coil-couples powers to- the. plasma gas.through B-field couphng The B-field coupling 1s
characterized by an intense -plasma lummnéicence from a region of high density electrons, ~
102 cm‘3 The Efield coupling at lower- powers rfesults only in a:low density plasma, ~
10'® cm =3 with weak plasma luminescence. Introduction of water vapor. alone to a low pressure
(1.0 Torr) rf inductive-discharge results in intense atomc A emission. The watér plasma has a
characteristic red color associated with atomic H emission’.at'656.nm. OH. emission llnes are
clearly visible but not as dominant as the atomic H emission lines. One zhus observes that
water discharges.are capable of generatmg ample atomic'H aléong with’ OH from the \vater dis-
scciation. Atomic O lines, ifpesent in the emission spectrum, are minor and hate not been
wdentified-at this time, Addition of alcohol to the water plasma changes the color of the
plasnia emission to avbluer spectrum as CH and CO emissions are observed along with the
atomic hydrogen”Balmer. lines.

EXPERIMENTAL RESULTS

A, Water:alcoho! results

We have previously reported- the growth of polycrystalline diamond films using
vater/methanol, water/ethanol, or water/isopropanol mixtures.)® In'that ork, the vapor mix-
ture entered the deposition system and diffused from the mam chamber into the plasma tube
The vapors were not admitted-into the system throuigh the plasma gas feed For this work, the
storage bottle containing-the liqud-solutions was located on the plasma gas feed Varous
water-alcohol mixtures were used (o determine the effect of the C;O.ratio on diamond growth
Figure 1 shows SEM micrographs from samples deposited at 1.0 Torr {rom volumétric water-
methanol mixtures ranging from 80% methanol to 33% methanol The results for. 80%
methanol produce: poorly faceted diamond! These resuits contrast remarhably from the work
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bv Buc; toal, and Ba.chmann et al‘ -in;a'microwave discharge.at_higher pressufes.using 100%
&

R methanol lngthab work hxgh quaht.) dlamond was$ obtained.from only methanol. :In this work,

water addltion -to the methanol is cntxcal 1o thc l'ormahon of “ell-faceted crystalllne dlamond
As obsened in; Flgure 1, l,he  quality of diarhond growth increases. as the:methanol volumetric
concentration xs rcduced At 33% methanol in the water solunon \\ell-l'aceted diamond
growth is obsened From the- respecnve vapor. pressures of ‘water and methanol at.20°C, we
¢éstimate the vapor vgressure; .of water: and.methanol.- to be 11. 7 nnd 3L5 Torr, regpectively,
above- the~33% meth:mol mixture. Using ¢ th%e -vapor pressures, one calculates.the C/C+O the
O/O+H and the H/CTH ratxos to be 0. 42, 0. 22, and 0 83; rcspecuvely Accordlng to the dopo-
siton 1 )hase dlagram of Bachmann the* low C/C+0 ratio. of 0:42 should result in.no diamond
'grow&h onethelm;_«tlus oxygen nch ratio:is necéssary forkdlamond <growth, in-this-system.
As noted in the Bachmann work, actual gas phase concentratlons may:vary due to iteractions
of the plasma with the carbonasceous - -walls of the reactor n. this ¢dse, the-reactions-of the
\\atcr-vapor ‘plasma - wnh the graphlte susceptor undoubtedly. crease the carbon_concentra-
tions in the gas.phage. The. graphite susceptor has been observed to-be etched.by:the-water-
ulcohol discharges at a raté of 35/h.

B, Acetic-acid:watef:methang! results

It “Was.observed that diamond growbh fiom .thé Watér-alcohol solutions-fequired less rf
power than diamond growth from more traditional H->/CH. Thé lower r{ power most likely
was.a consequence of the water-methanol have lower ionization potentials than the H, - CH,.
Water, for.instance, has an‘ionization” potential of 12,61 eV as compared to an lomization poten-
tial of 15.43 eV for Hy. Methanol, for instance,. has an_ionization potential of 10.84 ¢V as com-
pared. to an idnization- potenual 512,64 ¢V for ‘CH,. The-lower 10mzation potentials permit
lower tf power-levels'to be applied for sufficieit-plasma iomization. Correspondingly, we have
observed LI at the addmon of .organic acids. lo the water solutions substantlally reduces the
critical power necessary to magnetically couple to the plasma gas. It is suspected that these
organic molecules have even lower ionization potentials than water.

As 2 consequence, diamond growth in the low-pressure rf-induction plasma can be
evaluated at lower substrate temperatures (through-reduction in the indueced current in the
graphlte sample carrier), Figure 2 shows SEM micrographs of diamond films deposited -at 0.50
Tort using-a volumetric mixture of 2.2.1'acetic-acid.water.methanol. The sample temperature
is reduced from one samplé:to the next by the reduction m rf apphed power. The growths at
-all temperatures show well-faceted diamond polyhedra. There-appears to be no severe degra-
dation of- the film properties despite the ~ 300" C reduction in growth temperature. Indeed,
Raman-spectra (rom these samples seemed t6 indicate that higher quality growth was achieved
between 300-400° G than at the higher temperatures. 'Raman spectra for the films grown at
300 and 400 * C are shown in Flgure 3 All these films showed an amorphous carbon componént
at 1500 cm™. The reduction in applied power did reduce the deposition rate. The film depo-
sited at 575° C grew at a linear rate of 6000 A/hr while-the film deposited at 300* C grew at a
linedr rate of 2000 4/hr,

DISCUSSION

The growth of diamond is undoubtedly faciitated in the low-pressure ri-induction plasma
by the high electron density achieved when at a critical power the coupling changes from £~
field to B-field coupling In this worh, we have replaced molecular hydrogen and methane with
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various'mixtures of water, alcohols, and organic acids. The vapor-discharges from the water-
~-- based;solutions.are easily:iopized in: ‘the of plasma- owmg to lower 1omzat.xon potentials for the
cohol,_ and acetic- 'wld molecules: As:a conseqience, lower power levels-are necessary
d:coupling.

I

»
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" Once the B-field coupling octurs,-the.high electron density and high electron temperature
allows-atomization:of* the"parent-moléciles. ‘Atoms and frée radicals of both graphite etchant
*SpCCIeS’SuchrnS H and OH and carbon-contammg radlcals are present at the diamond growth
sutface. «Dissociation of those : p cies will .depend dlrectly on.the bond strengths. If one com-
pares.bond- strengths for:thé variGus molecyles and.radical species used-in this work, a number
.of interesting, obServations are apparent. ‘First, the H-OH bond (119 kcal/mol).is not sigmfi-

" cantly weaker than the;H-H bond'(104.2 l\cal/mol) Thus, the high generation of atomic hydro-
.gen ‘from- water dlscharges is probably “a- consequence of thelower 1onization potential and a
Jarger cross-section for electron-impact dissociation. Second the bond strengths for H-
liberation. for'a radical such-as CIL,O—H: (31 kcal/mol) from the methanol has a significantly
lower dissociation: senergy than the parent CH;0-H (2 ks:;xl/mo!) molecule. * The CH,0-H
dissoctation energy 15 also significantly lower than any of the energies for methane, methyl, or 1
methylene dissociation. One would expect that electron energies in the plasma sufficient to '
dissociate on a hydrogen from the methyl group on the alcohol would be more than sufficient { N

to dissociate the GHsO-Il-bond. And third, the lowest dissociation energies for H- liberation '
are found for the carboxyl radical COO-H (12 keal/mol). These radicals are contained on the [
organic acid and halogenated organic-acid groups. It is the dissociation of this bond that gives .
the acidity to water.solutions containing these organic molecules. One would-expect then that, J

} besxdes the lower;onization po~entml offered by the addition of the organic acid molecules to
A the plasma discharge, the organic.acids would [eadlly release H atoms to the plasma gas. The
: organic acid group-behaves as graphite: solvent in this-process. To date, we have not been suc-
. cessful in deposmng diamond {rom solutions of exclusively water and acetic acid. Concentra-
tions of acetic acid in excess of 80% in-water solution have not been evaluated. For- the con-
centrations of-acetic acid that we ave using:-for the low temperature. diamond growth221
(aceuc-acld.water methanol),” the primary roles of the organic .acid group-are (1) to promote
ionization in the rf induction coil and (2).to contribute H atoms to the growth process.

. We have prevnously been discussing mechanisms-by which. the water-based processes pro-
mote diamond growth in low-pressure.ri-induction plasmas. Thése mechanisms have all been
-concerned with 1i< atom generation., At low pressures, diffusion of H:atoms to walls and recom-
bination of H atoms on the walls limit the steady-state population 6f H atoms. The steady
.state population bemg the difference of the generation and loss rates. The water-based pro- i
cessed (besides producing higher generation rates per unit power thén the molecularuhydrogen

based processes) may. also sigmficantly redice the loss rates at low pressure. Water passiva- \
upnof tube walls in flowing afterglow hydrogen discharges has been used to reduce wall recom- 1‘
bination. Water vapor {integral to the diamond growth in.this work) would continuously pas- -
sivate the reactor-walls, Indeed, it might be possible to mamntain the reactor walls at low a

-enough a.temperature to condense multiple layers of water on.the plasma tube walls The J
. water condensate would serve to buffer the wall materials from the extremely aggressive

: plasma environment. In addition to wall passivation, the water-based process may also reduce

loss rates by permitting Ht complexing with neutral HyO water molecules The hydronium 1on "'
H,0" as n acidic-water solutions should remam highly reactive, yet complexed so as to retard
rapid diffusion to the plasma walls. It, thus, seems pIaus:ble that the water-based' processes for ;
(hamoqd growth can enhance dlamond growth both by permitting higher generation rates of H : ‘
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L attive spécies and by reducing loss mechanisms. -
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U CONCLUSION - i
Alow pressure chemical vapor deposition technique usig water-alcohol vapors has been

5 developed for thé. deposnlon of polycrystalline diamond films and homoepltawral diamond films.
{ J The technique.uses a low pressure (©. 50 - 1. 00. Torr) rf-mductron plasma to effectively dissoct-
A 'lte the water vapor into. atomic. hydrogen and OH: Alcohol vapors admitted-int6 the chamber
. wrth the water vapor provide the carbon balance to prodice diamond growth. *Unlike previous
g ! results -obtained - from microwédve sources using only methanol or Ar/mel:hanol mixtures, the
1 Jaf-induction source grows,poor quality diamond unless water vapor 1s admitted. At 1.00 Torr,
‘high quality -diamond growth-occurs with 2 gas phase concentration of water approximately
L, equal to 47% for methanol, 66% for ethanol, and 83% for 1sopropanol. In the operation of the
: rf induction plasma, there exists a critical power level at which- the coupling to the plasma
changes from [~field coupling to B-field coupling. The B-field coupling has been shown m Ar
plasmas to produce about two orders of magmitude mcrease in the electron density. We have
observed: that the critical.power to achieve B-ficld coupling 15 substantially lower for the
water-based processes-as compared to the traditional mol:cular hydrogen-based processes

»
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1 | Furthermore, reduction n the critical power necessary to B-field couple 1s. achieved through
A ,,[ y the addition of acetic acid to-the water.alcohol solution. The water-alcohol vapors permit dia-
| mond growth to occur at-lower. power levels as compared to the Hy/CH, discharges. The lower
, » input power-level required in turn reduces substrate-carrier inductive heating and allows lower
i temperature diamond growth. Currently, diamond depositions using water.methanol.acetic-
acid-are occurring as low as 300* C with only about 500 W power mput to the 50 mm diameter
o plasma tube.
1 | ,
N i
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chemical vapor\deposrtion
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ilute CO/Hz,,CF4/H2, and CH4/H2 mrxtures
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2ahaneed oh,

Diaftiond films grown by.rf:plastn
and CH, (dtlucnt Hy) mtxtures

Lvapor déposition in ditute CO, CF,,

ve been exammed by cathodolummscence (CL)‘m

a transmission electron mrcroscope to asscss the rncorporauon of optrcally active rmpuntles
and defects sThe detmls of\ the CL spectra are found to be dependent on the drfferent

gas mixtures and are correlated with the different film microstrui

-Dislocation-related

band ACL, due to elosely spaced donor acceptor (D-4) paus was observed from

both the CO nnd CH,-grown films, but w was. absent in the CF,. grown material*Band 4 CL
due to wrdely separated (DAY pairs was 5éen’in all samples-but was especially

dommant in the CF-grown film. Emission due to a di-Si interstitial impurity was observed in -
CO- and CF-grown films but was absent in the CH,-grown material.

The chemical vapor deposition - (CVD) of diamond
films 15 currently recewving much attenuon. At present,
attempts at heteroepitaxial grth usually on $§i sub-
strates, have resulted in hcterogcneous polycrystallme films

conmnmg many defects and i impurities, One of the goals of*

such growth methods must be the control of the formation
of these mhomogenemes, especially if potential opucal and
electronic applications are to be realized. The aim of this
study was to investigate how the use of dilute CO and CF,,
rather than the usual CH,, in the CVD process might affect
the mcorporauon of impurities or defects and the elec.
tzonic states associated with them. The analyttcal tech-

CH,-grown film gave a spectrum which consists of a broad
peak at 428 1 nm (2.900.01 ¢V) supenmposed on an
even broader band with a.maximum around 470t nm
(2.637::0.005 ¢V). The CF,-grown film gave a broad band
centered at 54021 nm (2.295£0.004 ¢V), and a small
peak at 737 8:0.5 nm (1.6804:0,001 cV), Spectra from
both CO-grown films exhibit a number of similar spectral
features as summarized in Table I,

The CHy-grown matenal consists of a perforated film
containing 1~2 pgm-sized grains, many with well-developed
growth habits and microtwins, The grains often contain a
hrgh density of other small defects. possibly stacking faults
or inclusions of nondiamond carbon, and associated static

nique used tas spectrally resolved cathodol

(CL) performed in.a transmission electron microscope
(TEM) which allows a simultaneous correlation of CL
emission with specimen microstructure.

Three polyerystalline diamond films, 1-2 pm thick,
were grown on Si(100) substrates by rf plasma-enhanced
CVD (PECVD) using the following gas compositions and
growth conditions: (1) 1% CH,, 99% H,, pressure = 5.0
Torr, temperature ~650°C; (2) 2% CO, 98% H,,
pressure = 3.0 Torr, temperature ~630°C; (3) 8% CF,,
92% H,, pressure = 5.0 Tort, ~820°C. De-
tails of the growth of this last film are described in another
publication.? An additional film was grown using 2% cos
98% H, at a temperature of ~725°C on R- plane (1012)
sapphire to examine the effect of the substrate on the pres-
ence of impurities and defects. The substrates for the CO-
and CH| -grown’ films were scratched with diamond ‘paste
prior to deposition whereas the CF,- grown film was grown
on an unscratched and unireated Si substrate, Speclmens
were prepared for TEM by dimple polishing and miiling
with Ar* fons. Detection of CL was performed in TEM, }
which also allowed the mlcrostructure 10 be obscrved Us-
ing a 120 keV clectron beam and tiquid. mtrogen—cooled
specimen stage. )

Figure 1-shows CL/ specina in‘the 300-900 nm range
acquired from 15pm-diam régions from all four films. The-

Appl. Phys, Lett. 59 (19), 4 November 1991
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FIG. 1.'CL spectra from polycrystalling diamond films* {a) 1% CH,,
99% H,, pressure = 50 Torr, temperature '~ 650 °C on $1(100), (b) 8%
CF,,92% H,, yresme = 50 Torr, temperature ~820°C ¢a $1(100); (¢}
292 CQ, 98% H;, pressure s 3 0 Torr, terpesature ~630°C on Si(100),
(d) 2% CO, 98% H,, pressure = 3.0 Tozr, temperature ~725°C on
Replane (lOll) sapphure.
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_2% CO/%% H: i subslme

‘ :mtr nm 12 561*0005 vy peak
S03&1 Arh (2. A£0005 V) peak
JSMED 1 (2. sz:ooot V) pesk
586*! m 2 ll5£0004 eV) shoulder
A 8105 nm {1 630&000! eV) peak

436x nm:(2 u:oon eV) band

not ob&

484#] nm (2,561:£0005 eV) peak
not obs.

5341 nm (2. 321*00)4 eV) peak
071 nm (2042:(1%3 ¢V) band
13, 8:&05 am (4. 680*0%! eV) peak

EOr e T

disorder; as, also evrdenced by srgmﬁcant dm'use scatteran
convergerft beam electron drﬁ'racnon (CBED) patterns ob-
served from mdmdual crystals The ‘CF, -grown film 1s
commuous with. a smaller* gram 1ze (0.1-0.3 pm). Al
'(hough many, grams are heavxly mlcrotwmned inclusions
are. generally absem -Some grams are ‘defeét-free and
-CBED indicates a'low: “degree of static disorder. The mi-
=croslructure of the.CO-grown 'films is:very substrate de-

pendem On-Si the film'is* continuous consrsung of very.

defective 0.1~0.5 -pm. sxged grains. whereas on Sapphire
highly defective conniectéd nodules (1 g ter) form.
a perforaled film. The weak CL i mtenslly and small grain
size in some of these films precluded a detailed correlation
of mlcrosuucture wuh ClLas has been demontrated pre-
viously in CVD-grown dlamond. However, a general cor-
telation with overall film structure is, described below,
The em\sslons hs!ed in Table L are identified as follows,
The bands at 431 afid 436 nm are known as band A4 and are
due to closely spaced donor- ncceptor (D-4) pairs. This
'tl'l“SSlOn is normally associated with natural, rather rhan
symhenc. diamonds® but has often been observed from
CVDj “grown material™!! and has been correlated with
dislocations.! The barids at 586 and 607.are probably also
band A but are due to widely separated D-A pairs and are
more"typical of synthenc diamond, although the peak of
the band at 607 nm is at the low-energy limit for band A.
The iritense peak at 737.8 nm is th same, within experi-
mental érroy, as that observed previously in CVD-grown
diamond and is die 1o di-Si-interstitial-impurities, -1
The ongms of the’ emissions at 464, 484, and 503 nm are
unknown although lhey have been observed previously in
dilute CH, CVD-grown diamond. *The 534 nm peak has
also been observed in CHegrown material and may be due
to a- nit lated complex?™? For the
CH-grown ﬁlm. the 428 nm band is agam due to closely
spaced D-4- paxrs .The vcry broad band on which. this 15
superimposed is probably also due to D-4 pairs ahhough it
has an_uncommonly large full wrdth at half.maximum
(FWHM) of over 1100 meV and peaks at a higher energy
than :is+ usually ed in“D-4 emission. For the
CF, -grown material, the band at 540 nm is typrcal of band
A emission from widely separated D<A paurs in synthetic
diamond. The small FWHM (7 meV) of the small peak at
1731.8 nm confirms that this is again due to Si interstitials.
The D-A pair.bands are due-to nitrogen and boron
rmpunus which"presumably eXist s contammnants of the

fitms the presérice of these rmpumres The interstitial St
dmpumy 1S behcved to ongmate from the etchmg of erther
the S substrate or silica reactor walls by the plasma No
new.CL' emrssrons from the CO- or CF,- -grown ﬁlms were
observed suggestmg ‘that. neither O or F are. presem as
opucally active rmpunues. although ‘certainly F 15 incors
porated in the CFe grown ﬁlm dunng growlh as revéaled
by SIMS. In namral diamond, O has been found to exist at
the 30-90 ppim level," as clémental or mineralogical inclus
sions or possrbly as a substitutional or interstittal
lmpumy i No optical activity has been documented which
is consistent with our observations. ‘N6 information about
the presence of F in diamond was found 1n the lnerature.
The details of the CL-emissions and film mlcroslruc-
ture are, however, dcpendem on the growth gases and we
now attempt to correlate the two, Dealing first with band A
1 all speci except the CFyr grown films,
show emission at around 430 nm due to closely’ spaced D-A
pairs. Previous studics, whichshow that this ermss:on is
correlated with dislocations n CVD-grown diamond,* sug-
gest that dislocations are present in these films. Potentially,
other defects, ¢.g., stacking faults, nondiamond inclusions,
may also allow D-4 pairs to exist in the closer proximity
normally associated’ with defect-free natural diamonds.
This may account for the extremely broad band 4 observed
in the CH,-grown material where such defects 18 single
crystals abound and 1o a lesser extent the CO-grown film
on sapphire, However, if the density of other defects be.
comes 100 high' resulting in, poor crystallimity, increased
ive recombi reduces the overall CL inten-
iy, as seen.in the CO-grown films, Significantly, the
CF-grown material was the least defective at a mucro-
scopic level, ie., excluding microtwins, and showed no
‘such band due to closely spaced D-4 pairs. All films
showed some degree of band 4 due to widely separated
D-A pairs-normally seen in synthetic dramond. In the
CFy-grown films this was the only peak of any significant
intensity and the shightly higher peak energy, 2.3 ¢V com-
pared with about 2.1 ¢V for the CO-grown films, suggests
a smaller mean D-4 pair separauon Faster growth rates
have been observed when O is added to dilute CH,!
which mnghl result in D-4 pairs being incorporated in even
more random lattice sites resulting in larger mean D-4 pair
separauon and a band 4 peak at lower energy.
The CO- and CF-grown films all showed some degree
of mterstmal di-si impurity which is believed to onginate

source gases, vacuum system, and ‘reactor comp
Secondary-ion mass spectrometry (SIMS) of !he films con-

Appt. Phys, Lett, Vol. 59, No 19, 4 November 1991

from etching of Si-containmng matenals by the plasma n
the growth zone Although absent in the CH-grown film
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FIG. 2/ Tn¢idence of the di-Sy lmmnml defect, as observed by CL (1 681
v peak),’CVD grown diamond on 'St subsmle asa funcuon of growlh
xempel'awre and pressire with the con ion of CH, vicd’ d:
@ = peak obsetved, O w peak not observed, data from Refs, 4, 811,13,
and this work. For companison, films grown using dilute CF, and CO (on,
St and ‘sapphite) which show, the '1.681. ¢V peak are alsq regresented
(& w dilute CF,; M dilute’ CO) Broken vemcal Tines |n&|¢ale : Tange of
pmsum Cused fot flms shown as xrown 1 25 Totr, since uact pressures
were not given, For the data pomt in parentheses, the peak in the CL
spectrum was ud:mxﬁed as GRIdueto neuual vacancy defect rather than’
diSt (Ref, 9). . Similarly, the peak in Ref 10 was ideatified 45 GRY but
Subsequently attnbuted to dl Si by the same workers (Ref. 13),

heré, this has been observed in similar maténal by other.
workers.*"*"¥ The reasor} fof,this probably lies in the de-
Aails of the growth condmons- prevxous obscrvauons by CL
of the di-Si mtersmxal defect showmgraphncally in Fig. 2.
-suggest that n .only oceurs at h|gher growlh temperatures
and prcssurcs and/or’CH. concentration, although ‘the
limited number of data points, the,different growth meth-
ods and other reactor-dcpendcnt variablés make such a-
‘generahzauon only:tertativé. Intense- peaks in"the” CO-
grown ﬁlms. grown: under similar conditions to the
CHsgrown material, indicite that CO enhances the etch.
ing potency of the plasma rcsulung 1n higher levels of disSi
Ampurity, Converscly. the small- size-of this peak in the
CF-grown film shows |hat little of this impurity: has been
|ncorporaled as the opucally active di-Si mlerslmal form
dunng growth. This is surprising since CF, “based’ plasmas
are'known 10"be-very reactive; even visible e!chmg of a:
.glass viewport'in-the reactor occirred” dunng previous
runs: In addition, SIMS shows the:Si content to be higher
in this film than in the 'CO- -grown “films. This suggests that
Si is also being mcorporatcd as an opucally inactive form
and so implies that the nature of incorporation of Si de-
pends on theé gaseous species used and formed during the
CVD growth process.

The source of the Si i impurity has also been the subject
of recent mvaugauon. The- spectra from the CO- grown
material ¢ on the Si and sapphnre substrates show thc same
basic emissions msplte of large differences in film micro-
structure. However,® relative to band A and other emis-
sions, the peak due 10 the di-Si interstitial defect was much

.more mtense when the substrate was Si, indicating that

Appl. Phys, Lett., Vol, §9, No. 19, 4 November 1991 26

earher deposmons on Sl substratcs also exists.

ln conclusion, usé ol' dllute CO and CF, does not'in-
troducc any,optlcally, acuve |mpunty or defect states not
prcvxously observed in dllule CH, -grown CVD dlamond‘
“The. dlﬂ‘erent gasa do, however rcsult in dlﬂ'erent ﬁlm
mlcrostruclures and concomnanx <L spcctra Dnslocauon-

'rclated band‘A CL is observed froni CO- and’ CH‘-grown

ﬁlms but only wxdely:separatcd DA pairs exist mn the
CF‘-grown matenal The di-Si. interstitial 1mpumy was,
most readily - mcorporatcd in CO-grown films, wnh both’
‘the Sl -substrate and reactor, walls believed to bc the source.
-In comparison, thc -CFgrown- film. comamcd a higha
concentrauon of $1;but only a small amount as the opti-
cally active di-Si form. R
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Dense Nucleation of Polycrystalline Diamond Films Using CF,-
H, Low Pressure rf Discharges
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Abstraet

Dense nucleation of small-grain polyerystalline diamond films on Si(100) sub-
strates has been accomplished without the use of any surface pretreatment such as
abrasive diamond scratching, surface oil treatments, or diamond-like ecarbon
predeposition. The depositions occurred in a low pressure rf plasma assisted chemi-
eal vapor deposition system using mixtures of CF, and H,. Films deposited at 5§ Torr
and 850° C on as-received silicon wafers show dense nucleation, well-defined facets,
and crystallites which ranged in size from 500 to 10,000 A. X-ray photoelectron
spectroscopy and electron energy loss show the films to be diamond with no major
impurity and no detectable graphitic component. Raman spectroscopy shows a pro-
nounced 1332 ¢m ! line accompanied with a broad band centered about 1500 em™!,
Preliminary data indica"<s that this process is applicable to substrates other than
silicon. This process wili 1ave iriportant applications in areas where surface pre-
treatments, such as diamond polishing. are not viable.

1. INTRODUCTION

Growth of polycrystalline diamond from the gas phase at pressures near and
below atmospheric pressure has been well-documented and reported.!~? A variety of
techniques have been developed for chemical vapor deposition of diamond. These
techniques have involved microwave plasmas, rf plasmas, hot filaments, arc-jets, rf-
plasma torehes, and acetylene torches. Typically, the source gasses used for diamond
deposition have been hydrogen with dilute concentrations of a variety of hydrocar-
bons. It has been observed that (1) diamond nucleates well on itsell and cubic
boron nitride, (2) scratching of non-diamond surfaces with diamond abrasive
enhances the diamond nucleation, and (3) diamond deposition without surface pre-
treatments such as scratching, oiling, or diamond-like carbon deposition does occur
but at.a much reduced nucleation rate.

In this letter, we report on a technique for the deposition of diamond onto Si
substrates without any pre-treatment of the wafer prior to its insertion into the
growth reactor. Through the use of CF, as a carbon source gas, dense nucleation of
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diamond crystals has been achieved. Prior to the work repurted here deposition of
thin continuous diamond films on substrates other than diamond has not been pos.
sible without subjecting the substrate to treatments designed to rnhance or promote

" nucleation. For many spplications the standard methods for promoting nuclcation

to achieve continuous films are not feasible, A process that avoids the need for sur.
face pre-trestments extends the range of substrates and applications available for
diamond thin films. Potential applications are seen in the deposition of diamond for
heteroepitaxial growth, tool coatings, and optical coatings whereby dense nucleation
is nceded to promote epitaxial registration, chemical adherence. and optical
transmission, respectively. In addition, studies of the chemical process differences
between diamond deposition with traditional CH, in H, plasmas which do nct pro-
mote nucleation and deposition with CF, in H; plasmas used in the present work
which do promote diamond nucleation allows the fundamental mechanisms of dia-
mond hetero-nucleation to be addressed.

2. EXPERIMENTAL

The diamond deposition was accomplished in a low-pressure rf-plasma assisted
chemical vapor deposition system. The reactor consists of a inductively coupled
plasma tube vacuum pumped by a 1000 i/s turbomolecular pump. The plasma tube
is a water cooled quartz jacket of ~ 50 mm on the inside diameter. The quartz tube
walls have been thoroughly covered with carbon deposition from previous diamond
depositions using 1% CH, in H, discharges. The plasma is maintained by a I-3 k\V rf
generator at 13.56 MHz. The samples are located on a graphite susceptor just
beneath the rf coils. The system is equipped with a quadrupole mass spectrometer
for sampling of gas flux from the plasma tube,

During deposition. the pressurc was maintained at 5.0 Torr using 25 scem of H,
and 2 scem of CF, pumped through an automatic control butterfly valve. The sam-
ples were maintained at ~ 850° C using both inductive heating of the graphite sus-
ceptor from the ¢f coils and radiative heating of the susceptor from a graphite resis-
tive heater. The plasma is maintained for the duration of the growth via inductive
coupling of approximately 2000 W from the rf generator. The deposition time was 3
hrs for the samples reporied herein. Monitoring of the gas flux from the plasma
tube during deposition shows that the parent gas mix of CF, and H. is converted
into HF and C,H,. No fluoromethane groups were observed,

3. RESULTS AND DISCUSSION

Upon rersoval from the reactor. films showed dense nucieation of Jiamond over
the unscratched Si surfaces. Seanning electron micromvcopy (SEN) micrographs from
sample No. | are shown in Figure 1. At lower magnification. there is some thickness
non-uniformity to the deposited Iayver. This may he a consequence of dinmond
nucleation having occurred locally at different times after initiation of the discharge.
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(d)  1.00pm

Figure 1. Seanning clectron micrographs of sample No. 1: (a). (b), (¢) are progres-
“ivelyv higher magnification views of the polyerystalline diamond surface: (d) is e
micrograph of a cleaved cross-section showing some interfacial roughness between
the diamond layer and the silicon surface.
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AU ke magnification, all features show well-defined faccts with a broad disteibs;.
tion in grain size. Fivure 1(d) shows the eleaved et v ection mieregraph of sample
No. 1. The diamond il is 1 gm in thickness. The crons seectional micrograph
also shows that the silicon/diamond interface is non-planar; initially suggesting that
the Sisurface was chemically etched prior to diamond nucleation and growth. Ini-
tial crocs-section TEM results show that the diamond film/substrate interfnace is in
fact relatively planar, but an irregular thickness region in the substrate has
deveiopead between the bulk Si single crystal and the diamond film. The irregular
region is also found to be amorphous. Further TEM studies of the diamond
film/substrate interfacial material and the nucleation process are underway. SEM
micrographs of sample No. 2 are shown in Figure 2. This sample was also deposited
with a 8% CF, in H, gas mixture. The surface topography and crystallite size vary
from sample to sample, but nearly the entire surface of the as-received silicon wafers
show dense diamond nucleation.

(a) 5.0 um (b) 0.60 um

Figure 2. Scanning electron micrographs of sample No. 2 : (a) and (b) are different
magnifications of the polycrystalline diamond surface.

Chemical determination of the films was accomplished with x-ray photoelectron
spectroscopy (XPS). The XPS shows principally carboo present with some oxygen
contamination probably from air transfer from the deposition system to the surface
analysis unit. It is significant to note that no Si was observed in the films. It is
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sterertng trante that no flyonine was observed. Oaue might capect that the deposi-
ven of dinmond from a Mlucroeachon source wonld resalt in Aucrine Lermination of
the growtin surface. At the growth tempernatures of 850° C employed in this work,
work by Freedman and Stemnapring® have shown that fluorine does not reside on s
diamond (100) aurface. Furthermore, in the atomic hydrogen environment produced
by the high power of discharge, any surface fluorine is encrgetically favored to be
extracted from the surface via the formation of HF. Electron energy loss shows the
«urface of the film to be diamond. The bulk and surface plasmons of diamond sre
vbserved, The graphitic plasmon (6 eV from the primary beam) was not observed.
Characteristic Raman spectra are shown in Figure 3 for the samples No. 1 and No.
3. The Raman spectrum from each of the samples shows a clear 1332 em™! diamond
ongitudinal optical (LO) phonon, and each spectrum shows a broad feature sround
1500 em ', The broad feature is associated with non-diamond material, perhaps
residing between the grains.

Figure 3. Raman spectra from
4 polyerystalline diamond deposi-
tion on as-received silicon sur-
faces: (a) is the spectrum from
i sample 1. and (b) is the spectrum
from sample No. 3.

Arbitrery Units

e e A L n
1120 1280 1440 1600 1760
Wavenumbers (cav')

4. CONCLUSIONS

In conclusion, a plasma based process involving H,/CF, which promotes dense
nucleation and growth of polycrystalline diamond films on as-received Si wafers has
been demonstrated. Mass spectroscopy of the gasses downstream from the plasma
tube show that the H,/CF, mixture is converted to HF and C,H; with no detection
of any fluoromethanes. The lavers were characterized and determined to be dia-
mond by Raman spectroscopy., x-ray photoelectron spectroscopy, and electron
energy loss. SEM observations show the grain size to vary from 500 to 10.000 A.
Without the necessity of surface pretreatments for the growth of diamond, it is anti-
cipated that this technique will find broad application in heteroepitaxial studies,
optical coatings, tool coatings, and other areas.
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~Direct- deposmon -of: polycrystali‘ne dlamond films on Si(100) without

surface pretreatment
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acoomphshed wrthout thc use ol‘ "any surface pulrmmcnl suchvas abras:ve dlamond

scratching, surface oil t

Dia )
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occurrod malc P | ¢

f d-Tik carbon,,. d

'be dlam

vapor dcposmon sys:cm usmg

,wrth no ma)or lmpumy and \no dctectablc graphmc componcnt Raman

poclroscopy shows a pronounced 13327 cm -t lme accompamed with a broad band centered

.about 1500 cm

-Growth ot‘ polycrystallmc dlamond from lhe gas phase
at pmsum near and bclow almosphcnc prssure has becn
well' documented'and | ¢, Techiniques for diamond
dcposmnn h—avc mvolvcd ficrowave. plasmas, o plasmas.
hot: ﬁlaments. ar¢ jC(S. o plasma torchd. and acctylcne

torchies. Typrcally, the_ source gass -have been hydrogen
wnh dilute concemranons of hydrocarbon It has been ob-
served that (1) dnamond nucleates well on itself and cubic
boron nitride, (2) scralchmg of nondramond surfacs th

d ab hances the diamond nucleation, and
(3) dlamond dcposmon vmhout surface pretrcatments

,~such as scmchmg, orlmg. or dlamond ke carbon deposi-

tion does occur but at a reduoed ‘Tucleation rate. Without
:the surface prclmtmems. dcposmon of thin, continuous
»diamond films is not possrble.

“In this lcucr, we feport 2 technique for the deposition
of diamond onto Si substmcs without any pretreatment of

lhgwa.cr pnor to ns msemon into the growth reactor. The.

has app in the dcposmon of dia-

rrnond for heleroeplwual gro"vth tool coatings, and optical -

hereby dense is needed to promote
cpnaml rcglsmuon. chemical adherence, and :optical
lransmlsswn. rspectwely More fundamentally, under-
the che 1.p differences between tradi-
tional CH‘ in H, plasmas which do not promote nucleation
and the CF, in H, plasmas used in the present work which
do promote diamond nucleation may permit the mecha-
nisms of di d heteronucleation to be ¢lucidated
The dense nucleation of polycrystallme “diamond was
accomplished in a low-pressure rf plasma-assisted chcmlcal
vapor dcposmon system. A’ schematic of the system s
shown in Fig. 1. The reactor consists of a'inductively oou-
-pled plasma tube vacuum pumped by a 1000 &/s turbomo-

"

spectromeler for sampling of-gas flux from the plasma
tube.

During dcposition. a pressure of 50 Torr was main-
tained usmg 25 sccm of H, and 2 scem of CF, pumped
(hrough an automatic control bunerﬂy valve 1nto a turbo-
molecular| pump The samplﬁ weére maintained at ~850°C
using both i ive h g of the phi or from

BEP

:the of coils and radiative’ hcaung of the susccp(or from a

graphue resistive heater. Thé plasma was mgintaiiéd f6r°3-

h via inductive couplmg of approxlmatcly 2000 W from the
of generator. Momitoring of. the gas flux from lhc«plasma
tube dunng the start of dcposmon shows that the parent
gas mix of CFyand H,1s convcrted into HF and C;H;. No
/ ﬂuoromelhanc groups werc observed., It is important to
note that these are equlhbnum produc(s after the CF-H,
gas mixture has passed, (hrough the discharge. In the dis-
.charge - region, there are undoubtedly atomic hydrogen,
atomic ﬂuonnc, and a mix of fluorocarbon radicals.

The diamond ﬁlms showed dense nucleation on the

lecular pump. The plasma tube is a water-cooled quartz ‘,mm/
jacket of ~50 mm inside diaraeter. The quartz tube walls. Control
were thoroughly covered with carbon deposition using 1%
CH, in H, discharges prior to this work..The plasma is
maintained by a 1-3 kW rf genzrator at 13.56 MHz. The
sampla are located’ ona gmphm susccptor just | bcnealh -FIG. 1. &h of lowp f ph ted chemeal vapor dep-
the if coils. The system is eqmpped witha quadrupolc mass  osition system, .
Appl. Phys. Lett. 59 (7), 12 August 1991 0003-6951/91/320791-03802 00 © 1991 Amencan Insttute of Physics
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FIG. 2, Scanning ¢lectron lmcrognphsof sample No. 1: (a). (b) (cy afe
progmsmly'hxghet mgmﬁcalmn Views of the polycrystalline’ duamond
surface; (d) s A m-croguph of s 3 tledved ¢ross section’ slmvmg some
mxerftcu! rmhnm be!wcen ll\c dumond h)er and the slbcon surfaoe

A TR - T

$i(100) surfaces:. Scanmng electron- mxcroscopy (SEM)
mlcrographs from sample:No.:1 are shown-in Fig.-2. Av
“lower magmﬁcanon, there is some thickness nonumformny
10 the dcposned Tayer, ThlS may bea conscqucncc of did-
mond fucleation havihg ‘occuried locally at different llmﬁ
after initiation of the discharge. At hlgher magmﬁcauon.
all features show wcll~dcﬁned facets with a broad distnbu-
uon in crystalhte sne. Figure 2(d) -shows the cleaved
Cross- secuon mlcrograph of sample No. l. The diamond:
film is ~l pmin |h1cknas. The sﬂlcon/dlamond interface
is nonplanu suggstmg that the Si surfacé was chemically
etched prior to dmmond nucluuon and growth Etching of

-ples: Nos. 1 and 3. The Raman spectrum from each of the

rv e grewas 10

FiG.3 Sannm; elcclron micrographs of samples No 2 and No 3 (a)
and (b) are different mapnfmuons of the polycr)sullme damond sur-
face for sample No. 2, (c) ‘and (d) are different magnificauions of the

<polycrysu!lme surfa:e for sample No. 3.~

dm not reside on a diamond (100) surfacc Furthermore,
in the atomic hydrogen environment produced by thé high-
power of discharge,’ any surface fluonne would likely, be:
extracted from the. surface via the formation of HF In-
deed, Simko,ef al. have obscrvcd lhal hydrogen discharges

can‘remove ﬁuonne from’ ﬂuorocarbon restdues on Si sur- ‘

faces following réactive 1on 'etching.” Electron energy loss
shows the surface of the film to be diamond. The bulk and
surface plasmons of dxamond are observed.-The graphiic
plasmon (6 eV from the pnmary beam) was not observed |
Characteristic Ramin spectra are shown i Fig. 5 for sam-

the silicon suxface probably d due 10 production of
‘atomic fluorine from plasma dissociation of lhe CF‘. SEM=:
micrographs of two.other samples are shown in Fig. 3.

These samplcs were also deposited with a 8% CF, in H,

gas mixture. The surface topography and- crystallite size

vary from sample to sample, but all sampl showed dense

diamond nucleation.

Chemical analysis of the films with x-ray photoelcctron
speclroscopy (XPS) shows principally carbon present  with
some oxygen contamination probably from air transfer be-
“tween the deposition systcm and the XPS unit. No Si was
obscrved in the'films. It is intéresting to note that fluorine
was observed bound to thie sutface carbon, Figure 4 shows
a high-resolution XpS§' scan of the C 1s line. It shows both’
C~C bonding st 285 eV and C—F bonding at 288'¢V. The.
fluorine bonding to the diamond may be prcscm dunng
growth, or it could possibly arises from residual conuum
_nation of the surface upon termi of the of discharge.
At the growth temperatures of 850°C employed in "this
work, Freedman and Steinspring® have shown that fluorine

Appl. Phys. Lett, VoL, 59, No. 7, 12 August 1991 "

Intensity Arbitrary Units

S shows a*clear 1332 cm ™' diamond longitudinal’ {
i

I ‘J

287 83eY
5 ,‘
. i }
320 310 300 20 0
MEng(cV) ..
FIG. 4. High-resolution x-tay 4 from the carbon l”

region showng the presence ol' fluonne chemlcal!y bound 10 the diamond

S ?
!

Ly

+
H

!

—

T

e

o mya P

N FO




———

(SN

A

[R——-_

Ariteary Units

1200, 1440 71600

X
1760
Wunnumben fem)

FIG. 5\ Ramm spectra from polycrysullmc dumond deposiion on as.
:ggcned sihcon surfaces: (3} 18 the spectrum Y from sample No21, and (b)
fsthe s spccuum from sampic No. 3.

opucal (LO). phonon. and each specirum shows arbroad
featuré centered at 1500 em ™ ', The broad fcaturc is°2ss0-
ciated"with nondiamond material-that is pc:haps rcsxdmg
bcmcen the grains. The full wxdth at half. maximum
(FWHM) Values of lhcl332 emt Imes for the dlamonL
filois were around 7 ¢~ it S not clear whéther lhe large

FWHM |s‘duc to the ‘small crystalhte size or due to defccls *

or impurities i in the dlamond It is quité probable lha( sub-
stamlal |mpuntm below- the dclccuon limit ofthe XPS
could be mcorporated from't tésctor fj{(turcs.

*In conciusion, a plasma -based-process has, been dem.
“onstrated which promotes dense nuclc:mon and. growth of
polycryslallmc dnamond films on asereceived Si wafers. The
proccss has_been dcmonslmed wil (h 8% CF; in H, dis-
charges. It is noted that, in reactive |on-c|chmg procascs
conccmrauons of Hy cxcecdmg 42% in CF result in poly-
mer deposition on: slhcon wafcrs. The process reported”
-here at higher hydrogen conccntrgglons and at higher dep-
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Enhancement of diamond nucleation by graphite fibers
local to substrate surfaces in Hy - CH, rf discharges.
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Abstract

apy mechanical treatment to the surface. We have o --=v¢d that the presence of gra-
phite fibers tangential to a substrate surface greatly -:-ances the nucleation of dia-
mond crvstals immediately underneath the fiber. Dia= :2 2 growth has been observed
along lines and in small clusters replicating the grapt™ - “ber pattern following expo-
sures of unscratched silicon, nickel, and fused qua. 7 :.:strates to 2% CH, in H, rf-
discharges.

A method has been discovered for enhancing diz= —J nucleation without using

1.0 INTRODUCTION

One of the foremost problems a<.iressing the di—= =31 comt.unity is the under-
standing of diamond nucleation on non- diamond subs- =1-=s. Typically, workers depo-
siting polycrystalline diamond enharce the diamond : .- «ation by abrading the sur-
face with diamond polishing compound.'~3 The exact r - :{ the diamond polishing has
not been resolved. Polishing with non-diamond abrz: - -« also enhances nucleation.
tut the enhancement is not as pronounced as with tk- : _mond paste. The polishing
compound could either create defect sites upon whi . -iLe nucleation can occur or
leave small diamond particles on the surface upon wz -_ monolithic diamond growth
can occur. Recent results indicate that the latter =—-:hanism may predominate.*
Indeed. Geis has purposely purposely attached diam::: seed crystals to silicon sur-
fzces for the growth of textured polverystalline mater . " For applications of diamond
thin films to many substrates, the abrasive polish is utr..* - ;table. Such abrasive polish
degrades the performance of the diamond/substrate d-- - principally through damage

to the substrate subsurface induced by the mechani-_ ..vlish. We report here on a
technique for enhancing diamond nucleation withou: .- necessity of & mechanical
treatment.

Best Available Copy
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2.0 LXPERIMENTAL RESULTS

We have observed that the presenee of graphite fiker. tangential tr a wubstente
surface greatly enhances the nucleation of diamond crystals immediately undernenth
the fiber. Note the fibers were merely placed on the surface; no abrasion was used. Sil-
icon, nickel, fueed silica, and erystalline quartz substrates thus *fiberized® show dia.

- mond growth along lines and in small clustery.

Depositions occurred in a low-pressure rf-plasma assisted chemical vapor deposi.
tion wystem that has been used previously to grow polyerystalline® and homoepitaxial®
diamond films. In this work. various substrates were inserted into the reactor without
any diamond polishing or surface treatments other than placing the graphite fibers on
the substrates, The fibere used in this work were taken from a yarn of material cnm-
posed of 3-5 pm diameter arhon-craphite fibers. The carbon fibers are not compe ved
of highly  ricnted gruphite, Growths on the ~ubstrates occurred at pressure of 5 Torr
in a 20 CHyin Hy atmosphere, The substrate temperature during growth was approxi-
mately %00°C. A= shown in Figure 1, the deposition patterns on the substrates mimic
the placement of graphite fibers on the substrates prior to diamond growth. Diamond
deposition on the substrates underneath the fibers show clear facetting with lines of
individual cry<tals, Each line consists of eolinear, contiguous erystallites. Other areas
show dense diamond nucleation “ind nearly a continuous diamond film with clearly-
defined facets. These areas are 100-300 um* in size. It is suspected that a cluster of
libers existed over that area during deposition. Cleaved sectional analysis of the col-
inear crystallites does not show the presence of an inner graphite core. The eryvatals on
Si wafers strongly adhere to the substrate. The cleavage process frequently left it on
the Si surface where presumably a diamond crystallite had been removed by 1! frac-
ture, Hence, the linear diamond growth on the substrates cannot be attributed ¢ v diu-
mond deposition on a fiber resting on the surface of the substrate.

Many of the fibers following exposure 1o the H, - CH, discharge show dense chie.
ters of fine grain polyerystalline 3 umond. Some fibers such as the one as shown in
Figure 1 are completely enclosed with this fine grain diamond. Other fibers are void of
diamond deposition. The fibers do not appear to have been seriously etched by the
atomic hydrogen ambient present from the rf discharge. We do not currently under-
stand why some fibers do nucleate diamond well and why other fibers do not. One pos-

sibility is that fibers in the yarn structure are masking each other or enhancing the
growth on nearby fibers.

3.0 DISCUSSION

Dense diamond nucleation has been observed on as-received substrates in patterns
mimicking the placement of the graphite fibers on the surface prior to diamond
growth. Cleaved-sectional analysis of collinear crystals on the silicon surface does not
show the presence of an inner graphite core (i.e. the fiber i not embedded). Some

47



On As-Received Si Waters

On As-Received Si Walers

C-012391-1-51108)

clea.

0000R; 18y .

48

On As-Received Si Walers

On Fiber




flees, swhade contributing to the growth on the sbiecn. minkes, oo sitiea, and cryatal.
ane qrarta cabrteates, also auelente sud grow dianiond, Cieaved ceetinnal analysis of
those cevatals show the presence of an embedded graphite fiber. Hence, the fiber has
ot been converted to diamond. Many filbers show po evidence of diamond growth,

- The exact role of the graphite Tiber in enhancing diamond nucleation has not been

“absolutely defined. One possibility is that the presence of the fiber is effecting the

loeal gas phase chemistry nearby the fiber 30 ns to enhance the nucleation. Another
poasibility is that the fibers are merely sources of local earbon contamination to the
substrate surface, and therefore, the diamond growth on those surfaces comes from
«mall graphite clusters transported to the growth surface by the deposition process, If
this were the case, then one would expect the fibers rich in graphite would all show
detise dunmonsd nucleation, Farthermore, the morphologys of the diamond grown on the
cgbatrate and the Jdinmond grown on the fiber <hiould be <similar (heth growing from a
common seedt This is not the care. Thus, the graphite fiber's primary role would
ceem to be in altering the gas phase chemistey local to the substrate.,

The authors wish to thank SDIO/IST for financial support of this program
through ONR Contract No. N00014-86-C-0460. The authors wish to thank Daniel Nei-
son at Fiber Materials Inc.. Biddeford. Maine for supplyving the fibers for this experi-
tizental work.
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ABSTRACT

Epitaxial diamond overgrowth on Si patterns on aatural diamond substrates has
leen demonstrated using low pressure rf plasma-assisted chemical vapor deposition
The plasma-assisted technique uses s 13.56 MH:z ¢f generator and inductive coupling
1o excite gas mixtures of Ha, CH, and CO at a reduced pressure of 5 Torr. The over-
growth was approximately isotropic, extending over the Si pattern by 0.45 pm and
whone the Silaver by 050 pm.

INTRODUCTION

Ihe thermal and electrieal properties of diamond make it an excellent candidate
for high speed, high power transistors. A number of significant problems must be
+vercome before the potential of diamond ¢sn be realized. These problems include
the unavailability of n-type dopants and the lack of a suitable substirate for heteroep-
staxy. However, a number of useful devices can be fabricated with epitaxial p-type
lavers. Grot, ef al' have reported the fabrication of an insulated gate field effect
transistor {(a depletion mode device). Others?? have reported Schottky diodes and
Schottkv-gate field effect transistors. The development of any material to its full
electronic potential depends critically on tbe support technologies such as metalliza-
tion. etching, epitaxy, passivation, etc. In silicon microelectronics, ulccted-uru
growth is now allowing the fabrication of sopbisticated three-dimensional devices'?.
In GaAs, selected-area growth is found to pin substrate defects to the area of epitax-

ial growth above the original seed window. Few defects are observed to propagate
into the epitaxial overgrowth®.

\We report here on the successful epitaxial overgrowth by diamond of Si pattern:
that were lithographically defined on natural diamond (100) substrates. Given the
difficulty of dismond nuclestion on non-dismond materials, the selectivity for
homoepitaxial growth on the exposed diamood seems assured. The challenge is then
to have a mask material that 1) does not dissolve rapidly under the atomic hydrogen
ambient. and 2) does not spontaneously nucleste diamond growth which would aot
be in registry with the advancing diamond growth front that is propagatiog acrose
the mask. A polyerystailine Si mask was used for this study. Previous work in the
fow-pressure rl-plasma assisted chemical vapor depoeition system had alwaye used
seratched Si substeates for polyverystaliine diamond growth. Deposition on St wafers
which had not been diamond scratched produced only a few scattered particles of
diamond. The nucleation density. thus, is very low in this deposition system for
unserstehed Si. \While Si does dissolve under an atomic hydrogen environment, the
reaction rate decreases with increasing temperature’. A slow dissolving of the mask
material might be beneficial. allowing early stages of carbon nuclestion on the $i
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~utfaces Lo Lo undereut by an atomic hvdrogen ot {u aur study, we observed that

v ocaminally 400 A thick Simask died dissolve proauring small areas of homoepitaxinl
stomth, Consequently, 3 2000 A thich Si mask was employed. The thicker mask did

not dissolve during the growth, Seme spontancous diamond nucleation was observed,
but the density of nucleation was low,

EXPERIMENTAL RESULTS

Detalls of the low-pressure rf-plasma assisted chemical vapor deposition system
have been described elsewhere®. Briefly, the syxiem consists of s 13.56 MHz
inductively-coupled plasma assisted chemical vapor deposition system. A gas mixture
of 98.8% H,, 0.6% CO and 0.6% CH, flowed through a2 62.5 mm quartz tube at a rate
of 30 scem at 5.0 Torr. A rf power input of spproximatcly 1000 W was used to excite
the plasma. The characteristic color of the plasma was red owing to emissions from
the Balmer series of atomic hydrogen. The substraze temperature was estimated to
be 800° C for this work. The diamond substrate was located on a graphite susceptor
located below the rf coil. The susceptor was heated tuith by induction currents from
the ¢f and by radiation from s graphite resistive heater located underneath the sus-
ceptor. The diamond substrates were subjected to & s1andard RCA clean followed by
polverystalline Si deposition in a MBE growth system. Standard lithography was
used to open holes in the Si layer where homoepitaxial growth could nucleate. Fol-
lowing diamond deposition, the samples were characterized using secondary electron
microscopy (SEM) and micro-Raman speciroscopy. SEM showed smooth epitaxial
growth sbove the window areas. This growth extenzded beyond the lithogrsphieally
defined area. Figure | shows plan-view SEM micrographs of the pattern used for the
overgrowth experiments. The bright regions are regions of dismond growth. The
dark regions are regions of Si. In the higher magaification. one sees that (1) the win-
dow areas are extremely smooth, (2) some spontaneous nucleation has occurred on the
Si mask, and (3) the overgrowth areas show a roughened edge due to crysial faceting.
Crystal faceting on overgrowth is s common occurrence in Si overgrowth of SiO,
islands. Figure 1 also shows a cieaved cross-section of this structure. The diamond
overgrowth is proceeding from the right to left-hand side. This picture shows clearly
the faceting on the overgrowth front.

Micro-Rarm.an has also been used to examine the #pitaxial overgrowth. Figure 2
shows a micro-Raman spectrum taken from the regior. above the diamond window.
The spec.rum shows s 1332 cm”'! diamond line wib a full-width-balf-maximum
(FWHM) ~f 3.4 cm~!. The FWHM measured here is at the resolution limit of the
instrument. The beam focus is approximately 1 um in spot size. Figure 3 shows a
micro-Raman spectrum taken with the beam centered on a region of overgrowth.
This spectrum shows 8 1332 em™! line with a FWH\ of 3.5 em™?, very close to the
3.4 cin”! taken from the homoepitaxial growth above the window. In contrast. s
micro-Rsman spectrum was taken from one of the diazzond erystallites which spon-
taneously nueleated on the Si. It shows 2 1332 em ! lice with a broadened FWHM of
5em™!. The FWHM of 5 em™' is what is typically seen cn polyerysialline films. This
contrast in FWHM illustirates the importance of the “seed’ in the quality of the film
growth. Under identical plasma and growth conditions. growth from a diamond seed
produces better diamond thasn growth from s site or. the Si that spontaneously
nuclested Figore 4,

Finally, the overgrowth wan elucidated by chemicajiv etching the Si from the
diamond. Figure 5 shows SEM of s cleaved cross-sectior. showing diamond epitaxial
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Figare 1. SEM photographs showing patternr defining selected growth. Bright
! regions are diamond while the dark regions are silicon.
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Figure 4. Micro-Raman spretrum from diamond that spontaneously nucleated on
Si mask,

Figure 8. SEM micrograph of cleaved-cross rection showing lsteral overgrowmb,
The sample has been sputter conted with 't to prevent charging.




Latersd overgromtl, The sample has heen sputter-costed with -~ 100 A of Pt 1
prevent chareing. The left photogeaph shows the smonth epitaxial growth and facet.
ing on the overgrowth, Notice the scratches (remnants from polishing) that sre on
the diamon:; surface that had been covered by Si during the overgrowth experiments.
The right photograph in Figure 5 gives a measure of the lateral overgrowth., The

overgrowth appears to be isotropically sdvanciag by 0.45 um Iaterally and 0.50 pm
vertically.

CONCLUSIONS

Iipitaxial Interal overgrowth has been demonstrated using a low pressure rf-
plasma assisted chemieal vapor deposition technique. A 2000 A thick Si thask has
teen used to define the diamond ''sceds”. The Si shows some spontaneous nuclea-
tion, ‘but the density of nucleation is low. The overgrowth is isotropic, extending over
the 8i mask 0.45 pm and above the mask 0.50 um. ~ome faceting is observed on the
overgrowth areas. Micro-Ramen analysis shows the overgrowth areas o have a2
FWHM comparable to the homoepitaxial lavers deposited above the diamond win-
dows This was contrasted by a FWHM of 5 ecm™! from a polyerystalline diamond
that nucleated spontaneously on the Si mask.
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'I'm-:’;mu DESORPTION FROM HYDROGENATED
DIAMOND (100) SURFACES

RE. Thomas, R-A. Rudder, R.J. Markunas
Research Triangle Institute, Research Triangle Park, NC 27709

¢ ° .ABSTRACT

< Thermal. desorption: spectrcscopy and low.euergy electron diffraction
(LEED) have been used to study the interaction of atomic hydrogen with
the diamond (100) surface. Heating 2 diamond crystal i in-vacua readily
reconstructs the surface from a (1x1) configuration to a (2x1) structure.
Unlike the case for silicon, exposure-to atomic hydrogen does not easily
-convert the Surface back to the’ (1x1)" structure. Hydrogen -thermal
desorption peaks from the (2x1) surface “exposed to atomic hydrogen at
lx10’° Torr .are. seen at . approxnmately 950°C for heating raus of
20° C/sec -Alter exposure-of the surface to atomic hydrogen in amounts
m excess of that reqiired-to terminate the surface, 102 ’I‘orr, thermal -
‘desorptlon -peaks. associated: .wnh methyl..radicals .and acetylene are
observed in,addition to hydrogen. Upon further exposure at 10 Torr the
surface appears to be.partially converted to a:(1x1) structure and ace-
tylene desorption features are nio longer observed.

Introduction

Hydrogen plays a key role in most .diamond growth processes developed to date.
However, the details of the behavior of hydrogen on the diamond surface are not"well
‘understood. It is thought to both etch non—sp:s bonded carbon, which-may be depo-
sited during the growth process, and to stabilize the cubic structure on the growing dia-
mond surface by. terminating dangling bonds. “Previous studies of bydrogen interactions
on diamond indicate that-hydrogen- desorbs from the surface at approximately 900°C
1.2). Typlcally, resem:bers find that heating the diamond to approximately 1000°C
results in the (lxl) surfece 'struéture ‘converting to the (2x1) sutface structure (2,3).
One mlght expect. as in the case of silicon; the surface would convert back to the (1x1)
state upon-exposure to atomic hydrogen Hamza et al" have observed the trapsition-
back to a (1x1) configuration on exposure to atomic hydrogen bt fi nd that on sibse-
quent annealing the (2x1) surface is not recovered (2).

In-the-present work thérmal ‘desorption spectroscopy and LEED- were used to-
study interactions of atomic hydrogen with the diamond (100) surface. 'I‘ransmons from
the (1x1) phase to (2x1) phase apon ahnealing and from the (2x1) phase to the (1x1)
phase upon exposure to atomic hydrogen were studied with LEED. Thermal desotption
spectroscopy was used to determine-desorption kinetics and products from hydrogen
terminated surfaces.
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Experimental B

Thermal - desorption spectroscopy. avd LEED obser;latiog‘s were performed in 2
stainless steel UHV system. Base pressure was 521071 Torr for the sample chamber and
1x10~1° Torr for the quadrupole chamber. The sample chamber was separated from the
qq;d‘ri:pole chamber by 2 2mm diameter. apérture. Sample heating was accomplished by
clipping the crystals to 2 0.25mm thick molybdenum resistive strip heater. All parts
associated with-the heater stage; including the clamps and carrent leads were manufac-
tured from molybdenuro. The sample temperature was measured by 2 0.125mm diame-
ter chromel/alumel thermocouple in intimate tontact with the crystal. The thermocou-
ple was threaded thrcugh a-hole in one-corner of the crystal, and*the thermocouple
bead then held in tension.against the crystal. Two (100), 5mn'!x5mx‘nx0.25:hm, diamond
érystais were used in t;he course of the present study. One of the crystals had approxi-
mately .5 micron$ of bomoepitaxial diamond deposited prior to insertion into the sys-
tem. Diamond polishing of the substrates leaves fine scratch marks on the surface,
which previous work ‘has shown can be ¢overed by deposition of a homoepitaxial film
{4). Thé homoepitaxial diamond was grown with an f discharge plasma CVD process
using CH, in Hj 2s feedstock. The uncoated samples were cleaned by hand-polishing
with 0.25 micron diamond grit and water. Following the polishing, the samples were
ultrasonically cleaned in two series of baths of TCE, acetone, and methanol. Between
solvent bath series the samples were vigorously swabbed to remove particulstes. Once
the samples were introduced to the chamber, no additional cleaning was performed
aside from thermal desorption of adsorbed species. Several pressure regimes were used
in dosing with atomic bydrogen, which necessitated slightly different procedures. For
samples dosed at pressures from 1x10~7 Torr to 1x10~° Torr, the hydrogen was flowing
through the system. Samples were also dosed at pressures of 10™* Torr-10~2 Torr and
1-10 Torr.-For these samples the main chamber was sealed and hydrogen was admitted
to the desired pressure. In all cases atomic bydrogen wis generated via a tungsten fila-
ment operating at a temperature of approximately 1500 ° C. The sample was positioned
approximately 2 cm. from the filament during dosing. The sample was not actively
cooled and at the lowest dosing pressures remained at room temperature. At dosing
pressures in the 1-10 Torr range the sample temperature rose to approximately 125°C.
All thermal desorption spectra were taken with a heating rate of 20°C/sec.

Results

The surface structure of the samples was monitored with LEED immediately after
introduction to the chamber, after dosing, and after thermal desorptions. All samples
exhibited a LEED pattern without annealing. For most samples this was a (1x1) confi-
guration, The one exception was the homoepitaxial sample which gave a (2x1) pattern.
Since this sample remained at the growth temperature, 800-900°C, while the plasma
and the gasses were shut off, it is likely that surface hydrogen simply desorbed and con-
sequently the surface reconstructed before the sample was removed from the growth
chamber. Upon annealing to 800° C-1000°C and for times ranging from 5 seconds to
120 seconds, all samples exhibited some degree of reconstruction to the (2x1) configura-
tion. Annealing at temperatures greater than approximately 1100 ° C usually resulted in
a degradation of the LEED pattern. Typically, the second order spot intensity was
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reduced aﬁ'd the background intensity increased. In these cases first order spot inten-
sny usually remained strong. The. quality of the (2x1) LEED Patterns obtained upon
301103]"’3 Samplﬁ varied cousiderably, and.no eonsxstem, trends were observed to
“account for.the vanablht) .

-Samples exblbmng good rcconstrucuons were then exposéd to atomic hydrogen 1
an attempt to convert the surface back toa (1x1) confi guranon Three pressure regimes
were, ln\esugated 107%-1075 Torr, -1 0'3-10 72 Tor=-and 1-10 Torr. Only at the bxg‘lesc
pressures studied were we able to pamally convert the surface-back to a (lxl) state.

— Samples exposed to atomic hydtogen at the maxiium pressure showed only very faint

-second order spots. Annealing of these samples to 1000°C festored the {2x3) configura-
-tion. At the two lower‘pressure reglmes studied ht!le if any change was seea in the
(2x1) LEED patterns upon addition of atomic hydf=gen.

¢ Givén the difficulty in converting the surface back to a (1x1) configuration, all
thermal desorption spectra were, perforce, from s=rfaces that had an indefinite degree
of 'sirface recosstruction. The'three dosing regim2s used in the LEED study were also
used in the thermal desorption studies. Of the misses monitored during the course of
the stud?, (2,13,14,15,16,18,26,27,28, and 44), dssorption peaks were seen only for
masses 2,15, and 26.

Figure 1 shows a series of hydrogen desorpsion spectra taken from a hydrogen
dosed naturzl diamond surface. The ‘sample was s1bjected to atomic hydroger doses at
fixed pressures and for a series of increasingdimes. A single desorption peak is evident
at 800°C. Figyre 2 shows 2 similar series of hydrogen thermal desorption traces for the
CVD homoepitaxial sample dosed at a pressure of 3x107® Torr. In this case two closely
spaced bydrogen desorption peaks can be scen at $00°C and at 1000°C. It is apparent
from both figures that extending the dosing time does not result in dramatxcally
increased amounts of hydrogen desorblng from th2 surface. We also do not see any evi-
deqce for a shift in the desorption temperature as the coverage increases. The next
series of figures shows thermal desorption spectrs from the CVD diamond film after
exposure to atomic hydrog:n at the three pressure regimes used in the LEED study.
Figure 3 shows that alter exposure to atomic hydrogen at 1x107% Torr, hydrogen
desorbs at 900° C and perhaps a small amount of CH;, but little evidence of C,H,. Fig-
ure 4 shows the sample after dosing at 2x1073 Tecr, a dosing pressure far higher than
what is required to terminate the (2x1) surface. At this dosing pressure we now see clear
evidence of desorbing methyl radicals (700°C) aad acetylene (600°C). Although the
sample has received an atomic hydrogen dose far in excess of what is required to
saturate the (2x1) surface, LEED indicates the sample is in fact still in a (2x1) confi-
guration. These two species are desorbing in sigmificant quantities compared to the
hydrogen desorption. The hydrogen desorption pesk has broadened considerably after
dosing at this pressure but the peak desorption temperature has not shifted. Figure 5
shows the sample after dosing at 3 Torr for 2700 seconds. In this case the sample has
lost much of the (2x1) structure as seen in LEED but has not fully regained the (1x1)
surface structure. The hydrogen desorption peak das remained at 950° C. The methyl
peak bas shifted to approvimately 800°C and ths acetylene peak has virtually disap-
peared.
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‘Discission

Surface- reconstruction on the diamond  (100) face, has-been -reposted previously
(2,3). As noted by. these authors, the. reconstruction process.was not, alwa.ys reproduci-
ble. For all of the newly polishéd surfaces- used in the present study, some reconstruc-
tion was noted upop aipealing H°“¢V0l‘. as lndlcated in the resulis, section not all sur-
faces-fully rcconstructed Field emission SEM mdlcates the starting morphology for all
the hand-pohshed surfaces was quite sxmllar If-surface- morphology is infliencing the
réconstruction, it is at a s¢ale of less than 1000A. Hamza et al. have suggested that
adsorbed oxygen can a.l'{ect the ablllty of the suxface to reconstruct (3) Ex-snu meas-
urements of samples show the presence of oxygen on the surface some or all'of which
may.have been added to. the surface during the air transfer to the XPS system. No clear
trend conpecting the quzatity of. adsorbed oxygen and the quality of the réconstruction
was observed. Other contaminants below the detection limit of XPS rémain a possibil-
ity. Annealing at temperatures higher than requlred to estab]lsh the (2x1) structure
appears to dégrade the susface. The (1xI) pattern is still apparent but, as an increase in
the background is observed, it is likely that.the surface is becoming disofdered and the
(1x1) pattérn is from the bulk. v

Conversion of the (2x1) surface structure back to the original (1x1) structure
appears very difficalt. Extended dosing at high pressures is only partially successful at
restoring the surface. In contrast, silicon (100) samples in the same chamber and under
1dentical dosing conditions readily convert from the (2x1) state to the (1x1) state at dos-
ing pressures of 1x107% Torr and at dosing times on the order of 1000 sec. For diamond
samples in.this pressure regime, we do not see conversion even after 2000 seconds at
5x107% Torr; a dose 10 times at great as used on silicon. This is not too surprising as
the C-C bond strength at 83 kcal/mole is much greater than the Si-Si bond of 46
kcal/mole. Cluster calculations by Verwoerd indicate the diamond surface dimer bond
is very resistant to attack by atomic hydrogen (S). The apparent stability of the dimer
bond may also help explain resuits of the thermal desorption experiments described
next, particularly the appearance of acetylene.

It appears difficult to maintain a well characterized surface during the course of
thermal desorption experiments. The surface structure is evidently a function of sample
history and it is difficult to return to a standard starting point. In the case of the ther-
mal desorption experiments there may be several sites which are contributing to the
bydrogen observed. LEED in this case is a very rough measure of surface characteris-
tics. On a nominally (2x1) surface we find the hydrogen uptake saturates. By comparing
this with data obtained from silicon samples under identical conditions, we find the
quantity of hydrogen desorbed is consistent with monohydride coverage, or 1 hydrogen
per carbon atom. Extended dosing does not significantly increase the hydrogen yield
from the surface. The substrate which had received the homoepitaxial film showed two
hydrogen desorpuon peaks only after film deposition. Before the film was deposited, a
single peak is observed at 900°C. The desorption temperature does not appear to be
coverage dependent. This indicates a first order reaction with fixed activation energy. A
simple calculation using a standard frequency factor of 10' gives an activation energy
of 74 kcal/mole, which is considerably smaller than the C-H dissociation energy of 104
kecal/mole. First order kinetics are also found by Sinniah et al. for hydrogen desorption
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“from the  monohydride phase on the silicon (100) surface (6). Along with ﬁrst. order

kmet]cs, an activation edergy was found which was much less than ihe disdociation
energy for the Si:H bond.

‘AS addmonal hydrogen is addéd to the saturatéd (2x1) surface We see the appear-
ance of new desorpuon products melhyl fadicals and acetylene. che the dnmer bonds
resxst attack by atomic hydrogen n. may be posslble for the dnmer back bonds to be
hydrogenated “If one or two of the back bonds weré broken on the dlmer unit, it woa}s
then be possiblé for-the two carbon atoms to desorb as a unit, perhaps resulting in the
acev.ylene production seen. Methyl radlcals are alsd seen desorbing from the surface, bus
at a’higher: temperature Since the two species desorb at different temperatnrw' onz
expects evolutxon from different sites. Mass is could be a l‘ragmentauon produ,ct o
either ethylene of ethane Mass 98 was monnored for ethylene species but given the

,large background seen at thls mass it is difficult to discern-a peak No sigpificans

desorpt,lon products weré seen at inass 27 either, which one would expect if large quan-
tities of éthyléne or ethane were desorbing. Given the size of the bydrocarbon desorp-
tion peaks felative to’ the hydrogen peak, it is clear that an appreciable fraction of a
monolayer of carbon is desorbmg from the (2x1) surface after extended dosing. It is nes
clear what sites the methyl radicals may be desorbing from. It seems likely that tke
methyl radicals are desorbing from dihydride sites.

If breaking of back bonds is occurring during hydrogen dosing, it seems likely thas
etching of the dimer units is also occurring on a continuous basis. If completed, we
should see,a reduction in amount’'of acetylene desorbed from the surface. At the hig,hcsx
hydrogen doses studied, the acetylene does in fact diminish dramatically. Methyl radi-
cals, however, are still seen. Although the sample has moved closer to the {1x1) confi-
guration as a result of the hydrogcn dosing, the hydrogen desorption peak remains at
950° C. If desorption is occurring by processes similar to that on silicon, one would
expect a peak to appear at a lower temperature corresponding to the desorption from
the dihydride phase. Hamza et al. bave resuits which indicate that both on the (100
and the (111) face of diamond, the surface reconstructs after the hydrogen desorbs (2.71
If there was little energy to be gained by formation of the dimer bonds on the surf.a.ce’
one would expect the desorption from the dibydride and the monohydride to occur nn.l:
the same temperature.

Conclusions

The clean surface appears to saturate quite readily in the (2x1) configuration and
hydrogen desorption from this phase follows first order kinetics. Conversion of a dia-
mond (2x1) surface back to the (1x1) configuration by the addition of atomic hydrogen
is.difficult. 1t appears this is accomplished by bydrogenation of dimer back bonds and
subsequent desorption of acetylene {rom the surface rather than by breaking of dimer
bonds. Surfaces which show substantial reduction in the (2x1) surface phase after
hydrogenation also show considerably reduced desorptior of acetylene
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Figure 1. Thermal desorption spectra from natural diamond surfaces. An additional
spectra was taken after dosing the sample at 9x107% torr with atomic hydrogen. The
higher pressure is comparable to the dosing pressure used on the samples in Figure 2.
Note that although the dose has increased by a factor of 3.5 between the sample
exposed at 9x107% and the sample exposed for 1500 seconds at 2x10°7 torr, the magni-
tude of the desorption peaks is very close.
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Figure 2. Thermal desorption specira from CVD bomoepitaxial diamond thin films
deposited oo patural diamond substrates. In addition to the hydrogep desorption spec-
tea after dosing, 2 background spectrum is included where the sample was dosed but
not placed adjacent Y0 the aperture.
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Figute 3. Thermal desorption spectra {rom CVD homoepitaxial diamond thin film after’
dosing at 1x107% tote. The vertical scale on masses 15 and 26 bas been magnified by »
factor of 3 to show detail.
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Figure 5. Thermal desorption spectra from CVD diamond film after hydrogen dosing at
3 torr. In this case the acetylene production is considerably reduced.
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F, - CH, AND H, -~ CF, GAS INTERACTIONS i
ACROSS A HEATED GRAPHITE ELEMENT A

%
3

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

ABSTRACT

We have investigated diamond film formation wusing mixed .
hydrogen-halogen chemistries at sub-atmospheric pressures. This 1
work has been implemented in two reduced pressure cells. One )
cell contained a heated graphite element upon which reactant

gasses were passed. Only thermal activation was used in this ’
reduced pressure cell. Quadrupole mass spectroscopy was used to

identify reaction products in the cell. The other cell was a low !
pressure rf-plasma assisted chemical vapor deposition system. {
Gasses were admitted to this cell which showed no thermal activa-

tion in the thermal cell. It was found that F, is activated in the i

thermal cell and can participate in reactions both in the gas phase !
and at the graphite surface. HF and C,F,H, were observed as by- )
products of F, — CH, gas interactions near the graphite oven. Car- ‘

bon films that were deposited on nearby substrates proved not be

diamond. Activation of H, — CF, in the thermal cell was not )
observed even at temperatures as high as 1000° C. Plasma activa- l
tion, on the other hand, does show evidence for HF and C,H, for-
mation from the H, - CF, gas system. With plasma activation of
H, — CF gas system, diamond deposition on as-received Si wafers
without any ex situ treatment of the surface to enhance diamond
nucleation is possible.

Introduction i

Recent work by Patterson et al.(1) and previous work by Rudder et sl.(2)
has shown that diamond depositior from a fluorine-based environment is possi-
ble. Patterson exploited the use of mixed fluorine-hydrogen chemistries (i.e., '
F, and CH,) to form solid carbon through a proposed reaction of:

This reaction would be more exothermic than a corresponding hydrogen-
based reaction involving CH, and H,. The hot zome of the Patterson-type k
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reactor operated between 700 and 950 C, and diamond growth occurred only in
regions of the reactor where the temperature was between 250 and 750° C. Mix-
tures of either H, and CF or 5 and CH, were reported to deposit diamond.

Experimental Apparatus and Approach

To gain insight into the fluorine-based process, we bave performed a qua-
drupole mass spectroscopy of Fo/CH, and Ha/CF, gas interactions as a function
of temperature of the graphite surface. This work bas been implemented in two
reduced pressure cells. One cell contained a heated graphite element upon
which reactant gasses were passed. Cnly ihermal activation was available in
this reduced pressure cell. The other cell was a low pressure ri-plasma assisted
chemical vapor depcsition system. Gasses were admitted to this cell which
showed no activation in the thermal cell.

The thermal work was performed in an UHV compatible chamber that is
evacuated by a corrosive series, 1000 1/s turbomolecular pump. Gases are admit-
ted into the chamber using mass flew controllers. The pressure in the chamber
is maintained at 0.500 Torr for F, — CH, or H, — CF, gas work described here.
A graphite resistive heater is enclosed in the chamber as well as a sample beater
stage whereby growth attempts, independent of the graphite resistive beater,
can be assessed. The graphite heater is machined from a dense, fine-grain gra-
phite and is not highly oriented pyrolytic graphite. A mass quadrupole operating
at low emission (0.25 mA) is used to sample the gases exiting the reactor.
Changes in the gas composition as a function of substrate temperature or the
graphite heater temperature are moaitored.

The plasma activated cell was a low pressure r{-plasma assisted chemical
vapor deposition system which has been used for the growth of diamond from
H, - CH, mixtures(3). The reactor cell consists of a stainless steel, 150 mm con-
flat flange, 6-way cross to which the reactor tube, pumps, control orifice valve,
vacuum gauges, mass spectrometer, and load lock are appended. The vacuum
system is evacuated by a Balzers 500 I/s corrosive series turbomolecular pump.
The base pressure of the reactor is 1.0 X 1077 Torr. The heater stage is
comprised of alumina standoffs separating the graphite susceptor from a gra-
phite serpentine resistive heater. The reaction tube consists of a double-walled
50 mm inside diameter quartz tube sealed to the stainless chamber by compres-
sion viton o-ring seals. The reactor tube is water cooled to maintain the water
temperature at 15°C. An 8 mm water-cooled copper tube formed into a 3-turn
helix 100 mm long provides the inductive coupling from the rf generator to the
discharge. Wall deposits, for a limited time, can protect the quartz tube from
erosion by fluorine based processes.
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Experimental Results in Thermal Cell

The interactions of F atoms with both solid carbon such as graphite and
witk gaseous carbon such as CH,, a graphite strip heater were studied in. the
therzal cell. By adjusting the current through the graphite element. the reac-
tior: of F, and/for F with the densified graphite were monitored as 2 function of
temzerature. One advantage in using a graphite heater to study the F,/CH,
gas Zateractions is that reactions of fluorine with graphite have been previously
stucied(4]) so there exists comparative information. A second advantage to the
gragaite heater is that it avoids questions of metal catalysis reactions. Two dif-
ficulzies with the graphite heater are memory effects from gasses absorbing in
the porous graphite and delocalization of the hot zone across the mazhined gra-
phite. This results in some areas of the heater operating about 100°C colder
thaz the heater center. To minimize the memory effects, the keater was
degzssed at high temperatures before setting the temperature for each data
poiLs.

Fluorine reactions with the heated graphite were monitored by admitting
the F, witbout CH, into the thermal cell. At elevated temperatures. fluorine
reac:ed with the graphite to form CF,. The CF formation was monitored in the
mass quadrupole through the mass peak at 69 arising from CF;. CF; is the
dom’nant fragmeat in the ionizer when CF, is introduced. Figure 1 shows the
obsezved CF3 mass counts in the reactor as a function of the graphize cell tem-
perzzare. The CFy production is maximum at 600°C and is otserved to
decrease for temperatures in excess of 950° C. The decrease in CF, production
bele= 600°C is probably a consequence of the formation of solid graphite
flucside. The temperature dependence is convoluted by the fact tha: there is a
subs:antial temperature variation 4 100° C across the graphite heater element.

After observing the CF, production from the hot cell with enly F, {admit-
ted as 1% F, in He), CH; was introduced into the hot cell. Upon introduction
of CH, into the hot fluorine, the CF, production decreased. Fluorine interac-
tiops with the CH, in the gas phase apparently depleted the gas phase of
fluorine, resulting in a lower incident flux of F atoms to the graphite surface
and. consequently, a lower production rate of CF,. This is the first evidence for
F, — CH, gas phase interactions. Besides the reduction in CF, production, the
introduction of CH, into the hot fluorine resulted in production of HF and
C,F.H, molecules. Figure 2 shows the production of those molecnles as a funec-
tion of the graphite temperature Both exhibit a maximum in production
aroend 900°C. The temperature deperdence for the HF production is more
procounced than the temperature dependence for the C,F,H, production.
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This work suggests that the proposed reaction of Patterson et al. for solid
carbon production via equation (1) is basically correct. Our observations of gra-
phite gasification and the formation of HF and C,F,H, suggests that the reac-
tion in equation (1) should be extended.

2F, + CHy — Cooa + 4HF 700° C)
4Fc_y + ?,CH4 nd CzHQFQ + GHF (700' C)
2F; + Cgraph\u - CFy (500-700°C)

In a similar manner, the Hy - CF, system was evaluated in the thermal cell.
At the pressure of 0.50 Torr, no evidence of by-product formation was observed
for temperatures below 1000°C. Temperatures higher than 1000°C and pres-
sures higher than 0.50 Torr were not evaluated. We assumed that temperatures
under 1000° C are not sufficient to produce H atoms from the H, or F atoms
from the CF,. Consequently, the Hp - CF, gas system in this pressure and tem-
perature range does not react with the graphite to produce gasification pro-
ducts, nor do they react with each other to form HF molecules.

Experimental Results in Plasma Cell

As a consequence of the inactivity of the H; - CF, in the thermal cell, gas
mixtures of Hy and CF, were admitted into the low pressure rf plasma assisted
chemical vapor deposition system. Details of that work are being submitted else-
where(5). Briefly, dense nucleation of polyerystalline diamond films on Si(100)
substrates has been accomplished without the use of any surface pre-treatments
such as diamond scratching, oil-coating, or diamond-like carbon predepositiza.
Films deposited at 5 Torr at 850°C, using an 8% CF;, in H, mixture, show
dense nucleation, well-defined facets, and crystallite sizes ranging from 500 -
10,000 A. Figure 3 shows scanning electron micrographs of the diamond surface
and a cleaved cross-section. Some roughening of the Si substrate is observed
from the cleaved section suggesting that the Si surface underwent some chemi-
cal modification prior to or during diamond nucleation. X-ray photoelectron
spectroscopy show the films to be diamond with no major chemical impurity
and no detectable graphitic bonding. Besides carbon, fluorine is detected in the
x-ray photoelectron spectrum. A high resolution spectrum of the C 1s line shows
that some carbon is bound to fiuorine on the surface as exhibited by a distinct
feature at 288 eV, removed from the C-C bonding at 283 eV. A high resolution
spectrum of the C 1s region is shown in Figure 4. The graphite 7 — n plasmon
is not present in the spectrum. The 34 eV bulk diamond plasmon is clearly
present, but not shown in the high-resolution spectrum. A pronounced 1332
em~! Raman line was observed from the polycrystaliline films along with a b.oad
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band at 1500 cm™.

Quadrupole mass spectroscopy of the gases downstream from the plasma
diséharge reveals that the CF, - H, plasma converts the carbon tetrafluoride
into HF and C.H,. No fluoromethane groups were observed. Given that, after
15 min into the plasma process, no fluorocarbon groups were detectable in the
mass spectrum. the generation rate of HF and C,H, must have been equal to the
gas flow of CF,into the reactor, 3.2 scem.

Preliminary data indicates that this process is applicable to substrates
other than silicon. This process will have important applications in areas where
surface pretreatments, such as diamond polishing, are not viable. In particular,
this process may prove invaluable to those workers developing heteroepitaxy.
With conventional methane-based processes, nucleation is inhibited on sub-
strates other than diamond and ¢-BN. This process may allow heteroepitaxial
studies to be undertaken on substrates whereby previously there has been little
diamond nucleation.
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ACETYLENE PRODUCTION IN A DIAMOND-PRODUCING
LOW PRESSURE rf-PLASMA ASSISTED CHEMICAL VAPOR
DEPOSITION ENVIRONMENT

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

R.J. Nemanich, Y.M. LeGrice, and T.P. Humphrsss
Department of Physics
North Carolina State University, Raleigh, NC 27665-3202

ABSTRACT

We have examined using quadrupole mass spectroscopy the pro-
duction of acetylene molecules under diamond growth conditions
wherein no acetylene was introduced. There are two pathways
available for the production of acetylene. One path for acetylene
production is through conversion of CH; into C,H, iz the high
temperature plasma region. The other path for acetyleze produc-
tion is through gasification of the graphite. In the pressure range
from 1 - 10 Torr using a rf plasma discharge, the graphite gasifica-
tion is the dominant path and the diamond deposition rate
appears to correlate fairly well with the acetylene conceztration in
the reactor. The correlation can be understood by consi3ering the
acetylene production rate to be proportional to the atczic hydro-
gen flux to the graphite susceptor and, hence, to the atczic hydro-
gen flux to the diamond growth surface.

Introduction

Many workers are studying the importance of acetylene and methyl radicals
in the vapor phase growth of diamond. Techniques such as infrared diode Jaser
absorption spectroscopy and multiphoton ionization have been used to examine
the gaseous environment of the diamond deposition(1). Other workers have used
isotopic labeling to identify the parentage of carbon atoms deposited as dia-
mond{2). In this work, we have used quadrupole mass spectroscopy to monitor
acetylene production during diamond deposition in a low pressure rf-plasma
chemical vapor deposition environment. We find that there are two channels
for acetylene production, one via conversion of CH, into C,H. and second via
gasification of graphite into C,H,. By realizing that a requirement for graphite
gasification is the atomic hydrogen flux to the graphite surface. mass quadru-
pole spectroscopy of the gasification products has been able to demonstrate that
the diamond deposition rate is proportional to the atomic hydrogen flux.
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Experimental Approach and Results

Diamond depositions have been accomplished in a low pressure rf plasma
assisted chemical vapor deposition system using 1% CH, in H, gas at pressures
from 1 - 10 Torr. Details of that reactor and the growth process have been pre-
viously reported(3). The vacuum system for diamond deposition is shown
schematically in Figure 1. It consists of a stainless steel 130 mm conflat flange
6-way cross upon which the reactor tube, pumps, control orifice valve, vacuum
gauges, quadrupole mass spectrometer, and load lock are appended. Samples
are introduced into the reactor on a graphite carrier/susceptor through a
vacuum load lock, transferred horizentally onto 2 heater stage. and raised verti-
cally into the quartz reaction tube. The reaction tube consists of a double-
walled 50 mm inside diameter quariz tube sealed to the stainless chamber by
compression viton o-ring seals. The reactor tube is water cooled through the
use of a heat exchanger which maicains the water temperature at 15°C. A 8
mm water-cooled copper tube formed into a 3-turn helix 100 mm long provides
the inductive coupling from the r{ generator to the discharge. The rf power
output from a power amplifier tube couples to the plasma using a LC resonant
circuit with the plasma coil constituting the inductive component. The vacuum
system is evacuated by a Balzers 500 1/s corrosive series turbomolecular pump.
The pressure of the reactor is 1.0 X 1077 Torr prior to introducing the reactant
gasses.

Conditions for diamond growth are given in Table I over the presure range
from 1 - 10 Torr. Note that the texmperature of the hydrogen plasma has been
calculated from the relative emissioz intensities of the atomic hydrogen Balmer
series assuming a Boltzman distribution and collisionless lifetiraes. These
assumptions may be in error, but this calculation allows some internal standard
for the power input to the plasma.

Table I
Estimated  Tppm,
Pressure  Flow rate (scem)  rf power (w) X)
1 13 400 3420
3 3.8 660 3350
5 6.3 1000 3200
7 8.8 1800 3200
10 12.5 2400 3270

One notices that the pressure in this series is varied by maintaining a constant
pumping speed and reducing the gas flow into the reactor. The estimated
plasma temperature remaics constant throughout this pressure range despite
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the 6-fold increase in power input. Without this increase in power at the higher
pressures, it would not be possible to maintain the atomic hydrogen emission.
This increase in applied power also increases the substrate temperature. The
substrate temperature varies from 22650 C at 1.0 Torr to ~850° C at 10 Torr.

Following deposition, films were analyzed using scanning electron micros-
copy (SEM) and Raman scattering spectroscopy. Cleaved sectional analysis in
the SEM was used to ascertain diamond deposition rates at the different pres-
sures. We assumed the deposition rate was linear in time. The silicon substrates

used in this work were diamond polished prior to introduction into the reactor
to provide immediate nucleation sites.

SEM micrographs show that the deposited films are polycrystalline showing
well-defined faceting. The crystallite sizes vary from 0.5 - 2.5 pm. The crystal-
lites appeared to have nucleated at point sites upon which growth proceeded 3-
dimensionally into a continuous film. Raman spectra for the complete series are
given in Figure 2. All samples display a 1332 en™! diamond Raman line. Sam-
ples grown at lower pressures show more non-diamond bonding. It is not clear
at this point if the appearance of the non-diamond bonding components (i.e. the
appearance of Raman features between 1500 and 1600 em™!) is due to a redue-
tion in pressure or a reduction in substrate temperature. It is clear that all con-
ditions produced diamond from the gas phase using the low pressure ri-plasma
system.

The environment of the diamond growth was probed by mass spectroscopic
analysis of gasses downstream from the plasma region. Samples were positioned
near the rf coil on a graphite susceptor. By comparing the C,H, production
observed with the graphite susceptor removed from the discharge tube to the
C.H, production when the susceptor was positioned near the rf coil, one can dis-
tinguish CH, conversion to C;H, in the gas phase from gasification of the gra-
phite to CpH, at the susceptor surface. (It should be noted that these experi-
ments were performed when the plasma tube was fairly clean of earbon deposits.
The graphite susceptor represents the largest source of solid carbon exposed to
the plasma.) Figure 3 shows the conversion of CH, to C,H, as a function of total
pressure when the graphite susceptor is not present in the reactor. This figure
shows 3 nearly constant ratio of CH; to C,H, across the pressure series. Given
that two CHy molecules are necessary for CyH, production, we conclude that
approximately 60% of the CH, is converted into C,H,. Figure 4 shows the
observed CoH, production when the graphite susceptor is inserted 3.0 mm below
the rf coil with 1% CH, in H, discharge. There is a pronounced pressure depen-
dence to the C,H, production. At 3 Torr, there is approximately 4 times more
CyH, partial pressure in the reactor with the graphite susceptor present than
there was with the graphite susceptor absent. More C,H, is produced at 3 Torr
by graphite gasification than is produced by CH, conversion into C,H,.
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It is interesting to compare the diamond deposition rate %k the C,H, pro-
duction rate. Figure 5 shows the growth rate as a function of ;ressure for this
series. We ﬁnd that the deposntlon rate is a maximum for a pressure of approxi-
mately 3 Torr. A comparison with Figure 4 shows that the ¢z;.sition rate and
the C,H, production rate both show a similar dependence ¢z reactor pressure
with the highest deposition rate and the highest C,H, produsiiza rate occuring
at 3 Torr.

Discussions and Conclusions

This work shows an apparent correlation between the Z:zosition rate of
diamond and rate of gasification of the graphite susceptor irs: C,H,. Perhaps,
the growth rate of diamond is inhibited by graphitic sitzz *hich must be
removed before diamond can propagate. Hence. growth =::zditions which
rapidly gasify graphite, remove graphitic sites from the diam:=2 surface allow-
icg diamond growth to propagate. Mucha et al.(4) used sicZzr arguments to
explain higher effective growth rates in microwave CVD experi=:nts when alter-
nating cycles of H, and CH, were introduced into the reactor. .\l‘.ernatively, the
C\Hz radical may be promoting diamond growth as Frenklach =: al.(5) have sug-

ested. Thus, higher concentrations of C;H, in the gas phase ==7 be responsible
for the higher growth rate.

The work of Balooch and Olander(6) yields consideraby ‘zsight into the
data presented in this paper. Balooch and Olander showed tta: the gasification
products observed when atomic hydrogen interacts with p)’r‘\-\.c graphite are
distinctly different depending on the temperature of the grap=i:z. At tempera-
tures below §50°C, the primary product was CH,. At te=:zratures above
900° C, the primary product was CqH,. Balooch and Olander t-zzed that in the
intermediate temperature range H atoms recombined on the zrolytic graphite
surfaces without substantial graphite gasification. In the pressz== series reported
in this paper, the graphite susceptor is certainly above 550°C. We, as Balooch
and Olander, do observe CoH, as a by-product of atomic H w=h graphite. We
are able to deposit diamond {ilms in the intermediate temperszzre range where
atomic hydrogen is not as efficient in dissolving graphite. I should be noted
that the flux of atomic hydrogen present to a diamond CVD gowth surface is
orders of magnitude higher than the fluxes used by Balooch £=2 Olander. Con-
sequently, graphite removal from a diamond CVD growth surfs=es with atomic
H is undoubtedly possible.

The production of CyH, from a graphite surface at elevsz=1 temperatures
will be proportional to the atomic hydrogen flux. If one irizrprets the C,H,
production rate shown in Figure 4 as proportional to the ato=:: hydrogen flux
to the graphite surface and hence to the diamond CVD growt} s=rface, then one
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concludes that the atomic hydrogen flux to the growt,h surface is a strong func-
tion of pressure. Hence; the correlation between diamond growth rate and ace-
tylene production is'more concisely a consequence of the differing atomic hydro-
gen.fluxes. The higher flixes of atomic hydrogeu dissolve graphlte and promote
diamond bonding. These results are strong support for the work of Yar-

brough(7) showing that at high atomic hydrogen concentrations diamond pre-
cipitated as the stable phase.
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ABSTRACT

The technological evaluation of commercially-available, single cry-
stal diamond substrates for homoepitaxial diamond growth is
presented. Surface topographies of insulating diamonds (types Ia.
Ha, and Ib) are shown. and microstructural comparisons are exam-
ined with X-ray topograpby. ‘Wet chemical and mechanical clean-
ing procedures are briefly reviewed. The effect of the starting sub-
strate on the resultant homoepitaxial diamond film can be par-
tially mitigated by the proper choice of substrate. appropriate
cleaning protoc , and the use of a well-qualified diamond depcsi-
tion technology.

Introduction

The thermal and electrical properties of diamond make it an exceliznt can-
didate for electronic applications. A number of significant problems must be
overcome before the potential of diamond can be realized. While suitable
heteroepitaxial substrates have not been developed yet, the fabrication of dia-
mond transistors on natural diamond substrates allows testing and evaluation of
diamond electronics {1]. One problem arising in the fabrication of diamond dev-
ices on diamond is the quality of the natural diamond substrates. Recent stu-
dies indicate that X-ray topography is a potentially valuable tecknique for
characterizing structural defects in diamond single crystal substrates [2,. Selec-
tion of high quality diamond substrates is imperative to the growth of high
mobility homoepitaxial diamond layers. In order to achieve the highest electri-
cal quality diamond films, growth techniques may have to be developed which
deposit epitaxial layers without replicating the crystalline defects commonly
found in diamond single crystals.

This paper presents teckaological resuits accumulated over the last two
years that pertain to the quality of commercially-available single crystal
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diamond substrates, the clearing of these substrates, and the resultant homoep-
jtaxial diamond growth by low pressure rf plesma-enhanced chemical vapor
deposition (PECVD). Both uciform coverage and selective-area diamond
homoepitaxy are described.

Experimental Procedures

Natural type Ia and Hla 2né synthetically-produced type Ib diamond single
crystals have been evaluated f:zr their suitability for diamond homoepitaxy.
Cutting and polishing to nominal 1100) orientation were performed commercially
by the vendors, and analysis has included scanning electron microscopy (SEM)

_ [equipped with a field emission gun] on uncoated diamond substrates. X-ray

topography [3], using near-parallzl and monochromatic X-rays prepared from
synchrotron radiation, has been vsed to evaluate the microstructure of selected
type Ia, 112, and Ib single crystal diamonds (not necessarily cut and polished to
a specific orientation).

Two different chemical clezning methods were utilized. Diamond sub-
strates were cleaped with the RCA cleaning technique [}, which has found
wide-spread use in silicon integrs:zd circuit fabrication, or with sequential expo-
sure to boiling CrO5/H;SO, solu:isa (glass cleaning solution) for 15 minutes fol-
lowed by boiling aqua regia for 15 minutes followed by a dip in 10:1 H,O:HF
solution 2nd complete deionizel water rinse. The efficacy of swabbing to
remove particulates has also beez evaluated. Cotton-tipped swabs were used in
deionized water.

Homoepitaxial diamond groxth was accomplished using a 13.56 MH:z
inductively-coupled plasma-enhzz:ed chemical vapor deposition (PECVD) sys-
tem as described in more detal elsewhere [5]. Briefly, the system is UHV-
compatible and the nominal conilzions used were: 155 CH, in H, or 1:2 mixture
of 2% CO in H, and 1% CH, iz H., total gas flow = 20-30 sccm (32.2-48.3 Pa-
L-s~1), pressure = 5.0 Torr {667 Pa), temperature = 500-800°C, and rf power
~ 1.5kW. The homoepitaxial diamond films have been characterized with SEM
and Raman spectroscopy.

Results and Discussion

Diamond Substrates

Features have been observed on the surfaces of commercially-supplied dia-
mond substrates which might izkibit high quality epitaxial growth. Figure 1
shows a series of SEM micrographs from several as-received natural Type Ila
diamond {100) substrates (size: 4 X 4 X 0.25 mm). It cae be seen that the sur-
face topographies do vary from substrate to substrate, and some are clearly
“better” than others. However. the fine unidirectional scratches are observed
on all substrates of this size. Commercially-produced synthetic, type Ib dia-
monds can also have surface topographies that may influence subsequent
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epitaxy (Figure 2). However, it must be borne in mind that a less than perfectly
smooth surfate topography only indicates that the polishing process needs
optimization and does not necessarily imply that the bulk of the substrate i
microstructurally defective. This has been shown by electron-beam-induced
current (EBIC) imaging of natural semiconducting type IIb diamonds in the
SEM, where it has been seen that the surface scratchzs bear no relationship to
subsurface microstructural defects that are nonradiative recombinz -on sites [5].

The extent of microstructural defects in a diamond substrate is perhaps a
more crucial issue pertaining to the attainment of low-defect-density homoepi-
taxial diamond films for electronic evaluation. To begin to examine this issue,
X-ray topographs have been taken of natural and synthetic diamord single cry-
stals. X-ray topography bas revealed dilferences in the internal structure of
type Ia [7] and type Ha diamonds (Figure 3). Although the type Ia diamond
appears to show planar defects in projectior, there appear to be fewer defects
and defects with a lower degree of strain and/or crystallographic misorientation
than the type Ila erystals. This is qualitatively consistert with the observations
that type la diamond crystals tend to exhibit superior axial jon channeling
characteristics than type Ha erystals [€]. While these results appear to indicate
a trend, variations between different naturai ciamond crystals may oot permit
these results to be generally applicable to all diamond substrates of a given
type. Alsoshown is an X-ray topograph of a synthetically produced type Ib dia-
mond which has defects that appear to have propagated radially from the
center of the crystal.

Substrate Cleaning

Both of the chemical cleaning procedures described above have been used,
and both techniques have met with successful homoepitaxial growth. Unfor-
tunately, the success has not been uniform and unequivocal. The rea.on for this
has been that residual particulates remain on the surface of the diamond sub-
strate. The effect of particulates on the surface is the nucleation of sporadic
regions of polycrystalline diamond material interspersed throughout the
homoepitaxial film. The particulates are believed to result from the commercial
polishing processes, and apparently are not removed with wet chemical cleaning.
Mechanically cleaning the substrates by swabbing with cotton-tipped swabs in
deionized water will remove most of the particulates. This effect is shown
dramatically in Figure 4 where a diamond substrate, which had teen intention-
ally contaminated with particulates and then chemically cleaned (particulates
still remain adherent), is shown to be free of these particulates after a short
time (~ 1 min.) of swabbing,.

Diamond Homoepitaxy

Figure 5 shows the change in surface morphology after 1 um of diamond
deposition on a diamond substrate. Before deposition the surface shows pits

82

e ot

e g -




I
fowen
L

Y 4
7
Iz
1

|

“and polishing scratches present. After deposition, the surface finish is greatly
improved as little surface topography is visible. This planarization is an impor-
tant feature for development of electronic devices in diamond.

The eifect of surface planarization during homoepitavial growth can also be

. illustrated usiqg selective homoepitaxial deposition. Epitaxial lateral over-

growth (ELOQ) has been demonstrated using this low pressure ri-driven PECVD
technique [9}. A lithographically patterned 200 nm thick Si mask, which sub-
stantially inhibits diamond nucleation, has been used to define the diamond
“seeds™ for homcepitaxial diamond growth. The overgrowth was best revealed
by chemically etching the Si from the diamond. Figure 6 shows SEM of a
cleaved cross-section showing diamond ELO. The sample has been sputter-
coated with 10 nm of Pt to prevent charging during SEM examination. Growth
of homeepitaxial diamond.was observed to be approximately isotropie, extending
over the Si mask by 0.45 pm and above the mask by 0.50 um. There is evidence
for smooth epitaxial growth above the diamond seed windows and faceting on
the overgrowth. Comparing the surface of the epitaxial layer to the surface of
the substrate, the initial substrate topography has been planarized by this dia-
mond homoepitaxial deposition process.

Both macro- and micre-Raman spectroscopy have been routinely employed
to assess the crystalline quality of the homoepitaxial diamond films. Spectra
were excited using the 314.5 nm line of an Ar¥ ion laser with a micro-Raman
spot size at the sample surface of < 5 um. Shown in Figure 7 are micro-Raman
spectra showing the 1332 cm~! diamond LO phonon line taken from the
selective-area homoepitaxial film and taken off the film where scattered and iso-
lated polycrystalline diamond crystals have grown on the Si mask. The full-
width at half-maximum (FWHM) values from these spectra differ by 1.6 cm™! -
with the homoepitaxial film having the narrower peak. This is consistent with
the fact that the Raman signal from polyerystailine diamond films have greater
FWHM than from single crystal diamonds. Another homoepitaxial diamond
film with uniform coverage that was grown on a (100) type Ila substrate was
examined with micro-Raman spectroscopy by focusing on the surface of the
homoepitaxial film. The corresponding 1332 cm™! diamond LO phonon line was
found to have 2 FWHM of 2.1 ecm™. Because of the smali depth of focus of the
micro-Raman system, it was also possible to focus into the bulk of tke type Ila
substrate. In this case, the FWHM increased to 2.4 cm™ . Although this tech-
nique cannot completely isolate the Raman signals from the epitaxial film and
the substrate, it shows qualitatively that this homoepitaxial diamond film is of
greater perfection than the substrate. This same trend has been seen for
homoepitaxial diamond grown on (100) type Ia diamond substrates, Sut the dif-
ferential between the FAVHM of the epitaxial film and the type Ia substrate is
less (on the order of 0.1 cm™").
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Summary

From the point of view of commercial availability, type la diamond sub-
strates currently appear to be microstructurally superior for homoepitaxial
growth. Although there remains diamond substrate surface topography con-
cerns, if the substrates are mechanically and chemically cleaned properly and an
adequate diamond deposition technique is used. the surface can be planarized
for device fabrication. The evidence accumulated thus far indicates that
homoepitaxial diamond films grown with rf PECVD are superior to the starting
substrates. The ability to grow homoepitaxial diamond selectively with ELO
allows for the possibility of creating films that are less microstructurally defec-
tive than the starting substrate.
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Figure 3. Representative X-ray topographs from: (A) type Ia diamoad, (020)57 !
{the radial defects are believed to have been created when the dia-
mond was cleaved prior to analysis};
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has been chemically removed: (A) icclined view and (B) edge-on
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Figure 7. Micro-Raman spectra from: (A) selective-area homoepitaxial diamond
(shown in Figure 6) and (B) polycrystalline diamond nucleated on
mask (not shown in Figure 6 because it was etched off).
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CONTACTS TO BORON DOPED DIAMOND FILMS

V.VENKATESAN, K. DAS, D. L. DREIFUS

KOBE STEEL RESEARCH LABORATORIES, USA
ELECTRONIC MATERIALS CENTER
P. 0. BOX 13608, RESEARCH TRIANGLE PARK, NC 27709

G. G. FOUNTAIN, R. A. RUDDER, J. B. POSTHILL, and
R. J. MARKUNAS . .-

RESEARCH TRIANGLE INSTITUTE, RESEARCH TRIANGLE PARK, NC 27709-2194

ABSTRACT

The effect of thin interfacial films of $iO, (~20 A) on the electrical
characterisiics of metal contacts fabricated on polycrystalline and
homoepitaxial diamond films has been studied. These films were grown
using plasma-cnhanced chemical vapor deposition techniques. In order to
minimize the effect of defects and / or hydrogen on-the metal contact
characteristics, these films were annealed at 950°C for 30 min. Metal-
semiconductor contacts were formed by electron-beam evaporation of
aluminum on both as-received and annealed polycrystalline films, whereas,
gold metallization was used for the homoepitaxial film. Active diode dots
were defined by a standard photolithographic process. It has been
demonstrated that the introduction of a thin SiO, film at the interface
between the metal and the diamond semiconductor film allows the

fatrication of a rectifying contact, that is nct otherwise possible for the films
studic here.

INTRODUCTION

Semiconducting diamond, as a potential material for high temperature, high speed
and high power device applications, has been the subject of some excellent reviews (1, 2).
A number of these devices will rely on a rectifying metal / semiconductor contact for their
operation. A metal / semiconductor contact also provides a suitable vehicle for electrical
characterization of the device material. However, it has been observed that the formation of
good rectifying contacts is not always easily accomplished on diamond films grown by
chemical vapor deposition (CVD) (3). Contacts established with Al or Au on CVD films
exhibit highly resistive ohmic or nominally asymmetric behavior, whereas these metals can
be used almost routinely to form rectifying contacts on synthetic (4) and natural
semiconducting diamond crystals (5). In the case of CVD grown homoepitaxial films, a
chemical treatment in hot CrO3 + H2SQ4 solution has enabled the fabrication of Au
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rectifying contacts (6). Characteristics of rectifying contacts on CVD grown films of both
homoepitaxial (7) and polycrystalline diamond (8) have been improved by growing an
insulating undoped diamond film on a previcusly deposited B doped semiconducting film.

In the preseat investigation, the effect of thin interfacial $i02 films on the electrical
characteristics of metal contacts fabricated on B doped polycrystalline and homoepitaxial
films has been studied. Tt has been demonstrated that the introduction of a thin S0z film at
the interfacé between the metal and the diamond semiconductor film allows the fabrication

of a rectifying contact, that is not otherwise possible for the films studied here.

EXPERIMENTAL DETAILS

Both the polycrystalline and homoepitaxial B doped diamond films used for the
study were grown using plasma-enhanced chemical vapor deposition (PECVD) techniques.
The diamond filins were materially characterized by scanning electron microscopy (SEM)
and by Raman Spectroscopy. In addition, sccondary ion mass spectroscopy (SIMS)
analysis of selected samples were performed in order to determine the atomic concentration
of B in the films.

As-deposited diamond films

A microwave plasma CVD reactor described in reference (9), was eraployed in this
study for the deposition of the polycrystalline diamond films. These films were grown on
low resistivity (<1 Q cm) boron doped Si ((111) oriented) substrates using Hy (9.5 %)
and CHy (0.5 %) at a pressure of 35 torr. The substrates were maintained at 800°C during
deposition. Morcover, these films were doped with boron using ByH. Ratios of ByHg to
the total gas flow, of 0.002, 0.005, 0.008, 0.01, 0.05, 0.5 and 1.0 ppm were used to
obtain films with a varied B concentration, In some cases O, (0.1 %) was also included in
the gas mixture (for B,Hg ratios of 0.002, 0.005, 0.008 and 0.01 ppm). These films were
grown for 14 hr. For the higher ByHg ratios (0.05, 0.5 and 0.1 ppm) O, was not used and
films were grown foc 7 hr.

Details of the rf plasma CVD reactor utilized for the homoepitaxial film growth are
given in reference (10). The homoepitaxial film was grown on a type I A insulating natural
diamond crystal using 0.4 % CH, and 1 % CO in Hj of plasma. The film was also doped
with BoHg during growth.

Metal contacts on control samples without an S0, interfacial layer were fabricated
in the following way. After deposition the diamond films were cleaned using the RCA
cleaning procedure (11), Approximately 2000 A of aluminum was then electron-beam
evaporated directly onto 0.002 ppm (B;Hg ratio) polycrystalline diamond sample to form a
metal-semiconductor contact. For the homoepitaxial diamond sample a chemical treatment
in hot CrO3 + H,80y solution (to remove any non-sp3 component in the diamond film)
was also included and a gold metallization employed. An important point to note in the gold
metallization procedure is that the electron- evaporation was a two step process. The
deposition rate was 1A/s for the first 100 A of gold and then 5 A/s for the rest of the ~
2000A film. This procedure markedly improved the adhesion of gold. Active diode areas,
100 pm in diameter separated from the field region by a 100 pm annular ring, were
delineated by photolithography followed by Au or Al etching as the case may be. For the
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raphy; process’d. mask pattern, pmposed by:loansiou et: al, (12) was used: The
¢ly’ large area of. thc ﬁcldorcgwn ¢énsured an adcquatc quasx-ohr‘ni contact with the.
‘roquxrcd urrent hf 14 capabxhty. parucula:ly in the case of the homocpuaxxal film’ that
was'dcposned on an ifisulating natural didmond crystal:

S:mxlar mctal contac( diodes were"also’ fabricated on a 0. 002 ppm, (BZH5 ratio)
polycrystallm dxamond samp!c. ‘which was deposued at the same. ume as thé control-
‘sample; On: this fest sample’s 20, A thick film of SiO, was depos-ued by a reniote plasma-
.enhanced CVD technique, (13) Subsequently, this test sample was metallmd ‘with ~ 2000,
A AL Active: diode-areas.similar to-those-on the control.sample. weré delineated: by
photolithiography followed by Al etching, For the homocpxtaml filin, following clectrical
measurements on’ l.he Au contacts fabncated on the control sample (. ¢: without the $i0y
mterfacxal film); t thc metal wis etched jn aqua rcha (3HC and 1HN( 3), This test sample
‘.was thcn clcaned cmploymg théRCA clcamng pmccdure and 2 ~.20 A thick film of Si0,
was dcposxtcd Approxlmatcly 2000:A Au was subsequemly electron-bcam evaporated
onto, the test’'sample.‘Active diode areas were :définied by photolithography and Au etching.
‘Cmss-sccnonal diagramss of the ( comact structure on the dianiond films, (a) without, and (b)
“with, the’ the 510, filn-are. shown in'Fig: 1..The-control ‘and test samples were then
elccmcally thardcterized 1 using a HP 4145 B scmxconductor - parameter analyzer equipped
with a probe station for high température measurements.

Heat tredted dnamond.ﬁlms

The polycrystalhnc filts were annealed at a temperature of 950°C for 30 min, in
order to rinimize the effect of defects and/or. hydrogcn on the electrical characteristics of
metal ‘contacts on these films, Aliminum metal contacts were then fabricated on the
annealed films both with and without an SiO, interfacial layer, following the procedure
described in the previous section. Current-Voltage (I-V) measurements were then
performed on these mietal-semiconductor contacts. For the contacts fabricated on annealed
0.05 ppm (B;Hg ratio) samples with an SiO; interfacial layer, I-V measurements were
¢onducted frot room-temperature upto ~ 250 °C, at increments of ~ 50 °C.

RESULTS AND DISCUSSION

As-deposited” diamond films

Scanning electron microscopy of the B-doped diamond films investigated here
showed clear (111) facets and five-fold multiply twinned particles, Scanning electron
microscopy also indicated that the polycrystalline diamond films grown with Oz (lower
B,H; ratio) had a quality supcnor to those grown without O (higher B,Hg ratio). The
crystal quality was investigated using laser Raman spectroscopy. The Raman peak position
characteristic of diamond was located near 1333 cml, A relatively small sp2 peak at 1500
cm-} was also observed in the Raman spectrum of the diamond films, A SIMS analysis of
the as-deposited 0.05 ppm (B;Hg ratio) diamond film showed an atomic B concentration of
~1.0x1018 cm3,

Current-voltage characteristics of Al contacts to as-deposited polycrystalline sample

(0.002 ppm diborane concentration) are shown in Figs. 2 (a) and (b). Directly deposited Al
contacts (Fig. 2 (a)) on this sample without the interfacial $i0; film showed near-ohmic I-
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i cliawi-aéi‘éris.tij:;s._ The subsequent. introduction;of the SiO3.film; provided rectifying.
‘¢haradteristics as showniin Fig. 2 (b). Directly deposited Au.contacts on the as-deposited.
-homocpitaxial film'also exhibited near-ohmiic I-V. characteristics;ds shown.in Fig. 3 (a):

. “With the introdiiction'of e thin SiOj filfi good rectification is obiained as,shown in Fig:3-

(bl the presence.of the SiO; film, 10W leakage cumrents (<1 A ars-V) in the reverse
direction .were observed:in:both: the:polycrystalline -and  the ‘homoepitaxial filni A
*bréakdowii voltage of <7 V-was observed:for both as-deposited polyerystallinic and the

* homoepitaxial films:

Héat treated: diamond films:

+Cuirent-voltage characteristics on"Al contacts fabricatéd on annealed films with the
'lower, ByHg ratios, “showed a drastic reduction in curfent in bothithe forward and reverse
diréctions: Sirice the magnitude of the current was approximately the sanie in all the films
(0.002,0.005, 0.008'and 0.01-ppm B,H ratio), a représentative plot from the 0.01 ppm
-sample; is*shown*in Fig, -4, This'reduction in current conduction.on annealing is in
‘coM%nhiViy‘ with observations reporied by Landstrass et al. (14, 15), Albin ¢t al.'(16) and
‘Mutoet'al; (17): Hydfogen"dissociation and/or defect annihilation could account for the

increased resistivity in these anricaled diamond films.

Directly deposited Al contacts on annealed, 0.05 ppm (B,Hg ratio) polycrystalline
sample without the interfacial SiO; film exhibited IV characteristic, as shown in Fig. 5 (a).
The subsequent introduction of the Si0; film provided rectifying characteristics as shown
in Fig. 5 (b). A breakdown voltage of ~ 6 V was observed for this film. A background
.doping concentration of ~ 5.3 x 1018 cm-3 in this film was obtained using an approximate
‘universal’ expression for the breakdown voltage given by (18):

VB = 60(Eg/1.1)ANw/1016) 34

where, Vp is the breakdown voltage for a plane-parallel junctior, Eg, the band-gap of the
material; and Np, the doping Concentration. A band gap of 5.45 ¢V for diamond and the
experimentally observed breakdown voltage of 6 V was used in the above calculation.
Assuming that the active B concentration-in-this high B concentration film is not very
different from the atomic B concentration (~1.0 x 1018 cm3) as determined from SIMS
analysis, the calculated value of the background doping concentration scems 10 agree within
an order of magnitude with the SIMS results. It should be noted that for high
concentrations of B of the order of 1019 - 1020 ¢m™3 in diamond, a complete activation of
the impurity has been reported (19). However, it has not been established whether a similar
effect can be expected at a B concentration of 1.0 x 1018 cmy3, It should also be pointed out
that a plane-parallel junction approximation will provide an underestimation of the
breakdown voltage as edge effects are expected to produce a significant lowering of the
breakdown voltage for a given-doping concentration. An estimation of doping
concentration from the observed breakdown voliage of the structute used here, therefore,
will provide an overestimation of the doping concentraticn. Morcover, since the dielectric
strength of $iOzis 107 V/cm (Appendix Y of reference (18)) the breakdown voltage of ~ 20
A $i0; film is ~ 2 V. This indicates that the experimentally obscrved breakdown voltage of
this film (~ 6 V) is likely to be the breakdown voltage of the diamond film and not that of
the diclectric. The I-V. characteristics of this annealed diamond film (0.05 ppm B,H ratio)
with interfacial Si0Oz measured at temperatures ranging from room temperature (RT) to 248
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5¢ i 550 °C jnciements, are shown in Fig. 6 ft"is seeri that as thé tethperatate is increased

th yeverse Jeakage clent . inreases and. the reverse; breakidown Voltage: decreases.
Nevertheiess; a fairly good rectification behiavior can be observed upto 100 °C.

Conclusions:

Tt has been demonstrated that thé introduction of -a thin SiO; film at the intérface
between the metal and the diamond semiconductor film allows the fabrication of a'rectifying
contact, that is not otherwise passible-for the:filts studied-here. This improvement in
characteristics is probably due.t6 a'modification in'the barrier height and field distribution
and/or to-passivation of the:surface,:Further, work in' this area is in' progress-to fully
understand the reason for siich behavior. : ' . ’
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Figure 1: Cross-sectioal diagram of contact structure on diamond film,
) (a) without diclecnicﬂlzya and (b) with dielectric layer.
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film (0.002 ppm), (a) direct metalization and (b) with interfacial Si0;.
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2: Cumrent-voltage characteristics of Al contacts on polycrystalline diamond
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Figure 3: Current-voltage characteristcs of Au contacts on homoepitaxial
diamond film, (a) direct metalization and (b) with interfacial Si0, .
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Figure 4. Current-voltage characteristic of Al contacts on annealed diamond film (0.01 ppm).
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Figure 5: Current-voltage characteristic of Al contacts on annealed diamond
film (0.05 ppm), (a) direct metalization and (b) with interfacial Si0;.
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ABSTRACT

The use of boron and lithium as dopant impurities in diamond has been
investigated using diborane 2nd lithium fluoride as in situ dopant
sources. The lithium was investigated as a possible n-type dopant. The
diamond material, grown by rf plasma discharge at low pressure, was
characterized electrically and microstructurally. The boron was found to
be p-type, as expected, with an activation energy of 0.24 eV. The lithium
doped material was also found to be p-type with a similar activation
energy. SDMS data indicates that the lithium doped samples also contain
significant concentrations of boron, enough to account for the electrically
active species. However the mobility of the carriers in the lithium/boron
doped material seem to be somewhat higher. Schottky barrier diodes
were formed on the lithium/boron doped material which showed good
rectifying behavior. The minority carrier diffusion length in the material
was estimated from EBIC measurements to be ~ 05 pm. The lithium
appears to be electrically inactive in this material, although it may
improve the electrical characteristics of the material. IGFET devices
were fabricated in the boron doped and lithium boron doped materials
using a selective deposition fabrication scheme. The boron doped dev-
ice exhibited a transconductance of 38 uS/mm.

Introduction

The extremely selective nature of the plasma activated diamond deposition
processes provides a very useful and flexible vehicle for device fabrication sequences.
Other workers have already reported diamond insulated gate field effect transistor
(IGFET) fabrication using selective diamond deposition with a sputtered quartz insula-
tor {1}. The doping of active layers for diamond devices is a crucial topic and is
currently under study by several groups [2,3,4]. Boron has been established as a p-type
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-dopant for dxamo-d Boron dopmg has béen accomplished using sclid boron etched in

i . situ “and’ usmg diborzne'as 2 Faseous source. Allbougn there have been specxﬁc reports
A - of the formation of n-t)pe diamond l5] tbrs is stiil- an -area that requires further

~ _ development. Li bas been proposed asa pounuzl B-tipe dopznt for diamond based on
5 = theoretical 'nodcllmg [6] We bave undertaken.a preiminary study to investigate the

- .suitability of using LiF as a solid souice to dope diamc=d growing in 2 plasma-enhanced

- chemlcal vapor deposition (PE(‘VD) envifonment. In this paper, we report fabrication

o of a diamond IGFET structure .using selective diazond deposition with boron and

- lithium doping in gon)uncuon with a remote plasma 2abanced chemical vapor deposi-
- - - tion (RPECVD) of 2 Si0x iasulating dielectric layer.
Jro- o i
Dcpmg Studies
: The system used for the growth of homoepitaxial dizamond consists of a 13.56 MHz

inductively-coupled PECVD system. A gas mixture ¢ 98.5% H,, 1.0% CO and 0.5%
CH, flowed through 2 62.5 mm quartz tube at a rate cf 30 scem at 5.0 To:r. The sam-

[ pleis positioned near the 1f coil on a graphite susceptar and is held at ~ 800° C during
growtb. Type Ia a0d Hla natural (100) diamond ervsials were used in these studies.
Boron and lithium were investigated as in situ dopapts.

Boron doping was accomplished by introducing diborane diluted in H, into the
reactor during diamond deposition. The diborane scurce was diluted in hydrogen to
l 1000 ppm. The diborane was leaked into the chambe: with a flow rate of less than 05
sccm. Calculations bases on the partial pressure of diborane indicate that the incor-
S poration efficiency is on the order of unity.

Lithium doping was accomplished via introductica of a solid source of LiF on the
_graphite susceptor during the deposition, or via in:zoduction of the solid source to
l “dose™ the reactor prior to loading the substrate fcz diamond growth. It was found
that under diamond growth conditions, the LiF is dissolved by the atomic hydrogen in
the reactor. Lithium emissions were observed in the reactor once the sources began to
volatilize. Diamond deposition, with a Li source preseat in the reactor, resulted in high
incorporation of Li into the samples (> 10% cm™3) Consequently, growths were per-
formed with no source of Li in the reactor other thaz the Li residing on the chamber
fixtures following “reactor dosing”. Typically, a soli¢ source would be introduced into
the reactor, a discharge initiated, whereby emissions of Li were detected, the sohd
source removed, and the reactor deconditioned by a hydrogen discharge to reduce the
Li concentration in the reactor prior to epitaxial growsh.

—— om——

Electrical and Physical Analysis of Doped Diamond Films

The doped diamond samples were characterized by Van der Pauw Hall measure-
ment for carrier density and mobility. The measurem2nt was carried out as a function
of temperature to attain activation energies of the dopant species.

————

—— aoe——
v—-——
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- The_boron doped sa.mpls were deurmmed totbe p-l,ypc as expecud with a castier
density in’ the 10"em™3 range. Two Ivels .were seen in the plot oficarrier density vs.
temperature as shown in Figdre l.,One bad 2 low-activation energy of 00052 eV, and’
the other had'an acuvauon energy of 0.24 ¢V. The origin of the low activation coergy
level is unknown at’ this point. The 0.24 eV level'i is mote characteristic of boron activa-
tion in diamond {3]. Hall mobilities measured were on the order of 45 em 2[Vsec. luis
llkel) that the boron is compensated by sorrne otber level in the diamond, possibly 2
damage or crystalline defecy relate(l level.

Lithium samples were also characterized by Hall measuréments. Data from 2
heavily lithium doped sample i shown in Figure 2. Data from 2 more lighily doped
sample is shown in Figure 3. Both samplés exbibit p-type behavior, which was unex-
pected. The activation energies of the acceptor levels in-the samples seemed surpris-
ingly close to the level measured for the boron doping. The lightly doped sample did
however exhibit the higher mobility than the boron doped sample.

SIMS analysis of the heavily lithium-doped sample showed both Li and B in the
filtm. The amount of Li was ~ 16% cm’s; the amount of B was ~ 10¥® cm™3. The
source of the boron is at this point undetermined; however, it is likely to be a deposi-
tion system component. It is very probable that the p-type behavior is from the boron
in the film and not the lithium. The lithium does, however, seem to have a beneficial
effect on the electrical properties of the film.

Au Schottky diode structures were fabricated on a beavily lithium-doped sample
that had received a 30 minute bydrogen plasma treatment (1500 watts of RF power into
the plasma), at 5 Torr, at approximately 700° C. These diodes showed good rectification
behavior with a turp-on voltage of 2.5 V and a breakdown voltage of 6 to 8 V. The
reverse leakage current is on the order of 12.5 uA/cm?®. Au conticts which had been
deposited on material doped with boron alone (which had received a similar hydrogen
plasma treatment) exhibited ohmic behavior.

The Au Schottky contact was used to perform electron-beam induced current
(EBIC) measurements. EBIC was used to estimate the minority-carrier diffusion
lengths. A thin Au Schottky contact was used for charge collection, aud the induced
current was measured as a function of distance, in plan-view, from the contact. For
primary beam energies from 10keV - 20 keV, the minority-carrier diffusion length was
measured to be 0.5um. This compares with measured minority-carrier diffusion lengths
of ~ 3pm in natural type Ilb diamond (B-doped) |7}.

Diamond IGFET Fabrication and Testing

Transistor structures were fabricated on a Type 1A natural diamond (100} sub-
strate from Drucker-Harris. The diamond substrate was cleaned using a conventional
RCA wet chemical clean [8]. Polysilicon layers as well as SiOa-polysilicon composite
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layers were dsed ds maskmg materials.. Dunng diamond deposmon the top layer of the
sxhcon s carbomzed makmg it impervious to the bydrogen etching environment. It was
found that. 5102 ;nasks were removed. b).the hydrogen envirooment if no oxygen was
used in‘the proces The composite suuctute assures that tbe carbonized silicon layer
can be removed:from the wafer. The mask: was pauerned using standard hthograpblc
techniques and wet etching tb open- holes for depdsition of the conducung p-type dia-
mond areas. Foﬂowmg diamond deposition, the silicon mask was etch removed. The
sample was then coated with'2 950 A RPECVD Si0, gate dielectric. This process has
been 45ed to deposn low temperature, gate-guality dielecirics on Si and other semicon-
ductors- [9 10] Titanium gate electrodes were formed using; 'Jlol’f Source-dra.m con-
tact opemngs were patterned and opemngs etched in the oxide using buffer HF solution.
Tnamum contacts were formed usmg liftoff. The _contacts were obmic as deposited.
The gate length and widtE of the transistors was 8pm and 50pm, respectively.

Two types of working IGFET structures were fabricated, one using boron doping
alone and one using the lithium doping. In both cases a major limitation on the device
fabrication process was control of the dopant concentration.

The boron doped diamond IGFET source drain I-V characteristics are shown in
Figure 4. The device showed transistor action characteristic of a p-chanael, depletion
mode device. The device cannot be pinched off with the available gate voltage. The
leakage current is most likely due to defects in the material or surface leakage. The
maximum transconductance of the device is 38 pS/mm at 8 V drain to source. The
transconductance of the device is slightly larger for the 1 to 2 V gate step than for the 0
to 1 V gate step. This increase in transconductance with increasing depletion is indica-
tive of a relatively-high density of surface states at or near the diamond /Si0, interface.
The geometry of the FET is such that the source to gate resistance is on the order of
2 % 10° Q. This resistance would decrease the transconductance of the device by a fac-
tor of about 2.

The diamond material used for the transistor channel had a resistivity of 12 Q-cm.
The specific contact resistance of the titanium contacts on this material were measured
using a transmission line model test structure. The specific contact resistance is 0.09
Q-cm®. Titanium contacts were also fabricated on heavily boron doped material with a
resistivity of 0.08 f-cm. These contacts exhibited a specific contact resistance of
1.4 X 107 Q—cm® Such layers could be used for contact layers to reduce parasitic
resistances in the source and drain using an additional selective diamond deposition
step.

The lithium/boron doped diamond IGFET source drain I-V characteristics are
shown in Figure 5. This device exhibited much better saturation behavior than the
boron doped device. This device has a more lightly doped channel than the boron
doped device as evidenced by the lower saturation current. This device showed both
depletion and enhancement behavior. However it is not clear whether this enhanced
current 1s due to accumulation of a conducting layer at the surface or just un-depleting
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of the channel. It is Jikely that. since the doping level is approximately 2 orders of mag-
nitude lower id this device than the first device, the channel is dearly fully depleted at
0.0 V:gate bias. The device has a substantial leckage current. Comporisoa of this
leakage currént- level with the leakage between isolated devices indicaled that the
current is pnnclp‘ally sibstrate curfent: -

Cénclusions _

In situ boron and lithium doping of diamond has been carried out using 2 diborae
_gas source and a lithium fluoride solid source in a low pressure 1f diamond deposition
process. The boron ™ was found to be p-type with an activation énergy of 0.24 eV. The
hthium was judgcd to be elcctncaliy inactive in the material evaluated here. The
activation energy of the conductivity along with SIMS data on impurity levels indicated
that the conduction is probably due to unintentionally incorporated boron in the film.
The lithium appeared to have some beneficial elfects on the electrical properties of the
the doped diamond films. This effect requires further study. Working IGFET devices
were fabricated using the boror doped material and the lithium/unintentional boron
doped matenal. A maximum transconductance of 38 pS/mm was measured for the
boron doped device. Improvements in device performance could be achieved through
reducing the source drain parasitic resistances and by improving the diamond/SiO,
interfacial.characteristics.
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Figure 1  Carrier concentration vs reciprocal temperature for a
boron—-doped homoepitaxial film. The materal 1s p-type
Hall mobilities are hsted.
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Figure 2 Carrier concentration vs. reciprocal temperature for a heavily Ln
doped homoepitaxial film. The material is p—type, probably due
to boron contamination. Hall mobilities are listed.
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