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I. BIAS CONTROLLED HOT FILAMENT CHEMICAL VAPOR DEPOSITION
OF DIAMOND THIN FILM ON VARIOUS SUBSTRATES

Y. H. LEE, G-H. MA, K. ]. BACHMANN and J. T. GLASS
North Carolina State University, Materials Science and Engineering Department,
Raleigh, NC 27695-7907

ABSTRACT

The growth of diamond films on Si(001), polycrystalline Ni, Mo, Ta, and W
substrates by biased controlled chemical vapor deposition is discussed. Biasing
effects were examined using the Si(001) substrates. The film quality as judged by
Raman spectroscopy and scanning electron microscopy depended strongly on the
biasing conditions. Under low current reverse bias conditicns, highly facetcd
cubooctahedral {)olycrystalline diamond growth exhibiting a single sharp Raman
line at 1332 cm~! was obtained. Transmission electron microscopy indicated that
these films contained relatively low defect densities and no significant interfacial
layers. Biasing into high current conditions which created a plasma resulted in
multiply twinned, microcrystalline growth incorporating sp2 bonded carbon into
the diamond film. Such films were found to contain very high defect densities and
a relatively thick interfacial layer. An investigation of the effects of substrate
material was also conducted. Films grown on Si, Ni and W exhibited the best
quality. The relationship between this quality and substrate properties such as
surface energy and lattice parameter is discussed.

INTRODUCTION

Diamond films and particles have been grown by various deposition methods
[1-7] for both electronic and mechanical applications. Charged species, especially
electrons, may play a significant role during the hot filament CVD of diamond. For
example, electrons may damage the surface of diamond [8] or they may accelerate the
decomposition of H2 and CHy [3], each yielding opposite effects in terms of film
quality. Thus, the effects of biasing during diamond CVD are of utmost interest.
Also, economic considerations will require the development of reasonably large
non-diamond substrates for the growth of diamond films. Therefore, the influence
of substrate materials on diamond growth must be understood. In the present
research the biasing conditions and substrate materials which result in well-faceted
growth morphology and sharp Raman spectra characteristic of pure diamond are
described.

EXPERIMENTAL CONDITIONS

Bias_Controlled CVD

The experimental arrangement of the Bias Controlled Chemical Vapor
Deposition (BCCVD) system utilized in the present study is similar to conventional
hot filament CVD systems [1). However, means have been added for independent
biasing of the substrate and the filament with regard to the grounded walls of the
growth chamber which is discussed in more detail elsewhere [¢,7]. Si(001) substrates
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were mechanically polished with diamond phaste to a final grit size of 0.25um. The
methane to hydrogen ratio was fixed at 3%, total flow at 100 sccm, and pressure at
3.3kPa. The filament and substrate temperatures were 1930°C and 850°C,
respectively and the filament to substrate distance was 8 mm. In experiments of
biasing effects, oniy the bias was varied. Initial experiments involved the variation
of the filament bias voltage and substrate bias voltage independently relative to the
grounded chamber. However, it was found that the current depended primarily on
the potential difference (AV) between the filament and substrate due to the highly
resistive path to the chamber walls which were on the order of 3 cm away.
Furthermore, it was found that relative to this AV, the system behaves like a diode
due to the high temperature of the filament which easily ejects electrons versus the
low temperature of the substrate which does not allow the electrons to escape easily.
Thus, “forward” bias is defined as the condition in which the substrate is hLeld at a
positive potential relative to the filament (i.e., electrons flowing into the substrate)
and “reverse” bias is defined as the opposite condition to forward bias [7]. At high
reverse bias (2170V) and moderate forward bias (270V) the current flow increased
suddenly indicating that a plasma was generated. Silicon(001) substrates were
utilized and the deposited fiims were characterized by SEM, Raman spectroscopy
and TEM.

Substrate Variations

During this substrate variation study, diamond was deposited on several
substrates under reverse bias (~120V) which was found to be optimum in the
biasing study. In addition to Si(001), polycrystalline metal substrates were evaluated
using the same surface finish. These substrates were chosen for the following
reasons: (i) Si is a material with the diamond structure and has an excellent thermal
expansion coefficient match with diamond, (ii) Ni is closely lattice-matched to
diamond, (iii) refractory metals such as Mo, Ta and W are strong carbide formers
with relatively high surface energies (i.e., rel. :ively close to diamond) and thus are
expected to result in relatively small interfacial energies between the diamond
nuclei and the substrate.

RESULTS AND DISCUSSION

Bias Controlled CVD

The film quality as judged by Raman spectroscopy depends strongly on the
biasing conditions, as shown in Figure 1. It can be seen that in the low current
reverse biasing condition (Figure 1c), only the 1332 ¢cm"! diamond line is observed.
The broad band normally located at ~1500 cm-1 typically associated with a sp2
bonded graphitic phase is absent. Furthermore, this sample exhibited a full width at
half maximum (FWHM) of the 1332 cm-1 Raman peak which is narrower (<5 cm-1)
than the FWHM of all other samples. It should be noted that although the zero bias
conditions yielded a high quality diamond, its FWHM was not as narrow as the
reverse bias sample (see Fig. 1). Also, low current reverse bias conditions (<~60V),
which did not form a plasma, yielded diamond similar in quality to zero bias
conditions but with a very low nucleation density. On the other hand, samples
grown under forward or reverse bias conditions which generated a plasma contain a
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significant sp2 component as shown in Figures 1a and 1d. Re earch is continuing to
determine possible causes of this phenomena.

Plan view and cross sectional TEM were also utilized to examine the films grown
under different biasing conditions. Figure 2 shows bright field plan-view TEM
images observed with the electron beam parallel to the [011] direction revealing the
defect densities of single diamond grains grown under two different biasing
conditions. Under the conditions of 150V forward bias which created a DC plasma,
many defects, including numerous twins, are present on the diamond grain.

-A l(a)

(b)
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Figure 1. Raman spectra of diamond thin films grown under different biasing
conditions: (a) forward bias of 150V, (b) grounded potential(0V), (c) reverse bias of
150V, (d) reverse bias of 180V. FWHM of (a) 14.0cm-1, (b) 5.7cm-1,(c) 5.0cm-1,
(d)13.0cm-1 (Raman conditions: 514.5 nm Ar* laser, 2cm x 2mm sampling area, 2
cm-1 slit width).
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In contrast, under reverse bias of 150V conditions, a much lower defect density was
observed. Thus, the improved Raman characteristics correlate with a lower defect
density. The corresponding bright field cross-sectional TEM micrographs are shown
in Figure3. An approximately 10um thick interfacial layer as well as numerous
voids were observed in the films grown under forward bias of 150 V, while no such
layer was present in the film grown under reverse bias of 150V. The film grown
under grounded potential has also been analyzed and exhibited similar
characteristics as the 150V reverse bias film. It is believed that this is due to an
increase in electron bombardment of the sample during the high forward biasing
conditions which causes significant surface damage during growth.

Substrate Variations

The growth of diamond films on Si(001) and various polycrystalline metal
substrates such as Ni, Mo, Ta and W has been accomplished. Films grown on Si, Ni
and W exhibited the best quality according to Raman sp2/sp3 peak intensity ratios
and the full width half maximum of the 1332 cm~1 Raman peak. This is discussed
in more detail elsewhere [6,9]. The objective of the present research was to
determine the effects of substrate surface energy on the diamond particle
morphology. For heteroepitaxy of diamond thin films, it is necessary to obtain
2-dimensional or at least lateral growth. Unfortunately, this is not possible with any
conventional substrate due to the high surface energy of diamond which results in a
Volmer-Weber growth mechanism [10]. Therefore, an attempt was made to provide
a better match of the surface free energy of the substrate to the surface free energy of
diamond.

The surface free energy of diamond is estimated to be 3387 ergs/cm?2 [11} while
the surface free energies of Si, Ni, Mo, Ta, and W are 1457 ergs/cm?, 2072 ergs/cm?2,
2463 ergs/cm2, 2628 ergs/cm?2, and 3111 ergs/cm2, respectively [12]. Although the
surface energies of the carbides of these materials are not known, their melting
points increase in the same order as the surface energies of the uncarborized
materials, except in the case of Si. Thus, it is not unreasonable to assume that their
bond strengths and surface energies also increase in the same order.

Figure 4 shows the morphologies of diamond nuclei on substrates with different
surface energies. It was observed that the aspect ratios of the diamond nuclei (i.e.,
the length of the nuclei parallel to the substrate versus the height of the particle
perpendicular to the substrate) correlate to the surface energies for the substrates,
except in the case of Si. That is, lower, flatter particles are observed on W and Ta
substrates (Figures 4c and 4d) than on the Mo and Ni substrates (Figures 4a and 4b).
On the Si, relatively extended lateral growth is observed which is believed to be
attributed to the formation of a SiC buffer layer which will significantly affect the
surface energy. Thus, changes in substrate surface energy appear to affect diamond
particle profiles. Therefore, the matching of the surface free energies is an
important criteria for the selection of substrate materials for the lateral,
heteroepitaxial growth of diamond. It should be noted that such surface energy
effects can be very sensitive to impurities and surface defects. Thus, verification of
this preliminary study presented herein using carefully prepared single crystals of
these same substrates is required.
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Figure 2 Plan-view TEM micrographs of a diamond singie grain grown under (2
torward bias of 150V (b) reverse bias of 1530V

Diamond

Fizure 3 Cross-sectional TEM micrographs showing the interfaces between the
ciamond fiims and Sisubstrate grown under () forward bias of 150V (p) reverse bias
of 33V
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Figure 4. SENM micrographs of the
diamoerd nudel morphology at 8c
to 90 viewing angle on various
substrates ot (a) St (b Ny, () Mo,
() Ta, te) W
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SUMMARY AND CONCLUSIONS

rFrom the results of this research, we conclude that biasing which creates a DC
plasma significantly deteriorates the film quality. In contrast, low current reverse
and zero bias conditions reduce the formation of an sp2 bonded phase and decrease
the defect densities in the diamond films. Furthermore, the FWHM of the diamond
Raman line was narrowest(< 5 cm-1) for the sample grown under reverse bias
conditions. This is attributed to the optimization of the electron and ion
bombardment of the surface which minimizes surface damage during growth. It
may also be possible that the electron flux from the substrate and substrate holder
surface accelerates the decomposition of H into atomic hydrogen in the vicinity of
the surface, and thereby suppresses the formation of the sp2 bonded phase. It has
also been shown that different substrate materials affect diamond particle
morphologies. This appears to be related to the surface energy of the substrates
relative to the surface energy of the diamond as is expected from crystal growth
theory. Substrates which have surface energies closest to diamond yield the most
extended lateral growth.

ACKNOWLEDGEMENTS

This work was supported by SDIO/IST through the Office of Naval Research
(M. Yoder, contract monitor). The authors wish to thank Drs. R. F. Davis and
H.S. Kong for useful technical discussions. R. J. Nemanich, Y. M. LeGrice and
E. Buehler are gratefully acknowledged for obtaining the Raman spectra presented
herein. Use of Field Emission SEM facilities at Research Triangle Institute (J. B.
Posthill and D. P. Malta) and the assistance of S. R. Sahaida are also gratefully
acknowledged.

REFERENCES

1. 5. Matsumoto, Y. Sato, M. Kamo, and N. Setaka, ]. Appl. Phys. 21, 483 (1982).

2. M. Kamo, Y. Sato, S. Matsumoto, and N. Setaka, J. Cryst. Growth 62, 642 (1983).

3. A Sawabe and T. Inuzuka, Appl. Phys. Lett. 46, 146 (1985).

4. A Hiraki, T. Kawano, Y. Kawakami, M. Hayashi, and T. Miyasato, Solid State

Comm. 50, 713 (1984).

A. Aisenberg and R. Chabot, J. Appl. Phys. 42, 2953 (1971).

6. Y. H. Lee, H. S. Kong, P. D. Richard, ]J. T. Glass, K. ]J. Bachmann, Y. M. LeGrice
and R. J. Nemanich in the Summary of 4th SDIO/IST Diamond Technology
Initiative Symposium, Crystal City, VA, July 19C9.

7. Y. H Lee, P. D. Richard, K. J. Bachmann, and J. T. Glass, Appl. Phys. Lett., in

press.

S. Pepper, Appl. Phys. Lett. 38, 344 (1981).

9. Y. H. Lee, K. J. Bachmann, J. T. Glass, Y. M. LeGrice, R. J. Nemanich submitted
to Appl. Phys. Lett.

10. R. Kern, G. LelLay and J. J. Metois, Basic Mechanisms in the Early Stages of
Epitaxy, Current Topics in Materials Science, Volume 3, edited by E. Kaldis
(North-Holland Pub. Co., 1979) p135.

11. E. D. Hondros in the Proc. TMS-AIME Heat Treatment Committee at the 1976
TMS Fall Meeting, Niagara Falls, NY, September 1976.

12. T. Takai, T. Halicioglu and W. A. Tiller, Surf. Sci. 164, 341 (1985).

“u

®




s e

II. Electron microscopic characterization of diamond films grown
on ¢! by bias-controlled chemical vapor deposition

~ H M. Ma, Y.H. Lee, and J.T. Glass

Department of Matertals Science and Engineertng, North Caroling State Universiy,

Raleigh, North Carolina 27695

(Recerved 10 Apnt 19900 accepted 19 July 1990

Diamond films grown by Bias-Controlled Hot Filament Chemical Vapor Deposition
(BCCVD) on silicon (S1) substrates were characterized by Transmission Electron
Microscopy (TEM). Both plan-view and cross-sectional TEM samples were made from
diamond films grown under different biasing conditions. It was tound that defect
densities in the films were substantiaily reduced under zero and reverse bias (substrate
negative relative to the filament) as compared to forward bias. Furthermore. the
diamond’Si interface of the reverse and zero bias films consisted of a single thin
interfacial laver whereas multiple interfacial layers existed at the diamond.Si interface of
fitms grown under torward (positive) bias. Tungsten (W) contamination was also found
in the interfacial lavers of forward bias films. It is concluded that forward biasing in the
present condition 1s not favorable for growing high quality, low defect density, diamond
films. The possible mechanisms which induced the microstructural differences under

different biasing conditions are discussed.

I. INTRODUCTION

Diamond film and particle synthesis from the va-
por phase under low pressure has been demonstrated by
at least 10 different methods since it was first acheved
at reasonable growth rates in 1981 Currently, intensive
research activities around the world are aimed at devel-
oping a new cra in diamond technology which will fully
utithze the untgue properties of diamond in applications
ranging from coatings for wear resistance and cutting
tools to optical windows for visible and infrared (IR)
transmission. as well as thin films for high temperature.
high power semiconductor devices. A decade of re-
scarch has now led in the general direction of con-
trolling nucleation. increasing the growth rate. reducing
defects. and chminating graphite codeposttion. Uni-
form. large arca deposition. and the ultimate goal of
heteroepitaxial growth of single crystal films are also
mapor concerns of the research community.” Unfortu-
nately. hittle has been known about the mechanisms of
diamond nucleation and growth which would be very
helpful in achieving these goals.™ Therefore, any
correfation of process parameters to film properties
which wids in furthering the understanding of potential
nucleation and growth mechanisms is very bencficial
in providing cfficient guidelines for advancing the
duumond technology. The present rescarch correlates
biasing conditions in a hot filament chemical vapor
deposition svstem with film quality and defect density
This. in turn. allows speculation of the role of charged
species m the mechamism of diamond growth

Hot filament chemical vapor deposition s one of
the most common diamond growth techniques due to

J Mater Reg Vot 5 No 11 Nov 1790

its simplicity and low cost.” * A heated filament above
the substrate surface is utilized to thermalby crack the
avdrogen gas nto atomic hvdrogen. It also activates
and dissociates the methane molecules as well as en-
hances surface processes vig thermal exenation and
electron bombardment. It has been found that placing
bias between the filament and substrate 1o ¢nhance
electron bombardment of the substrate has increased
the nucleation density and growth rates by several
times.”" This clearly imphies that charged species, es-
pecially electrons. may play o sienificant role during
the diamond gromth. Howeveroan this previous work,
although growth rates and pucleation density were
improved. the quality of the filmy was not assessed.
Therefore, in the present rescarch. a modified hot fila-
ment {or filamen assisted, thermal filament) chemical
vapor deposition {CVD) system 1s utihized to study the
effects of charged species in the growth of diamond.
A controlled bias is applied to the substrate and the
filament independently, thus. this growth technique
has been termed bias controlicd CVD (BCCVD)."
Transmission Llectron Microscopy (TEN) was then
emploved to correlate the defect microstructure and
the intertacial churacteristies with the processing condi-
tions. The defect densities are also compared to the sur-
tace morphologies and Raman spectra from the films.

il. EXPERIMENTAL

Diamond films were grown on sthicon (00D sub-
strates i g bias controlled hot filament chemical vapor
deposinon (BCCV D) svstem. A schematic of the
growth svarem and its current-voltage charactenistics

£ 1990 Mater ar v e Socety 2367
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are presented elsewhere." A gas mixture of methane
and hydrogen in the ratio of 3%, total flow at 100 sccm,
and pressure at 3.3 kPa, is introduced above a tungsten
filament heated to 1930 °C. The substrate is mounted
on a molybdenum holder which is heated to 850 °C by
a boron nitride encapsulated heater. With all other
growth parameters fixed, the filament bias and sub-
strate bias voltage were varied independently rela-
tive to the grounded chamber. However, it was found
that the current depended only on the potential dif-
ference between the filament and substrate (AV =
“wbstrate = Viamenr) Without any influence from their po-
sition relative to ground. Films were grown under vari-
ous forward bias (positive AV, more positive substrate
potential), zero bias (AV = 0, no potential difference).
and reverse bias (negative AV, more negative substrate
potential) conditions. TEM studies were conducted on
films grown under three representative conditions,
namely forward bias of 150 V (AV = 150 V), zero bias,
and reverse bias of 150 V (AV = —150 V).

Both plan-view and cross-sectional TEM specimens
were prepared with a standard ion-thinning technique.
The low ion thinning rate of diamond (~0.5 um/h) and
the substantial difference between the thinning rate of
the diamond films and Si substrates did pose some dif-
ficulties in preparing cross-sectional TEM samples.
Nevertheless, it was found that dimpling the specimens
down 1o less than 5-10 um of thickness (the Si appears
reddish at this thickness), and then milling with Ar~ at
6 kV, 10° incidence from both sides until perforation,
then continued milling at S kV, 5° incidence for another
hour gave very satisfactory results. The average ion
milling time was approximately 6 h. The only disadvan-
tage of this technique is that the Ar’ tends to sputter
the Mo specimen stage of the ion mill at low incident
angles, and this sputtered Mo usually redeposited on
the specimen surface. thereby contaminating the speci-
men and causing some confusion and uncertainty in
the interpretation of x-ray microanalysis results. All the
samples were examined either on a Hitachi H-800 scan-
ning transmission electron microscope (STEM) oper-
ated at 200 kV, or on a Philips EM 430T transmission
clectron microscope (TEM) operated at 300 kV. High
resolution transmission electron microscopy (HRTEM)
was performed on a JEOL 200 CX TEM operated at
200 kV. Energy dispersive x-ray spectrometry (EDXS)
was conducted on a Kevex ultrathin window x-ray spec-
trometer which is coupled with a Philips EM 430 TEM.

ill. RESULTS

Plan-view TEM was used to investigate the defect
tvpe. density, and distribution. Figure 1 shows the
plan-view TEM micrographs of diamond films grown
under a forward bias of 150 V {Fig. 1(a)], zero hias
[Fig. 1{h)). and reverse bias of 150 V {Fig. 1(c)] and the

corresponding surface morphology (scanning electron
micrographs) and Raman spectra. For the TEM, all the
individual diamond grains were tilted to the diamond
(110) zone axis because defect density comparisons are
meaningful only when compared under identical dif-
fraction conditions. It is immediately apparent that a
higher defect density is associated with the films grown
under forward bias [Fig. 1(a)]. Moreover, this correlates
with a degraded Raman spectrum and a poorer surface
morphology (i.e., a less faceted surface). The Raman
spectra can be seen to degrade in two different ways: an
increase in Full Width Half Maximum (FWHM) and
an increase in the intensity of the sp bonded carbon
peak at ~1500 cm ™' relative to the sp* diamond compo-
nent at 1332 cm™'. It is plausible that both of these
changes are caused by the increased defect density
(as opposed to, for example, a grain boundary phase);
however, continued research is necessary to confirm
such a speculation. The FWHM have been measured at
14.0cm™, 57 em™', and 5.0 cm ™! for forward, zero, and
reverse bias diamond films, respectively, which is add:-
tional evidence of the improved quality of films grown
under reverse bias. It has been shown that the FWHM
is directly related to the domain size which is required
for quantitative analysis of Raman spectra.'” It was also
observed that the domain sizes obtained in this method
were smaller than the diamond crystal sizes observed
under SEM." Thus, it was speculated that the phonos
scattering was confined in the local regions of the dia-
mond crystal by defects. In the present case, using the
same method as LeGrice and Nemanich,'" the do-
main sizes were calculated to be ~51 A, ~114 A, and
~151 A for forward, zero, and reverse bias films. re-
spectively. Linear analysis was also perforiied on
plan-view TEM micrographs to dctermine the defect
spacing. Fifteen lines were randomly drawn across the
micrographs, the number of defects (twins) were
counted, and the defect spacing was obtained by divid-
ing the total length of the lines by the total number of
defects. The population of defects in forward bias films
was so high that defect spacing could not accurately be
obtained but appears to be less than 50 A The defect
spacings in zero bias and reverse bias films were found
to be ~710 A and ~750 A, respectively. These values
are higher than the domain sizes obtained from the
FWHM. However, as shown in Figs. 1(b) »nd I(c).
the defects are not distributed evenly in the films; thus,
the FWHM could be affected by local high defect den-
sity regions (such as near the grain boundaries), vield-
ing a smaller domain size. Qualitatively, the defect
spacing seems to correspond to the domain size. How-
ever, an exact relationship between domain size and
defect spacing could not be drawn here. since a larger
data basc is needed to make this correlation statistically
meaningful. Regardless. both parameters indicate the
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poor quality of the forward bias films and imply that  examination shows that those defects are twins and
the reverse bias films may be of slightly higher quality  microtwins. Twinning in {111} has been known to be
than those grown at zero bias. the predominant defect in CVD diamond.** The

It is also observed that the numerous defects  grain in Fig. 1(a) is also “multiply twinned™ with five-
emerge from the center of an individual diamond  fold symmetry apparent at the center of the grain. Such
grown under forward bias. as shown in Fig. lta). Closer  fivefold multiply twinned parsicles (MTP) are com-

—
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FIG 1 twontinued)

monly seen in plasma enhanced CVD diamond and
have been studied thoroughly.™!” No other type of de-
fect was apparent; however. duc to the indistinguish-
able nature of simple stacking faults versus microtwins
whose thicknesses are a few tens of A" some stacking
faults may also exist. In the zero and reverse bias films
"Figs. 1tb) and 1)), the density of defeets noe. the
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number of twin plates) is scen to be reduced signifi-
cantly. Selected area diffraction (SAD) indicated 4gain
that the twinning occurred along {111}. There was no
major difference between the defect density of the zero
and reverse bias films. although. as stated carlier, spac-
ings were somewhat larger in the reverse bias Hilms.
The defects emerge from the center of the diamond

J Mater Res Vol 5 No 11, Nov 1990
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FIG | (continued)

grain to the grain boundary, but are not distributed
evenly.

Cross-sectional TEM (XTEM) micrographs of dia-
mond films grown under a forward bias of 150 V, zero
bias. and reverse bias of 150V are shown in Figs. 2(a),
2(b). and 2rcy. respectively. It is noted that i all the
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micrographs the defects (dark lines and zones) emerge
from the center of the base of cach crystal. This is simi-
lar to previous observations in diamond films grown by
plasma assisted CVD methods." *' Since the defects
are generated because of the growth species sitting in
the improper lattuice sites during the deposition process,
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the detect hines actually reflect the trace of crystal
growth." Thus. this implies that cach diamond grain is
nucleated from the single site from where the defects
nucicated and undergoes a three-dimensional growth,
The similar growth morphologies in {ilms grown by dif-
terent techniques suggest that, in some respects. similar
growth mechanisms exist regardless of the diamond
growth techniques used.

The forward bias films consist of several fan-
shaped sectors which are full of defects (dark Jines). as
shown i Fig. 2(a). The SAD pattern over the entire
grain shows a singie crystal (110) spot pattern with in-
tensive twin spots [Fig. 2(a) nset). This pattern sug-
gests that those fan-shaped sectors (subgrains) are
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actually twin-related and the “grans” are due 1o muln-
ple twinning. This observation correlates very well with
SEM observations. In the sero bias films, as shown in
Fig. 2(b}), only a few dark lines emerging from the cen-
ter of the grain are present. indicating the detect den-
sity has been substantially reduced. Well-defined grain
outhines show the (1111 plane at the surtace which cor-
respond to the highly tuccted morphology observed
in the SEM. The vananon in contrast inside the dia-
mond grain and the SAD pattern confirmed the grain
1s also multiply twinned but with tewer twin sectors
{subgrains). XTEM of the reverse hias diamond films
[Fig. 2{0)} also showed a weil-faceted crystal surtace
and a low defect similar to the zero bias films.
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NTEM was also used to reveal differences in the
characteristies of the diamond ‘Si interface under differ-
ent biasing conditions. All the specimens were tilted 1o
the Si{110] pole for edge-on viewing. Figures 3(ai-3i¢)
reveal the diamond'Si interfacial area and the corre-
sponding clectron diffraction patterns under different
biastng conditions. It is obvious that in the forward bias
condition. the interface consists of multiple structures
over rather extended regions (~200 A). as shown in
Fig. 3t It appears that o region of foreign particles is
depostted first. followed by a thin laver of film. and
finally another region of apparent particulates betore
the growth of the diamond. In contrast. XTEM micro-
graphs an Figs. 3¢h and 3(¢) showed that only u single
thin interfacial faver i present in films grown under
zero bias and a reverse bias of 150 V. s thick ness
varies between 200 A and 40 A, depending on surtace
roughness. The diftraction patterns also confirm that
multipic phases exist m the torward bras film. white
onhy Siand diamond - pointed by arrows, spots are
observed in the zero and reverse bias films. These
interfacial structures huve been investigated further by

HRTLEM. Figure 4 shows an HRTEM micrograph of a
revernse bias filme: the atomic tringes of $iand lattice
tringes of dianmond are clearly seen. No attempts were
made to determine the exact atomic positions at the
interface as this involves detailed defocusing experi-
ments and extensive image simulations which are be-
vond the scope ot the present manuscript. However.
the Tattice spacing ot the mterfacial liver is very close
to Stand it is closely aligned with the Siosubstrate. In
addition. no diftraction spots appear in the SAD pat-
tern other than spots trom Si and diamond (Fig. 45 It
can be speculated that this interfacial laver might be s
damaged during substrate pretreatment (scratching.
and then reervstallized in the imitial stages of dia-
mond growth when the substrate temperature is raised.
However, more detailed HRTEM is needed to confirm
this theory,

Eneregy dispersive x-ray spociioretry (FDXS) was
used to characterize the chemistry of the interfacial Fay-
ers ot all the films studied in the FEMD An clectron
probe with a diameter of ~100 A 1< tocused onto the
diamond Siinterface and x-ray specira were coliected
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for 300 s. These spectra indicated the presence of Si,
molybdenum (Mo), and tungsten (W) in forward bias
interfacial layers. as shown in Fig. 5, while only Si and
Mo show up in the spectra collected from interfacial
layers formed under reverse bias and zero bias. It is be-
lieved that thic Siis from the substrate and that the Mo

2374

FIG. 3. (continueds

&

. Si

W

0 : Diamond
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is 4 contaminant from sample preparation {ion milling).
Mo is found in all TEM samples prepared with the
technique described in the experimental section. but is
not observed in samples prior to ion milling. Hole count
spectra (i.c.. spectra taken while the electron beam was
focused through the hole in the TEM sample) were also
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FIG. 4. High resolution TEM micrograph showing the detailed
diamond interfacial structure of reverse bias films.

taken and showed only traces of Si. This verifies that
the data collected were not an artifact of extraneous
signals from bevond the sample. Spectra were also col-
lected inside the Si and diamond near the interface
area: no W was found in either of those spectra within
the detectabihty limit of this technique (~0.1 wt. %).
Therefore. the possibilities of this W contamination
from the microscope or sample preparation were care-
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sten WL S un Kev L R O

fullv eliminated. Consequently, the source of this W
contaminant is believed to be the tungsten filament
used inside the growth chamber, probably caused by
the dc plasma created via forward biasing. This biasing
attracts positive species to the filament, which sputter
W into the gas which then redeposits on the substrate.
Additionally, from electron microdiffraction results, it
appears that no tungsten carbide phases exist at these
tungsten contaminated interfacial layers within the
detectability of the microscope. However, diffraction
spots with their lattice spacing very close to elemental
tungsten and tungsten silicide (W:Si.) were observed
[Fig. 3(d). SAD pattern indexing].

IV. DISCUSSION

From the present results. it has been shown that
biasing affects film microstructures. Thus, charged spe-
cies (ions and electrons) under different biasing condi-
tions have strong influences on the diamond growth
mechanism(s). To elucidate the roles of charged species
in affecting diamond growth. the possible sources of
such species have to be discussed. Generally. in the
current svstem, there are three possible sources for
charged species: (1) thermionic emission of electrons
from the filament. (2) surface ionization of the gas
atoms or molecules when they impinge onto the heated
filament and substrate holder surfaces. and (3) impact
ionization when particles (electron. ion, or neutral
atoms) collide with each other and kinetic energy is ex-
changed. From a comparison of the experimental [V
characteristics with theoretical calculations of current
expected from these mechanisms. it can be concluded
that the possible dominant conduction mechanisms
(charged species gencrated current conduction) are im-
pact ionization for the reverse bias condition. while
thermionic emission and impact ionization are the
dominant mechanisms under forward bias conditions.”
The major charged species on the growth surface under
forward bias are believed to be electrons, while under
reverse bias the major charged species on the growth
surface are positive ions. However, since not any single
mechanism can explain the current phenomena clearly
by itself. it is very possible that two or even three of the
mechanisms occur at the same time. The quantitative
participation of cach mechanism in the growth is not
known and would be very difficult to verify experimen-
tallv. Please refer to Ref. 22 for more detailed discus-
sions of these mechanisms.

Since no gas phase analvsis was performed in the
present system, it would be premature to speculate as to
what type of ions is actually present. However, Celii
et al.”" and Harris and Weiner™' have measured the sta-
ble gas phase species present in the hot filament as-
sisted CVD system with similar gas inputs (hvdrogen
and methanc). Celu er al © concluded that methyl
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(CH3;), acetylene (C:H:), and ethylene (C;H,) were
detected above the growing surface, while Harris
and Weiner®* concluded that diamond growth occurs
mainly from reactions involving acetylene, ethylene,
methane, and/or methyl radicals. It could be envisioned
that similar species exist in the present system, and the
possible ionization processes of these species are likely
to be important. Howevci, continued research is neces-
sary for a thorough understanding of this speculation
and is beyond the scope of the current research.
Under forward bias conditions, the substrate is posi-
tive relative to the filament, and the electrons are the
dominant charged species near the growth surface.
It was observed that higher currents were generated
under forward bias than in reverse bias with the same
voltage.” This implies that a higher flux of charged spe-
cies (electrons) impinges onto the substrate surface
under forward bias conditions. Since the electrons
strike the surface with a finite energy caused by the
potential difference between the filament and sub-
strate, they could very possibly damage the growth sur-
face and alter the surface energy. In this regard, it is
worthwhile to point out that hydrogen desorbs from the
diamond surface at approximately 900 °C, causing sur-
face reconstruction.”*** This reconstruction creates 7,
double bonded surface states which are not conducive
to the growth of high quality diamond. The current
growth temperature (850 °C) is very close to this trans-
formation temperature, presumably to allow activation
of the surface hydrogen for enhanced exchange with
the incoming carbon while at the same time avoiding
reconstruction. Thus, the additional energy supplied by
the incident electrons attracted to the surface by the
torward biasing may be sufficient to desorb the hydro-
pen, causing local regions of surface reconstruction or
‘detective bonding’, leading to line and planar defects.
This is even more plausible when one considers that
a twin boundary requires only a 60° rotation of the
surface bonding [assuming growth takes place on the
diamond (111) plane]. It is a relatively low energy modi-
fication of the original surface and thus could be con-
sidered to be caused easily by an incident flux of
clectrons. This is supported by the prevalence of twins
in these films. On the other hand, the lower flux of
charged ions under reverse bias (as observed by the
much lower currents) will not cause as much surface
madification and thus results in fewer twins.

V. CONCLUSIONS

In summary, the defect density of diamond films
grown under forward bias conditions was much higher
than those of zero bias and reverse bias. This increased
defect density correlated with an increase in the
FWHM of the Raman diamond line as well as an in-
crease in the sp”/sp' peak intensity ratio. Furthermore,

the interfacial area of the forward bias films was found
to be contaminated with tungsten. It was also found
that the microstructures of the films grown under zero
and reverse bias are very similar, although the defect
density and Raman FWHM imply that the reverse bias
films may be somewhat better quality. It should be
noted that recent results currently in preparation for
publication also indicate reduced contamination in the
reverse bias films, not observable in TEM. From these
results, it is clear that the biasing condition, which in-
fluences the role of charged species in the growth of
diamond, affects the defect density and the nature of
the diamond/substrate interface. Under forward bias
which creates a dc plasma, more electrons and other
negatively charged radicals are attracted by the more
positive substrate. Those negative species might either
bombard the substrate surface, creating surface damage
and/or changing the nature of the hydrogen desorption
reaction which occurs during diamond growth, or they
may interact with hydrogen and methane in the gas
phase. Moreover, the tungsten filament used in the
growth chamber is eroded by the dc plasma and creates
a large population of W in the gas phase which later
redeposits on the surface of the substrate. In all thesc
cases. the surface energy and/or chemistry (surface or
gas phase) were altered, creating conditions which are
not favorable for high quality, low defect density dia-
mond growth on Si.
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II1. Novel Approaches to the Attainment of the Heteroepitaxy of
Diamond Films

A. Overview

The goal of this study is to achieve epitaxial growth of single crystal diamond films on
one or more nondiamond substrates. The resulting film can be extremely thin - e.g., S0 -
500A; since, it will be used as a template on which to grow thicker diamond films by a more
conventional process such as plasma CVD. The techniques given below may be divided into
four groups: (a) high pressure, (b) ion beam enhanced epitaxy, (¢) carbon ion implantation

into copper, and (d) the use of surfactants.

B. The Use of the Pressure Variable for the Conversion of Amorphous “Diamond”

The objective of this approach is to form monocrystalline diamond films by producing
thin, H-free diamond-like C films on suitable substrates followed by exposure cf the
assemblies to sufficient pressure and temperature to cause crystallization to diamond. The
reasoning which supports this approach follows both from the enhanced crystallization and
diffusion rates produced by the negative (assumed) activation volume and the driving force of
epitaxial relationships. It may be necessary (or at least helpful) to use epitaxy to cause the
formation of diamond, if we can get the film to crystallize from the substrate to the film surface
rather than vice-versa which is the more common case. The initial substrates will be
Diamond(110), Si(100) and B-SiC(100). The biggest concern of ours in conducting this study
is to be able to apply pressure to the diamond-like amorphous C film and to simultaneously
monitor any structural changes in the film, especially the nature of the bonding.

Dr. David Schefferal of Los Alamos National Laboratory has a high-pressure diamond
anvil cell containing a window for in-situ Raman spectroscopy. He has agreed to collaborate
with us on this program. Raman spectroscopy will provide a continuous stream of information
regarding the structure and bonding of the material as a function of applied pressure and
temperature. Since the pressure cell contains diamond the laser beam for the Raman analysis

will have to be focused such that only the film is in the focal plane. This is made possible by a




technique called Confocal Micro-Raman Spectroscopy, which incorporates an additional lens
into the optics to focus the laser beam into a finer probe size. The pressure is measured
using a very small ruby crystal that is placed near the sample. Fortunately, we have a similar
but lower temperature and pressure apparatus in the physics department at NCSU which is
under the supervision of Dr. Michael Paesler. Dr. Paesler and his student (Gerd Pfeiffer)
have agreed to assist us in the preparation of the samples.

The upper limits of the high-pressure diamond anvil cell at Los Alamos are as follows:

Maximum Pressure = 200 kbar

Maximum Temperature = 900°C (long term use @ 700°C)
Maximum sample dimensions = 0.1mm X 0.1mm X 0.1mm
Pressure medium = cryogenic argon.

Cryogenic argon (80K) is used as a pressure medium to insure that the applied
pressure is homogeneously distributed across the surface. It also provides an inert
atmosphere to minimize sample contamination.

H-free amorphous carbon films are desired because, if present, H ties up dangling C
bonds which would preferably become sp3 under selected pressure/temperature regimes. A
method called Elastic Recoil Detection (ERD) will be used to measure the H content in the
diamond-like C films. (This method is described in more detail by: H.C. Hofsass, et al,
Nuclear Instruments and Methods in Physics Research B45, pp. 151-156 (1990)). ERD is a
highly sensitive technique for detecting light elements in thin samples containing heavier
elements. In this technique MeV He* ions are incident on a thin target and the energies of
both the forward-scattered He ions and the elastically recoiled light atoms are detected in
coincidence. Concentration-versus-depth profiles can be obtained from the measured number
of coincidence events for a depth range of 1um and for all recoiled light elements.

Dr. Bruce Sartwell at the Naval Research Laboratory in Washington D.C. has agreed
to characterize the diamond-like C films for H content using ERD. The amount of sp3 bonding

in the film also needs to be determined prior to the application of pressure. Dr. James E.

o




Butler at the Naval Research Laboratory, Chemistry Division will analyze the bonding nature
of the film using Raman Spectroscopy .

Samples of sputtered films have been sent to the Naval Research Laboratory for H-
content and sp2/sp3 analysis, and the results should be forthcoming. The diamond-like C
films were prepared using rf sputtering. A 5-inch diameter pyrolytic graphite target attached
to the cathode was the carbon source. Silicon was used as the substrate. The chamber was
pumped to 10-6 torr before introducing high purity argon as the sputtering gas. During
sputtering, the argon pressure was maintained at 10 mtorr. No hydrogen was intentionally
admitted into the chamber. A plasma of Ar ions and electrons was formed using the rf power
supply (50, 100 & 200 watts). The pyrolytic graphite target was presputtered at 300 watts
for 30 minutes to enhance the sputtering efficiency by removing any impurities present at the

target surface. All of these sputtering experiments were performed at room temperature.

C. lon Beam Enhanced Epitaxy (IBEE) of Diamond and Amorphous-C Films

In this study, a (100) diamond crystal will be ion implanted (@ 77K) using a C ion
beam having sufficient energy and dosage to amorphize the surface layer. The temperature
and energy of the second C implant will be raised to cause solid phase epitaxy (SPE) of the
amorphized layer. The amorphized layer must be thin in order to achieve epitaxy completely
to the surface. The beauty of this technique is that the recrystallization begins at the
substrate/amorphized layer interface rather than at the surface.

Alternatively, an amorphous carbon film will be deposited on (100) diamond and on
other substrates such as (100) and (0001) SiC, polycrystalline ¢cBN and (100) Ni.
Subsequentiy, high energy C ion implantation will be conducted to cause SPE on the selected
substrates. Dr. Stephen Withrow of Oak Ridge National Laboratories in Knoxville.
Tennessee has agreed to work with us on the ion implantation of the samples. The
parameters which influence the regrowth rate, such as dose rate, target, target temperature,
ion species, and ion energies will have to be optimized. Listed are preliminary estimates for

these parameters:




Targets Ion Species Temperaure Energies(keV) Dose Rate (ions/cm?)

(100) Diamond C 77K 150-225 1.5-5.0x 1013
Amorphous Diamond C 300-500°C 250-350 1016 - 1017
Amorphous C C 300-500°C 250-350 1016 - 1017

D. Carbon Ion Implantation of Copper

Background. Prins et. al. (presentation at the Diamond Conference in Washington
D.C.. Sept. 1990) recently reported that epitaxial diamond layers can be grown on single
crystal (111) copper by means of high dose carbon ion implantation at elevated temperatures.
Copper has a lattice constant close to diamond and has a very low solid solubility of carbon
under the implantation conditions. At elevated temperatures, the implanted carbon atoms
diffuse to the surface, due to thermal activation and the lack of solubility in copper, and they
arrange themselves, under the influence of the host copper material, to the diamond lattice.
Once a thin film of diamond is formed in this manner a thicker film can be achieved by using it
as a template.

Experimental. A similar experiment to that of Prins was carried out at NCSU to verify
the existence of a diamond film on (100) copper. Copper substrates. 99.999% pure with a
diameter of 0.5 inches and a thickness of 1.75mm. were electropolished and cleaned prior to
this experiment. The implantations were carried out using 12¢ species, obtained from a CO2
gas source, at a substrate temperature of 9000C with the following ion doses and energies:

(1) 5X 1017ions/cm? @ 120keV and a beam angle of 0
(2) 1 X 10!8ions/cm2 @ 150keV and a beam angle of 10°.

The implanted samples were characterized using Auger Electron Spectroscopy
(AES). Secondary Ion Mass Spectroscopy (SIMS). and Scanning Electron Microscopy
(SEM).

Results & Discussion. Surface Morphology. Scanning electron microscopy was used
to study the surface morphology of the ion implanted copper substrates. The samples

implanted with 5 X 101 7ions/cm2 @ 120keV and a beam angle of (° (sample 1 & 2) did not
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exhibit much of a surface structure. The only noticeable features were long scraiches caused
by the polishing procedure, as illustrated by Fig. 1(a-c). Fig. 1c shows a surface phase
residing on and along the sides of the scratch. The width of the scratch is approximately 1um.
Also, Fig. 1c shows a large number of dark spots, which could not be resolved at higher
magnification. The origin of these spots is not known at this time.

The samples implanted at 150keV with a dose of 1 X 1018ions/cm?2 and a beam angle
of 100 (sample'3 & 4) exhibited a plethora of surface detail but had different surface
morphologies. Sample 3 appeared to have a network of globules, approximately 1um wide,
resting on the surface which is covered by 100nm size particles, as shown in Fig. 2(a-c). Fig.
2c shows a close-up view of one of the large globules which could have grown as a result of
the smaller particles clustering together. Another point to note is the irregular shape of the
smaller particles, whereas, the larger particle appears smoother. Sample 4 which was
implanted under the same conditions as sample 3 is shown in Fig. 3(a-c). As illustrated in
Fig. 3a, this sample has a different surface morphology as compared with sample 3, shown in
Fig. 2. On first glance, this sample appears to have “caves” (a few um in diameter) which
are filled with irregularly shaped particles approximately 100nm in diameter. But. a closer
look at the regions between the “caves” reveals a smooth, glassy phase similar to the
globules of Fig. 2. Based upon a comparison of the micrographs in Figures 2 & 3 it can be
inferred that the only difference in the two samples is that the globules in Fig. 3 had a chance
to grow until they started to attach to each other. Fig. 2a shows that the globules are not
symmetrical in geometry, rather they tend to be longer in one direction. Because of this
asymmetry these globules tend to be connected in the length-wise direction rather than along
their width. Thus, the regions between the globules remain uncovered and form what appears
to be a cave-like structure, as illustrated in Fig. 3. These caves have particles inside with the
same irregular shape and size as the 100nm particles in Fig. 2. Samples 3 & 4 are, therefore.

very similar in morphology with the only difference being the size of the globules.
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Figure 1(c).

An amorphous phase residing on the scratch.
approximately Tum.
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Figure 2¢c).

A magnified view of a large globule.
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Composition. The surface composition of the ion implanted copper was obtained via
AES using a JEOL JAMP 30 Auger microprobe and via SIMS using a Cameca IMS 3f direct
imaging microprobe. The samples were not pretreated in any way, and long exposure to the
atmosphere had occurred prior to the analysis. The AES fine structure of the C KLL peak has
been shown by Lurie and Wilson (Surf. Sci. 65, 476 (1977)) to be sensitive to the three
allotropes of carbon. The shape of the fine structure of the low energy side of the carbon KLL
peak can be used to distinguish between diamond, graphite and amorphous carbon as shown
in Fig. 4. As illustrated the shape of the spectra obtained from the three allotropes are quite
different. For diamond, the intensity of the fine structure peak closest to the primary C KLL
peak is greater than the peak located at slightly lower energy. For graphite the fine structure
peaks are reversed and for amorphous carbon there appears to be a mixture of the diamond
and graphite spectra.

The Auger fine structure spectra for samples 1,2,3,&4 are shown in Fig. 5(a-¢). All of
the spectra contain the characteristic C KLL peak at 270eV accompanied by the peaks at
lower energy which are used to determine the carbon allotrope(s) present on the surface.
Fig. 5a represents the spectra from sample 1. It appears to have a close match to the
graphite spectra shown in Fig. 4 and, therefore, the surface is composed of a graphite (spz)
type of bonding. Fig. 5(b-e) represent the spectra for samples 3&4. All four spectra were
obtained in the spot mode so that a more accurate assessment of the surface composition
could be achieved. The SEM micrographs of these samples shown earlier had different
surface morphologies, one sample containing globules on the surface and the other having a
cave-like surface structure, thus, the spot mode was utilized to observe the difference, if any,
in composition between these surface phenomena. Fig. 5(b,c) are spectra obtained from
sample 3. Fig. 5b representing the spectra of a globule and Fig. Sc representing the spectra
between the globules. Both spectra resemble the graphite spectra of Fig. 4. The cavelike

sample is shown in Fig. 5(d,e) with Fig. 5d representing the spectra from inside the cave and
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Fig. 5e representing the spectra outside the cave. Once again, both spectra resemble the

graphite spectra of Fig. 4.

Another point mentioned earlier about these samples was that the cavelike
morphology was caused by the globules growing until they connected leaving clusters of the
smaller (10nm) particles uncovered. Comparison of the AES spectra for the globules of Fig. 2
and the glassy phase on the cavelike sample of Fig. 3 are almost identical, see Fig. 5b and
Fig. 5d. The cavelike area and the region between the globules also have identical AES
spectra, thus, verifying the idea about the different globule sizes, or an increased panicle
clustering in one sample as compared with the other, in the two samples.

SIMS was utilized to study the depth of the C implants in the Cu substrates. Using
the Planar Pearson model, an estimate of the depth profile for the implants was realized. as
illustrated in Fig. 6a, and Fig. 6b. This calculation did not consider the high temperature
(900°C) used during the implant. It is interesting to note the high concentration of C at the
projected range: approximately 30 at % C at 1600A for the 120keV, 5.00 e17, 0° beam angle
implant, and 40 at %C at a depth of 2000A for the 150keV, 1.00e18. 100 beam angle implant.
SIMS analysis was conducted utilizing a cesium primary beam to identify C and Cu by
scanning a 50um X 50um area with the resulting spectra shown in Fig. 7(a-d). The low
energy implants yielded C as deep as 0.75um into the Cu sample with a relativelv uniform
distribution of C up to the C-Cu interface. The high energy, high dose implants yielded higher
counts/s with a nonuniform C distribution and very different depth profiles. Fig. 7¢ represents
the sample with the unattached globules and shows a gradual drop in C concentration with
depth rather than the expected abrupt C-Cu interface. The lack of C moving to the free
surface of the Cu could be the reason since the globules, identified as graphite using AES. in
this sample are not connected to each other like the other sample. Also, the peak distnbution
1s not uniform - there is an abrupt drop in count/s at approximately 25um from the free
surface. Fig. 7d has a different profile than Fig. 7c. It has a higher counts/s and the peak 1s

smooth up to the interface at an approximate depth of 0.75um. The concentration of C in Cu
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can be calculated if it could be compared to a standard. Unfortunately, a standard was not
available for the comparison

In all of the SIMS plots the Cu background follows the same path as the C profile up to
the point of intersection where it flattens out. This could be due to the presence of oxygen
near the surface, since Cu and oxygen tend to bond fairly easily and the incident ion beam
would tend to break the Cu-O bond, thus, sputtering at a higher rate and therefore showing a
higher concentration of Cu at the near surface region than expected. The oxygen could be

present in the bulk due to the presence of an oxide layer on the surface prior to the

implantation or perhaps the oxygen in the CO5 gas source used in the implantation was not
completely removed.

Conclusion. Carbon ion implantation into copper resulted in a graphitic surface phase.
Scanning electron microscopy showed some very interesting surface phenomena on the high
energy. high dose implants. AES showed the presence of graphite on the surface and proved
to be helpful in determining the composition and explaining the difference in surface
morphologies of the two samples implanted at high energy and high dose. SIMS gave an
approximate depth profile of the C within the Cu substrate but the Cu profile was not normal.
It remains a mystery as to how Prins was able to form a diamond film on the Cu surface under

the same implantation conditions as we had attempted—perhaps we were not told

evervthing.

E. The Use of Surfactants to Alter the Surface Energies of the Substrate and Diamond Film
The combination of surface free energies, interface free energy and lattice strain
determine whether-or-not an epitaxial film will undergo 2-(layer-by-layer) or 3-(island)
dimensional growth or a combination of initial layer-by-layer followed by island growth. The
last phenomenon occurs in the case of pseudomorphic growths where the lattice parameters
of the substrate and film are closely (not exactly) matched such that the film must be biaxially
and elastically strained such that it comes into registry with the substrate. Continued
deposition increases the total strain sufficiently such that 3-dimensional growth will occur.
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This latter phenomenon may also occur if there is interface mixing and/or surface
reconstruction.

There is no known direct thermodynamic route to increase the surface energy of any
substrate sufficiently such that this energy is greater than the sum of the surface energy of
the diamond film + the diamond/substrate interfacial energy + the strain energy and,
therefore, 2-dimensional nucleation and growth would occur. The surfactant route provides a
thermodynamic route to solve a thermodynamic problem with a kinetic solution.

The thermodynamic problem is that a diamond nucleus without H on its surface will
not wet the surface of any substrate of which we are aware. The thermodynamic route is the
use of a surfactant which lowers the surface energy of both the substrate and the diamond
film and which allows the diamond to retain the sp3 bond at the surface of the growing film.
The kinetic solution is that the C atoms which originally had sufficient mobility and time to
form islands when C was deposited on a bare surface are now kinetically inhibited in terms of
surface diffusion (since they are now covered by a capping layer) and in terms of chemical
interdiffusion because the driving force of surface energy reduction via interdiffusion is now
removed because they are no longer on the surface. However, if interfacial strain is created
between the embedded layer and the substrate and, also, if the species of the embedded layer
are soluble in the substrate under these conditions, interdiffusion should occur.

The substrate must be closely lattice matched (the lattice parameter of the film could
be an integer multiple of that of the substrate). Thus, we are left with Ni, Cu, or ¢BN for the
deposition of diamond, if we are to achieve 2-dimensional growth. Otherwise, the elastic
strain will cause the nucleation and growth to be 3-dimensional. Even with the use of a
surfactant, the strain is not relieved enough to prevent 3-dimensional growth.

The selection of a good surfactant for the Ni or Cu substrates is rather limited.
Getting the C underneath the surfactant and then getting it to form sp3 bonds in the diamond
crystal lattice on the surface of the substrate is going to be a problem. Ni or Cu or cBN are

crystaliographically close to diamond but the bonding is the question. Most any gaseous
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species should lower the surface energy of Cu or Ni and diamond and any monolayer of F or
Cl would be a good choice at the moment. Since, a C containing gas species would not be
able to get through the adsorbed gas without the common reactions that are currently being
employed to achieve diamond, the best way may be to get the C to come to the surface from
within the Cu or Ni. This has always created graphite during deposition or straight
segregation.

Perhaps, as was mentioned by Max Yoder, of ONR, if the metal was saturated with H
and C at high temperature, annealed at lower temperature in a continuous flow of F or Cl or
even H and see if the C will diffuse to and across the surface while connected to a gaseous
species and tie up with other C species to give an sp3 bond. Cu should be the best substrate
in this case since the solubility of C is very low at all temperatures. The C would be
introduced via implantation and the host crystal heated in a gradient so that the C will come

to the desired surface. This method will be looked into with more detail in the near future.

F. Summary and Future Plans

As stated, the goal of this study is to achieve epitaxial growth of single crystal
diamond films on one or more nondiamond substrates. The research vectors outlined above
are: (a) high pressure, (b) ion beam enhanced epitaxy, (c) carbon ion implantation into Cu,
and (d) the use of surfactants. The high pressure work will be done at Los Alamos National
Laboratory under the guidance of Dr. Dave Schefferal and also Dr. Michael Paesler at NCSU.
Sample preparation for the diamond anvil cell is already underway and a trip to Los Alamos
will be planned for January, 1991. Samples, with rf sputtered amorphous C films, have been
sent to Dr. Bruce Sartwell for H-content determination and to Dr. James E. Butler for Raman
analysis , who are both at the Naval Research Laboratory in Washington D.C.

The ion beam enhanced epitaxy project will be conducted at Oak Ridge National
Laboratories under the supervision of Dr. Stephen Withrow. This project will be underway as

soon as Dr. Withrow is able to get beam time. The ion implantation of C into Cu was not
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successful in forming a diamond film and needs to be pursued further. The surfactant project

is still in the planning stages but once we find a suitable surfactant it will be underway.
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IV. Electronic Devices Fabricated From Diamond
A. Introduction

Electronic devices such as MESFETs fabricated from semiconducting diamond
may offer improved RF performance relative to comparable devices fabricated from
commonly used semiconductors such as Si and GaAs. In particular, the mat. rial
properties of diamond indicate the potential for devices with high RF output power and
high frequency capability.

Although the optimum RF performance should be attainable from n-channel
devices due to superior electron transport characteristics compared to that of mobile
holes, the difficulty in producing suitable n-type semiconducting crystals has resulted
in interest in fabricating devices from p-type material. Natural diamond is often p-type
due to boron impurities, and synthetic diamond can be doped with boron with relative
ease. It is likely, therefore, that the first high performance MESFETs fabricated in
diamond will have p-type conducting channels. Most of the device results presented
to date have been on p-type diamond and most current work in progress is directed
towards the development of p channel devices on both natural and synthetic p-type
material due to the relative ease of obtaining suitable crystals.

The use of p-type material presents an interesting problem. Most
investigations of boron impurities in diamond (e.g., doping by ion-implantation)
indicate an activation energy of about 0.37 eV. This, in turn, indicates that the device
must be operated at high temperatures (about 500 °C) in order to activate the
impurities. Operation at elevated temperature, however, results in rapid degradation
of the hole mobility, which decreases with temperature according to a T-28 law. This,
in turn, will reduce the channel current that can flow in the device, thereby significantly
reducing the RF output power attainable.

It should be noted that there is some discrepancy in the activation energies
reported for boron in diamond. For example, Wentorf (1962) has reported an activation

energy of 0.17-0.18 eV for boron doping in synthetic diamond crystals formed at high
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temperature and high pressure out of mixtures of graphite and Fe-Ni catalyst metal.
Fujimori (1986) has reported an activation energy of 0.013 eV for boron doped into the
diamond during crystal growth by vapor phase deposition. The value of activation
energy is important relative to the question of device operating temperature. Room
icniposaiure operation is, of course, desirable in order to obtain good RF output power,
gain and conversion efficiency without the need to use energy consuming devices such
as heaters. Room temperature operation requires a relatively low value for the
activation energy. The lower value of activation energy (0.013) would permit room
temperature operation; whereas, an activation energy of 0.37 eV will require the high
temperature conditions.

This report presents an investigation of the microwave performance potential of
p-type diamond microwave MESFETs. A device was designed for optimum operation
at X-band (10 GHz) and it's RF performance was simulated at both room temperature
and 500 °C. The simulations should provide a realistic assessment of the potential of

this type of device for microwave RF power applications.

B. Simulation Results

The device model employed in this work is a physics based simulation that
includes all relevant physical phenomena known to be of significance to the practical
operation of the device. Of particular interest in this work 1s the temperature
dependence of charge carrier transport and breakdown voltage. Charge mobility is
modeled according to an inverse temperature law (g, ~ T-2:% for holes in
semiconducting diamond). The temperature rise over ambient is determined with
knowledge of the device thermal resistance, which is calculated from a theoretical
model. The thermal resistance model used in this work has been verified with
experimental data taken on GaAs MESFETs. The thermal resistance is multiplied by

the power dissipated in the device channel to obtain the channel temperature rise.




The MESFET design was designed to produce optimum power-added
efficiency at 10 GHz. The device has a gate length of Lg=0.5 um, a gate width of W=1

mm with ten gate fingers. The channel has uniform doping with a boron concenwation
of Na=4x10!7 cm-3 with a channel depth of a=0.15 um. The source-gate and source-
drain spacings are toth 1 um. The contact resistance was assumed to have a value of
Rc=10-4 W-cm?, which is in agreement with the best values reported thus far. The
gate metal is gold. The critical material and device parameters used for room

temperature and 500 “C operation are listed in Table 1.

_—
—

Table 1. Material and Device Parameters used in MESFET Model
at Room Temperature and 500°C

Parameter Room Temp. 500 °C

Thermal Conductivity 30 W/°K-cm 14 W/°K-cm
Device Therm. Resistance 0.73 °K/W 1.57 °K/W

Hole Mobility 600 cm2/V-sec 100 cm?/V-sec
Hole saturated velocity 1.08x107 cm/sec 1.08x107 cm/sec
Breakdown voltage 924v 70 v

=

The dc I-V characteristics for the device at room temperature and 500 °C are
shown in Figs. 1 and 2, r=spectively. The calculations were performed assuming 100%
activation. The validity of this assumption is, of course, directly dependent upon the
value for the activation energy of the boron impurities. Operation at the elevated
temperature significantly affects the device performance. The maximum channel
current (i.e., Idss) is reduced from about 400 mA to about 245 mA, almost a 40%

reduction, and the maximum dc transconductance is reduced from about 56 mS/mm to
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25 mS/mm. Also, the drain voltage required to achieve saturation conditions is
increased from S v to about 10 v.

In the RF simulations the device was biased for class A operation with a bias
voltage of Vds=40 v and Ids=Idss/2. The device was operated in a microwave circuit
and the circuit was tuned to produce maximum power-added efficiency (PAE) at a
frequency of 10 GHz. The RF output power, gain, and power-added efficiency are
shown in Figs. 3, 4, and 5, respectively. At room temperature the device produces 37.7
dbm (5.9 W/mm), 12.2 db gain, and 50.6% PAE. At 500 °C the RF performance is
degraded, but the device still produces 32.9 dbm (1.9 W/mm), 9.9 db gain, and 37%
PAE.

C. Discussion

The results of the simulations indicate that p-type diamond MESFETSs can be
used to generate microwave power with good results, even if high temperature
operation is necessary. The simulations indicate that room temperature and 500 °C
operation of these devices produce RF output power approximately 6 times and 2
times that available from GaAs MESFETs operating under room temperature ambient
conditions. GaAs MESFETs are currently limited in PF output power capability to
about 1 W/mm of gate width.

A problem not addressed in this work concerns the effects of excessive gate
leakage current. Currently, most reported attempts to fabricate diamond MESFETs
have encountered excessive gate leakage, the cause of which is not currently
understood. The excessive leakage severely limits the RF output power that can be
obtained since the gate leakage current prevents high drain bias voltages from being
applied. The low hole mobility requires that high drain bias and short gate lengths be
employed in order to achieve current saturation conditions in the conducting channel.
Most reported attempts to limit the leakage current have been direcied towards the
use of oxide or highly resistive layers directly under the metal gate. Although these
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techniques reduce gate leakage current, they also degrade the RF perfc.mance of the
device due to reduced gain.

We are currently developing a theory of gate leakage for MESFETs. The
theory developed to date is in excellent agreement with experimental observations on
GaAs MESFETs and, in fact, is the only theory presented so far that can explain the
detailed behavior of gate-drain breakdown in these devices. The theory postulates
that the leakage is due to a tunneling of charge carriers from the metal gate to the
surface of the semiconductor between the gate and drain electrodes. The surface
charge flows between the two electrodes, thereby creating the excessive leakage
current. Since the tunneling mechanism is enhanced at elevated temperature, the gate
leakage increases as operating temperature is increased. This mechanism is
responsible for the observed decrease in gate-drain breakdown voltage as
temperature increases.

We believe that a similar tunneling and surface conduction mechanism is
responsible for the excessive gate leakage observed in diamond MESFETs. The
successful development of these devices will require that suitable techniques for
reducing the surface currents be determined. This can most likely be accomplished by

means of suitable surface treatments.

D. Conclusions

The microwave operation of p-type diamond MESFETs at room temperature
and 500 °C ambient conditions has been theoretically investigated. Simulations
performed at 10 GHz for a MESFET operating under class A tuned circuit conditions
indicate that the device can produce approximately 6 and 2 W/mm RF output power
with power-added conversion efficiencies of about 50% and 37% for the two
temperatures, respectively. This indicates that the relatively low hole mobility of

boron doped diamond does not prevent high performance microwave devices from
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being fabricated. The RF performance compares quite favorably with the
approximately 1 W/mm possible from comparable GaAs devices.

Realization of the indicated results will require that suitable techniques for
reducing the excessive gate leakage current be developed. The excessive leakace
current limits the drain bias that can be applied, thereby preventing current saturation
conditions from being achieved in the conducting channel. The gate leakage current can

be reduced by development of suitable surface treatments.

E. Future Research
Future research will include further simulations on the high temperature
operation of p-type diamond MESFETs. In particular, a theory for the excessive gate

leakage current will be further developed. Techniques for reduction of the leakage

current will be investigated.
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