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Abstract

We report our recent progress in the synthesis and characterization
of hybrid carbon films produced by microwave plasma-enhanced chemical
vapor deposition. Hybrid carbon films contain multiple allotropes of
carbon in the same film by design, i.e. diamond plus carbon nanotubes.
Such films may be of particular interest for applications in field emission
displays. A current research issue in field-induced emission mechanisms
is the possible role which local field enhancement from sharp geometrical
structures plays in electron emission versus the role of the electronic states
at an spzl sp3 interface. In these experiments, we investigate this issue in
the context of the observed growth morphologies.

INTRODUCTION

We report on our recent progress in the synthesis and characterization of hybrid
carbon films preduced by microwave plasma-enhanced chemical vapor deposition.
Hybrid carbon films contain multiple allotropes of carbon in the same films by design,
i.e,, diamond plus carbon nanotubes. Carbon films are of particular interest in for flat
panel display applications. Diamond (Ref. (1)), tetrahedral amorphous carbon (Refs, (2))
and carbon nanotubes (Ref. (3) and Ref. (4)) all exhibit low threshold electron emission
behavior. However, the mechanism, or combination of mechanisms, by which the
emission takes place are not well understcod. Such understanding is key to the control of
problems which currently impede the success of carbon films in emission applications,
such as non-uniform emission site density across a single film, or variable emission
performance from "identically” grown films.

A current research issue in field-induced electron emission mechanisms in carbon
films is the possible role which local field enhancement from sharp geometrical structures
plays versus the possible role of electronic states at an sp’/sp’ interface which are
favorable for emission. Investigations of carbon nanotubes indicate that geometric field
enhancement should resuft in excellent emission properties (Ref. (5) and Ref. (6)).
However, experimental investigations of single (Ref. (3)) and multi-walled (Ref, (4))
carbon nanctube films show that problems remain, with nonuniform emission site
densities and a tutn-on threshold which, while low, is about an order of magnitude higher
than would be desirable for commercial applications.
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Other carbon films composed of more complicated carbon nano-structures which
may contain carbon nanotubes, have also shown excellent emission properties (Ref. (7)
and Ref. (8)). Such films are currently under investigation to determine whether
materials with mixed sp¥/sp® bonded phases emit electrons more easily andhave a higher
emission site density that pure phase materials. Also, a correlation has also been noted
between the ratio of ID’ the disorder peak and IG’ the graphitic peak, as measured by

Raman spectroscopy, and better emission properties: a low I3/l seems to correlate with

a low electron emission threshold (Ref. (7)).

Our group is investigating these issues. Using microwave plasma-enhanced
chemical vapor deposition under carefully controlled conditions, we deposit carbon films,
which range form pure phase carbon allotropes through hybrid carbon forms. The
morphelogy and hybridization(s) of the films are characterized, and correlated with their
electron emission performance. In this paper, we report on the growth, characterization
and first emission results from two series of hybrid carbon films, which can be linked

- directly to the pure phase diamond depositions.

EXPERIMENTAL

Depositions

A 2.45 GHz microwave plasma cavity reactor with 2 12.5 centimeter maximum
discharge was used to deposit the hybrid carbon films on 7.62 centimeter p-typs (100}
silicon wafers. The Michigan State University microwave plasma reactor system is
combined with a computer controlled ultrahigh vacuum and gas handling system which
allowed careful control of the gas input variables. However, for the first set of
experiments, the leak rates were not systematically investigated and must be regarded as
unknown. For the second set of experiments, the leak rates were systematically
investigated and typical leak rates were approximately 0.25 mTorrhour,

Input gases of research and ultrahigh purity, hydrogen-99.9995%, and methane-
99,99% were used in all experiments. The first set of experiments did not involve the
explicit introduction of nitrogen, but unknown quantities of nitrogen may have been
present due to leakage. For the second set of experiments, parts per million (ppm) of
‘nitrogen were deliberately introduced via a pre-mixed gas of 2% Ny in Hp, which had a
purity of 99.9995%. Gas phase nitrogen concenirations were monitored by optical
emission spectroscopy (OES), by using the CN emission band. Based on our calibration
experiments, we give an estimate of 5 ppm nitrogen concentration as our “0” ppm
nitrogen concentration for the second set of experiments.

In these experiments, the reactor was operated in thermally floating configuration
with the substrate temperature mainly dependent on the operating pressure (Ref (9)). Our
calibration experiments showed that at an operating pressure of 50.4 Torm, the substrate
temperature was approximately 900°C. The actual temperatures were also measured by a
single color optical pyrometer.
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Apalyses”

A, Surfuce Morphology

Atomic force microscopy (AFM) was used to investigate surface features bellow five
microns, while Scanning Electron Microscopy (SEM) was for larger areas. The AFM
imaging was performed using a Digital Instruments™ Nanoscope Ilia operated in
TappingMode® in ambient air. Etched silicon tips with a nominal tip radius of 5-10 nm
were used for all images. All images shown were acquired using the “E” scanner (13 pm
% 13 pm).

B. Raman Spectroscopy

The Raman spectroscope used in these experiments consisted of a 0.75 m double
monochromator coupled with an optical microscope, operated in backscattering
configuration. An argon ion laser was used as the excitation source. The excitation
wavelength was 514.5 nm, the spot size was approximately 10 pm in diameter, and the
laser power at the sample surface was approximately 30 mW.

The Raman spectra were deconvolved into individual spectral peak components
using the Method of Residuals with Lorentz lineshape amplitudes. For all spectra with
one exception (0.94), the coefficient of determination

= 1 - Sumofsquares due to error m

Sum of squares about the mean

was 0.95 or greater, where 1.0 is a perfect to the data,

RESULTS

In the first set of experiments, an unusual carbon morphology was observed under
deposition conditions, specifically pressure and methane/hydrogen ratio conditions, which
differed only slightly form those which produced polycrystalline diamond films: 50.4
Torr versus 38.4 Torr and ~ 4% CHy/H; versus 2% CHa/Ha. The appearance of these
films was dark and matte instead of light and reflective. The morphology of the dark
material was not consistent with the usual graphitic or "ballas-like" diamond often
observed in diamond depositions which correlates with a large sp2 component. The
appearance of the new morphology was "grass-like" with some sub-structure, which was
difficult to resolve by SEM. Raman spectroscopy confirmed that the signature diamond
triple phonon peak at 1332.5 em™ was not present in these films. Instead, two broad
peaks were observed at about 1350 cm™ and near 1600 em’l. These peaks were identified
as the "Ip" and Ig" peaks but were not further deconvotved. The ratio of Ip/Ig for these
samples is given in Table I Electron emission measurements from these semples, still
underway, indicate a rough correlation between the low Ip/lg films and better electron
emission.
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The first series of growths comesponded to a study of the film properties as a
function of increasing CHy/H;. However, the plasma was hand-tuned to produce the
appearance of a uniform plasma ball over the substrate. In so doing, the
pressure/temperature and the input power parameters were also changed, Also, these first
depositions contained unknown amounts of atmospheric nitrogen. A second set of
experiments to explicitly study the new morphology was undertaken. In the second series
of experiments, the pressure was held constant at 50.4 Torr, the input power was held
constant at 2.5 kW, and the CHy/H, ratio was held constant at 2%. The reactor was
carefully sealed and the leak rate, established at ~ 0.25 mTorr/hour, was systematically
monitored by OES. The only vatiable introduced was parts per million of nitrogen as this
has been shown by our group and others to have a strong effect on diamond morphology
and texture (Refs. (10)).

Our results were as follows. A dark matte spot was present in depositions with 0,
25, 50, 200 and 400 ppm nitrogen. This time it was noted that a lighter reflective material
surrounded the dark matte material. For low nitrogen concentrations, 0, 25 and 50 ppm,
this was a central dark spot surrounded symmetrically by a ring of lighter, reflective
material as shown in Figure 1. For higher ppm nitrogen, the deposition broke up as
shown in Figure 1b. AFM investigation of the bright reflective material showed a ballas-
like morphology for the low ppm depositions which changed into (100) faceted diamond
for the higher ppm nitrogen concentrations (diamond confirmed by Raman spectroscopy).
An image of the (100) faceted diamond is shown in Figure 2a.

SEM and AFM investigation of the dark matte spots showed the same type of new
morphology observed in the first series of depositions. The macroscopic appearance of
the dark material is shown in Figure 2b, Similar morphologies have been reported in
Refs. (7) and (8). In Ref. (7) the material is described as oriented carbon nanostructures
and was grown under conditions appropriate for nanotube growth, included a metallic
catalyst. In Ref, (8) the material is described as nanocorraline diamond and was grown
under conditions appropriate for diamond growth

A close-up of an individual structure shown in Figure 2c indicates a sub-structure
with about 20 nm repeats. Although no conclusions are drawn, a morphology of a similar
“wrapped" appearance is sometime observed in dense dispersion of single walled
nanotubes in addition to the more common ropes. Examples of such morphologies,
resulting from dense dispersions of Tubes@Rice single walled nanotubes are shown in
Figure 3.

AFM and SEM investigation of the dark material did not indicate any sygtematic
change in the nanostructured morphology as a function of increasing ppm nitrogen, unlike
the strong effect of nitrogen on the lighter surrounding material. However, at 400 ppm
nitrogen, clusters of nanostructured material were observed, as shown in Fig 4a. For
comparison, the (100} faceted diamond surrounding material is shown in Figure 4b. Both
carbon forms are from the same plagma deposition.

Raman spectroscopy and apalysis was performed on both the dark matte and light
reflective areas of the second series of depositions. Representative results are shown in
Figure 5. Al dark matte areas showed a strong "D" peak at about 1350 om’!, with lesser
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peaks néarby as shown in Figure 5a. However, careful study and deconvolution of the
"G" peak indicated a strong peak at about 1590 cm™, with three lesser peaks shown in
Figure 5a. This is not the usual "G" peak discussed in diamond growth references. In
diamond depositions the “"G" peak occurs near1 580 em™ and is usually ideptified with the
stretching and shear modes of planar graphite (Refs. (11} and Ref (12)). Raman
spectroscopy of carbon nanotubes shows a strong peak at about 1590 cm™ which is
identified with an Ej, stretching mode, and it also shows a group of nearby lesser peaks
{Ref. (13)).

Raman analysis of the bright reflective areas for the low ppm nitrogen depositions
with 0, 25 and 50 ppm nitrogen showed a very broad multi-componnet peak, as shown in
Figure 5b. The location of the broad peak's center varied between about 1330 e’ and
1450 cm™. A strong peak at 1590 cm™ was not observed for any of these samples.
Raman spectroscopy of amorphous carbon usually exhibits one or two very broad peaks
at about 1370 cm™ and 1530 em™, but the peak positions, widths and intensities vary
greatly as a function of different sp*/sp’, hydrogen, etc. content in the films.

Raman analysis of the bright reflective material for the high ppm depositions with
200 and 400 ppm nitrogen showed a clear strong diamond component peak near 1332.5
em™, as shown in Figure 5c. This result correlates with the observed (100) well-faceted
morphology. A strong component at 1590 cm™ was not observed in any of these samples.

SUMMARY AND CONCLUSIONS

In this work, we report on growth and emission results from a nanostructuted
carhon material. Two types of carbon materials, one dark, matte and nanostructured, and
the other light, reflective, and, for higher ppm nitrogen, crystaltine, are deposited from
same plasma. This suggests that two very different plasma chemistries are present in
different regions of the same plasma ball. AFM and Raman results suggest that for the
low ppm nitrogen depositions, the reflective material could be the ballas-like graphitic
malerial observed in diamond depositions. It is known that this type of material can be
converted into well-faceted (100) diamond material with the addition of ppm of nitragen
{(Refs. (10)). Such a phenomenon may have occurred in these depositions, without,
however, similarly converling the dark nanostructured material inte diamond. The
morphology and Raman analysis of the dark matte material suggest that it may contain a
carbon nanotube component. However, this needs further investigation. No metallic
catalyst was present in these depositions. Further Raman investigations are underway,
using filtered green 514.5 nm and also red 632.8 nm laser excitations to determine
whether radial breathing modes are observed in the dark matte samples.

First electron emission results seemed to show & correlation between better
emission and low ID/IG, similar to that reported by other authors. However, we find that
the Iy/1; ratio is differently defined in different references, Our future work will explore

these differences more closely.
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TABLEL Depos:ition conditions which produced the first series of nanostructured films.

Sample | Presswre | Input Power | CHe/Ha: | Temperature | Inflg  *
{Tor) (kW) (%) )
SK-35 49 1.4 2.75 900 1.8
SK-37 52 1.6 2.75 950 2.1
SK-42 47 1.6 3.75 900 2.7
SK-43 52 1.8 3.75 950 2.8
SK-44 58 2.0 3.75 1000 1.5
SK-47 57 2.1 4.75 1000 1.3
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(a) (b) .

Figure 1. Depositions as a function of ppm Na (2) 0, 25 and 50 ppm N3, and (b) 200 and
400 ppm Na.

. (a) i i 4
0 5um0 5 um

Figure 2. TappingMode™ AFM images of representative surface morphologies from the
(2) crystalline and (b) graphitic areas of the depositions. (¢} A close-up phase image of
the graphitic morphology, showing details of the structure.
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Figure 3. TappingMode™ AFM phase images of dense dispersions of Tubes@Rice
carbon nanotubes showing striated arrangements as well as bundled nanotube ropes.

Figure 4. Observed morphologies of central graphitic “dark spot” and bright, relective
surrounding deposition for 2% methane-hydrogen, 50.4 torr and 400 ppm nitrogen. (a)
SEM image of graphitic morphology shows clusters of nanoscale material, (b) Tapping
Mode™ AFM image of surrounding deposition shows a well-faceted crystalline material.
Based on appearance and Raman measurement, the material is (100)-faceted diamond.
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Figure 5. Typical Raman spectra for (a) the central graphitic “dark spot", (b) the bright,
relective surrounding deposition for low ppm nitrogen, 0 through 50 ppm, and {(c) the
bright relective surrounding deposition for higher ppm nitrogen, 200 and 400 ppm.
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