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Synthesis and characterization of single-wall carbon nanotube—amorphous
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Thin-film single-wall carbon nanotub&WNT) composites synthesized by pulsed laser deposition
(PLD) are reported. Ultrahard, transparent, pure-carbon, electrically insulating, amorphous diamond
thin films were deposited by PLD as scratch-resistant, encapsulating matrices for disperse,
electrically conductive mats of SWNT bundlés.situ resistance measurements of the mats during
PLD, as well asex situ Raman spectroscopy, current—voltage measurements, spectroscopic
ellipsometry, and field-emission scanning electron microscopy, are used to understand the
interaction between the SWNT and the highly energetit00 e\) carbon species responsible for

the formation of the amorphous diamond thin film. The results indicate that a large fraction of
SWNT within the bundles survive the energetic bombardment from the PLD plume, preserving the
metallic behavior of the interconnected nanotube mat, although with higher resistance. Amorphous
diamond film thicknesses of only 50 nm protect the SWNT against wear, providing scratch hardness
up to 25 GPa in an optically transmissive, all-carbon thin-film composite.2002 American
Institute of Physics.[DOI: 10.1063/1.1506947

Single-wall carbon nanotubegSWNT9 exhibit excep- a Dylon® targefwith 1 at. % of Ni and Co each as catalysts
tional mechanical;® electronic? thermal, and optical in a tube furnace at 1150 °C and 500 Torr argflawing at
properties which are envisioned for new generations of 200 sccm. The SWNT were purified from amorphous car-
strong, lightweight, multifunctional composites. SWNT are bon and metallic catalyst particles by a procedure which in-
currently being explored in bulk polymer and metal-matrix volves etching for 16 hni 3 M HNGO; in H,0O, followed by
composites with key difficulties encountered in dispersingrinsing, drying, and subsequent oxidation for up to 90 min at
the nanotubes and forming strong bonds to the matrix~500 °C1%16 Energy dispersive x-ray analysis and thermo-
material®~® In this report, pulsed laser depositipfPLD), a  gravimetric analysis indicate that less than 0.5 wt. % of re-
versatile method for thin-film synthesiss explored to en- sidual metal catalyst particles remain in the purified SWNT.
capsulate SWNT in a thin-film composite. Purified SWNT The purified SWNT were dispersed in distilled dichloro-
were sprayed from solution and dried to form disperse, elecethane(DCE) at concentrations of about Ag/ml and spray
trically conductive interconnected mats on $i@nd Si sub- deposited onto Si and SjdSuprasil fused silicasubstrates
strates. Interconnected mats of SWNT exhibit pseudometaWwith a commercial airbrush apparat{see Fig. 1a)]. The
lic behavior for a wide range of temperatures and appliedSWNT/DCE solution was sonicated during the spraying pro-
fields? and might be used to lend electrical conductivity, cess to inhibit SWNT aggregation while a motorizedz
electrostatic protection, and thermal dissipation paths in mastage was used to move the airbrush nozzle parallel to the
trices of polymers and other materials. In this study, a matrixsubstrate to obtain uniform SWNT dispersal on the sub-
of amorphous diamondetrahedrally coordinated amorphous strates. By adjusting the spray duration, solvent concentra-
carbon ¢a-C)]**'was deposited by PLD to encapsulate the
SWNT mats, forming a pure-carbon nanocomposite. The
amorphous diamond film is intended to provide a hard,§
scratch-resistant, transparent, and electrically insulating coats
ing for the electrically conductive, disperse mats of SWNTSs =&
and serve as an abrasion-resistant barrier to ambient gast
and liquids, which have been observed to strongly influence
the electronic properties of SWN¥13

The SWNTs were synthesized by laser vaporizafior

FIG. 1. Field-emission scanning electron microscopy image@aén un-
coated SWNT mat on a Si substrate deposited by spray deposition of SWNT
¥Electronic mail: odg@ornl.gov in dichloroethane, anth) a SWNT#ta-C composite.
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tion, nozzle pressure, and spraying strategy, the diameter c(a) (b) .

the bundles as well as the areal density of the interconnecte > [ =iy 0 . A

SWNT mats could be controlled, thereby adjusting the resis- U E 305, st v

tance of the coating. = 2f ta-C alone 9 “ . E
The nanotube laden substrates were then subjected t & | SWNT/taC 103 v

PLD conditions optimized for amorphous diamond film for- < 1F gomposite E B y E

mation in a vacuum’ An ArF-excimer laser irradiate¢en- E k3 o ¢ * ]

ergy densityF~1.8 J/cnd) a pyrolytic graphite target in 0 o L bl

vacuum (10 ° Torr), generating C ions with most- ZOOWZI?IZI en?t% (:zc)) chaich C)Zlgles 30

probable kinetic energies ranging from 80-100 eV as mea-
sured with an ion prob® These fast carbon ions and neu- FIG. 2. (a) A comparison of the reain) and imaginary(k) parts of the
trals, along with slower €and G molecules, have sufficient c_omplex refractive indgx for_ a SWNTd-C composite fiIr_n and a puta-C
kinetic energy to form amorphous diamond films on Si Orf||m (from spectroscopic ellipsomelry(b) W_ear tests using a steel b&ll5

GPa loadl for two uncoated SWNT matériangles and oneta-C-coated
SiO, substrates. However, it was unclear whether adhererswNT mat(circles as measured by resistance of the mats over 1 cm dis-
films of amorphous diamond could be formed on webs oftances.
interconnected SWNT bundles which comprise up to 40% of
the areal coveragéas shown in Fig. L After PLD in a  sorptivity. However, good optical access to the embedded
vacuum(atd=7 cm), of film thicknesses between 10 and 50 nanotubes is achieved sinke=0.19 at 500 nniclose to 514
nm [at rates of about 0.1 nm(8.01 nm/laser shof, adherent nm used for Raman probinhdor the composite film, corre-
films were found to conformally coat the SWNT in transpar-sponding to an absorption coefficient of 48 000 ¢rand an
ent, hard thin films as shown in Fig(k). 80% transmission through the 50 nm thick film.

An HP 4156A Precision Semiconductor Parameter Ana- Resonant Raman spectra from the SWNT mats before
lyzer was first used to measure the current—voltdgeVv( and afterta-C film deposition are shown in Fig. 3. Although
characteristics of interconnected SWNT mats on,Sé0b- decreased in magnitude, the characteristic tangential and
strates. Contact to the nanotube mat was made using evaporeathing mode¢TM and BM, respectively are preserved
rated Al pads on the SiQwhich were deposited before nano- indicating that a large fraction of SWNT survive the ener-
tube spraying. All mats exhibited metallic behavior for getic deposition process. The Raman spectrum of the
applied voltages between10 and+10 V, however depend- ta-C/SWNT composite in Fig. ®) displays a combination
ing upon the areal density of the nanotubes forming the magf the SWNT TM and a broad G-band” from the amor-
resistances were varied between 154nd 1 M) over 1 cm  phous diamond coating. Depending on the areal density of
distances. A Keithley 195 System digital multimeter moni-the SWNTs beforga-C film deposition the TM mode fea-
tored the resistance of the SWNT matsitu during deposi_ ture in the CompOSite film ranges from barEIy observable to
tion of theta-C film, while the Al pads and contact leads Very pronouncedas in Fig. 3b)]. A slight redshift of both
were shielded from the PLD plume. In each case, an initiafhe Raman BM and TM signals from the SWNTs was ob-
rapid increase in the resistance was observed after each ®¢rved and is counterintuitive to the expected compressive
the first 5-10 PLD pulses which was probably caused by thétrain of the SWNT from théa-C film.
desorption or damage of some of the SWNTs by the impact Figure 4 summarizes a model foa- C/SWNT film for-
of the energetic carbon ions and neutrals. The resistance cofiation consistent with the experimental results. High-energy
tinued to increase slowly over the first few nm of film thick- C' ions and neutrals during PLD introduce defects in the
ness, and then stabilize or decrease with further depositiodiPPer layers of the SWNT bundles, affecting interconnec-
| -V curves were then remeasures sity and metallic be- tions between bundles in the mats, resulting in the increased
havior was again observed for the coated mats, however, tHeat resistance. Kinetic model simulations with a Monte

resistance ranged from a factor of 3 to a factor of higher ~ Carlo TRIM code estimated a-1 nm penetration depth for
after ta-C film deposition (resistances from 45 (k to 100 eV C' ions into SWNT bundlegestimated 1.33 g/cin

10* MQ). By comparison, resistances for pur@C films density. Hence, defects should be located yvithin a few up-
were 6x<10°F MQ over a distance of 1 cm. In general, mats Pe layers of a SWNT bundle. After the first few nm of
consisting of high areal densities and thicker bundles of

SWNT resulted in smaller increases in resistance after depo(g) (b)
sition. In each case, the metallic behavior of the SWNT mat

O

was preserved. f@: 0.4? w ‘SW‘NT/ta-Cf ) 5 F SWNT/ta-C
Spectroscopic ellipsometry measurements of a paH€ § 03F /i composite ] g

film and a representativiea-C/SWNT composite filmona € 02k E £15 :

Si substratesare shown in Fig. @), which assumes a Tauc— 5, | | SWNT P

Lorentz model with variable surface void fraction to account +§ 01F , alone ‘g‘ 05

for surface roughness.First, the pureta-C film is of high g B 5 g ]

quality, with a high 6>2.5) index of refraction and low ~ 9420 200 280 360 ~ 1200 1500 1800

absorption across the visible, corresponding to a band gap c Raman Shift (cm™) Raman Shift (cm™)

8 . .
1.84 e.V and a hardnes.s 6H0 GPal_ The effective me_d.lum FIG. 3. Raman spectra of the SWNT mat using 514 nm excitation(a)
comprised ofta-C with embedded SWNTs exhibits a gadial BM with and withouta-C coating.(b) TM with and withoutta-C

slightly lower refractive index and the expected higher ab-coating, and Raman spectra of a ptaeC film.
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b electrically conductive, disperse mats of SWNT. Moreover,
(b) | .

PLD most often is performed in background gases where
incident kinetic energies are far lowéx1 eV). PLD there-
fore appears to provide a versatile method to incorporate
SWNT or nanowires into thin films for the exploration of
multifunctional thin-film composites.
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