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High-resolution Raman microscopy of curled carbon nanotubes

Hyunhyub Ko, Yuri Pikus, and Chaoyang Jiang
Department of Materials Science & Engineering, lowa State University, Ames, lowa 50011

Andrea Jauss and Olaf Hollricher
WITec GmbH, Hoervelsinger Weg 6, 89081 Ulm, Germany

Vladimir V. Tsukruk?®
Department of Materials Science & Engineering, lowa State University, Ames, lowa 50011

(Received 29 April 2004; accepted 30 July 2p04

Patterned carbon nanotube assemblies with bent nanotube bundles were investigated with combined
atomic force microscopy and confocal Raman imaging spectroscopy to identify conditions of carbon
nanotubes in the bent state. We showed that the tangéhtradde on Raman spectra systematically
shifts downward upon nanotube bending as was predicted earlier. This lower frequency shift is
attributed to the tensile stress, which results in the loosening of C—C bonds in the outer nanotube
walls. © 2004 American Institute of PhysidDOI: 10.1063/1.1795981

Carbon nanotubeCNTS9) are considered as prospective croscopy (AFM), confocal Raman microscopy, and high
candidates in the development of CNT-based nanodevicegsolution micro-Raman spectroscopy. We used the surface
due to a combination of their unique structural and physicabrganized arrays of bent and looped CNTs assembled by the
properties related to electrical conductivity, chemical andcontact line instabilities of patterned microfluidic flow as re-
thermal stability, high tensile strength, and elastiifﬁpne ported in our recent papeand focused on finding character-
essential prerequisite for the CNT-based nanodevices is cofistic Raman signature for bent arrays.
trolling the shape, location, and orientation of large arrays of  The experimental procedure for the patterned nanotube
CNTs. A number of assembling methods have been proposetbsembly is described in detail elsewh®&f&®aman mapping
for the fabrication of such arrays including surface initiatedof the surface arrays and Raman spectroscopy from selected
growth and selective surface adsorption. areas were conducted with two approaches. First, we used a

The CNT assemblies anchored to chemically modifiedconfocal Raman microscope CRM 2QW/ITec, Germany
surfaces are likely to be under different mechanical stressegith 532 nm line of a Nd:Yag laser for excitation. Ava-
caused by a combination of capillary and surface forces retanche photodiode detector in single photon counting mode
sulting in their stretching, twisting, and benditfg'” Re-  was used for fast imaging. Alternatively, custom designed
cently, it was reported that the mechanical deformation otombined AFM-Raman setup based on near-field scanning
CNTs strongly affects their electronic propertt@s? It has  optical microscope Aurora-@igital Instruments was used
been demonstrated that the mechanical strain can openfér Raman mapping and high-resolution Raman spectros-
band gap in a metallic CNT and modify the band gap in acopy from selected locations. This setup was designed to be
semiconducting CN1® Confocal Raman imaging and spec- used for concurrent acquisition of surface topography in
troscopy have shown that CNT structure may change alonghear-force AFM mode and Raman images in a confocal
the tube axis possibly due to external stress or local defectscanning mode from beneath of the flat glass substrate. Ex-
in the tube structur€” " However, very little is revealed on citation light from a Nd:Yag lasetcw second harmonic,
the related optical properties of stressed nanotubesl@@dt 532 nm) passes through controllable attenuator and beam ex-
acquisition for individual CNTs and their bundles under pander, and after reflecting off a 50:50 beam splitter is fed
stress conditions was not demonstrated. into the Aurora-3 microscope. It is focused onto the sample

The relation between the Raman spectra and the basigrface by a high numerical aperture microscope objective
structure of carbon nanotubes are intensely investigated aqqox /0.65NA with a lateral resolution 0£0.5 um). The
the nature of all major adsorption bands is well understSod. signal collected from same objective passes through a notch
For CNT composites, it was reported that compressive straifliter and is focused on the entrance slit of imaging spec-
can induce frequency s_hift of Ram&h modes of SWNTS/  {rograph SpectraPro SP-2558-YRoper Scientifiz. CCD
epoxy composites subjected to bendifigdowever, these  camera Spec-10: 2KERoper Scientifig collects the spectra
studies relied on the measurements of bulk CNT materialg; every point of the sample. High-resolution spectra

and their composites in which the transfer of mechanicalg 32 cny?/pixel for 1800 mm? grating can be obtained for
stresses and actual shape of the stressed CNTs remain Yfe selected surface locations.

known to great extent. Raman studies of bulk CNT materials Figure Xa) shows an AFM image of CNT patterned as-
dem_onstrated frequen_cy upshift with increasing compressivgemb|y with dense layer of CNT bundles of 10—20 nm
strain under hydrostatic pressure: , height formed along amine-terminated strijeBhe corre-

In this study, we use a direct collection of Raman Spec”%ponding RamaiG-mode image obtained by integrating the
from bent CNT bundles with precise localization of the intensity of Raman spectra at 1590 ¢nshowed a close cor-
probed area as monitored with combined atomic force Miyg|ation with CNT pattern confirming preferential location of
carbon nanotubes along the strigégy. 1(b)]. Raman imag-
¥Electronic mail: viadimir@iastate.edu ing clearly identifies the highly packed CNT assembly on
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FIG. 1. (a) AFM topographical image of densely packed patterned array of &
carbon nanotube& range is 80 nm(b) RamanG mode image of patterned
nanotube assembly obtained by integrating the Raman intensity at
1590 cm. The Raman intensity varies from dafilw) to bright (high). (c)
Raman spectrum of patterned nanotube arrays studied, showing the RBM$
the D mode, theG mode, andG’ mode.

patterned surface with variable intensity along the stripes re-
flecting dense CNT texture Raman spectra taken on this FiG. 2. (a) and (b) AFM topographical images of nest-shaped patterned
sample show typical features of carbon nanotubes with radialanotube assemblyg) corresponding distribution ds-line position, varies
breathing mode near 190 ¢ D-mode near 1340 cm, G from 1588 cm? (dark to 1594 cm* (bright); (d) high resolution Raman

= ’ ~h 22 image of the individual “nest” taken at 1594 thnthe intensity varies from
mode near 1590 Cnl" andG’ mode near 2670 ct™* The light (low) to dark (high); (e) image of the linewidth(FWHM) of the G

Raman combination mode near 1740%¢mis also mode, the linewidth varies from 16 ci(dark) to 25 cn* (bright); (f) high
observed® In this study, we focus on the strong Ram@n resolution image of the individual “nest” taken @tmode, position varies
mode because th& mode is attributed to tangential C—C from 1591 cm* (bright) to 1594 cm* (dark).

bond stretching mod, which should be affected by the lo-

cal structural changes in carbon nanotubes and can be dle- deviati b df . ¢ .
tected even for individual bundles. arger deviations were observed from specimen to specimen.

The highly bent nanotube bundles in nest-shaped asserlloréover, this shift was accompanied by a significant
blies prepared according to the procedure reported dstlier (40%—50% broadening of thé line along the rims, a clear
were studied with combined AFM and confocal Raman im-indication of increased local defects and the larger deviations
aging and spectroscopy techniquésg. 2). The radius of in bund!e—bundlﬁ interactions within arrays of curled nano-
nanotube “nest” was about2m and most of the nanotubes tubes[Fig. 2€)]." .
on the rim of 15—20 nm high are bent along the circumfer- ~ Finally, we acquired concurrent AFM and Raman images
ence of square-patterned areas and the straight nanotubes HRM low density CNT arrays for the direct identification of
concentrated in the center as confirmed by independent AFNhe Raman spectrum with a specific portion of a nanotube
scanning[Figs. 2a) and 2b)]. Raman mapping showed the bundle[Figs. 3a) and 3b)]. With this method, each CNT
higher intensity of theG mode line aiong the rim for all bundle identified within the white-dotted area in AFM image
curled assemblies that simply reflects much higher density ofan be clearly resolved in sequentially obtained Raman maps
nanotube packing along the rinfBig. 2(d)]. However, the [compare Figs. @) and 3b)]. Figure 3c) shows the higher
careful analysis of th&-line position revealed a systematic resolution Raman image of the selected curled bundle with
peak shift along the bent bundles with a darker color repretwo locations associated with straight and bent portions of
senting shift to a lower frequendyigs. 2c) and 2f)]. The  the bundles. The Raman spectrum acquired from the bent
shift of 2—4 cm! was systematically observed in the courseportion (p2) showed the lower frequency shift as compared
of both independent experiments and with both medium anéo the straight portion of the bundigl). There is also a
high-resolution modes of mapping. The shift observed waslight shift at lower energy shoulder on tl@ line around
higher than natural deviationsisually within +1 cm?) ob- 1570 cm* [Fig. 3d)].
served at different surface locations of the same specimen These changes in the Raman spectra for both curled

collected under identical experimental conditions althougmanotube arrays and individual bundles clearly indicate that
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In conclusion, we investigated the bent nanotube arrays
by combined AFM and Raman mapping and spectroscopy
and observed systematic lower frequency shift of the tangen-
tial G mode. We suggested that the shift observed can be
attributed to tensile strain of the bending nanotube arrays
resulting in the loosening of C—C bonds in the outer walls.
We speculate that the shift in Raman spectra observed here
can be used for the fast monitoring of the bending state of
the standing carbon nanotube “forests” in gas and fluid flow
nanosensors as well as for detecting stressed carbon nano-
tubes embedded into recently introduced free-suspended
compliant nanomembranes for thermal and acoustic
microsensing®?’
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