Heating of single and double wall carbon nanotubeswith UV photons
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ABSTRACT

By using photons with energies significantly abale
fundamental band gap of the electronic states,cameuse
the energy released in the inelastic decay prodess
efficiently heat carbon nanotubes. We show thatbtiou
wall carbon nanotubes nanotubes can be heatedl0p&C
using UV irradiation (338nm) by measuring the phono
line broadening as a function of irradiation inignsThe
thermal expansion in double wall carbon nanotules i
found to lead to structural constrains betweentiVee tube
walls as evidenced by the spectral shifts of thécap
phonon band of the internal end external tube.dbgifices
are also found in the coupling of the optical phorto
acoustic phonons. UV photon absorption has therddga
that tubes of a given orientation can be selegtivedated
on specified positions on the substrate makingpibwaerful
tool for processing of carbon nanotubes on surfaces
Keywords: Carbon nanotubes, UV irradiation, Raman
spectroscopy

1 INTRODUCTION

Light absorption leads inevitably to electronic iaiton
and inelastic scattering, creating phonons andithegun
the increase of the lattice temperature. By usihgtgns
with energies significantly above the fundamentatd gap
of the electronic states, one can use the enetgssed in
the inelastic decay process to efficiently heatbear

spectroscopy of SWNTs using deep ultraviolet eXoita
(4.8eV, 257nm) [4] show significant modification tie
Raman spectra excited in the visible spectral rangk
changes in the G band shape and reduced D bamsiiyte
and laser induced changes have been reportedativeel
low power values (> 0.125 W/crat 257nm). No Raman D
band are observed for glassy carbon when excit@datm
and for double wall CNT (DWNT) excited at 325nm.[5]
Radial breathing modes are more difficult to obsetue to
spectral cut off performance of spectrometers ie th
ultraviolet spectral region. When heating SWNTSs top
600K anharmonic effects in the G band line widtlaseh
been observed [9]. Thermal treatment of SWNTs Hi]
DWNTs [11] in air have shown that oxidation of lG&ITs
can lead to a reduction of the D band intensitye Tibe
environment such as the substrate or liquid medgilay an
important role in laser induced heating [3, 12]tHis paper
we use ultraviolet laser excitation to study thabgity,
phonon decay, interaction and transformation prsEe®f
single, double wall carbon nanotubes and peapods. W
show that ultraviolet laser heating under vacuum ba
used to obtain temperature upto 1300C using 500 ohW
UV laser power (338nm).

2 EXPERIMENTAL

All spectra have been recorded using a Dilor UVcspe
trometer equipped with a CCD detector. We have used
ultraviolet laser excitation (338nm, 3.66eV). Thasdr
power used and as indicated in the figure, arecediby a

nanotubes. Carbon nanotube applications depend on factor 20 when passing through the plasma linerfiénd

processing techniques. [1, 2] Ultraviolet absomptie of
interest to be able to heat CNTs efficiently throug
irradiation and induce tube interaction or tube
transformation.  Using  ultraviolet micro Raman
spectroscopy we can follow the phonon bands of Ca$Ta
function of laser irradiation and observe phononeli
broadening and softening in CNTs due to heating.
Comparing with phonon softening observed in graphite
can estimate the temperature of the irradiated CNTs
Ultraviolet photon absorption has the effect thae t
excitation decay channels increase the phonon atipnl
which leads to efficient tube heating. Anisotropicoton
absorption properties give the possibility to healbes
oriented in a particular direction. Increasing tpleoton
energy leads to considerably more effective headinthe
tubes [3]. We study here the effect of ultravioteadiation

on the phonon bands of SWNTs in agglomerated form,
double wall CNTs (DWNTSs). First reports on Raman
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the UV microscope. The laser spot size after the UV
objective (x15) is estimated to beub. Typically, for 100
mW, the power density corresponds to 0.25mwWZ. The
samples were kept in vacuum Cltbar using a molecular
turbo pump). The tubes were either deposited in
agglomerated form on a polished silicon wafer or aon
synthetic diamond substrate. SWNT samples, prodbged
arc method have been purchased from NANOCARBLAB
(diameter range: 1.2-1.4 nm). DWNTs were prepargd b
CCVD [13]. The DWNTs sample contains CNT's with
radius ranging from 0.3-1.5 nm with 15% SWNTs, 80%
DWNTSs and 5% TWNTSs (triple wall CNTSs).

3 RESULTS

Figure 1 shows the Raman G band of SWNTSs excited at
336nm (3.7eV) and increasing laser intensity u@on2w.
The excitation energy falls in the transition eneaj E,
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electronic transition for several metallic tubesd athe
transition energy of & for several semiconducting tubes.
For SWNTs the G band is split into a G- and G+ band
Figure 1 shows the spectral position of the G- @ardband
after fitting the spectra with two Lorentzian lipeofiles.
The G- and G+ bands soften linearly with increadasgr
power with the same rate up to 80 mW. Above 80mW# th
down shift is reduced when further increasing thset
power. The change of the temperature coefficiemoites
with changes of the increased optical reflectivity the
sample. Oxidation by residual oxygen is a possible
explanation for the change of the temperature woefi.
Using the exact G- spectral position at low laseerisity

we can estimate the mean diameter to 1.63 in tke o
metallic tubes and 1.27 nm (M-SWNTs) in the case of
semiconducting tubes (s-SWNTs) when comparing with
previous experimental studies of the G- spectraitjpm as

a function of diameter [14]. The signal correspoigdio G-

is attributed to semi-conducting tubes.
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Fig. 1 Single wall carbon nanotube with a diameter
1.4 nm heated using UV 336 nm line. The frequenty o
both G+ and G- modes are reported as a functiothef
used laser power after fitting the experimentattae

The deduced G- position corresponds to tubes witio a
large diameter for m-SWNTs. Furthermore m-SWNTsehav
asymmetric G band line shapes with a shoulder. ¢Jgie
G band shift with temperature for graphite and SWNT
(-0.022cm'/K) [15] we can estimate the absorption
induced temperature. With 280mW of laser intentigy G+
band is shifted by 22 1/cm which corresponds thange
in temperature of 1000C.

We note that larger thermal coefficient for the end
have been reported (0.04¢f{) [16] which results in a
smaller change in temperature (500C). Recent stuadie
laser heating, however, suggest that the frequehiéywith
temperature of CNTs is the same as for graphite [3]
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Fig. 2 shows changes of the G- and G+ band width as
function of band position. The half width at halarimum
I (HWHM), has been extracted from fits using Loréanz
line shapes. The figure shows a clear differencthefline
broadening for the two G bands with increasing
temperature. The line broadening is by a factortvad
larger for the G- band as compared to the G+ band,
consistent what has been observed with heating SSNNT
the visible spectral range [9]. With increasing pemature
anharmonic effects are more important and the sgect
lines broaden and shift to lower energy. The opfit@non
decays into two acoustic phonons of half the enengy
opposite linear momentum. The HWHM of a phonon Wwhic
decays into 2 acoustic phonons is given by [17]:

r(wo,T)=r{1+2n(%,Tﬂ+rd

Between 300 to 1500K, the HWHM variation of phonon
bands can be approximated by a linear function,
considering the decay into 2 acoustic phondrs=1600
cm®) =T, x 0.00146 T.
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Fig. 2 Half Width at Half Maximum of G+ and G-
bands as a function of band position from Fig 1.

Defects contribute to a constant line broadeningstamt in
temperaturel{y). The line width of the G+ band observed
here is consistent with line width variations olvser by
Jorio et al [9] in the 300K to 600K temperatureganlf we
consider a decay into 2 phonons, we obtain for Gte
mode and the data shown in figf'ill, = 9/7 = 1.3 leading
to T = 880K and for G-, we havél o = 15/7 = 2.1 leading
to T = 1430K. The different line broadening for ttveo
bands evidence that the phonon decay procesdésatif in
axial and radial directions. The coupling betweeoustic
and optical phonons is influenced by the curvatiie
notice that the variation of the intensity of the l&and is
larger as compared to the G+ band when increasiag t
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temperature. The origin of the G+ and G- band inaffie
SWNTSs has been recently attributed to a resonaeivecen
phonons and electron-hole pairs at the Fermi I¢Vé].
Here the reported line widths at room temperaturee a
narrower and correspond to s-SWNTs. From the
temperature induced shifts of the G+ mode showfign 2,

we can deduce the temperature coefficientdd (dw/dlr =
dw/dr x I x 0.00146). We obtain 0.0288fK which is
close to reported literature values of —0.0224¢n[15] for

the G+ band.
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Fig. 3: G and HEM band position in function of lase
power, HWHM in function of band position and Raman
spectra of DWNTs recorded when excited with differe
laser power.

Fig. 3 shows the Raman spectra of DWCNT in function
of laser power using the 336 nm laser excitatiohe T
spectra have been fitted using a linear backgroaimdjle
Lorentzian for the HEM (1560c® band and two
Lorentzian line shapes with 4 adjustable paramdterthe
G band of DWNTs. The G band of DWNTSs consist of two
main contributions due to contributions of bottrenmal and
external tubes. This is evident when applying presssthe
G band splits for DWNTs [19, 20]. At zero presswe use
therefore two Lorentzian line shapes with equagrisity
and line width which reduces the parameter spaak an
improves the stability of the numerical fit. Takitige same
line width for the two contributions is consistemith high
pressure experiments and assumes that the phormay de
process is the same for internal and external tabesom
temperature. With increasing laser power the G lsdniftis
linearly. The intrinsic HWHM of the G band is 7-8¢m
consistent with the line width of SWNTSs. Interegtinthe
G band shift for the two walls is different withcieasing
temperature (Fig. 3). The linear expansion in fadia
direction is proportional to the tube diameter amglies
that the distance between the two tube walls ise®avith
temperature. The interaction between the tubesswalh
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then induce an effective pressure on the two twdesh in
turn influences the deduced temperature coefficienFig.
3, we show that the external tube with an averagmeter
of 2 nm has a temperature coefficient of -0.43iateom of
the broadening versus the frequency) which resfdts
dw/dT to -0.023crit/K . The internal tube with an average
diameter of 1.4 nm has a slope of -0.22 which tssiar
dw/dT to -0.045cnt/K. This indicates indirectly that the
internal tubes are experiencing a negative pressutice
dilatation and shows that the wall interaction IWNTSs is
significant as is also observed by their differétband
position compared to SWNTSs.

4 CONCLUSION

We have used UV irradiation to heat SWNTSs,
DWNTs and have observed Raman spectra free of black
body radiation as a function of laser intensity. a'ithe
temperature increases with laser intensity, we wbsa
downshift and a broadening of the observed phoraomis
From the G band shift we estimate that UV irradiatcan
be used to heat CNTs up to 1000C. For SWNTs, we hav
observed the same decrease of the G+ and G- baritebu
broadening and the intensity variation of the Gndas
larger than for the G+ band. This shows that th&calp
phonon decay process is different in axial andafatlibe
directions. We observe the same intrinsic line widt
(HWHM) of the G+ band in SWNTs, G bands for intdrna
and external tubes in DWNTs and graphite (7gniThe
splitting of the G band in DWCNT increases with
increasing temperature which is attributed to clearig the
distance and interaction between the tube walls.
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