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ABSTRACT

We report on electrical Raman measurements in transparent and conducting single-wall carbon nanotube (SWNT) thin films. Application of
external voltage results in downshifts of the D and G modes and in reduction of their intensity. The intensities of the radial breathing modes
increase with external electric field related to the application of the external voltage in metallic SWNTS, while decreasing in semiconducting
SWNTs. A model explaining the phenomenon in terms of both direct and indirect (Joule heating) effects of the field is proposed. Our work
rules out the elimination of large amounts of metallic SWNTSs in thin film transistors using high field pulses. Our results support the existence
of Kohn anomalies in the Raman-active optical branches of metallic graphitic materials.

Transparent and conducting single-wall carbon nanotube method of Wu et af.from 10, 30, and 50 mLfoa 2 mg/L 46
(SWNT) thin films are two-dimensional, low-density net- suspension of purified HIPCO SWNT4.Gold electrodes 47
works of SWNT$ which are interesting both fundamentally  (width 1 mm, distances 20 and @®n) were defined on eachus
and technologically. Recently, it has been notfctt the substrate. External voltages of-Q5 V (leading to electric 49
Drude relaxation times in SWNT thin films, and therefore fields Eexx = 0—7500 V cnl) were applied during theso
their optolectronic properties, are controlled by intertube Raman measurements using a GW GPS-1850D power
processes. This is an important difference with respect to supply. The spectra were recorded in air on a Renishaw In¥ia
individual SWNTs where intratube processes domifdiiee spectrometer. Our setup for electrical Raman measurements
intertube processes in SWNT thin films arise from the tube is presented in Figure 1a. Low laser powers (12%/un? 54
to tube transport because the distance between the electrodest 1.96 eV excitation, 2xW/um? at 1.57 eV) were usedss
(~20 um) is typically much larger than the SWNT length. and tested to not produce laser heating. The current was
The transport properties in these networks can be explainedsimultaneously monitored using a Keithley 195A multimetes:
by the percolation theory. Each series of Raman spectra at the varying voltage was
Technologically, the ability to tailor the optical absorption recorded on the same spot in order to attain comparable
coefficient and conductivity of SWNT thin films over several signal intensity. After any measurment at a given extermeal
orders of magnitude makes them attractive for transparentfield, sufficiently low field (500 V/cm, leading to undetects1
and flexible electronic$.” During SWNT thin film transistor able changes in the Raman signal) was applied so that a leav-
fabrication, it is a common practice to precondition the field Raman spectrum and the sample conductance couldbe
SWNT network using high voltage pulses to improve the recorded. 64
on/off ratio through supposed preferential elimination of  The typical variation of the G-ban¥isnd the doubly 65
metallic SWNTSs by Joule heatirfg’ This effect is claimed  resonant D-barid under the influence of an electric fieldss
on the basis of the decrease in channel conductivity and aare shown in parts b and ¢ of Figure 1, respectively. A clear
similar effect occurring in individual SWNTs, but little  decrease in peak positiof2] and intensity ks) for both bands 6s
information on the modifications of the SWNTSs in thin films  with increasing electric fieldHex) can be observed. Similarso
after voltage application is available and a Raman study is shifts in the Raman bands under the influence of electric
still lacking. fields have been observed in ferroelectfitsn contrast, 71
In this Letter, we report on the Raman measurements of electrochemical Raman measurements of SWNT electrodes
SWNT thin films recorded under external voltages. We have in aqueous environmeritsresulted in upshifts of the G-73
found that, although the conductivity strongly decreases, the bands, which clearly points to differences between our and
changes in the Raman peaks are to the largest extensuch experiments. Electromechanical Raman measurements
reversible. The films were deposited on glass using the may lead to both upshifts or downshitts. 76
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o0 v Intratube processes control the performance of individual SWNTSs.
Ry, mvien Intertube processes prevail in SWNT films where each m-SWNT
(depicted in black) is cross linked by many other nanotubes,
including semiconducting ones (depicted in red).
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Figure 1. (a) Schematic of the setup for electrical Raman and e,XCItatlon energies In\{estlgated Ir? this study. _88
measurements. Typical dependence of the Raman modes on the While the Raman effects in our experiments are reversibie,
electric field Eexy) (b) for the G peak (excitation enerdiyn» = 1.96 the conductance does not recover after the external figld
eV) and (c) for the D peak. From panels b and c, the two main release (Figure 2d). Similar decrease in conductance has lbeen
effects, peak downshifts and decrease in peak intensities, arefoynd to improve the on/off ratio of thin film transistors aneb

evident. claimed to be due to burning of metallic SWN7S.In our 93
At el refease: 1.0 study, the reversibility in decrease of the peak intensitias
after E
T 3000 Wiem TE . 2 .
_§ — 2150 Vi 0] rules out the burning of large amounts of SWNTs. We
S | Emven (a) = corroborate this by analyzing the radial breathing moeke
E" B ¥ 06 (RBM) of (n,m)-SWNTs in our films, as discussed belowar
g, = 04l It is tempting to assign the observed downshifts to voltage-
g - g : induced Joule heating, increasing the temperature of déhe
= S oz R -y films. Although alternative hypoth b ily di
T T TWT T - A wm ilms. Although alternative hypotheses can be easily dise
G-peak, 0, (cm) %] ko Rk ocaton missed* itis c_ru0|al to (_:Iarlfy the origin and the amount ofio1
_ After i release: o o s0mL Joule heating itself, which must be expectedly large in ordez
g (b) L 2 By Artdieme to justify the observed behavior. It was calculdfethat 103
2 e E_“-!-_ —gggg;ﬁ read 8 = 30mL strong selective heating of Raman-active phonon modes {up
=+ 1750 vicm § ety o otom to T ~ 10* K in individual metallic SWNTSs) occurs in theios
1500 Wiem g
3 —imvem | q0{ 5, O 8 presence of current due to Kohn anomalfesigure 1, 106
S S00 Wiem 5 [
s ° (a) Y, however, shows that the linewidth of the G and D bandsg
- 0 o does not appreciably increase with electric field, as it woules
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do in the presence of a strong increase in phonon temperatuee.
External field, E_, (W/cm)

Therefore, we will discuss our results in terms of moderate

Figure 2. Permanent increase of the low-field intensities of (a) Joule heating in the presence of Kohn anomalies in am

the G peak and (b) the D peak. Data in panels a and b are recordeddiabatic system dominated by intertube interactions. This
at the same runs as panels b and c of Figure 1. (c) Dependence ofeads to strong electric-field-dependent fluctuations in the

the Raman G-peak intensities on the electric fiel). (d) dielectric response of SWNT films, with the same mechanism

Permanent decrease in sample conductance is measured, and it do?éading to fluctuations of the Raman frequencies in ferras
not recover after the electric field is released. electricsit 16

Parts a and b of Figure 2 show the Raman peaks recorded Let us first recall that in percolating SWNT networks, tha7
immediately after releasing each external field used for the electronic confinement is released and the wave functians
measurements shown in parts b and c of Figure 1. Theextend over several SWNTs, both semiconducting (s
recovery of the G and D peaks to their original frequencies SWNTs) and metallic (m-SWNTs), and, the Drude 120
is evident. Peak intensities not only recover but also increaserelaxation times, depend on the network density and notian
slightly compared to their pristine value before field ap- intrinsic properties of SWNT%.The intra- and intertube 122
plication. From the data in Figure 2a,b we conclude that the processes for an individual SWNT and a network of SWNTs
observed effects on the G and D peaks are indeed reversibleare schematically shown in Figure 3a,b. In a system wheze
The data from Figures 1b and 2a are summarized in Figureboth intra- and interparticle processes contribute to the
2c, showing the ratios between the intensity of the G-bandstransport mechanisms and the relaxation of electron megs
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menta, the effective relaxation time can be written according
to Matthiessen’s rufé as

11 1
s + 1)

TINTRA  UINTER

whererintra @andrinTer represent the intratube and intertube
relaxation times, respectively. Therefotds dominated by
the shorter ofrntra OF TinTER WhiCh, I SWNT thin films

where each tube is interconnected to many others, is clearly_
the latter. Relaxation indicates that the external field displaces

the Fermi sphere through a shift in momenthkk'®
AAk = e'T°E,, 2)

wheree is the electron charge.

Let us now recall that the strong Raman activity of the G
and D bands of metallic SWNTs should correspond to
exceptionally strong electrerphonon coupling;*®*°whose
origin had been unclear for a long time. Recently, Piscanec
et al® offered an explanation through demonstration of the
existence of Kohn anomalies in the screening of ions in
metallic graphitic materials. In general, Kohn anomalies
occur when the size of the Fermi surface is comparable to
the phonon wavevectay.'62%22 As discussed by Piscanec
et al.}®thesr andz* bands in graphite and m-SWNTSs touch
the Fermi level Eg) at theK-point which results in a very
small Fermi wavevectokg ~ 0) whose modulus approaches
those of the G and D phonon wavevectays< I' = 0 and
g =g — K = 0). Since|2kg|* represents the typical scale
length for screening a pointlike disturbarféehe condition
g ~ 2kg ~ 0 requires that infinite distance is needed for the
electrons to fully screen an optical phonon.

It is well-known that Kohn anomalies in one-dimensional
(1-D) solids lead to logarithmic divergence of the static
dielectric responses(q~2kg, hw~0), while in 3-D solids
the divergence only affects the first derivative of this quantity.
Dealing with 1-D electronic structures, it is then obvious
that small fluctuation in the electron momenta (e.g., by

applying a constant external field) corresponds to strong, non-

negligible, fluctuation in the dielectric resporSéVe shall
treat such fluctuations in the framework of the Lindhard
model?* Accordingly, the dynamic dielectric response of the
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1.92 eV) follow a Drude behavidrg, will be taken to be 170
the dispersion relation for free electronsy (= h%k/2m). 171
Similar conclusions however can be also anticipated when
assuming a linear band structure fex as customary for 173
individual SWNTs. Care should be taken in evaluating eg:
3, because very slight changesdnw, and T can lead to 175
fluctuations ofe(q, hw) from 1 to infinity 22 Therefore, since 176
a very small value ofkg is expected in our percolatingi77
networks, we estimate eq 3 kt tending to zero with the 178
same zeroth order df, thus leading to a finite ratiag/2ks 179
1. Evaluation of eq 3 gives(0, Aw>0) — 1 = 0 in the 180
absence of electric field, while in the presence of field 1s1

e(Ak how) — 1=
8e? mks T mkg T
eokBT(\/ 2 + AR — \/ o AkK?

for 182

(4)

R2AK?
kBT > -

The intensity and the frequency of the Raman-actives
optical phonons are related, via the electr@monon cou- 184
pling, to the dynamic dielectric responsfg ~ 2kg, hw).?? 185
Therefore, knowledge of the dynamic dielectric response wib
now allow us to extract information about the G and D mod&
frequencies. Especially, if the screening is assumedi¢e
(perturbed by temperature and electric field) largely detess
mine frequencies of the screened optical phonons, then e
Raman shifts in the presenc®([Ecx)] and absenceC®(0)] 191
of field can be related By2° 192

Q (B> e[ AK(Eg,) hoo] = Q1(0Y€(0iw)  (5)

The anharmonic modifications of the SWNT structure cags
be included by assuming a temperature-dependent zero-fieid
Raman shifQ+(0) ~ Qazoox(0) — X7T (Xr ~ 0.0l cm* K1, 195
for the G peak’). However, we anticipate that they wouldse
not significantly affect the parameters achievable by fittingz
our model with the experiment (relaxation times and temnws
peratures change below 3@0%). Replacement ofi99

anomalously screening electrons in the presence of a change[ Ak(E.,) hw] ande(0Aw) from egs 3 and 4 into eq 5 leadsoo

in momentuniAK(Eey) is given by?

[AKE, ) ho] — 1=
f(ke + Ak + g/2.T) — f(ke + Ak — ¢/2,T)

SktAktg2 — SktAk—g2 ha

— 4% i
4ey lim [ dk
q/2ke—1

3)

whereeg is the dielectric response in vacuum and the Fermi
Dirac population probabilityf(k,T) will be taken to be
approximately linear in the energy domdta + kgT/2 and

to the following relation for the frequency of the Rama1
optical modes upon temperature and external field increase,

as plotted in Figure 4a 203
8¢? e’
QT(Eext) = QT(O) 1+ heokBT( mI%T + T Eext2 -
e2172 =1/2
migT — 7Eext2 (6)

A comparison between our model and experimental results

1 or 0 elsewhere. Since the dielectric responses obtained fromis shown in Figure 4b,c. Fits were obtained assuming the

ellipsometry at our Raman excitation energie® & 1.57—
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Figure 5. Modifications of the RBMs by external field at (a) 1.96
v A 30mL " o
1310- v A 10mL eV (exciting both m- and s-SWNTSs) and (b) 1.57 eV (exciting only
- L Aa o s-SWNTSs). Assignments of specifin,(n)-SWNTs are taken from
e AN N N }“'M A Telg et al®? The reversible decrease for s-SWNTs (red) and the
S 1305 AL, “ N gy reversible increase for m-SWNTs (blue) are shown. In contrast,
o L N after field release, thpermanentffects are always in increasing
~ T 1.96 eV the RBM intensities for both s- and m-SWNTSs at (c) 1.96 eV and
o 12951 (d) 1.57 eV.
a () o | |
v v what happens in a single graphene 18y6or, likely, a single 224
1290- v v individual m-SWNT) where the relaxation times, beings
1576V dominated by intralayer (or intratube) processes, are mueh

0 2000 4000 6000 8000
Electric field, E,,, (V/cm)

longer andte < 7 ~ TiNTRa &~ 100 x 107° s3! leading to 227
the breakdown of the adiabatic Ber@ppenheimer ap-228
proximation. In contrast, the conditidg ~ 7 ~ TiNTer ~ 229
Figure 4. (3_) Detgzndeengsesgme Tﬁg;ﬂessh;frf ?QstTﬁit?;ﬁC‘erﬂi'i 10725 s, which still persists in our thin films, leads to aso
<) accordin , , . . . . . - .
EeEfn%erature,(?mn)’ r?eat proportignally with elgctric ol dé'(m). scenario that is still adiabatic and, thus, entirely different
Comparison with measured (b) G-peak and (c) D-peak frequencies_from the nonadiabatic behavior of the Raman spectra in the
The lines represent data fits from eq 6 Witha = 600 K andr as presence of Kohn anomalies as discussed in ref 20. 233
reported in the legend. We have also examined the RBMs of our thin films igs4
order to investigate the influence of the electric field ams
Tmin = 300 K t0 Trax = 500—700 K at external field&ex = (n,m)-SWNTSs with various chiralities. The RBMs are showgse
0—7500 V/cm?” Note that these temperatures are far too in parts a and b of Figure 5. It can be seen from Figure &a
low to burn the m-SWNTSs. Furthermore, strong temperature that athw = 1.96 eV, where both s- and m-SWNTs aress
increase would have been accompanied by broadening ofexcited, the intensities of the RBMs of s-SWNTs decrease
the G, D, and RBM peak®,which we did not observe. Thus  with increasing electric field while the intensities of theswo
Joule heating in our films must be moderate, in agreementRBMs of m-SWNTSs increase. In Figure Shaf = 1.57 eV) 241
with the relatively low maximum temperature®.(,) pre- where only s-SWNTs are sampled, the intensities of the
dicted by our model. In the framework of our model, the RBMs decrease with increasing electric field. In contrasis
decrease in intensity of the Raman modes can be easilyafter the electric field has been released, it can be seensin
explained since the Stokes/anti-Stokes Raman cross sectionbigure 5c¢,d that the RBM intensity always slightly increases
Isias ~ |0€/duy|? + |0€/dug|? 28 decrease at increasing fields in both s- and m-SWNTs. The most interesting feature @b
in direction longitudinal to the field, while remaining this slight increase is that it remains permanent subsequent
unchanged in transversal directicii€°Furthermore our fits  to the field release. Thus, the decrease in measured conesc-
lead to relaxation times af~ (1—5) x 10%s, which agree  tance shown in Figure 2d cannot be correlated to the claimed
well with the ones achievable by ellipsometrguch values  preferential elimination of m-SWNTs. 250
are of the same order of magnitude to the inverse of the The increase in intensities of the RBMs of m-SWNTSs 51
G-band pulsationt§ ~ 3 x 107°s). This is in contrast to  an expected effect if the increase in Boson number of tse

D Nano Lett.
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optical phonons is the determining factor of peak intensity. (6) Seidel, R.; et alNano Lett.2004 4, 831. 297
; ; it . ; (7) Takenobu, T.; et alAppl. Phys. Lett2006 88, 033511. 298

The (_:Iecreasg in the mtens!tles of RBMs ins SWNTS is nc_)t (8) WU, Z. et al. Science004 305 1273, 599
consistent with Joule heating as the determining factor in (9) Unalan, H. E.; et alNano Lett.2006 6, 2513. 300
controlling the intensity of the RBMSs. Indeed, it can be (10) Thomsen, H.; Reich, ®hys. Re. Lett. 200Q 85, 5214. 301
demonstrateld that the decrease in RBM intensities cannot (i;) \élorlocllg,.J.tM.I;Cl;Ieury,P E. APLhytséOI(?)e. :L_;ett. 5;956.7,2 33, 1319726_396 zgg
be accounted for by assuming that all the m-SWNTs are )osggéki'k?- o al;[:;'s. Rf.'sgooa 28 0035434. 4 " od
moving closer to resonance, while all the s-SWNTs are (13) Hartman, A. Z,; et alPhys. Re. Lett. 2004 92, 236804, 305
moving off resonance. Upon a temperature increase, the El4g See Supporting Ilnfr?rmation- 306
. ) 15) Lazzeri, M.; et alPhys. Re. Lett. 2005 95, 236802. 307

resonant energlé% of some of our I(]’_m) _SWNTS _are (16) Piscanec, S.; et dPhys. Re. Lett. 2004 93, 185503. 308
expected to be clpser to the Raman excitation energies, 1.57 (17) Ashcroft, N. W.; Mermin, N. D.Solid State PhysicsSaunders: 309
and 1.96 eV, while othem(m) tubes will be farther from Philadelphia, 1976; p 323. _ _ _ 310
their resonant energié@However this would happen without (18) Dressel, M.; Gruner, GElectrodynamics of SoligsCambridge 311
ic d d h li . ducti University Press: Cambridge, 2002. 312

any systematic dependency on the metallic or semiconducting 19y Ferrari, A. C.. RobertsorPhys. Re. B 2000 61, 14095. 313
nature of eachnim)-SWNT1* Rather, we suspect that the  (20) Pisana, S.; et aNat. Mat.2007, 6, 198. See arXiv:cond-mat/0611714314
intensity decrease of the RBMs of s-SWNTSs at increasing (21) Popov, V. N.; Lambin, PPhys. Re. B 2006 73, 085507. 315

voltage are more Iikely to be related to the same causes (22) Ashcroft, N. W.; Mermin, N. DSolid State Physi¢csef 17, 1976; p 316
515. 317

determining the decrease of the D- and G-peak intensities. (23) For instance, a& = 0 K, eq 3 would lead ta(Ak, fiw) — 1 ~ log{[(x 318
In conclusion, we reported on the changes in Raman peaks + 12 = (e + YA(x — 12 — (xe + )4}, with x = ¢/2ks, xe = 319

of SWNT thin films as a function of an external electric field. AKEe/2ks, andy = mol/yq so that Kohn anomaliesx(= 1) 320

. correspond, in the absence of field, to an infinite static respe(@se) 321
We aS§|gn such _em:j'Cts to ) anomalogs elec{-rphc_mo.n — 1 — o and a null dynamic respong€0, hw) — 1 = 0 while, in 322
interactions. We dismiss the idea that, in SWNT thin films, the presence of fielck(Ak, 0) — 1 — oo, 323

V0|tage pu'ses produce Joule heating h|gh enough to burn (24) Actually, the use of the Lindhard model relies on the adiabatic Borr324

. Oppenheimer approximation which, as verified below, still holds B25
large amounts of m-SWNTSs. This does not happen because our SWNT thin films. In contrast, our adiabatic model will be26

the maximum temperatures reached in SWNT thin film inadequate in nonadiabatic systems (e.g., graphene). 327
devices under voltage application are much lower than in (25) Ashcroft, N. W.; Mermin, N. D. Reference 22, pp 5i3. 328

IR : ; ; (26) Uchida, T.; et alChem. Phys. Let2004 400, 341. Zhou, Z.; et al. 329
individual SWNT devices, and the relaxation times are much 3. Phys. Chem. B006 110 1206. Nevertheless, while the changesso

shorter. Rather, thermal oxidatihselective cutting of the achieved including possible anharmonic effects in our model are @81
m-SWNTSs, or elimination of very small amounts of m- the influence on the electron screening of the alternating electric fiefde
SWNTSs on some critical percolating pathways may reduce used for Raman excitation might also be considerable. This wogks

g . . suggest that our model might also be useful in explaining tha4
the “off” currents and improve the transistor performance.

. i - temperature dependence of the Raman peaks of SWNT thin films#s
Finally, electrical Raman spectroscopy will be a new and the absence of a constant external field. 336

powerful technique for characterizing thin films and devices (27) The relaxation times determined within our model are of the ordka7

; ; A ; of magnitude available in literature (see ref 22, p 10). Furthermos&ag
Incorporating one dimensional nanostructures. straightforward Drude analysis of the ellipsometry spectra of o889

samples (ref 2) also leads to~ 1071°s. We suspect that especially340

Supporting Information Available: Discussions of the intertube processes between one m-SWNT and one s-SWNT e
difficulties of interpreting experiments in terms of electro- important in lowering the relaxation times, since s-SWNTs may a®t2
mechanical strain and the origin of the voltage dependency 23S thermal sink (ref 15). Thus, the higher the participation 63

. " . L . s-SWNTSs to electrical transport, the smaltgfrer. Impurities might 344
of the RBM intensities. This material is available free of also contribute in decreasing both intra- and intertube relaxation tintess
charge via the Internet at http://pubs.acs.org. (28) u and ug represent, in each SWNT, the modes polarizaticsié

longitudinal and transversal to the electric field. 347
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