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Abstract 

How doping and defects alter linewidth and lifetime of G-band optical phonons in carbon 

nanotubes is examined. Optical phonon lifetime, T1, in thin films of nanotubes are measured by 

time-resolved incoherent anti-stokes Raman spectroscopy and considered along with Raman 

linewidths of isolated individual nanotubes. Within the doping range achievable in nanotube 

films in this study, T1 does not appear to change. Varying degree of doping in individual 

nanotubes via electrostatic gating reveals decreasing full-width-at-half-maximum Γ down to ~4 

cm-1 at the charge neutrality point. Increasing disorder, on the other hand, leads to a decrease in 

T1 along with an increase in Γ. We observe a decrease in T1 of ~0.4 ps at an estimated effective 

crystallite size La ~ 130 nm based on D-band to G-band peak intensity ratio. In the limit of zero-

doping and zero-defects, the measured Γ of single semiconducting nanotubes coincide with 

lifetime broadening of ~4 cm-1 based on measured T1 of 1.2 ps. Samples displaying different 

degree of metallic/semiconducting contributions in their static Raman spectrum are also 

compared and are shown to exhibit similar values of T1.  
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I. INTRODUCTION 

 Implementation of carbon nanotubes into micro- and nano-electronics has shown 

promise1-3 with realistic performance limits now beginning to be established.4 In the high-bias 

regime, current in nanotubes can be limited by carrier scattering with optical phonons (OPs).5,6 In 

graphite, over 90% of the energy of photoexcited hot carriers are estimated to dissipate via OPs7 

and similar carrier relaxation pathways are expected in carbon nanotubes. Hence, monitoring 

non-equilibrium OP population dynamics can provide insights important for carbon nanotube-

based electronic and optoelectronic devices. Dynamics of OPs may be affected by doping, 

nanotube type (metallic or semiconducting), and defects. Electron-phonon coupling (EPC) is in 

general important in how carriers relax and may also be an important factor in OP decay.8 In 

carbon nanotubes, EPC leads to large differences in the G-band linewidths of metallic and 

semiconducting nanotubes. Metallic carbon nanotubes exhibit broadened and softened lower 

frequency G-band mode (LO mode) due to presence of a Kohn anomaly near the Dirac point.9, 10 

Doping via electrostatic gate potential or charge transfer, without introducing impurities within 
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the lattice, has been shown to vary this width.11-13 Therefore, doping and metallic versus 

semiconducting character may be expected to cause changes in OP dynamics. However, similar 

or only slightly different OP population lifetimes of G-band phonons in metallic and 

semiconducting nanotubes have been measured.14 

Defects are also important to consider in OP dynamics since lattice imperfections break 

crystal translational symmetry and relax momentum conservation requirement.15-17 How defects  

alter OP dynamics has been investigated in crystalline materials, including III-V and II-VI 

compound semiconductors, and graphite.8, 16-21 One consequence of defects on OPs can be a 

change in the Raman linewidth. In carbon nanotubes, specifically in metallic nanotubes, 

introduction of defects/disorder leads to removal of line broadening due to the presence of Kohn 

anomaly which counteracts line broadening by defects.22 Defect induced broadening of Raman 

G-band can be observed in semiconducting nanotubes as well as in metallic nanotubes that have 

their Fermi level shifted away from the Dirac point.23 The spectral linewidth (the full-width-at-

half-maximum, Γ) is, however, related to the overall dephasing time T2 by Γ = (πcT2)-1 and T2 

consists of contributions from non-equilibrium phonon population extinction, T1, as well as pure 

dephasing, τph, expressed as 2/T2 = 1/T1+1/τph.24  

Time-resolved incoherent anti-Stokes Raman scattering (TRIARS) measurements have 

recently been used to directly measure T1 of G-band OPs. While the measured T1 value 1.2 ps (or 

lifetime broadening of 4.4 cm-1)14, 25, 26 is compatible with typically reported single nanotube 

linewidth Γ of ~ 6 – 12 cm-1,27 the larger Γ from static Raman spectra suggest possible additional 

pure dephasing process or inhomogenous broadening to be present even in single nanotube 

measurements.26 However, relatively high energy pump beam used in TRIARS, which places the 

system under investigation far from equilibrium, may lead to OP lifetimes that may be different 
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than what may be deduced from linewidths measured near equilibrium situations.7 Time-resolved 

coherent anti-Stokes Raman scattering (TRCARS) studies have also been carried out to measure 

T2 but seemingly conflicting results with respect to how extrinsic factors affect overall OP 

dephasing in carbon nanotubes have been reported.25, 28 For single-walled carbon nanotube films 

on glass, one study has reported T2/2 = 1.1 ± 0.1 ps in two samples with a large difference in D-

band intensities suggesting defects to have negligible effects.28 However, a more recent study 

using a combination of TRCARS and TRIARS has shown that much smaller perturbations in the 

form of non-covalent interactions between nanotubes can significantly alter T2/2 (while T1 

remains unaffected).25 Ensemble samples containing both metallic and semiconducting 

nanotubes may cause additional complications. Therefore, a systematic study that sorts out 

effects of doping, defects, and nanotube type is necessary to elucidate OP dynamics.  

In this work, we examine how G-band OP liftetime and Raman linewidth in carbon 

nanotubes are affected by varying doping, metallic vs. semiconducting character, and defect 

density. OP lifetimes are measured by TRIARS and compared to linewidth of individual 

nanotubes. Degree of doping is controlled either by electrostatic gate potential in the case of 

single nanotubes or by molecular adsorption that leads to charge transfer for thin films of 

nanotubes. Defect density, or the degree of disorder, is varied by annealing and covalent 

functionalization. A comparison between samples exhibiting high metallic and predominantly 

semiconducting contributions to the Raman signal is also carried out.   

 

II. EXPERIMENTAL DETAILS 
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 Samples were made from either carbon nanotubes prepared by high pressure carbon 

monoxide (HiPCO) process (Carbon Nanotechnologies Inc.) or by arc-discharge (CarboLex 

Inc.). Approximately 2 mg of both starting materials separately were first acid treated by 

sonication in 20 mL of 8 M HNO3 for 1 h at 50 oC, centrifuged, washed with deionized water, 

centrifuged again and finally dispersed in ethanol by sonicating for 1 h at room temperature. All 

centrifugation steps were carried out for 30 s at 3300 rpm (1380 g). For arc-discharge nanotubes, 

which exhibit a significant D-band before and after the acid treatment, different annealing steps 

were taken to vary the degree of disorder. HiPCO nanotubes exhibit relatively small D-band and 

therefore the defect concentration was varied by covalent functionalization.  

After the acid treatment, arc-discharge nanotubes were spin coated onto SiO2/Si 

substrates with markers (300 nm oxide, markers are areas of oxide patterned and etched with 

reactive-ion etching prior to nanotube deposition) from the ethanol suspension. The sample 

where no further processing was carried out after this step is referred to as “Arc(As Prep.)”. The 

sample that was annealed at 400 oC for 1 h under 500 cm3/min flow of Ar after deposition on 

substrate is termed “Arc(Ar)”. In order to further reduce defect concentration, another sample 

was heated to 350 oC in air then cooled to room temperature upon reaching 350 oC. This sample 

is called “Arc(Air)”. 

 HiPCO nanotube samples were covalently functionalized by mixing acid-treated tubes 

suspended in ethanol (~0.1 mg/mL) with 20 mM, 100 mM, or 200 mM aqueous solution of 4-

nitrobenzene diazonium tetrafluoroborate (4-NBDT, Fluka) in 1:1 volume ratio; sonicating for 1 

min; allowing the reaction to go on for 20 min; centrifuging and rinsing the nanotubes with 

deionized water; centrifuging and re-suspending them in ethanol. These suspensions were then 

used to spin coat nanotubes onto markered substrates. These samples are labeled “HiPCO(10 
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mM)”, “HiPCO(50 mM)”, and “HiPCO(100 mM)” according to the concentration of 4-NBDT 

after mixing nanotube and functionalizing solutions. A fourth sample, “HiPCO(0 mM)”, was 

made in the same manner, but distilled water without 4-NBDT was used to make the 1:1 reaction 

mixtures. After OP lifetime measurements were carried out, these four samples were exposed to 

high molecular weight poly(ethylenimine) (PEI, Sigma) for doping purposes. Neat PEI was spin 

coated on the samples and allowed to adsorb for 1 h, then thoroughly rinsed with distilled water 

to remove excess PEI. Samples doped as such are noted along with the concentration of 4-NBDT 

they were functionalized with previously [e.g., “HiPCO(100 mM/PEI)”]. Finally, a last sample 

of non-functionalized HiPCO nanotubes on-substrate [prepared in the same manner as HiPCO(0 

mM)] was annealed at 400 oC for 1 h under 500 cm3/min flow of Ar and is called “HiPCO(Ar)”. 

 The above arc-discharge and HiPCO samples of ensemble/bundles of nanotubes are 

collectively referred to as “thin film samples.” For single nanotube and device measurements, 

carbon nanotubes were grown directly on Si/SiO2 substrates by chemical vapor deposition using 

ferritin catalyst and CH4/H2 following Ref. 12. Electrical contacts to individual carbon nanotubes 

were made by patterning 35 nm thick Au electrodes with 5 nm Ti wetting layer on top of the 

nanotubes. Electrochemical gate potential was applied to these contacted nanotube devices using 

a 20 wt% LiClO4·H2O in PEI. 

 Static Raman spectroscopy was carried out on a Jobin Yvon LabRam HR 800 micro-

Raman spectrometer with a 785 nm laser excitation source (75 W/cm2 intensity unless otherwise 

noted) and a 50X air objective providing a spot size with a 1/e2 radius of 1.5 μm. A mode-locked 

Ti:sapphire laser with an 80 MHz repetition rate was used for TRIARS measurements.14, 29 Total 

laser fluence was 58.3 μJ/cm2 (unless otherwise noted) and the pump:probe power ratio was kept 

at 3:2. Pump and probe beams were cross polarized and focused with a 20X air objective to a 
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spot size with a 1/e2 radius of 3.75 μm. A central wavelength of 787 nm with a full-width-at-half-

maximum of ~10 nm was used. A 785 nm laser line filter was used for the probe beam and a 790 

nm long-pass filter was used for the pump to prevent Raman signal from the pump interfering 

with that from the probe. The Raman scattered light was collected in a spectrograph consisting of 

a diffraction grating and a thermoelectrically cooled CCD array. The OP population lifetimes 

were obtained by fitting the data collected to a convolution of the pump-probe correlation with a 

response function of abrupt rise followed by an exponential decay. Pump-probe correlation was 

measured by two-photon absorption in a GaP detector.  

  

III. SAMPLE PROCESSING EFFECTS ON DOPING, 

METALLIC/SEMICONDUCTING CHARACTER, AND DEFECT CONCENTRATION 

 Static Raman spectroscopy is a useful tool to determine relative degree of doping, 

metallic/semiconducting character, and defect concentration of each sample type. Relative defect 

concentration can be estimated using a ratio of integrated area of the D-band to that of the G-

band (AD/AG).23 The relative degree of doping can be inferred from shifts in the D-band. With 

strong coupling of OPs to carrier excitations, the G-band shifts symmetrically (or nearly 

symmetrically) with respect to carrier concentration and cannot be used to distinguish p- or n-

type doping.11-13 The D-band (as well as the 2D band), on the other hand, shows a monotonic 

decrease in frequency from p-type to n-type30 and is therefore used here to determine relative 

doping levels. Note that, throughout this paper, we refer to doping specifically as increasing the 

number of carriers, either by charge transfer or by electrostatic gating, without the introduction 

of impurities and therefore defects/disorder into the lattice. Raman peak frequencies and AD/AG 
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ratios are acquired by fitting the obtained Raman spectra, examples of which are shown in Fig. 1. 

HiPCO samples are fitted with one Lorentzian for the D-band and two Lorentzians for the G-

band. This G-band lineshape combined with RBM frequencies observed indicates that 

predominantly semiconducting nanotubes contribute to the Raman spectra of HiPCO tubes at the 

laser energy of 1.58 eV (785 nm) used here. Spectra of arc-discharge samples are fitted with one 

Lorentzian for the D-band and two Lorentzians and a Fano line (horizontal hatches) for the G-

band to account for EPC effects in metallic nanotubes.12 Based on the ratio of integrated 

intensities of the Fano line and the total G-band, AFano/AG, for all arc-discharge nanotube 

samples, we estimate metallic tube contribution to the Raman signal to be about 35%. This value 

does not change with the degree of disorder as shown in Fig. 1(b).  

The degree of doping, on the other hand, does change with disorder induced by covalent 

functionalization with 4-NBDT. HiPCO samples show that functionalization with 4-NBDT leads 

to p-type doping as inferred from the D-band frequency up-shift30 along with increasing AD/AG, 

as quantified in Fig. 2. We expect disorder contribution to D-band frequency shift to be 

significantly smaller than the doping contribution in the 4-NBDT functionalized HiPCO samples 

based on measurements on single nanotubes where a D-band frequency shift of only ~1 cm-1 has 

been observed at different defect densities (AD/AG from < 0.1 to ~0.5 with laser excitation at 633 

nm) when charge neutrality has been ensured with electrochemical gate potential (data not 

shown). Because of the concurrent doping and defect density increase, PEI is used as a “counter-

dopant” to separate out the two effects. PEI adsorption does not change AD/AG.31 Note, however, 

that annealing in Ar decreases the defect concentration. For arc-discharge nanotubes, which start 

with a higher degree of defects, different annealing processes are carried out to vary defect 

concentration. Annealing causes only minor changes in the degree of doping (D-band frequency 



9 
 

change of 2 cm-1 or less). Both annealing and covalent functionalization do not alter the 

distribution of nanotube types (semiconducting and metallic) and diameters as verified by radial 

breathing modes (RBMs) measured across all specimens. 

 

IV. POTENTIAL LASER-INDUCED SAMPLE DAMAGE AND HEATING 

Before discussing TRIARS measurements of OP lifetimes, possible laser-induced 

damage and heating need to be considered. This is especially important since introduction of 

defects in graphitic materials is known to lower thermal conductivity,32, 33 which can then 

enhance laser heating and damage. Laser-induced damage can be easily monitored by examining 

AD/AG ratio in the Raman spectrum. Raman spectra of our most defective/functionalized (and 

therefore least thermally conductive) sample after PEI doping, HiPCO(100 mM/PEI), shows no 

increase in AD/AG after TRIARS measurements and laser heating measurements (discussed 

below) where laser intensity was varied up to the maximum used in all experiments here. 

Therefore, we conclude that we are in a regime where laser damage is negligible. 

 Even in the absence of actual damage, laser irradiation of carbon nanotubes may cause 

sample heating, which is known to change the phonon lifetime.14 Raman thermometry can be 

used to determine the degree of laser induced heating through frequency shifts of the G-band.34 

Static Raman measurements with the sample mounted on a heating stage under Ar are carried out 

to calibrate G+ peak shift with temperature. From Fig. 3(a), we determine –0.033cm-1/K, similar 

to the slope for graphene in Ref. 34. Figure 3(b) shows G+ peak frequencies at different laser 

intensities for HiPCO(0 mM) and HiPCO(100 mM/PEI) samples. Even for our most defective 

sample under laser intensities higher than those used for TRIARS measurements, no down-shift 
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in the G+ peak frequency is observed. Therefore, we expect laser heating to have a negligible 

effect in sample temperature increase (< ~20 K based on our spectral resolution of 0.7 cm-1). 

Given the assumption that lifetime scales inversely with temperature,29 this upper limit in laser-

induced temperature increase leads to less than ~6 % change in T1. Furthermore, we have also 

measured T1 at multiple laser fluences to verify that laser heating effects are insignificant even 

for the sample with the highest degree of functionalization. Indeed, within our experimental error 

of ±0.1 ps, T1 is the same for both half and double the usual TRIARS laser fluence used. 

 

V. DOPING EFFECTS ON OPTICAL PHONON LINEWIDTH 

 Having established that, even at the highest fluence for the most defective samples, laser 

heating and damage are negligible, we consider now how doping affects G-band OP lifetime and 

Raman linewidth. Examples of TRIARS spectra at different time delays for HiPCO(0 mM) 

sample are shown in Fig. 4(a). Figure 4(b) shows the OP decay in three of the non-functionalized 

samples as measured by TRIARS. In Fig. 5, G-band OP lifetimes are plotted as a function of D-

band frequency for all thin film samples. Note that at a fixed laser energy, higher frequency D-

band corresponds to more p-type doping.30 For arc-discharge nanotubes, annealing in air does 

not alter the D-band frequency (and therefore the degree of doping) but increases the OP lifetime 

slightly from 1.0 ± 0.1 ps to 1.3 ± 0.1 ps.  Annealing in Ar and PEI adsorption do alter the D-

band frequency in HiPCO nanotubes but T1 remains the same within the experimental error. For 

HiPCO(10 mM), HiPCO(50 mM), and HiPCO(100 mM) samples, T1 remains the same after PEI 

doping even with a D-band frequency difference of up to ~8 cm-1 (or Fermi level position 
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difference on the order of 1 eV).30  However, in the latter set of functionalized samples, defects 

altering T1 may prevent observation of possible doping induced changes in T1. 

In the low defect limit (i.e. non-functionalized nanotube films), doping with PEI leads to 

a relatively small downshift in the D-band frequency (< 3 cm-1). A larger change in the degree of 

doping is likely to be necessary to ascertain whether or not there is an effect from doping.  

Unfortunately, dense films of bundled nanotubes used in TRIARS measurements do not exhibit 

significant Raman D-band frequency shifts upon electrolyte gating. Therefore, we consider 

doping dependent linewidth of individual nanotubes, which can be gated much more effectively 

and provide a better upper limit on homogeneous linewidths. We limit our discussion here to 

semiconducting nanotubes since the degree of line broadening dominated by EPC in metallic 

nanotubes varies from tube to tube as well as with doping. If optical phonon relaxation by carrier 

excitation in metallic nanotubes dominated the lifetime, typical G-band linewidths of several tens 

of cm-1 would also correspond to time scale beyond our temporal resolution of TRIARS 

measurements. Furthermore, high electronic temperature induced by the pump in TRIARS has 

been shown to remove EPC effects in graphite as evidenced by transient stiffening of the G-

band7 and we anticipate similar effects making carrier excitation induced fast decay expected in 

metallic nanotubes to have negligible contributions to our measured TRIARS signal. Figure 6(a) 

shows the gate voltage dependence of G+ peak linewidth for a single semiconducting nanotube 

which does not exhibit measurable D-band (i.e. low defect limit). G- peak linewidths are usually 

similar to those of G+ peak and therefore we focus on higher intensity G+ peak. At the charge 

neutrality point (VG = - 0.3 V), the linewidth is the narrowest with Γ = 5 cm-1, corresponding to 

T2/2 = 1.1 ps. This value is similar to the measured OP lifetime of ~1.2 ps for low defect 

samples.  
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When electrostatic gating introduces carriers into the semiconducting nanotube, G+ peak 

linewidth nearly doubles to 9.5 cm-1. Static Raman spectra of the G-band (along with two-

Lorentzian curve fits) at two indicated gate voltages are shown in Fig. 6(b). The increase in G-

band linewidth of semiconducting nanotubes with doping has also been reported previously, with 

larger increase using electrolyte gate13 (as used here) than with back gate11 configuration due to 

the much higher efficiency of polymer electrolyte gating. Semiconducting nanotubes are 

expected to exhibit G-band phonon softening similar to metallic nanotubes but with a smaller 

degree of softening and without line broadening due to virtual electron-hole pair generation 

rather than actual carrier excitation.11, 35 A possible origin of the broadening may be gate 

inducing charges near the nanotube (e.g. on substrate and/or adsorbed molecules) leading to 

variations in local electric fields which in turn can cause inhomogeneous broadening. Doping 

causing only inhomogeneous broadening and leaving the homogeneous linewidth unchanged 

would be consistent with doping independent T1. Unfortunately, strongly non-equilibrium 

behavior expected of OPs due to the pump pulse in TRIARS prevents direct comparison of T1 

with linewidth obtained by static Raman measurements. Doping dependent Raman linewidth 

does, however, indicate that the observed variations in the G-band linewidth of individual 

semiconducting nanotubes (which is often reported to range between 6 to 12 cm-1)27 are, at least 

in part, due to variations in molecular adsorption from the ambient and/or substrate induced 

doping/charging.30, 36  

 

VI. DEFECT EFFECTS ON OPTICAL PHONON LIFETIME 
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 While doping broadens Raman linewidth without an apparent change to T1, we observe 

that defects alter both. HiPCO(0 mM) and Arc(As-Prep.) samples, whose TRIARS 

measurements are shown in Fig. 4(b), are prepared in the same manner here as samples reported 

in Ref. 14. The T1 values measured are similar in both cases with the HiPCO sample having a 

slightly longer lifetime (1.0 ± 0.1 ps vs. 1.2 ± 0.1 ps). However, the difference in the degree of 

disorder between these two samples is significant. For HiPCO(0 mM) sample, AD/AG = 0.21 ± 

0.03 whereas AD/AG = 0.56 ± 0.01 for Arc(As-Prep.) sample as shown in Fig. 1(a) and bottom 

spectrum in Fig. 1(b), respectively. After annealing in air, arc-discharge nanotubes show a 

marked decrease in AD/AG down to 0.11 ± 0.02 [top spectrum in Fig. 1(b)]. This reduction in 

defect density leads to an increase in T1 from 1.0 ± 0.1 ps to 1.3 ± 0.1 ps, now comparable to 

HiPCO(0 mM). This result suggests that HiPCO and arc-discharge nanotubes, although having 

different degree of metallic/semiconducting contributions to the measured static Raman spectra, 

exhibit similar OP lifetimes. Based on pump-induced transient decoupling of OP-mediated 

electronic transitions observed in graphite,7 similar OP lifetimes in metallic and semiconducting 

nanotubes may be expected and can explain these results. The key difference observed between 

HiPCO and arc-discharge tubes prior to annealing appears to be the consequence of variations in 

the defect concentration. 

  Covalent functionalization with 4-NBDT provides a more systematic way to investigate 

the influence of defects on OP lifetime. Figure 7(a) shows the two extremes. Functionalization of 

HiPCO nanotubes with 100 mM 4-NBDT decreases T1 from 1.2 ± 0.1 ps to 0.8 ± 0.1 ps while 

increasing AD/AG from 0.21 ± 0.03 to 1.53 ± 0.17. The dependence of T1 on AD/AG for all thin 

film samples studied is shown in Fig. 7(b). The corresponding lifetime broadening, defined here 

as (2πcT1)-1, is shown in Fig. 8. In order to compare to reported correlation between defect 
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density and D to G ratio,37-41 data in Fig. 8 are plotted using D-band and G-band peak height 

ratios, ID/IG, rather than the integrated intensity ratios. Using integrated intensity ratios leads to 

the same trend. Based on Ref. 38, where defect concentrations were estimated from 

thermogravimetric analysis of 4-NBDT functionalized nanotubes, we estimate the sample with 

maximum disorder to have defect density of ~1 defect per 50 lattice C atoms.42 Using a more 

widely used relation for nanographitic materials,37, 39-41 we calculate crystallite size La ~ 130 nm 

from which we estimate defect density of ~1 defect per 300 lattice C atoms.43 Taking the average 

of these two values, we estimate ~1 defect per 175 lattice C atoms to cause 0.4 ps decrease in T1 

or a change in lifetime broadening of ~2 cm-1. 

Figure 8 also compares the G+ peak linewidth Γ of individual semiconducting nanotubes 

with lifetime broadening of thin film samples. Both increase approximately linearly with defect 

density. The static Raman linewidth of single nanotubes exhibits stronger dependence on ID/IG 

but this may be a consequence of defect induced inhomogeneous broadening.17, 19, 44, 45 However, 

in the limit of zero-defects for charge neutral nanotubes, Γ and lifetime broadening converge. 

Note that the slight offset for the filled squares at ID/IG = 0 is likely to be arising from 

doping/charging as discussed in the previous section. The open squares are from 

electrochemically gated nanotubes where zero-doping is ensured. These data points therefore 

provide a better upper limit on the homogeneous linewidth.  

While the convergence of Γ and lifetime broadening at zero-charge and zero-doping limit 

can imply that T1 dominates the overall dephasing time in nanotubes, effects of high transient 

electronic temperature induced by the pump beam in the TRIARS measurements need to be 

considered before such conclusions can be made. In graphite, the high electronic temperature has 

been shown to lead to an equivalent effect as gate shifting the Fermi level away from the Dirac 
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point and OP relaxation via carrier excitation becomes no longer accessible or less likely.7 The 

measured T1 of 2.2 ~ 2.4 ps in Refs. 7 and 31 is in reasonable agreement with calculated lifetime 

based on anharmonic decay, mainly into two acoustic phonons. In graphene, a faster T1 of ~ 1.2 

ps has been suggested to arise from coupling to the substrate.29 Carbon nanotubes also exhibit 

similar faster T1 of ~1.2 ps but the substrate is not likely to be providing additional decay paths. 

In the relatively thick films of nanotubes used here and in Ref. 14, the majority of the nanotubes 

are not directly supported by the substrate. Furthermore, nanotubes suspended in D2O exhibit 

similar T1 of 1.1 ps.26 The similar value of T1 for bundles of nanotubes on substrate and isolated 

nanotubes dispersed in solution also indicates that that contacts between nanotubes are not 

important in the measured OP lifetime. TRIARS measurements are carried out with OP 

population far from equilibrium and the decay rate observed may be different than that expected 

of near-equilibrium situation and therefore comparison to linewidth obtained through static 

Raman measurements may be problematic. However, slower, rather than faster, OP relaxation is 

expected far from equilibrium as shown in bilayer graphene and graphite46 and as suggested by a 

slight decrease in T1 with decreasing pump power in carbon nanotubes.14 Even if we assume 

zero-doping, zero-charge limit Γ of 4 ~ 5 cm-1 giving only an upper limit for homogeneous 

linewidth, imposing that the pump in TRIARS measurements causes measured T1 values to be 

larger than the actual (or near-equilibrium) lifetime would lead to an unreasonable result of 

lifetime broadening being larger than the homogeneous width. One possible explanation of 

observed T1 in carbon nanotubes being faster than the expected anharmonic decay rates in 

graphene and graphite is coupling of G-band mode to RBM phonons.47 Since this decay path is 

accessible only when the nanotube is photoexcited, near-equilibrium OP lifetime can be expected 

to be longer in this case. Then, Γ ~ 4 cm-1 from static Raman measurements must include 
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additional decay path, dephasing process or inhomogeneous broadening. However, it appears 

somewhat fortuitous that any of these processes should lead to the near-equilibrium linewidth 

being same as lifetime broadening that includes an unrelated anharmonic decay into RBM 

phonon far from equilibrium. Whether or not the convergence of Γ and lifetime broadening is an 

unrelated coincidence remains an open question. 

Decreasing T1 with defects observed in Fig. 7(b) is surprising in that defects have been 

shown to have little or no effect on OP lifetimes in other materials.44, 45 In graphene, conflicting 

results exist where both ID/IG dependent48 and independent46 OP lifetimes have been reported. 

Point defects are often considered to cause elastic scattering of phonons and therefore the rates of 

anharmonic decay into lower energy phonons are not expected to be altered.8, 49 However, 4-

NBDT molecules used here introduce relatively large nitrophenyl groups chemisorbed on the 

sidewalls of nanotubes and hence may not be treated as simple point defects. The combination of 

adsorbed chemical groups and lattice disorder induced by functionalization with 4-NBDT may 

lead to additional relaxation pathways. Existing defects can also enhance reactivity of 

neighboring lattice atoms,50, 51 and therefore the distribution of functional groups and disorder in 

the lattice may not be uniform which may further facilitate OP relaxation.      

 

VII. CONCLUSIONS 

 By varying the doping level in individual semiconducting carbon nanotubes using 

polymer electrolyte gating, we have shown that Raman G-band linewidth as narrow as ~4 cm-1 

can be observed at the charge neutrality point. Variations in molecular adsorption from the 

ambient and/or substrate induced doping/charging may be the main reason for larger values and 
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variations in linewidths (6 – 12 cm-1) often reported. Optical phonon lifetime does not change 

within the doping range achievable here for thin films of nanotubes. Increasing disorder, on the 

other hand, alters both linewidth and the lifetime. Lifetime broadening inferred from measured 

T1 and linewidth Γ measured by static Raman both scale linearly with ID/IG with the latter having 

a stronger dependence likely due to inhomogeneous broadening caused by covalent 

functionalization. In the limit of zero-doping and zero-defects, the measured Γ of single 

semiconducting nanotubes coincide with lifetime broadening expected from measured T1 of 1.2 

ps. By reducing the degree of defect induced changes on the observed OP lifetime, we have also 

shown that samples displaying different degree of metallic/semiconducting character exhibit 

similar T1 value of ~1.2 ps.   
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Figure Captions 

 

FIG. 1. (Color online) Raman spectra of non-functionalized HiPCO nanotubes, “HiPCO(0 mM)” 

(a), and argon and air annealed arc-discharge samples, “Arc(Ar)” and “Arc(Air)”, respectively 

(b), along with examples of curve fitting. Grey lines are the curve fitting results and the red 

curves are the components of the fit. Ratios of the Fano peak (shaded red) integrated intensity to 

that of the G-band (AFano/AG) for characterizing metallic nanotube content and relative disorder 

(AD/AG) for arc-discharge nanotubes are also noted. Spectra in (b) are offset for clarity.  

 

FIG. 2. Relative disorder (defined as integrated intensity ratio of D-band to G-band, AD/AG) and 

D-band frequency (representing relative degree of doping) of functionalized (4-NBDT solution 

concentration in mM), Ar-annealed, and PEI doped HiPCO samples. Error bars (some smaller 

than the symbols) are obtained from average of spectra collected at three different locations of 

each sample. Connecting lines are guides to the eye. 

 

FIG. 3. (Color online) (a) Temperature dependence of G+ peak frequency obtained for HiPCO(0 

mM) sample measured by heating the substrate and probing with low intensity (127 W/cm2) 

HeNe laser. Circles and squares correspond to two different heating cycles. A value of dω/dT = –

0.033 cm-1/K is obtained. (b) Effects of laser intensity on G+ peak frequency of HiPCO(0 mM) 

and HiPCO(100 mM/PEI) samples. “Min” and “Max” refer to the minimum and maximum 

TRIARS laser intensities used to verify that laser heating and damage are negligible. “Std.” is the 
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value of intensity used for all other TRIARS measurements (I = 7.9 kW/cm2). Relative disorder, 

AD/AG, remains the same after laser power dependence and TRIARS measurements even for the 

most defective sample, HiPCO(100 mM/PEI).  

 

FIG. 4. (Color online) (a) Examples of background (signal at delay stage position of t = -10ps) 

subtracted TRIARS spectra. (b) Normalized integrated TRIARS intensity (I/Imax) as a function of 

probe delay for Arc(As Prep), Arc(Air), and HiPCO(0 mM) samples with AD/AG of 0.56 ± 0.01, 

0.11 ± 0.02, and 0.21 ± 0.03 respectively. Pump-probe correlation is also shown. 

 

FIG. 5. (Color online) OP lifetime, T1, vs. D-band frequency for non-functionalized (square), 

functionalized (filled circle), and functionalized/PEI-doped (open circle) HiPCO nanotubes as 

well as air- and Ar-annealed and non-annealed arc-discharge samples (diamond). No obvious 

dependence on degree of doping is observed. 

 

FIG. 6. (Color online) (a) Dependence of G+ peak linewidth Γ on doping (varied by gate voltage, 

VG) and calculated total dephasing time for narrowest linewidth for a single semiconducting 

nanotube (RBM at 135 cm-1 under 633 nm excitation) with no observable D-band. (b) Fitted 

Raman spectra at VG = -0.3 V and VG = -0.9 V, the narrowest and broadest spectra respectively. 

Overall fit in gray and components in blue. Simultaneous electrical/static Raman measurement 

conditions are described in Ref. 12. 
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FIG. 7. (Color online) (a) Normalized integrated TRIARS intensity (I/Imax) as a function of probe 

delay for HiPCO(0 mM) (black square) and HiPCO(100 mM) (red circle) samples with AD/AG of 

0.21 ± 0.03 and 1.53 ± 0.17, respectively. (b) OP lifetime (T1) dependence on relative defect 

concentration (i.e., AD/AG) for non-functionalized (square), functionalized (filled circle), and 

functionalized/PEI-doped (open circle) HiPCO nanotubes as well as arc-discharge samples 

(diamond). T1 error bars are from least-squares curve fitting and AD/AG error bars are from 

variations measured at three different locations in each sample. 

 

FIG. 8. (Color online) Influence of relative defect concentration, ID/IG (peak height ratio), on 

lifetime broadening, (2πcT1)-1, calculated from T1 values measured by TRIARS and total 

linewidth of G+ peak, Γ, of single semiconducting nanotubes from static Raman measurements. 

Lines are linear fits. Open squares correspond to linewidths of electrostatically gated single 

semiconducting nanotubes where charge neutrality is ensured.  
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FIG. 2 
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FIG. 3 
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FIG. 4 
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FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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