
Two-Dimensional Electronic Spectroscopy of Semiconducting  

Single-Walled Carbon Nanotubes 
 

Matthew W. Graham
1
, Tessa R. Calhoun

1
, Alex A. Green

2
, Mark C. Hersam

2
 and Graham R. Fleming

1 

1Department of Chemistry, University of California, Berkeley, California 94720, USA 
2Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208,USA 

E-mail: fleming@cchem.berkeley.edu 

 

Abstract: Application of 2D Fourier transform electronic spectroscopy to semiconducting SWNTs 

is demonstrated to decongest complex exciton dynamics.  Analysis provides the E22 homogeneous   

linewidth, and elucidates the roles of vibrational and multi-exciton states in population relaxation. 

  

1. Introduction  

In contrast to the established electrical and mechanical properties, the optical properties of semiconducting 

single-walled carbon nanotubes (SWNTs) are only just emerging with greatly enhanced fluorescence yields (up 

to 20%) and development of efficient nanotube photodiodes [1].  The scope of optoelectronic applications for 

SWNTs depends critically on a detailed understanding of their highly congested absorption features consisting of 

excitonic (E11, E22, etc.), vibrational and partially dark transitions.  While ultrafast techniques such as transient 

absorption and fluorescence up-conversion provide the general timescales of population relaxation, substantial 

inhomogeneous broadening (four times the homogeneous linewidth), pronounced exciton-exciton scattering, and 

contribution of minor tubes types prevent unambiguous determination of the relaxation pathways associated with 

the most basic optical excitations [2-4].  Providing clarity amongst congestion, we demonstrate how 2D Fourier 

transform (2DFT) electronic spectroscopy gives an incisive time and frequency domain map of exciton dynamics 

in SWNTs.  In contrast to other nanosystems studied using 2DFT spectroscopy (such as GaAs quantum wells), 

semiconducting SWNTs are characterized by remarkably large exciton binding energies (0.4 to 1.0 eV), quasi 

one-dimensional confinement, and long room temperature optical dephasing times (T2 ≈ 200 fs) [3,4].   

Dominating SWNT optical absorption are two bright exciton states, the lower E11 and its counterpart in the 

next brillouin zone, the E22.  Associated with each bright exciton state is a manifold of continuum and low 

oscillator strength states which are believed to play a critical role in processes like non-radiative emission [4].  

Using 2DFT spectroscopy, such states of low oscillator strength will be inherently brightened with heterodyne 

enhancement of cross-peaks that are linked to optically bright states of the same tube chirality.  In this 

contribution, we demonstrate the utility of 2DFT electronic spectroscopy to uncover new photophysics in 

strongly confined excitonic systems such as semiconducting SWNTs.  

 

2. Experimental Methods  

Until recently, carbon nanotube samples were highly inhomogeneous mixtures of many tube types, making 

advanced spectroscopic studies intractable.  The sample used in this study is highly enriched in the (6,5) 

semiconducting tube type, through a density-gradient ultracentrifuguation process [5].  Such high sample purity 

allowed for (6,5) specific excitation of the E22 manifold of states using a 90 nm FWHM broadband pulse 

centered at 550 nm generated from a non-collinear optical parametric amplifier (NOPA) pumped by home-built 

3.4 kHz Ti:sapphire/regenerative amplifier system.  The 2DFT technique used is described in detail elsewhere 

[6].  Briefly, three 20 fs laser pulses were focused on the sample in a box geometry to generate the third order 

signal.  In order to suppress laser light scattering, an aqueous solution enriched in (6,5) individualized tubes was 

used to fabricate a thin SWNT-polymer composite film using water soluble polyvinyl-pyrrolidone polymer.  A 

heterodyne detection scheme on CCD camera was accomplished by passing a fourth pulse through the sample to 

serve as the local oscillator.  This enabled us to spectrally resolve the SWNT four-wave mixing signal in both 

amplitude and phase while scanning the coherence time, τ (between pulses 1 and 2) at various population times, 

T (between pulses 2 and 3), from -25 to 500 fs.  The coherence time was scanned from 0 to ±300 fs, allowing the 

pulse ordering to select rephasing (+τ) and non-rephasing (-τ) signals. 

 

3. Results and Discussion 

The collected absolute-value signal (S(Ωτ,Ωt,T)) is plotted in figures 1a and 1b at T=0 and 50 fs as function of 

the absorption or coherence energy (Ωτ) and emission or rephasing energy (Ωt).  For T=0, the salient diagonal 

features correspond to linear absorption for the E22 transition (2.17 eV) and a phonon-sideband peak (upshifted 

220 meV or 1780 cm-1) consistent with vibrational exchange with the G-band mode (longitudinal tube stretching). 

This assignment is supported by the vibrational beat period and weak cross-peaks linking the diagonal E22 and G-

band peaks (recovered in an arcsinh scaling to amplify the noise-floor, not shown). 

Since the E22 population relaxation is fast and non-radiative, the homogeneous linewidth cannot be estimated 

by common methods such as single-tube photo emission [4].  2DFT spectroscopy enables direct extraction of the 

E22 anti-diagonal (homogeneous) linewidth that is fivefold smaller than the diagonal (homogeneous + 
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inhomogeneous) linewidth.  This (6,5) SWNT E22 linewidth estimate agrees with recently reported photon echo 

measurements providing the E11 absorption lineshape [2,3].  Such similarity in linewidth is expected because the 

E22 and E11 states should possess near-identical exciton band structures and associated environmental disorders. 
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Fig. 1  Preliminary 2D-electronic relaxation (left) and non-rephasing (NR, right) spectra shown for (a) T=0 and (b) T=50 fs.  

Dashed orange lines identify the linear absorption peak energies (far right) of the (6,5) E22 and phonon sideband. (c) E22 

transient pump probe signal (open circles) decays biexpoentially (black line), each exponential component can be assigned 

to the arrowed spectral features shown in 1a and 1b.  E22 pump, E11 probe relaxation kinetics (filled circles) has a slower 

non-exponential decay from exciton-exciton annihilation contributions [4]. 
 

Further decongestion of the (6,5) SWNT E22 lineshape is obtained by plotting the corresponding non-

rephasing spectra (fig. 1a and b).  We find that while the diagonal E22 peak decays rapidly, an unexpected feature 

shifted 50 meV off the diagonal persists for times longer than 500 fs (orange arrow).  Subsequent 2DFT 

measurements also identify a similar feature associated with E22 excitation for the (7,6) tube using 650 nm 

excitation.  To better characterize this new feature, a one-color pump probe measurement (fig 1c, open circles) 

spectrally tuned to the (6,5) E22 resonance was carried out.  Fitting using a least-squares deconvolution algorithm 

(black line), we conclude the decay is biexponential with lifetimes of 120 fs (88%) and 1.3 ps (12%).  The 

timescales and relative amplitudes assign these two exponential components to the arrowed spectral features (fig. 

1a and b).  The 120 fs lifetime corresponds to the expected exponential relaxation of the diagonal E22 peak (pink 

arrow) towards the longer lived E11 state (fig. 1c, filled circles) [7].  To explain the origin of the 1.3 ps decay and 

associated spectral feature (orange arrow), comparison of relative peak positions with 2DFT studies on GaAs 

quantum wells leads us to suspect involvement of multiple excitonic resonances [8]. As further support, we 

observe strong multiexciton contributions from exciton-exciton annihilation evidenced by an E22 pump probe 

amplitude dependence which increases only with the square root pump intensity.  Biexciton contributions in 

particular, have been calculated with binding energies of ~40 meV for (6,5) SWNTs, but experimental evidence 

has not yet proven their existence [9].  To investigate such potential peak assignments, future experiments will 

compare the beat frequency with known Raman modes and exploit the fact that biexciton formation can be 

suppressed by use of established polarization schemes [8]. 
 

4. Conclusions 

We demonstrate successful application 2DFT spectroscopy to semiconducting SWNTs, and show how it 

simplifies complex exciton dynamics, such as explaining the origin of the biexponential E22 pump probe decay.   

2DFT on SWNTs can further provide quantitative information such as the E22 homogeneous linewidths and 

vibrational coupling strengths; information not readily accessible by other spectroscopic means. 
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