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5 The photophysics of

1-dimensional graphene

nanostructures

5.1 Introduction

As stated in chapter 4, monolayer graphene has a bandgap energy of zero. And

although it has been demonstrated that bilayer graphene in a double gated con-

figuration can exhibit a bandgap energy of up to 250 meV [155], corresponding

to wavelengths in the mid-infrared (mid IR), graphene is considered unsuitable

for many electronic applications such as field effect transistors (FETs) [121, 156].

One way to induce a bandgap in graphene is to introduce quantum-

confinement in one dimension [125, 157]. Two types of one-dimensional

graphene-based structures have been established, achieving carrier confine-

ment in the lateral dimension: carbon nanotubes (CNTs), and flat graphene

nanoribbons (GNRs) with nanometer-scale widths. In both CNTs and GNRs,

the bandgap is associated with electron motion along the shorter dimension of

the system: circular motion along the circumference of the CNT, and in-plane

motion across the width of the GNR [121]. Both GNRs and CNTs are consid-

ered vital to the emerging field of carbon nanoelectronics [121]. Already, entire

logic circuits based on single CNTs have been realized [158], as well as CNT

[159, 160, 161, 162] and GNR-based [156] FETs. The nature of photo-generated

charges (excitons, or free charges) and the charge carrier mobility is crucial for

the performance of such devices. In this chapter the ultrafast photoconductive

properties of both types of graphene nanostructures - CNTs and GNRs - will

be assessed with respect to their potential applications in carbon electronics.

So far, GNRs have mainly been fabricated from two-dimensional graphene

through “top-down” approaches using e-beam lithography [156, 163]. These

GNRs were shown to have a finite bandgap which scales inversely with the

width; and their conductance scales proportionally with their width [163]. The

smallest width achieved by lithography was ∼ 15 nm, and the corresponding
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70 1-dimensional graphene nanostructures 5.1

highest bandgap was 200 meV, giving rise to absorption in the infrared (IR)

part of the electromagnetic spectrum [163]. Fabrication of sub-10-nm GNRs

has been reported using several other methods, such as sonochemical cutting of

graphite [164], unzipping of carbon nanotubes [165, 166], and chemical etching

of lithographically pre-patterned GNRs [167], but it has so far been impossible

with such “top-down” approaches to fabricate GNRs with high structural defi-

nition, especially for sub-5-nm widths. Recently a “bottom-up” solution-based

approach was reported for making long GNRs with well-defined homogeneous

edge structures and widths down to ∼1 nm, possessing bandgaps corresponding

to visible wavelengths [168, 169, 170]. Calculations predict that such narrow

GNRs of well-defined edge structures can exhibit a band alignment with the

common electron acceptor C60 favorable for photovoltaic applications [171].

While the electronic properties of CNTs have been extensively investigated,

very few reports exist for GNRs with well-defined width and edge structures

[169, 172, 173].

CNTs [174], and in particular single-wall CNTs [175, 176], are similar to

GNRs: one can think of CNTs as “rolled up”GNRs. Depending on the chirality

of the “rolling”, CNTs can exhibit either metallic or semiconducting behavior

[177], and charge carrier mobilities as high as 100,000 cm2 V−1s−1 have been

reported for FETs based on single semiconducting CNTs [178]. Additionally,

CNT based photovoltaic devices have already been demonstrated [179, 180].

Surprisingly, despite their very similar chemical and electronic structure,

ultrafast photoconductivity measurements performed on both CNTs [181, 182]

and GNRs [170] have led to varying conclusions on the primary photoproducts.

Xu et al. [182] found that the photoresponse of isolated CNTs was dominated

by electrons and holes tightly bound in excitons, see section 2.4.3. These neutral

quasi-particles cannot be accelerated by applied electric fields, and therefore do

not contribute to long range conductivity. Beard et al. [181] reported the initial

generation of free carriers in CNT films, unbound, but obstructed in their motion

by the corrugated potential energy landscape within the conductor. Similarly,

for GNRs the presence of short-lived free charge carriers has been concluded

[170].

Here we present a unified view of the photogenerated species in structurally

well-defined GNRs and CNTs. The GNRs and CNTs studied have similar

dimensions, and both are semiconducting with comparable bandgaps. Using

optical pump - THz probe spectroscopy and appropriate modeling, the pres-

ence of excitons and (quasi) free charge carriers can be distinguished [42, 183].

We show that one model of restricted free charge carrier motion is capable of
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5.2 1-dimensional graphene nanostructures 71

quantitatively reproducing the results for both GNRs and CNTs, although the

photoconductive responses appear different.

5.2 Samples

Structurally well-defined and narrow (1.1 nm) GNRs with an average length

of about 600 nm and an optical bandgap of 1.88 eV were chemically synthe-

sized as described in Ref. [170], see Figure 5.1 (a). The advantage of this

newly developed chemical “bottom up” synthesis approach is that it allows for

the fabrication of GNRs with sub-5 nm widths, giving rise to bandgap energies

corresponding to visible excitation wavelengths, Figure 5.1 (b), as well as well-

defined edge structures [168, 169]. The alkyl (C12H25) chains on the peripheral

positions are required in order to render the GNRs dispersible in organic sol-

vents. Our measurements were performed on two types of GNR samples: (i)

GNRs dispersed in 1,2,4-trichlorobenzene (TCB), and (ii) GNRs dropcast from

dispersion on a fused silica substrate. The TCB solvent is transparent at both

optical and THz frequencies.

(a)
C12H25 C12H25 C12H25 C12H25

C12H25C12H25C12H25C12H25

C12H25

C12H25

1.1 nm

(b)

1.0

0.0

A
bs

or
ba

nc
e 

(a
. u

.)

12001000800600400
Wavelength (nm)

(c) (d)

1.0

0.0

A
bs

or
ba

nc
e 

(a
. u

.)

12001000800600400
Wavelength (nm)

S1

S2

Figure 5.1. One dimensional graphene nanostructures investigated. (a) Graphene

nanoribbons. (c) (6,5) carbon nanotubes. In both structures quantum confinement

in the lateral dimension induces a bandgap. (b) Optical absorbance of GNRs. An

absorption edge is seen, signifying a bandgap at 660 nm ∼1.88 eV. (d) The absorption

spectrum of the CNTs is dominated by the excitonic S1 and S2 features of the (6,5)

CNTs [184]. An absorption threshold of 1115 nm, corresponding to 1.1 eV, can be

extracted from the spectrum. The free carrier bandgap is higher - approximately

1.3 eV [185]. Measurements on CNTs were performed by Ronald Ulbricht.
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72 1-dimensional graphene nanostructures 5.3

Two analogous types of CNT samples were prepared: (i) individual CNTs

dispersed in an organic gel phase to achieve separation between the CNTs, simi-

lar to the environment of the GNRs dispersed in TCB, and (ii) a film consisting

of CNT aggregates similar to the dropcast GNR film. Prior to processing, CNTs

were diameter-sorted by density gradient ultra-centrifugation. Approximately

97 % of the CNTs were semiconducting, and of those 97 % at least 90 % were the

(6,5)-tubes (see Figure 5.1 (c,d)). The average tube length was approximately

260 nm. In the film, the aggregates were several microns long and interlocking

with each other.

The (6,5)-tubes studied have a diameter of 0.76 nm [186], comparable to the

lateral dimension of the GNRs. The bandgap of such tubes is reported to be on

the order of 1.3 eV [185].

5.3 Results and discussion

5.3.1 Graphene nanoribbons and carbon nanotubes

Figure 5.2 shows the photoconductivity ∆σ of the two GNR samples scaled to

the absorbed photon density N , as a function of pump-probe delay (Figure 5.2

(a,c)) or probe frequency (Figure 5.2 (b,d)). The frequency-resolved complex-

valued conductivity spectra were measured at a pump delay corresponding to

the highest value of the conductivities in Figure 5.2 (a,c). The conductivity ex-

periments on GNRs dispersed in TCB were performed at six different absorbed

excitation intensities between 1.2 · 1018 photons/m2 and 1.3 · 1019 photons/m2,

Figure 5.3. The GNRs in dispersion show a positive real and negative imaginary

conductivity rising just after excitation, and then decaying with a characteristic

exponential lifetime of 1–2 ps (Figure 5.3 (a,b)), the real part decaying slightly

faster than the imaginary part. An additional slower decay component is appar-

ent at later times, particularly for the imaginary conductivity. As the initial pho-

toconductivity decays, the magnitude of the imaginary conductivity increases

relative to the real conductivity. Purely imaginary conductivity is evidence of

the presence of a restoring force in the electron motion, which indicates bound

charges in the form of excitons [49], section 2.4.3. Hence the observation of large

initial real conductivity and the subsequent relative increase in imaginary con-

ductivity is consistent with initial excitation of free carriers which quickly form

excitons on timescales close to 1 ps. This behavior is very similar to previous

observations in organic semiconducting polymers such as polythiophene (P3HT)

[71, 72] and poly-phenylenevinylene (PPV) [78, 79, 187] derivatives. Efficient
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Figure 5.2. THz photoconductivity of GNRs dispersed in 1,2,4-trichlorobenzene

(a,b), or dropcast on fused silica (c,d), excited by 3.10 eV pulses with a sheet excita-

tion density of 1.3 · 1019 photons/m2 for the dispersion, and of 2.1 · 1018 photons/m2

for the film. The conductivity is scaled to the density N of absorbed photons. Graphs

(a) and (c) show pump-probe delay scans of the frequency averaged conductivity, and

graphs (b) and (d) show the complex frequency-resolved conductivity measured just

after excitation, at the pump-probe delay corresponding to the peak of the photo-

conductivity. The peak magnitudes in plots (a) and (c) are scaled to the frequency

averaged conductivities of plots (b) and (d) respectively. Lines in (b) and (d) show

Drude-Smith fits explained in the main text.
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Figure 5.3. Complex THz photoconductivity of GNRs in TCB dispersion excited

by 3.10 eV photons at absorbed densities ranging from 1.2 · 1018 photons/m2 to 1.3 ·
1019 photons/m2. (a) Real and imaginary parts of the photoconductivity recorded on

the THz peak and at the zero crossing after the peak respectively, versus pump-probe

delay. (b) Exponential decay time of the conductivity traces in (a) from exponential

fits plotted versus sheet excitation density. (c) Frequency resolved photoconductivities

measured 300 fs after photoexcitation, fitted to the Drude-Smith model with τ s = 30 fs

and c = −0.92. (d) Square of plasma frequency found from the Drude-Smith fits versus

sheet excitation density. The peak magnitudes in plot (a) are scaled to the frequency

averaged conductivities of plot (c).
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exciton formation typically occurs in systems with strong quantum confinement

[188] and weak screening [79] (ϵ = 2.24 for TCB), which both lead to an in-

crease in exciton binding energy. We see that the decay times in Figure 5.3 (b),

most notably for the real conductivity, decrease a bit with increasing excitation

density, which might be an indication of non-geminate exciton formation.

In the frequency-resolved conductivity spectra of the GNRs in dispersion,

Figure 5.2 (b), positive real- and negative imaginary conductivity is observed,

both increasing in magnitude with probe frequency. A similar spectral shape

was observed at all pump intensities, as seen in Figure 5.3 (c). This behavior is

qualitatively similar to results obtained on semiconducting polymers [71, 72, 78,

79], and has been interpreted as a signature of essentially free charge carriers

generated on short timescales. Comparing the conductivity magnitude scaled to

the excitation density to that reported for poly(2-methoxy-5-(2-ethyl-hexyloxy)-

p-phenylene vinylene) (MEH-PPV) [79], we find that the magnitude of the

conductivity is almost an order of magnitude larger for the GNRs in TCB

compared to MEH-PPV in solution. For MEH-PPV it was shown that the

charge carrier mobility is limited by torsional and conjugation irregularities

along the polymer backbone [79]. Thus the larger photoconductive response

of GNRs is likely the result of the relatively rigid structure of the GNRs as

compared to MEH-PPV, causing less torsional and conjugation irregularities as

compared to a polymer backbone. Fitting the frequency resolved conductivity

data in Figure 5.3 (c) to the Drude-Smith model (2.17), discussed below, we can

extract the plasma frequency ωp. The square of ωp is proportional to the density

of excited carriers (see equation (2.15)), and is plotted versus the absorbed sheet

excitation density in Figure 5.3 (d). We see that the excited carrier density scales

linearly with excitation density, deviating only slightly at the highest fluences.

For the dropcast GNR film in Figure 5.2 (c) and (d), the pump-delay depen-

dent real-valued conductivity decays faster than for GNRs in dispersion with a

characteristic lifetime of 0.6 ps. Yet another difference from the results on the

GNR dispersion is that the complex conductivity spectrum (see Figure 5.2 (d))

is predominantly real-valued. This suggests that also in the film the short-time

photoconductivity stems mainly from free carriers without substantial localiza-

tion. We note here that morphological inhomogeneities in the dropcast film give

rise to spatially varying absorbance and therefore uncertainty in magnitude of

the scaled conductivities through the independently measured value of N .

Figure 5.4 shows the results of optical pump-THz probe spectroscopy on the

second type of graphene nanostructures investigated in this work, the CNTs.

Similar to GNRs, measurements were performed on dispersed CNTs, in this case
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Figure 5.4. THz photoconductivity of CNTs separated in gel (a) and (b), and film

of agglomerated CNTs (c) and (d) excited by 1.55 eV pulses with a sheet excitation

density of 2.2 · 1017 photons/m2, scaled to absorbed photon density N . (a) and (c)

show pump-probe delay scans of the frequency-averaged real conductivity, and (b)

and (d) show the complex probe frequency resolved conductivity measured just after

photoexcitation, where the photoconductivity is highest. The peak magnitudes in

plots (a) and (c) are scaled to the frequency averaged conductivities of plots (b) and

(d) respectively. Lines in (b) and (d) show Drude-Smith fits. All measurements on

CNTs were performed by Ronald Ulbricht.
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in a gel matrix, and on CNTs in a dropcast film. In both cases the decay of

the real conductivity with pump-probe delay revealed a lifetime close to 1.7 ps

(Figure 5.4 (a,c)). Quantitatively, the CNT conductivities normalized to the

pump intensity are at least one order of magnitude larger than for GNRs. Even

higher values for the scaled conductivity were observed when going to lower

excitation intensities or higher pump energies (data not shown). Qualitatively,

the spectral shape of the frequency-resolved complex conductivities are similar

for both CNT samples studied, but distinctly different from that of GNRs. Par-

ticularly, the imaginary component is negative at low frequencies, but becomes

positive at frequencies higher than ∼1 THz. At the same zero-crossing frequency

of 1 THz, the real conductivity peaks for the gel-dispersed sample. A similar

photoconductive behavior has previously been observed by Beard et al. on an

agglomerated film of mainly semiconducting CNTs [181] and by Xu et al. [182]

for isolated CNTs. Beard et al. [181] attributed the behavior to a combination

of quasi-free charge carriers and charge carriers bound in excitons. Xu et al.

[182] interpreted the response as purely excitonic. However, it has been shown

[185] that the energy spacing between the ground state and the first excited

state of the exciton for a (6,5) single wall CNT is 310 meV, corresponding to

75 THz, far outside the frequency window of our THz spectroscopy experiment.

Additionally, the characteristic decay time of 1.7 ps for the real conductivity in

both our CNT samples is considerably lower than the photoluminescence life-

times of 9–15 ps reported for the first excitonic state in colloidally suspended

(6,5) CNTs [184]. We therefore expect the THz-range photo-induced conduc-

tivity of CNTs immediately after excitation to be dominated by free carriers

rather than excitons, similar to the behavior of GNRs observed here and of

semiconducting polymers reported elsewhere.

We proceed with describing the observed responses of both GNRs and CNTs

with a model that has successfully been used to describe complex conductivi-

ties in semiconducting polymers [71, 72]. This is the Drude-Smith (DS) model,

describing the conductivity of free carriers in a medium with preferential charge

carrier backscattering, see section 2.4.2. The parameters extracted from fitting

the complex frequency resolved conductivity data for the GNRs and the CNTs

to the DS model is shown in table 5.1. An important point should be made

here: in THz photoconductivity measurements on 1D structures, only the com-

ponent of the electronic transport along the linearly polarized THz probe field

is probed. As the spatial orientation of the 1D graphene nanostructures in these

measurements is random, one is always probing the spatial-orientation-averaged

conductivity of the whole ensemble of the GNRs or CNTs. In appendix 5.A we
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present a geometrical interpretation of the backscattering c parameter in (2.17)

based on scattering at the boundaries of the 1-dimensional conductors. Assum-

ing c = −1 for the components of the conductors perpendicular to the THz

probe field polarization, and c = 0 for the components perfectly parallel to the

THz field, an ensemble-average value of c can be calculated to be −π/4 ≈ −0.79

for 1D conductors oriented randomly in 3 dimensions (relevant for the dispersed

GNRs or CNTs samples), and −2/π ≈ −0.64 for conductors oriented randomly

in a 2-dimensional plane containing the THz polarization (at least partially rel-

evant for GNRs or CNTs in dropcast films). As will be shown below, the c

values extracted from our measurements are fairly close to these values, which

are simply dictated by the (random) orientation of tubes and ribbons in the

experiment. The key parameter of the DS model, describing the intrinsic con-

ductivity of the GNRs and CNTs, is the carrier momentum scattering time τ s,

which determines the carrier mobility. For the GNRs and CNTs measured in

this work, the Drude-Smith model is valid only when the conductivity is probed

on length scales shorter than the actual length of the nanostructure, so that the

effects of the ends of the conducting molecules can be neglected. This condition

is met by the high, terahertz-range probe frequencies used in our experiments.

Similar results to those shown in Figure 5.2 were obtained for 40 nm long GNRs

(data not shown), indicating that the longitudinal confinement has a negligible

influence on the THz conductivity.

Table 5.1. Fit parameters from the probe frequency dependent GNR data and CNT

data fitted to the Drude-Smith model, equation (2.17).

c (fs) τ s (fs) QY (%)

GNR dispersion -0.92 ± 0.01 30 ± 3 3 ± 1

GNR film -0.79 ± 0.07 35 ± 20 4 ± 3

CNTs in gel -0.90 ± 0.02 170 ± 50 15 ± 10

CNT film -0.72 ± 0.05 150 ± 15 27 ± 10

An effective mass of 1.7 me was assumed for carriers in GNRs [71, 72] and 1.0 me

for carriers in CNTs [181]. Data was measured at various excitation densities.

In the case of the GNR film, two separate films made from the same GNRs were

prepared and measured, and in the case of the CNTs, two excitation photon

energies, 1.55 eV and 3.10 eV, were used. The numbers provided are average

values and standard deviations.

By fitting the frequency resolved conductivities of the GNRs (Figure 5.2
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(b,d)) to equation (2.17), the c parameters were found to be −0.92 for the

GNRs in dispersion and −0.79 for the GNR film (Table 5.1), in reasonable

agreement with the c values predicted in appendix 5.A for randomly-oriented

one-dimensional Drude conductors in, 3 and 2 dimensions respectively. We ob-

tain a mean carrier momentum scattering time of τ s = 30 fs for the dispersed

GNRs measured at various excitation densities, and τ s = 35 fs for two separately

prepared GNR films excited with 2.1·1018 photons/m2 and 3.5·1018 photons/m2

respectively, see Table 5.1. These values are very similar to the values of 30–43

fs obtained for a film of regioregular poly(3-hexylthiophene) (P3HT) by Cun-

ningham et al [72]. From the DS fits we could extract the plasma frequencies,

and assuming a free carrier effective mass of 1.7 me [71, 72], the density of

excited carriers N ex could be determined. Comparing the carrier density N ex

to the density of absorbed photons N , a Quantum Yield (QY) of free carrier

excitation of roughly 4 % is found for both the GNRs in dispersion and the

GNRs in the dropcast films. These results are consistent with previous reports

of optical pump-THz probe measurements on films of the conducting polymer

P3HT [71, 72]. We note that our frequency-dependent conductivity data for the

GNRs cannot be adequately fitted with a Lorentzian model, describing the elec-

tronic transition in a bound complex, such as a 1s-2p intra-excitonic transition

[75], section 2.4.3.

As seen in Figure 5.2 (b,d) and Table 5.1, the DS model also describes the

photoconductive response of the CNTs very well. Since the GNRs of dimen-

sions similar to the CNTs studied here show free charge carrier behavior right

after photoexcitation, and given the agreement of the CNT data with the DS

model, we conclude that the dominant photogenerated species in the CNTs right

after photoexcitation are free carriers experiencing preferential backscattering

as described by the Drude-Smith model, with the parameters summarized in

Table 5.1.

It should be noted that, even though free charge carriers were found to

dominate the photoconductive response of both GNRs and CNTs, this does not

mean that these are the only species present right after excitation. Specifically,

excitons are expected to be generated as well. Excitons do not contribute to

the real conductivity in the probed spectral range, but can contribute by a

small amount to the imaginary part of the conductivity [49] and as such may

contribute to slight deviations between the data and the Drude-Smith fits seen

in Figure 5.2.

Since the Drude-Smith model is found to adequately describe the frequency-

resolved photoconductivity of both GNRs and CNTs, we can now compare
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the model parameters for both types of graphene nanostructures. We find c

values of −0.90 for the CNTs suspended in gel and −0.72 for the film, again

in reasonable agreement with the predicted c values and the values obtained

for the GNRs. Interestingly, we find a significantly longer electron momentum

scattering time for the CNT samples (∼160 fs) than for the GNRs (∼30 fs). This

is consistent with previous theoretical efforts on GNRs and CNTs taking into

account the band structures and the effects of phonon scattering [189]. Indeed,

in the work [189] it was predicted that the mobility in CNTs is larger than

for CNRs for a given bandgap, and that the mobility increases with decreasing

bandgap. As the (6,5) tubes studied here have a bandgap of roughly 1.3 eV,

i.e. lower than the 1.88 eV bandgap of the GNRs, it is to be expected that the

mobilities in the CNT system are higher than for the GNRs. For a dispersion or

a dropcast layer of GNRs, bends and kinks will be present in the GNRs, leading

to increased electron backscattering along the nanoribbon. The significantly

more rigid structure of the CNTs is expected to reduce this effect, explaining

the longer carrier electron momentum scattering times in CNTs as compared

to GNRs. Additionally, as the GNR edges are terminated with flexible alkyl

chains, see Figure 5.1 (a), coupling to vibrational modes of these chains may also

contribute to the observed enhanced momentum scattering for carrier motion

along the GNR.

5.3.2 Excitons at long delays

As shown above, the characteristic complex conductivity observed shortly after

photoexcitation in 1-dimensional graphene structures is caused by the initial

generation of (quasi) free charge carriers. This is particularly evident from the

large real components of the observed conductivities, signifying mobile carriers.

The decay in the real conductivity with pump delay is interpreted as evidence

that the free carriers get bound in excitons within a few ps [78, 79]. To verify

this, we measured the frequency resolved complex photoconductivity of the

GNRs in dispersion at increasing delay times, see Figure 5.5.

When increasing the delay after excitation we observe a decrease in the real

part of the conductivity, showing a reduction in the number of mobile, free

charge carriers (Figure 5.5 (a)), and after 10 ps pump delay the conductivity

is mainly imaginary(Figure 5.5 (b)). The vanishing real conductivity and the

negative imaginary conductivity increasing in magnitude linearly with frequency

is similar to that predicted in section 2.4.3 for electron-hole pairs bound in

excitons in organic systems.

For comparison, Figure 5.6 (a) shows a system which is similar to the
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Figure 5.5. (a) Complex photoconductivity of nanoribbons scaled to excitation den-

sity measured at a pump delay corresponding to the peak in the pump-probe scan

(0 ps), and at increasing pump delays up to 4.5 ps. (b) Photoconductivity spectrum

recorded 10 ps after the peak.

nanoribbons shown in Figure 5.1 (a), but only 2 nm in length. Here the photoex-

cited charge carriers are physically confined in all dimensions, and the frequency

resolved photoconductivity (Figure 5.6 (b)) is very similar to that seen in the

longer ribbons at long pump-probe delays where the charge carriers are bound

by coulombic forces.

These measurements thus show that to drive photocurrent in e.g. a photo-

voltaic device containing GNRs, exciton dissociation is required. This is analo-

gous to semiconducting polymers which are employed in excitonic solar cells, see

section 1.2. Exciton dissociation is typically achieved by blending with strong

electron acceptors such as fullerene derivatives like PCBM.

5.4 Conclusions

Although the complex-valued THz photoconductivity spectra of GNRs and

CNTs appear to be different both in shape and magnitude, all observations made

here can be explained by the same mechanism. The response of GNRs clearly

resembles the conductivity of free charge carriers with preferential backscat-

tering, as described by the Drude-Smith model, equation (2.17) section 2.4.2;

very similar to semiconducting polymers [71, 72]. The photoconductivity of

CNTs can be described by the same model as the GNRs, indicating free carri-

ers in the CNTs as well, but using a longer electron scattering time (and hence

higher electron mobility), which indicates less electron scattering events. We

believe that the latter originates from both differences in band structure and
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Figure 5.6. (a) Chemical structure of graphene molecule where carriers are physically

confined in all dimensions. (b) Complex frequency resolve photoconductivity of the

confined molecule, bearing great resemblance to the excitons in longer GNRs at long

pump delays (Figure 5.5) and the shape predicted by the Lorentz model for electron-

hole pairs bound with high binding energy (section 2.4.3). A fit to the Lorentz model

is shown in the figure.

carrier-phonon interactions, as well as the larger structural rigidity of a CNT

as compared to a GNR, which minimizes the influence of bending and/or tor-

sional defects on electron transport along the long dimension of the conductor.

The presence of free photoexcited carriers in CNTs and GNRs, as opposed to

neutrally-charged excitons, is a positive result for applications in carbon and

hybrid nanoelectronics [121]. Our findings of longer scattering times and higher

free carrier generation quantum efficiency in CNTs as compared to GNRs sug-

gest that CNT-based (opto)-electronic devices will likely be more efficient than

GNR-based ones.

On longer timescales the charge carriers exist as excitons, so in order to

extract the photogenerated carriers, for instance in a photovoltaic cell, it would

be necessary to split the excitons. For this purpose an efficient electron acceptor

such as PCBM could be employed in a geometry similar to that described in

section 1.2.

5.A Appendix: Directionally averaged backscat-

tering parameter

The c parameter in the Drude-Smith model denotes the persistence of momen-

tum in a scattering event such that c = 0 describes fully momentum randomizing
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Figure 5.7. one-dimensional conductor and THz field in spherical coordinate system.

scattering, and c = −1 describes complete backscattering. We let the polariza-

tion of the THz probe field be parallel to the polar axis in a spherical coordinate

system and consider an infinitely long straight one-dimensional conductor with

arbitrary orientation characterized by polar angle θ and azimuthal angle ϕ, see

Figure 5.7. Taking the component parallel to the THz field to yield c = 0, and

the perpendicular component to yield c = −1, we get the c value for a single

conductor

C = − sin θ (5.1)

(for 0 < θ < π)

In 3 dimensions the directionally averaged c value can now be found by inte-

grating over all directions and dividing out the angles, utilizing the differential

solid angle dΩ = sin θ dθ dϕ:

c =

∫
CdΩ∫
dΩ

=

∫ π

0
(− sin θ) · sin θdθ

∫ 2π

0
dθ∫ π

0
sin θdθ

∫ 2π

0
dθ

= −π

4
(5.2)

For a conductors in a 2 dimensional plane which contains the THz polariza-

tion direction we simply integrate over the angle θ.

c =

∫ π

0
− sin θdθ∫ π

0
dθ

= − 2

π
. (5.3)


