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We were able to get a clearer understanding of dynamics of free carriers and excitons in carbon
nanotubes. From a scientific standpoint, this demonstrates the drastically different behavior of
low-dimensional materials. It also brings us closer to their application in future optoelectronic
devices.

We achieved the following milestones over the course of our project: (1)
successful integration of carbon nanotubes (CNTs) in photoconductive antenna devices, (2)
demonstrated their promising efficiencies as terahertz (THz) emitters, and (3) showed that THz
emission spectroscopy is a powerful tool in unraveling quasiparticle dynamics in low dimensional
materials.
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Carrier multiplication (CM), and similarly multiple exciton (electron-hole pair) generation (MEG), is
the process where several carriers are generated upon the absorption of a single photon. This has been
observed in many bulk semiconductors, and more recently in nanomaterial systems such as single-
walled carbon nanotubes (SWCNT) (Acc. Chem. Res. 2013, 46, 6, 1358). There are at least two
proposed mechanisms for MEG in SWCNT - direct creation of multiple excitons after optical
excitation (Phys. Rev. Lett. 2012, 108, 227401) and impact excitation (bias-driven) due to energetic
hot carriers (Science 2009, 325, 1367). Although the fundamental mechanism of CM and MEG is still
acontroversy, it is clear that these processes are of great interest because of the prospect of developing
next-generation solar cells and other light-harvesting technologies with conversion efficiencies way
beyond the Schockley-Quisser limit.

The primary goal of the research is to develop ultra-efficient THz devices based on SWCNT, using
device structure designsthat exploit and/or enhance the MEG process. To achievethisgoal, itiscritical
to understand the dynamics of quasiparticles (free carriers, excitons, phonons, etc.) in SWCNT.
SWCNT is a 1-dimensiona (1D) material, with behavior that differs drastically from conventional
bulk semiconductors used in current technol ogy.

We employed terahertz (THz) emission spectroscopy, together with photocurrent measurements and
numerical simulations, to understand the quasiparticle dynamics under strong electric fields in
SWCNT. We used highly-aligned and chirality-enriched SWCNT films prepared by the controlled
vacuum filtration (CVF) method (Nat. Nanotechnol. 2016, 11, 633; Nano Lett. 2020, 20, 4, 2332).
These films we then incorporated in standard photoconductive antenna (PCA) switches used as THz
devices (Fig. 1). The overall aignment direction of SWCNTs was parallel to the direction of the
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Fig. 1. Device and experimental schematic diagram.

applied electric field. For THz emission and photocurrent measurements, the samples were
photoexcited with femtosecond pulses (~150fs) with energies between 1.65 to 2.53 €V. This alows
excitation of excitons in the second band (E,») for the (6,5) SWCNTSs used in our work. The emitted
THz radiation was then guided by a pair of off-axis parabolic mirrors into a separate PCA switch for
detection. Biasing and measurement of the photocurrent were done using the same electrodes as
illustrated in Fig. 1. Both THz emission and photocurrent were measured by lock-in detection. All the
measurements were taken at vacuum conditions (~1x10-3 Pa). For theoretical simulations, we used a
newly-developed numerical method that solves the Boltzmann transport and scattering equation while
completely considering the strongly out-of-equilibrium scattering integrals. This allowed us to model
the thermalization processes which is directly related to the THz emission process.

Figure 2 summarizes the key findings in our research project. The key processes occurring after the
initial excitation of Ex excitons are depicted in Fig. 2a while Fig. 2b shows the population in the
electronic and excitonic bands at the different time scales indicated in Fig. 2a . The excitons, which
are charge-neutral and therefore not affected by the electric field, undergo the usual phonon scattering
processes, they lose energy and decay to the bottom band where they survive for along period before



recombining. A portion of the initial Ex» excitons become free carriers through a process of
spontaneous exciton autoionization. These carriers are then accelerated, creating a burst of THz
radiation in the process. Some of the electrons gain enough kinetic energy which allowsthem to create
additional excitons by exciton impact generation. This process becomes stronger with bias, and thus
the total number of excitons has acomponent that also increases with bias (the other component being
the one directly excited by the laser). The additional current produced by the slow therma
autoionization (Fig. 2a) of these excitons then is responsible for the superlinear behavior of
photocurrent with bias (Fig. 2c). The linear dependence of THz amplitude with bias stems from the
fact that only the free carriers generated in the beginning contribute to the THz generation.

Our results provide a clear understanding of the microscopic process leading to THz and photocurrent
generation in SWCNTSs. This pushes us a bit closer to the redlization of advanced optoelectronic
devices based on low-dimensional materials that can potentially outperform existing technologies.
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Fig. 2. (a) Qualitative description of the most influential scattering processes at different time
scales. (b) Time snapshots of the electronic and excitonic band populations displayed over the
dispersion at different time scales indicated in (a). (c) Comparison of the computed peak
amplitude of the THz emission and photocurrent with experimental results.
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