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Semiconducting single-walled carbon nano-
tubes (SWCNTs) constitute an ideal platform for
developing near-infrared biosensors, single photon sources,
and nanolasers due to their distinct optical and electrical
properties. Covalent doping of SWCNTs has recently been
discovered as an efficient approach in enhancing their
emission intensities. We perform pump—probe studies of
SWCNTs that are covalently doped with sp® quantum
defects and reveal strikingly different exciton formation
dynamics and decay mechanisms in the presence of the
defect sites. We show that, in highly doped SWCNTs,
ultrafast trapping of excitons at the defect sites can outpace other photodynamic processes and lead to ground-state
photobleaching of the quantum defects. Our fitting of the transient data with a kinetic model also reveals an upper limit in
the quantum defect density for obtaining highly luminescent SWCNTSs without causing irreversible damage. These
findings not only deepen our understanding of the photodynamics in covalently doped SWCNTs but also reveal critical
information for the design of bright near-infrared emitters that can be utilized in biological, quantum information, and

Sample

Spectrometer

Time delay

3. o
oulse Pump pulse

nanophotonic applications.

single-walled carbon nanotubes, quantum defects, pump—probe spectroscopy, ground-state photobleaching,

stimulated emission, exciton trapping

ovalent doping of single-walled carbon nanotubes

(SWCNTs) with aryl or alkyl functional groups' ™

introduces sp® quantum defects that manifest
themselves as deep trapping states capable of capturing
excitons even at room temperature.”” Such a localization of
excitons significantly reduces the possibility of excitons
recombining nonradiatively at quenching sites and leads to
red-shifted emission and a drastically enhanced photo-
luminescence (PL) quantum efficiency.”® Localization of
excitons in the quantum defects also enables room-temperature
single photon emission at telecom wavelengths.”” Moreover,
the deep trapping states associated with the quantum defects in
a one-dimensional system may serve as an efficient three-level
structure for accumulating excitons and realizing a population
inversion (Figure 1d). When pumped nonresonantly, the
quantum defect states in the doped SWCNTs are populated by
the diffusive transport of excitons generated in the undoped
segments of SWCNTs.*® As a result, emission from the
quantum defects is related to not only the oscillator strength of
the associated optical transitions but also the photodynamic
processes in the SWCNTs. Specifically, exciton—exciton
annihilation and diffusive quenching diminish the populations
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of excitons in the SWCNTs and compete with the capture of
excitons in the quantum defects. In situations where local-
ization of excitons in the quantum defects outpaces the other
processes, saturation of the quantum defect states may occur,
potentially leading to stimulated emission from the sp®
quantum defects. Understanding the diffusion, recombination,
and trapping dynamics of excitons in covalently doped
SWCNTs is therefore essential for their many photonic and
optoelectronic applications.'*™"*

In this paper, we perform pump—probe studies of SWCNT's
that are covalently doped with sp® quantum defects and reveal
strikingly different exciton formation dynamics and decay
mechanisms in the presence of the defect sites. We show that,
in covalently doped SWCNTs, ultrafast photodynamic
processes are greatly dependent on the quantum defect
concentrations. At high quantum defect densities, the ultrafast
trapping of excitons at the quantum defect sites can outpace
other photodynamic processes and become the dominant
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Figure 1. (a,b) Excitation wavelength-dependent photoluminescence spectra of pristine (a) and highly doped (b) (6,5) SWCNTs. Doping of
(6,5) SWCNTs with 4-nitrobenzenediazonium tetrafluoroborate gives rise to a bright, red-shifted peak at around 1160 nm. (c) Doping
concentration-dependent photoluminescence spectra of SWCNTs for an excitation wavelength of 565 nm. Concentrations of SWCNTs in
the three samples are kept the same. (d) Molecular structure and the related energy levels of an sp*> quantum defect in a covalently doped

(6,5) SWCNT.

decay channel, leading to ground-state photobleaching of the
quantum defects. These findings provide valuable information
for enhancing SWCNT brightness and generating stimulated
emission from the defects.

RESULTS AND DISCUSSION

Chirality-sorted (6,5) SWCNTs with band-edge excitons (the
so-called E,, excitons) emitting at around 985 nm and with an
average length of 350 nm (Supporting Information S1) are
covalently doped by an aryl diazonium salt, 4-nitrobenzene-
diazonium tetrafluoroborate (see Methods for the details)."
This gives rise to a red-shifted PL peak centered at about 1160
nm, corresponding to the sp® quantum defect state (noted as
the E¥ state) (Figure lab). The PL intensity ratio of Ef
excitons relative to E;; excitons increases with the doping

concentration in a certain range (Figure 1c), but a further
increase in the doping concentration leads to an irreversible PL
quenching (Supporting Information S1). An increase in the
disorder with the defect density is also reflected in the D-band
in the Raman spectra (Supporting Information S1).

To understand the carrier dynamics of the covalently doped
SWCNTs, femtosecond transient absorption (TA) spectra of
the SWCNTSs were measured by resonant pumping of the E,,
state at 980 nm and probing with a continuum pulse spanning
the near-infrared (Figure 2a). A Ti:sapphire laser with a
regeneratively amplified 800 nm output pulse at 5 kHz was
used, 95% of which was coupled to an OPA to produce a pump
beam with a wavelength of 980 nm. The remaining 5% of the
amplified pulse was sent through a delay line and focused onto
a sapphire crystal to generate a continuum probe pulse
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Figure 2. (a) Schematic representation of the pump—probe setup.
An ultrafast near-infrared pump pulse (980 nm) is focused onto a
SWCNT sample, which is probed with a continuum pulse spanning
the near-infrared. The spectra of the probe pulse through the
sample are measured by a spectrometer. (b,e) Two-dimensional
plots of TA spectra from pristine (b) and highly doped (e)
SWCNTs showing the pump-induced differential absorption (AA)
as functions of probe photon wavelength and pump—probe time
delay. Pump powers of (b,e) are 25 and 15 ygW, respectively. (c,f)
TA spectra at specific delay times obtained by horizontal cuts
through the two-dimensional TA data in (b,e). (d,g) Kinetics at
specific probe photon wavelengths obtained by vertical cuts
through the two-dimensional TA data. Note that for easy
comparison, the sign in (d,g) are inverted to —AA.

extending from 850 to 1600 nm. The pump beam was
depolarized to avoid rotational anisotropy impacts on the TA
signal. Both beams were focused at near-normal incidence to a
~200 pum spot and spatially overlapped on the samples. The
transmitted beam was fiber-coupled to a spectrometer with an
InGaAs array detector. The pulse width of the pump beam was
determined to be 120.7 & 7.3 fs by pumping toluene at 980 nm
and measuring a Raman line near 1400 nm.

Two-dimensional plots of TA spectra from pristine
SWCNTs showing the pump-induced differential absorption
(AA) as a function of probe photon wavelength and pump—
probe time delay are presented in Figure 2b. Horizontal cuts
through the two-dimensional TA data in Figure 2b yield
spectra at specific delay times (Figure 2c). The predominant
feature is a photon excitation induced ground-state bleaching
signal centered at the E;; peak. The blue-shifted positive AA
signal with respect to the photobleaching signal has been
attributed to photon-induced absorption caused by the
excitation of dark singlet excitons'’ or formation of
biexcitons.'* Note that the photoinduced absorption band at
around 1160 nm is caused by the formation of trions through
an Auger process,''® in which recombination energy from one
exciton is transferred to another, causing its dissociation and
leading to the formation of charge carriers in the SWCNTs.
Subsequent photon excitation of the charge carriers by the
probe pulse leads to the formation of trions and an induced
absorption."'” The other photoinduced absorption features
centered at 1100 and 1300 nm have been observed before and
are assigned to different origins.'*"”

The TA spectrum of a highly doped SWCNT sample with a
nominal doping concentration of Np .., = 16 quantum defects
per tube (see Supporting Information S2 for the calculation of
doping concentrations) (Figure 2e) shows features similar to
those of the pristine tubes upon initial excitation but exhibits
an additional negative AA signal and increase in the probe
transmission at around 1160 nm at longer time delays (Figure
2g). The transient spectra of this signal (Figure 2f) overlap well
with the defect absorption and emission in the steady-state
absorption and PL spectra (Figures 1b,c, and S1). Based on
these observations, this negative AA signal could have two
potential origins:*’ ground-state photobleaching of the
quantum defects, inferring a reduction of the available
ground-state populations due to excitation from the pump,
and/or stimulated emission from the Efj state in the quantum
defects. During the stimulated emission process, an incoming
probe photon induces emission of another photon from the Ej;
state, with the stimulated photon emitting in the same
direction as the probe photon, hence producing an increased
detected signal. This kind of stimulated emission has been
observed in materials with large optical gains including organic
dye molecules,”’ conjugated polymers,” and semiconductor
quantum dots™ and is a prerequisite for obtaining optical gain
and lasing. A closer comparison of the SWCNT absorbance at
the Ej peak (Figure S1b) and the maximum transmission
corresponding to the negative AA signal (Figure S6) shows a
slightly larger absorbance (~5 mOD) compared to that of the
probed transmission (~1.5 mOD), indicating that ground-state
photobleaching instead of stimulated emission is the main
contribution to the observed negative AA signal, and no
optical gain is achieved. We note, though, that this negative AA
signal overlaps with the photon-induced absorption peak due
to trion formation (Figure 2c). The latter compensates
contributions from any potential stimulated emission. We
therefore expect that in order to obtain dominant stimulated
emission and enable optical gain from the quantum defects, it
is beneficial to tune the Ef; state away from the trion
absorption peak, which is achievable by adapting SWCNTSs
with a different diameter or doping group."” The transient
feature at 1160 nm (Figure 3b) reveals that the ground-state
photobleaching process associated with the formation of the
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Figure 3. Kinetics of pristine (a) and highly doped (b) SWCNTs at
1000 nm (black curves) and 1160 nm (red curves) in the first 2 ps.
Pump powers of (a,b) are 25 and 15 pW, respectively. The
highlighted area in (a) denotes the correlation between the E;;
exciton decay and the rise of the nascent trion signal within the
first 0.5 ps, which indicates the Auger process related formation
mechanism of the trions. The highlighted area in (b) shows the
regime where the AA signal from the doped SWCNTSs at 1160 nm
(red) turns negative, indicating a photobleaching of the quantum
defect ground state.

As mentioned above, when pumped nonresonantly, Ef
states are populated by diffusive transport of excitons
generated in the undoped segments of SWCNTs.*” Therefore,
the formation dynamics of Efj excitons are determined by the
competition between trapping of excitons in the quantum
defects and other decay channels (mainly including first-order
exciton decay, exciton—exciton annihilation, and trion
formation'>'®), as depicted in Figure 4a. To reveal the
competing mechanisms among these channels, we fit the
pump-power-dependent two-dimensional TA data with
numerical solutions of coupled differential equations that
describe the kinetic model (see Supporting Information S3 for
the detailed fitting method). To investigate the influence of
doping concentration, four different samples were studied,
including a pristine SWCNT sample and three doped SWCNT
samples with nominal doping concentrations N, 4, of 3, 16,
and 314 quantum defects per tube. In this model, we consider
diffusion-limited E,; exciton decay and exciton—exciton
annihilation processes. To account for the optically generated
trions at 1160 nm, we adapt an Auger recombination
mechanism.'>'® In this process, photoexcitation of charge
carriers generated by Auger recombination leads to the
formation of trions. This assumption is in agreement with
the correlation between the E;; exciton decay and the rise of
the nascent trion signal within the first 0.5 ps in Figure 3a.

Fitting of transients at different pump intensities and
wavelengths are shown in Figure 4b—e and Supporting
Information S4, and an excellent agreement between the
model and the experimental data can be observed. This model
enables us to derive a single set of photodynamic parameters
that describe all of the measured TA spectra regardless of
doping concentrations. For the E); excitons in pristine tubes,
we obtain a time-dependent exciton—exciton annihilation

constant of k, = %kEEAt_l/2 =238 % 10°% "2 nms™'/?,

which corresponds to an exciton diffusion constant™* D of
0.05 cm?/s, close to the values obtained previously by TA*®
and fluorescence quenching measurements.'> From the E,
exciton decay time 7, = 4.3 ps, we derive an exciton diffusion
length of L = 4.7 nm in the pristine tubes, in agreement with
previously reported values of similar SWCNT systems studied
by transient absorption spectroscopy.”” Upon doping, the
diffusion length of the E;; excitons decreases slightly to 4.2 nm
for the sample doped with Np 4, = 3 defects/tube and 4.0 nm
for the one with Ny, 4., = 16 defects/tube. This diffusion
length is still much shorter than the average distance between
two quantum defects of 29 nm in the highly doped SWCNT's
(see Supporting Information SS for the detailed calculations),
indicating that the doping concentration can be further
increased before destructive effects to the SWCNTSs happen.
If we assume the exciton diffusion length as the limiting factor
and any SWCNT with a quantum defect separation less than
the exciton diffusion length would have a quenched PL, we
obtain an approximate upper limit in the quantum defect
density of around 88 defects/tube. This finding is consistent
with our observation of irreversible quenching at a doping
concentration of 314 defects/tube. In this case, the distance
between two quantum defects (1.1 nm) is actually smaller than
the size of excitons in SWCNTSs (~2.0 nm*®). On the other
hand, the low doping concentration (Np g, = 3 defects/tube)
has a minimal influence on the photodynamics of the
SWCNTs due to the predominant contributions from the
E,, excitons, as can be seen from the two-dimensional plot of
TA spectra in Supporting Information S4 and pump-depend-
ent photobleach signals shown in Supporting Information S6.
In this case, the doping density is low enough that other
competing channels such as trion formation dominate the E;,
exciton decay process before trapping by the quantum defects
may occur.

The diffusion-limited exciton trapping model yields an
exciton trapping rate kp, = krt V*Np of 2 X 10° 712 nm s71/2
for the weakly doped SWCTNs with Np 4, = 3 defects/tube
and 5 X 107t""? nm s7'/2 for the highly doped SWCNTSs with
Np theo = 16 defects/tube. This fast trapping rate in the highly
doped SWCNTs indicates that, at pump intensities below the
saturation of the E;; photobleaching signals (see Supporting
Information S7), Ey; excitons, right after their generation, are
most likely to be captured at a nearby quantum defect within
their diffusion range rather than undergoing annihilation or
Auger processes. In other words, when the density of the Ej,
excitons N is kept below 18 excitons/tube, the exciton

trapping rate kp, = kot ™/*Np is always larger than the exciton—

exciton annihilation rate k, = %kEEANEUt_l/ 2. This fast
trapping rate, together with the long lifetime of the Ef; states
(~100 ps*”?), leads to an accumulation of excitons in the
quantum defect states and depletion of the ground state,

explaining the observation of the negative AA signal observed

DOI: 10.1021/acsnano.9b06279
ACS Nano 2019, 13, 13264-13270



ACS Nano
(a)
EH
o E,
12k F :
hvpum]\ ] _;\.“ : ] 3}"‘ T J’ Ngqy
12k, "N,
Ground state
(b) T v T (d) X T ()
0 ——— 1160 nm
S 1 o
{7 Sk :
Q -50r . 1 Q2. 1 _S
= . E | &
[ . =
3 38 | 8§
—— £
100k —5uW . o o
50 uw 5
1000 nm —350 ww o o = Trion
L 1 1 1 1 1 L i 1 1 1
0 5 10 15 20 0 5 10 15 1] 0 5 10 15 20

Delay time (ps)

Deday time (ps)

Time delay (ps)

— 10 W

a

I 1]6&) nm

Population {@.u.)

50 uW
-40F & 1000 nm __ 100u“W P
0o 5 10 15 2 0 5 10 15 0 5 10 15 20
Delay time (ps) Deay time (ps) Time delay (ps)

Figure 4. (a) Diagrammatic representation of the kinetic model that is used to describe the main decay channels in the SWCNTs. The decay
rate of each channel is indicated. E,; excitons in the doped SWCNTs mainly decay through four channels: first-order decay (k,,), exciton—
exciton annihilation (kgg,), trion formation via Auger process (Kaqg), and trapping at quantum defects (kr,). (b—e) Circles: Pump-intensity-
dependent kinetic traces of the pristine (b,d) and highly doped (c,e) SWCNTs at the E;; (b,c) and E}; (d,e) bands. Dashed curves:
Corresponding fittings applying the kinetic model discussed in the text. (f,g) Numerically simulated population evolutions of Ej; excitons
(black), trions (blue), and Ej; excitons (red) in pristine SWCNTs (f) and highly doped SWCNTs (g). The pump powers are set at 25 gW for
both the pristine and highly doped SWCNTs. In the pristine SWCNTs, the population of E;; excitons dominates. In the highly doped
SWCNTs, the Ejf; exciton population dominates over that of the E,;; excitons within 3 ps, indicating the bleaching of the ground state (the

highlighted area in (g)).

in the TA spectra of highly doped SWCNTSs. This conclusion
is further supported by the saturation of the maximum E}; state
AA signals at high pump intensities (Supporting Information
S6).

To obtain a more intuitive understanding of the carrier
dynamics in the measured time window, we extract the
population densities from the TA fittings and find that E;;
excitons dominate the excited-state populations in the pristine
SWCNTs (Figure 4f). In contrast, in the highly doped
SWCNTs, the population of Ef; excitons outnumbers that of
the E,, excitons within 3 ps after optical excitation (Figure 4g).
Of the four E;; exciton decay channels (first-order decay,
exciton—exciton annihilation, trion formation via Auger
process, and trapping at quantum defects), exciton trapping
at quantum defects represents the main decay channel for the
highly doped SWCNTs. Meeting this condition is critical for
generating optical gain from quantum defects in SWCNTs,
provided that their stimulated emission can outcompete
reabsorption by states such as trion.

CONCLUSIONS

In summary, we find that exciton dynamics in covalently doped
SWCNTs are strongly affected by the presence and density of
the sp® quantum defects. At a low doping level, the kinetics of
E,, excitons are determined by a diffusion-limited first-order

13268

decay process and exciton—exciton interactions, similar to
those in pristine nanotubes. The introduction of more sp®
quantum defects eventually makes the trapping of E,; excitons
at the quantum defect sites the predominant decay channel,
which leads to the accumulation of excitons in the quantum
defect states and depletion of the ground state. These findings
provide critical knowledge not only for the design of quantum
defects that would enable stable and bri7ght emission for
quantum information®”® and bioimaging®’ applications but
also for the development of SWCNT-based ultracompact
nanolasers operating at the telecom bands.”®

METHODS

Sample Preparation. CoMoCAT SG6Si SWCNTs (Southwest
Nanotechnologies, lot no. SG65i-L39) were dispersed in 1% w/v
sodium deoxycholate (DOC, Sigma-Aldrich, >97%) aqueous solution
using tip sonication at 8 W (Qsonica S-4000) for an hour. Chirality-
enriched (6,5) SWCNTs were then isolated by an aqueous two-phase
extraction method." The sorted SWCNT solution was filtrated in a
centrifugal filter (Amicon Ultra-15, 100 kDa cutoff) to exchange the
SWCNTs into 1 wt %/v DOC in D,0 (Cambridge Isotope
Laboratories, Inc,, 99.8%). The purity and concentration of the
(6,5) SWCNT solutions were determined by UV—vis-NIR absorption
spectroscopy (Lambda 1050, PerkinElmer).

For the subsequent functionalization, the chirality sorted (6,5)-
SWCNT solutions were diluted to an optical density of 0.3 at 988 nm
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using 1 wt %/v sodium dodecyl sulfate (SDS, Sigma-Aldrich, >
98.5%) in D,0. The sp* quantum defects were incorporated into the
(6,5) SWCNT sidewalls by reacting the SWCNTs with 4-nitro-
benzenediazonium tetrafluoroborate. Specifically, the mixtures were
illuminated for 20 min using the 565 nm light from a Nanolog
spectrometer (Horiba Jobin Yvon). After overnight incubation of the
doped SWCNT solutions, they were filtrated using 1 wt %/v DOC—
D,0 to concentrate the solution by 4 times for the TA measurements.
Samples for the TA measurements were placed in 2 mm thick
cuvettes.
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