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ARTICLE INFO ABSTRACT
Keywords: Artificial zero-dimensional quantum defects within single-walled carbon nanotubes hold immense promise for
Single-walled carbon nanotubes diverse optoelectronic applications such as bioimaging, near-infrared light emission, nanolasing, and single-

Exciton trapping
pump—probe spectroscopy
Zero-dimensional quantum defects

photon generation. This study delves into the temporal behavior of excitons within oxygen-functionalized sin-
gle-walled carbon nanotubes, employing ultrafast transient absorption spectroscopy. Our investigation unveils
the emergence of functionalization-induced excitonic states, distinguished by a long-lasting induced trans-
mittance signal. Remarkably, even at low degree of functionalization, we observe a reduction in the lifetime of
band-edge excitons. In contrast, the population dynamics of deep-band excitons exhibit resilience against low
and moderate functionalization degrees, with a pronounced reduction manifesting only at high degrees of
functionalization. Our findings align closely with a kinetic model that accounts for an additional relaxation
channel prompted by functionalization. This empirical evidence provides a significant breakthrough, estab-
lishing that the formation of functionalization-induced excitonic states within oxygen-functionalized single-
walled carbon nanotubes is a consequence of the diffusive trapping of free band edge excitons, while interaction
of deep band excitons with oxygen defect sites rather yields in exciton recombination. These insights shed light
on the intricate dynamics of excitons within single-walled carbon nanotube with artificially embedded quantum
defects, advancing our understanding and potential applications in the realm of optoelectronics.

SWCNTs, which has even been demonstrated at room temperature
[6-8]. Additionally, it is also possible to design nanolasers based on
SWNTs  utilizing a  three-level  structure, = where the
finctionalization-induced excitonic state Ej;* serves as the emitting
level and one of the higher-energy pristine excitonic states (E1; or Ey) is
used for pumping.

There are two main approaches to engineering artificial emissive
defects in SWCNTs. The first approach is usually referred to as sp3
functionalization and involves attaching a large functional group (aryl,
alkyl etc.) to a carbon atom on the SWCNT surface [2,7,9-16]. This
attachment changes the hybridization of the carbon atom from sp? to sp>
without breaking the C-C bonds with the surrounding carbon atoms.
The second approach is based on introducing oxygen atoms that bridge
between two adjacent carbon atoms in the SWCNT lattice, with or
without breaking the C-C bond, depending on the specific defect
configuration [1,5,17-25]. While most research is focused on spg-func-
tionalized SWCNTs (sp>-SWCNTs) due to their tendency to provide
brighter emission, some recent studies have demonstrated the promising
potential of a technologically simple oxygen-functionalization method

1. Introduction

Covalent functionalization of single-walled carbon nanotubes
(SWCNTSs) offers a way to fine-tune their electronic structure and optical
properties, enabling various applications in photonics and optoelec-
tronics. Recent research indicates that introducing specific artificial
defects into the structure of SWCNTs leads to the emergence of new
optically active excitonic states that are energetically downshifted
compared to the ordinary free diffusive exciton Eq; of pristine SWCNTs
[1,2]. These functionalization-induced excitons, often referred to as
E11*, exhibit significantly brighter red-shifted photoluminescence (PL)
emissions, hinting at their potential suitability as compact on-chip
infrared light emitters [3,4]. Also, the photoluminescence emission of
E11* excitons in covalently functionalized SWCNTs shows less spectral
overlap with the optical absorption bands as compared to the case of
pristine SWCNTs, making covalently functionalized SWCNTSs promising
candidates as bioimaging probes [5]. Furthermore, single-photon
emission is another exciting application of covalently functionalized
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Abbreviations

SWCNTs single-walled carbon nanotubes

NIR near-infrared

PL photoluminescence

TA transient absorption

OPA optical parametric amplifier
uv ultraviolet

SDS sodium dodecyl sulfate

to create emissive defects [4,5]. This method holds perspectives for
further improving the final brightness of SWCNTs and poses a worthy
competition to the sp® approach. Additionally, oxygen-functionalized
SWCNTs (O-SWCNTs) hold more promise for bioimaging than sp°-
SWCNTs, as functionalization-induced excitons in O-SWCNTs are less
absorptive, resulting in less spectral overlap between emission and ab-
sorption bands [5].

Successful industrial applications of the advanced physical proper-
ties of SWCNTs with quantum defects demand a deep understanding of
fundamental processes, such as the conversion of ordinary exciton states
E;1 and Egy to the functionalization-induced excitonic state Eji*,
including the formation and recombination dynamics of these states.
Over the last decade, persistent efforts have been made to unveil these
topics. Investigations utilizing time-resolved photoluminescence (TR
PL) spectroscopy have demonstrated that the lifetime of
functionalization-induced excitons in sp>-SWCNTs is on the order of
several tens of picoseconds, significantly higher than the measured
lifetime of pristine band-edge excitons, while the lifetime of band-edge
excitons is shortened in sp>-SWCNTs compared to pristine SWCNTs [12,
14,15,26] These observations have been considered as an evidence that
functionalization-induced excitons are localized in the vicinity of arti-
ficial defects and populate as a result of the diffusive trapping of free
band-edge excitons. Investigations of sp>-SWCNTs employing ultrafast
transient absorption (TA) spectroscopy have allowed the examination of
this hypothesis at shorter timescales and reaffirmed that the exciton
trapping channel in sp>-SWCNTs leads to the formation of
defect-localized excitons [13]. Notably, similar phenomena were also
observed in non-covalently doped SWCNT, where the potential is
modified due to physiosorbed charges [27-29].

The understanding of exciton dynamics in SWCNTs functionalized
through the widely used and promising approach of oxygen function-
alization is currently not as well-established as in the case of sp>-
SWCNTs. To date, only one published study has investigated the time-
domain behavior of excitons in O-SWCNTs [25]. That study utilized
TR PL spectroscopy, revealing that in O-SWCNTs, the lifetime of excitons
induced by functionalization is significantly longer compared to the
lifetime of free excitons. This behavior is reminiscent of what is observed
in sp>-SWCNTs. However, no significant impact of oxygen functionali-
zation on the lifetime of free excitons themselves was reported [25]. This
lack of observation may be attributed to limitations in the time resolu-
tion of the equipment used. Therefore there is currently no available
data on the ultrafast exciton dynamics in O-SWCNTs. Consequently,
there has been no thorough investigation into whether the emissive
excitonic states induced by functionalization in O-SWCNTs are
defect-localized in nature and whether they are populated through the
diffusive trapping of free excitons. Furthermore, none of the published
studies have explored the impact of embedding artificial defects on the
dynamics of Eyy excitons. This is relevant for both spg—and O- func-
tionalization, with existing research primarily focusing on changes in
the E;; exciton manifold.

In this paper, we address a critical knowledge gap in the field of
exciton dynamics within O-SWCNTs using ultrafast pump-probe spec-
troscopy. Our study reveals several unprecedented phenomena in O-
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SWCNTs, including a gradual reduction in the lifetime of the free band-
edge E;; exciton and abrupt changes in the deep-band Ej; exciton life-
time as degree of functionalization increase. Additionally, we report a
previously unobserved red-shifted functionalization-induced trans-
mittance signal as a consequence of embedding of oxygen defects in
SWCNTs, attributed to the emergence of a novel excitonic state E1;*. Our
analysis of the interplay between E;;1*, E;1, and Eyy exciton dynamics
and their dependency on degree of functionalization provides valuable
insights. Particularly, we find that E;;* states are formed during the
trapping of diffusive E1; excitons, while interaction of Eyy excitons with
defects site yields in exciton recombination rather than trapping. These
findings significantly advance our understanding of formation and
population of defect-trapped excitonic states. This knowledge is pivotal
for developing a comprehensive framework for defect state photo-
physics and their potential applications in photonics.

2. Materials and methods

Sample preparation. SWCNT powder with predominant (6,5) chirality
was purchased from Merk (Product No. 773735). Water suspensions of
high optical quality we prepared by dissolving SWCNT in 2 % SDS so-
lution in a primary concentration of 0.1 mg/mL followed by ultra-
sonication (4h, suspension volume 50 mL, integrated power 200W, on/
off cycle ratio 0.1). Detailed description of oxygen functionalization
procedure [4] and underlying mechanism of chemical reaction might be
found elsewhere [5]. In brief, the SWCNT suspension was first mixed
with a water solution of NaOCl, and then it was exposed to UVC irra-
diation for a duration ranging from 5 to 50 min. The concentration of
SWCNTs in suspensions prepared for oxygen functionalization step is
estimated as 0.1 mg/L based on the absorbance at E;; transition (Fig. 1).

Ultrafast transient absorption spectroscopy: Ultrafast time-resolved
pump-probe spectroscopy measurements were conducted by employing
an amplified Ti: sapphire laser system equipped with an optical para-
metric amplifier (OPA). This system generated 100 fs (fs) pulses at a
frequency of 1.00 kHz (kHz) with a central wavelength of 800 nm. Most
of the output (approximately 90 %) was directed towards the OPA to
generate tunable pump pulses spanning the UV-Visible to near-infrared
spectral ranges, to excite the samples at the desired wavelengths. The
pump wavelength for all the measurements was set to 400 nm, and the
energy density in the pulse is estimated as 1.5 mJ/cm?. The remaining
10 % of the output power was sent towards the delay-line to allow the
precise control of the time delay between the pump and probe pulses and
transformed into a broadband probe beam to interrogate the dispersed
SWCNTs at normal incidence in transmission mode. At the same time,
the chopper-modulated pump pulse was spatially as well as temporally
overlapped with the probe beam on the samples. Meanwhile, the de-
tector is triggered to detect every probe pulse and calculate the ab-
sorption spectrum. Repetition rates of the pump and probe beams turn
out to be 500 Hz and 1 kHz, respectively. Consequently, the effect of the
pump beam will be observed only in one of the two consecutive probe
beams.

3. Results and discussion

The effectiveness of oxygen functionalization of SWCNT was verified
by changes observed in the PL and Raman spectra of SWCNT. After the
oxygen-functionalization procedure, a new emissive band appeared at
1130 nm in the PL spectrum (see Fig. 1a), indicating alterations in the
excitonic structure of SWCNT. Additionally, a rise of D mode in the
Raman spectrum (Fig. 1b) indicated the formation of oxygen defects in
the crystalline structure of SWCNT sidewalls. The degree of function-
alization was controlled by the duration of functionalization reaction.
The integrated intensity of D mode in the Raman spectra was used to
estimate the density of embedded defects on SWCNTs according to the
calibration curve reported in Ref. [30]. Alternations in steady-state
optical absorption spectrum are shown in Fig. 1c.
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Fig. 1. PL(a) and Raman(b) spectra of pristine SWCNT suspension (black line) and oxygen-functionalized SWCNT (red line). The excitation wavelengths are 565 nm

for PL. measurements and 532 nm for Raman measurements.

Fig. 2 presents two-dimensional color map of TA in the pristine
SWCNT suspension, with probe wavelength covering the NIR and visible
spectral regions and the pump wavelength set to 400 nm. Induced
transmittance (negative TA) spectral features corresponding to exciton
population in SWCNT of different chiralities are denoted with dashed
lines and the E;j(n,m) notations, in which (n,m) refer to SWCNT chirality
while subscripts ii defines the type of excitonic transition (E;; for the
band-edge and Ej; for the deep-band excitons) [31]. The assignment of
chiral indexes (n,m) to the TA features is done according to the previ-
ously published photoluminescence data [4]. One can also observe other
basic TA features of SWCNTSs, such as the biexciton formation signal at
~1060 nm, which we leave beyond the scope of this study. In the present
research, we focus on the SWCNTs of the predominant chirality (6,5)
which provide the most intensive photo response. These nanotubes are
characterized by induced transmittance features centered at 980 nm and
565 nm, corresponding to E;; and Eyy excitonic transitions [32]. The
population dynamics of E;; and Eyy can be obtained as a time depen-
dence of measured TA signal at corresponding wavelengths. We note
that this remains valid even considering that TA response of SWCNTs in
E1; spectral region is actually a superposition of spectrally shifted pos-
itive and negative TA signals since the ratio of amplitudes of these signal
does not demonstrate strong time dependence [33,34].

Fig. 3a and b depict the dependence of the induced transmittance
signal at specific wavelengths (980 and 565 nm, respectively) on the
time delay between the pump and probe pulses for suspensions of
SWCNTs with varying density of embedded oxygen-defects (distin-
guished by different durations of the oxygen-functionalization reaction).
These figures illustrate the influence of oxygen functionalization on the
population dynamics of E1; and Eyy excitons. Notably, the dynamics of
E1; undergo adverse alterations even at low degrees of functionalization,
whereas the dynamics of Ejp remains almost unchanged until the
duration of functionalization exceeds 25 min.

We shift our focus to quantitative characterization of the changes in
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the dynamics of E;; and Eyy excitons. Previously it was shown by Sykes
et al. that the ultrafast dynamics of excitons in sp®>-SWCNTs can be
adequately modeled by global analysis of the entire spectral range
considering several decay channels of different natures, including first-
order exciton decay, exciton-exciton annihilation, Auger recombina-
tion, and trapping by defects etc. [13] While this approach is effective
for monochiral SWCNT suspensions, the presence of SWCNTs with
different chiralities renders it impractical due to a significantly
increased number of fitting parameters. To address this challenge, we
propose a simplified approach according to which the exciton dynamics
in oxygen-functionalized SWCNTs are considered as a convolution of the
complex exciton dynamics in pristine SWCNTs and a hypothetical
functionalization-induced exciton relaxation channel as follows:

N () =Ay x e a4+(1—Ay) = NEL() €}
N (1) =Agy + € +(1 — Apy) % No (1) 2

Here, t represents the time delay between the pump and probe pulses.
N¢ (t) denotes the population dynamics of Ey, excitons in O-SWCNT,
while Ni,(t) represents the population dynamics of Ej, excitons in
pristine SWCNT. The fitting parameters, A,, and 7,, capture the
contribution and lifetime, respectively, of an additional decay channel
resulting from oxygen functionalization. The factor (1 — Ayy) signifies
the reduction in the relative contribution of decay channels typical for
pristine SWCNTs due to oxygen functionalization. We note that our
usage of a model considering an exponential law of exciton decay rather
than the power law is in alignment with prior literature. Indeed, the
power decay law was reported for ultrapure monochiral SWCNT sus-
pensions [34], while exponential decay law is more typical for the
SWCNT samples processing several SWCNT chiralities [35-37].

By employing this model to fit the experimental data on exciton
dynamics, we have determined the values of fitting parameters A, and
Tnn for SWCNTs with varying degrees of oxygen functionalization (refer
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Fig. 2. Two-dimensional color maps illustrating the dependence of the pump-induced TA in the suspension of pristine SWCNT on the probe wavelength and time
delay between the pump and probe pulses. E;; (n,m) notations refers to SWCNT’s chirality and type of optical transition. Pump wavelength is 400 nm.
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Fig. 3. Kinetic profiles at 980 nm (a) and 565 nm (b) probe wavelengths for SWCNT and O-SWCNT with different degree of oxygen functionalization. Pump

wavelength is 400 nm.

to Fig. S2 for representative fitting results). Fig. 4a and b depict the
dependencies of the relative contributions A,, and the lifetime 755 of the
functionalization-induced decay channel on the duration of the reaction.
Notably, striking differences emerge in the evolution of the additional
decay channel for Eq; and Eps excitons. Specifically, for the E;1 exciton
case, the amplitude Aj; of the additional decay channel consistently
increases from the start of the reaction. On the other hand, the
functionalization-induced decay channel in the dynamics of the Egs
exciton only becomes active after approximately 25-30 min of the re-
action, followed by an increase. The lifetime of the additional decay
channel exhibits a step-like dependence on the degree of functionali-
zation. At low degree of functionalization, when the amplitude of the
functionalization-induced decay channel is negligibly small, the lifetime
remains in the order of several picoseconds, reflecting minimal impact
on the dynamics. However, once the additional channel is activated, its
lifetime decreases, fluctuating within the range of 400-600 fs for the E1;
exciton and 100-150 fs for the Eyy exciton.

We suggest that the alterations observed in the dynamics of E1; and
E excitons, as the degree of functionalization varies, can be attributed
to the interaction between diffusive excitons and oxygen defects,
resulting in the emergence of a functionalization-induced decay chan-
nel. This explanation finds support in the distinct behaviors of E;; and
Eo excitons. Egy excitons initially possess a rapid relaxation channel to
the energetically lower E;; state through phonon scattering [38].
However, due to their belonging to the lowest exciton manifold of
pristine SWCNTSs, E;; excitons do not experience fast phonon relaxation
and can diffuse over longer distances along SWCNTs. Consequently, at
low degree of functionalization, photoexcited excitons are more likely to
reach oxygen defects while in the E;; state than in the Eyy state. In
contrast, at high degrees of functionalization, the proximity of oxygen
defects becomes so pronounced that diffusive Ey; excitons have a greater

Estimated density of oxygen defects, um™'

likelihood of reaching the defects before they relax to the E;; manifold.
These considerations offer a qualitative explanation for why the
amplitude of the functionalization-induced channel of E1; excitons starts
to increase at lower degrees of functionalization compared to the acti-
vation of the functionalization-induced decay channel of E3, excitons
(see Fig. 4). This reasoning supports attributing the
functionalization-induced channel to the interaction between diffusive
excitons and oxygen defects.

The interaction of excitons with defects may lead to the shortening of
exciton lifetimes, either through exciton trapping by defective potentials
or exciton recombination induced by scattering on the defects. To
determine which of these processes takes place, we analyzed the evo-
lution of TA spectra with the increasing degree of functionalization at
fixed pump-probe delay times of 0 and 10 ps (Fig. 5a and b respectively).
It can be observed that at zero delay time (see Fig. 5a), the amplitude of
the TA signal decreases monotonically with rising degree of function-
alization. Importantly, this is relevant for the entire spectrum, encom-
passing excitonic transitions in SWCNTs of all chiralities (see insert at
Fig. 5a). At a delay time of 10 ps the suppression of excitonic transitions
is also noticeable with increasing degree of functionalization. However,
this pattern doesn’t extend to the region of 1100-1170 nm, where some
changes in the shape of the band and even a rise in the induced trans-
mittance signal with the reaction duration are observed (see insert at
Fig. 5b).

This indicates the appearance of a new functionalization-induced
negative TA spectral feature, which we denote as Ej;*, within the
1100-1170 nm region. However, this feature partially overlaps with the
spectral feature of the E;; excitonic transition in (7,6)-SWCNT, centered
at 1115 nm (see Fig. 2). To extract the signal of the functionalization-
induced spectral feature, we conducted subtraction of the signal
arising from (7,6)-SWCNT (while accounting of the impact of

Estimated density of oxygen defects, um™
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Fig. 4. Evaluated amplitudes (a) and lifetimes (b) of the functionalization-induced decay channel of E;; (orange) and E,, (blue) excitons in dependence on the
duration of the functionalization reaction. Density of oxygen defects is estimated according to [29].
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Fig. 5. TA spectra of SWCNT suspensions with varying degree of oxygen functionalization at O ps (a) and 10 ps (b) of time delay between probe and pump pulses.
Pump wavelength is 400 nm. Inserts: dependence of the normalized amplitudes of the TA signals at 980 nm and 1130 nm.

functionalization on its dynamics) from the measured data.

Fig. 6a displays a two-dimensional color plot of the evaluated E;;*
spectral feature, which is centered around 1130 nm, aligning with the
emission wavelength of the functionalization-induced PL band observed
in the PL spectra of O-SWCNTs (see Fig. 1a) [1,4,5,24,25]. We note that
there is no sign of a corresponding peak around 1130 nm in steady-state
absorption spectra of oxygen-functionalized SWCNT (see Fig. 1¢). This is
one of the key distinctions between O-SWCNT and sp>-SWCNT, since
sp>-SWCNTs exhibit a distinct red-shifted absorption peak in
steady-state absorption spectra [3,9,10], whereas works dedicated to
O-SWCNTs do not report observation of such a peak [1,22,25]. Simi-
larly, a distinct E11* spectral feature in TA spectra of sp>-SWCNTs was
previously observed by Sykes et al. [13], but up to now, there have been
no reports concerning this issue in O-SWCNT. We thus cover this
knowledge gap by observation of E1;* spectral feature in TA spectra of
O-SWCNT (see Fig. 6a). It is also worth mentioning that the E;;* spectral
feature exhibits time-domain characteristics similar to those previously
reported for defect-localized excitons (see Fig. 6b): a formation time on
the order of several picoseconds, akin to what was unveiled by
pump-probe spectroscopy of sp>- SWCNTs [13], and a decay time on the
order of several tens or hundreds of picoseconds, akin to that uncovered
by time-resolved PL spectroscopy of both O-SWCNTs and sp>-SWCNTs
[12,14,15,26]. These observations indicate that E;;* spectral feature
corresponds to the formation of excitons localized by the deep trap
potentials of oxygen defects.

The dependence of E1;* spectral feature amplitude on the duration of
functionalization reaction provides valuable insights concerning differ-
ences in the interaction of Eq; and Ey; excitons with embedded oxygen
defects. (see Fig. 6b). The E1;* amplitude increases with the rising de-
gree of oxygen functionalization until the duration of the reaction rea-
ches 30 min (see Fig. 6b). At the same time, as was previously discussed
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and demonstrated in Figs. 3 and 4, these degrees of functionalization
yield in shortening of Eq; exciton lifetime with no sufficient impact on
the Eoy exciton lifetime. These observations lead us to the conclusion
that the functionalization-induced decay channel in the dynamics of Ej;
arises from exciton trapping, resulting in the subsequent population of
the defect-localized excitonic state E11*. We also note that when the
degree of functionalization becomes high enough to impact the dy-
namics of Eoo excitons (duration of the reaction exceeds 30 min, see
Figs. 3 and 4), the dependence of the amplitude of E;1* spectral feature
on the degree of functionalization changes its trend demonstrating weak
decrease instead of rise. (see Fig. 6b). This observation indicates that
trapping of deep-band Ej; excitons is much less effective than the
trapping of band-edge E;; excitons. The shortening of the lifetime of Eyy
exciton with increasing degree of functionalization thus can be attrib-
uted to exciton recombination via scattering on oxygen defects similar to
exciton quenching on natural nonradiative defects [39]. We assume that
these unexpected differences in the interaction of E;; and Ep; excitons
with oxygen defect sites, which were not addressed in prior literature,
are due to differences in the exciton wave functions and spectra of
excitonic states in E;; and Eop manifolds [31].

The findings we present in this study hold significant implications for
the practical applications of SWCNTs with artificially embedded quan-
tum defects, including nanolasers, single-photon sources, LEDs, and
bioimaging probes. Particularly, when designing devices like these
based on SWCNTs, the precise selection of the concentration and dis-
tribution of quantum defects within the SWCNT structure emerges as a
critical determinant of achieving optimal performance. Our discovery of
the mechanism governing the population of level Ej; during the capture
of excitons unveils that the ideal density of quantum defects is intricately
linked to the mean free path of excitons Ej; and Egy. Furthermore, this
relationship can be influenced by a range of factors, including the
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Fig. 6. a) Two-dimensional color map of evaluated TA signal corresponding to E;; exciton population in oxygen doped SWCNT (reaction duration25 min). b)
evaluated dynamics of Ej, exciton in SWCNT with different oxygen doping levels. Inset: dependence of the amplitude of E;;* feature at the delay of ps on the duration

of the functionalization reaction.
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SWCNT’s diameter, local environment, the presence of non-emissive
defects, SWCNT length, and more. These complex interdependencies
underscore the necessity for a nuanced and comprehensive approach
when customizing functionalized SWCNTs for specific applications.

4. Conclusions

In this study, we delved into the intricacies of exciton dynamics
within O-SWCNT by employing ultrafast pump-probe spectroscopy. We
report the emergence of defect-localized excitonic states, distinguished
by their long-lasting induced transmittance spectral features with a
pronounced red-shift. We demonstrated that the population of these
excitonic states is primarily a consequence of the trapping of diffusive
band-edge E;; excitons by oxygen defects. Concurrently, we made the
intriguing discovery that the interaction between deep band E3 excitons
and defect sites occurs predominantly at high degrees of functionaliza-
tion and yields in exciton recombination rather that exciton trapping.

These findings not only broaden our understanding of the intricate
processes of exciton diffusion and trapping within SWCNTs featuring
quantum defects but also hold immense promise for practical applica-
tions. Specifically, they provide a solid foundation for the development
of O-SWCNTs for use in infrared light-emitting diodes, bioimaging
probes, and single-photon emitters.
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