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ABSTRACT: Quantum light sources using single-walled carbon nanotubes show - L . .. Excitation PL image
promise for quantum technologies but face challenges in achieving precise control ' e

over color center formation. Here, we present a novel technique for deterministic ; c:n(z:zr N
creation of single organic color centers in carbon nanotubes using in situ R " /'

photochemical reaction. By monitoring discrete intensity changes in photo-
luminescence spectra, we achieve precise control over the formation of individual 3
color centers. Furthermore, our method allows for position-controlled formation BE et 4 /'/Suspended
of color centers as validated through photoluminescence imaging. We also “\_-7 nanotube
demonstrate photon antibunching from a color center, confirming the quantum

nature of the defects formed. This technique represents a significant step forward in the precise engineering of atomically defined
quantum emitters in carbon nanotubes, facilitating their integration into advanced quantum photonic devices and systems.
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uantum light sources capable of emitting single photons increase, we are able to deterministically create single color
on demand are essential for emerging quantum centers. Statistical analysis of PL spectra from individual color
technologies," enabling advances in communication,” comput- centers is conducted to obtain quantitative insight into the
ing,” and sensing applications.” Notable developments toward distribution of color center types. In addition, this technique
these applications include single-photon emission demonstra- allows for position-controlled formation of color centers which
ted in various solid-state systems such as nitrogen-vacancy is validated by excitation PL imaging. Furthermore, we observe
centers in diarnond,s semiconductor quantum dOtS;s and photon antibunching from a color center by performing a
defects in two-dimensional materials.”~” Particularly desirable photon correlation measurement, showing that single quantum
are quantum light sources that operate at room temperature defects can be formed using this technique.
and within the telecom wavelength range,'”'" while material Air-suspended SWNTs are grown across trenches on Si
limitations and emission efficiency constraints need to be substrates by chemical vapor deposition (CVD),""'”** with
considered. the nanotube density carefully controlled via growth
Single-walled carbon nanotubes (SWNTs) have emerged as parameters to allow for single tube measurements. The
a promising platform for quantum lightlzsources,” owing to substrate is then placed inside a sealed reaction cell, where a
their uniqu'fs cl)zle-dimensional structure, ~ exceptional optical droplet of iodobenzene is deposited next to the substrate and
propertlig?,s ., and compatibility with telecom wave- left for 10 min to saturate the chamber with vapor. The cell is
lengths. . s The introduction of organic color centers in subsequently mounted on a motorized three-dimensional
SWNTs h;la(s) further enabled single-photon emission at room feedback stage, which enables precise spatial targeting of
temperature'’ with large tunability of the emission energy."” individual SWNTs. Local functionalization is performed via a

Nevertheless, one of the critical challenges is the deterministic

: vapor-phase photochemical reaction™ by focusing an ultra-
control over the formation of these quantum defects,

violet (UV) laser through a quartz window onto a selected
particularly the number of defects introduced and their spatial SWNT (Figure 1a; see Methods and Supporting Information

L I 2021 [oso: ; )
positioning within single carbon nanotubes. Existing Section 1, for details). Initially, the UV laser is blocked by a

r?iet'h'ods ofte'n lack th? capability or the precision requirefi, shutter, and PL spectra are acquired over a time period of 5 s
limiting their potential for scalable quantum photonic

applications.””

In this work, we develop a technique for the deterministic
creation of single organic color centers using in situ
photochemical reaction. As nanotubes are functionalized,
discrete photoluminescence (PL) intensity changes corre-
sponding to the formation of individual color centers are
observed. By stopping the reaction upon detecting the discrete
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Figure 1. (a) A schematic of an experimental setup for the in situ functionalization. (b) A time-trace map of PL spectra for a (9,7) SWNT excited
with 1.59 eV and 100 yW. (c) Temporal profiles of emission peaks E;; and E|; extracted from the time trace (b) by spectrally integrating the
intensity with a bin width of 20 meV at each time point. The solid lines are fits by the Gaussian mixture model. The shutter for the UV laser is open

after t = 0 s in panels (b, c).
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Figure 2. (a) A flowchart of the algorithm for a single color center formation. (b) Spectral difference before and after reaction of a (9,7) SWNT.
(c) Peak probability densities of the E,; intensity before and after the reaction. The black dotted lines are sum of the Gaussian fit with eq 1, the
orange lines are individual Gaussian components, and the vertical gray broken lines indicates 1o of the intensity distribution before the reaction.
The functionalization is conducted with a UV laser power of 5 nW, while PL spectra are taken with an excitation energy of 1.59 eV and a power of
100 4W. The PL intensity is obtained by computing the mean intensity within a 12 meV window centered at each emission peak.

using Ti:sapphire laser excitation. At t = 0 s, the shutter is
opened and UV irradiation begins while PL spectra continue to
be recorded.

During the photochemical reaction of a (9,7) SWNT, PL
spectra show temporal changes (Figure 1b). The pristine
nanotube initially exhibits only E;; emission, while an
additional peak labeled E;; emerges at t = 190 s, indicating
that functionalization has occurred. Spectral diffusion or
broadening of the emission peaks is insignificant in most
nanotubes during the reaction (Figure S1), enabling us to

13104

focus on the emission intensity for further analysis. We extract
temporal profiles of the emission intensity by spectrally
integrating the PL spectra of each relevant peak in the time
trace map (Figure 1lc; see Methods for details). Notably, we
observe discrete intensity steps in both E;; and E;; emission,
which can be attributed to the formation of individual organic
color centers. For the E;; emission, most of these discrete steps
correspond to intensity reductions, likely caused by the
introduction of color centers or quenching sites. While many
of the intensity steps occur synchronously in both E;; and Ej,
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some steps in the E;; intensity occur without changes in the
E|, intensity, suggesting the formation of quenching sites
independent of organic color center formation.

The time traces can be well reproduced by the Gaussian
mixture model (GMM),” which provides a statistical frame-
work for distinguishing discrete emissive states. We combine
GMM with the Akaike information criterion to minimize
overfitting while ensuring an accurate representation of the
data, allowing for an objective determination of the optimal
number of formed color centers. The GMM validates that
these steps are not random intensity fluctuations but discrete,
quantized transitions, suggesting the individual creation of
color centers.

Using the discrete intensity steps observed in the PL spectra,
we can control the photochemical reaction® to reliably form
single color centers. Figure 2a summarizes the algorithm
employed for this process, in which we first acquire a PL
spectrum before initiating the reaction. After we start UV
irradiation, the reaction is closely monitored in real time by
repeatedly acquiring PL spectra every 0.5 s. In order to detect
the emergence of color center emission, we compute the
difference of the real time spectrum and the one taken before
UV irradiation. The mean of the difference intensity is
computed within an energy window of 12 meV below Ei,,
and a predefined threshold given by the root-mean-square
intensity o of all the spectra before the reaction is used as a
criterion to stop UV irradiation. This procedure is adopted for
all subsequent preparation of color centers. In Figure 2b, a
typical spectral difference before and after the reaction
highlights the appearance of an emission peak, which clearly
indicates color center formation. The calculation of the
difference can cancel out the contribution of a phonon
sideband around E;; which is assigned to the out-of-plane
transverse optical/out-of-plane transverse acoustic phonon
modes at the K point."*

To characterize the effectiveness in creating color centers,
we analyze the statistical significance of the intensity change in
274 PL spectra of individual functionalized (9,7) SWNTs. As
shown in Figure 2c, the peak probability density of the E;
emission intensity demonstrates a significant shift beyond 1.5¢
before the reaction. The histogram after the reaction shows a
long tail toward high intensities, which may indicate the
presence of multiple color centers. We therefore fit the PL
intensity distribution using a multiple Gaussian function to
gain insight into the formation of color centers. The
distribution of the PL intensity I is well described by a
probability density function

. (1 = jw)?
P(I) = Z a; exp —2712

j=0 ° 1)
where 7 is the maximum number of color centers considered,
a; represents the peak probability density for j color centers
created, and u is the mean intensity of a single color center.
The prereaction distribution is well described by n = 0, while
the postreaction distribution requires n = 4 for optimal fitting.
When fitting the postreaction PL intensity distribution, we use
the ¢ value obtained from the prereaction fit, assuming
detector noise is the dominant source of the broadening. The
fitted distribution reveals evenly spaced intensity clusters,
which can be explained by the formation of j = 0 through 4
color centers.

The distribution obtained from the experiments shows no
evidence of higher probabilities for multiple defect forma-
tion.”’ ™ This suggests that color center formation is not
influenced by the presence of other color centers. If the initial
radical attachment to the nanotube wall alters the local
electronic and chemical environment, the reactivity of adjacent
carbon atoms may be enhanced to favor successive formation.
Direct structural characterization using scanning transmission
electron microscopy or scanning tunneling microscopy would
provide deeper understanding of the color center formation
process.

The fraction of spectra with j > 1 is relatively small, being
less than 23% as observed in the intensity histogram (Figure
2c). The formation of multiple color centers can be further
minimized by lowering the reaction rate, which will provide
sufficient time to stop the reaction before multiple color
centers are formed. Additionally, the probability for j = 0 can
be suppressed by increasing the integration time of the PL
spectra to reduce 6. Our in situ reaction and monitoring
technique therefore allows for deterministic formation of single
color centers on demand.

We now proceed to analyze the spectra acquired after the
formation of the color centers and examine the statistical
distribution of the emission energies to obtain insight into the
defect types. Typical PL spectra shown in Figure 3a highlight
the emission features from two distinct defect types E;; and

El_l>k The difference in the emission energy has been
interpreted to arise from the binding configurations of
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Figure 3. Statistical distribution of the emission energies after the
functionalization of (9,7) SWNTs. (a) PL spectra displaying E;; and

Efl* defect emission, where the spectrum with E;; is vertically
displaced. (b) Histograms of the peak center obtained with a fit by the
Lorentz function. The functionalization is conducted with a UV laser
power of 5 nW, while PL spectra are taken with an excitation energy
of 1.59 eV and a power of 100 xW. The bin width of the histograms
are determined by Freedman Diaconis estimator. For analysis of
reacted nanotubes, only spectra with an E;; peak area of at least 60
eV-counts/s and a line width between 10 and 80 meV are used.
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Figure 4. Spatial control over color center formation in SWNTs. (a—c) Schematics of air-suspended SWNTs where target positions are indicated
by red dots and trench edges are indicated by broken lines. (d—f) Excitation PL images of nanotubes functionalized at different positions where the
images (d—f) are obtained with the spectrally integrated intensity within 4-meV windows at the color center emission peaks indicated by arrows in
PL spectra (g—i), respectively. The functionalization is conducted with a UV laser power of 5 nW for (g) 709.2, (h) 167.6, and (i) 89.0 s, while PL
spectra are taken with an excitation energy of 1.59 eV and a power of 10 gW. The scale bars in the panels d—f are 1 ym.

functional groups,”” > where monovalent aryl functionaliza-

tion can yield six distinct aryl-H binding configurations relative
to the SWNT lattice. Due to the chiral structure of carbon
nanotubes, each binding configuration possesses a different
electronic structure and corresponding emission energy. We fit
all collected PL spectra by a double Lorentzian function where
the emission peak with an energy lower than E,, is assigned to
color center emission. Histograms of the emission energies
show a distribution corresponding to the different defect types
(Figure 3b). The main peak in the distribution underscores the
reproducibility of defect formation and indicates preferential
pathways in the photochemical reaction to form E;; color
centers. Furthermore, selecting the emission energy of color
centers can be extended by using different chiralities, covering
the telecom C and O bands (Figure S3).

In addition to controlling the number of color centers, we
demonstrate position-controlled formation in individual
SWNTs. By targeting specific regions of the nanotubes, we
perform localized functionalization as depicted schematically in
Figure 4a—c where the UV laser is focused at the top, middle,
and bottom regions of the tubes. Locations of color centers are
characterized by excitation imaging measurements where we
scan over the nanotubes to excite and collect PL spectra.
Intensity maps for the color center peaks (Figure 4d—f) are
then constructed by spectrally integrating the intensity within
energy windows at the color center emission peaks (Figure
4g—i). The images provide visual evidence of the position-
controlled color center formation. The resolution of this spatial
control is determined by the focused UV beam diameter of 1.6
um. While the microscope stage offers 50 nm positioning
accuracy, the practical spatial resolution is limited by the beam
diameter. This resolution nevertheless enables the positioning

of multiple defects along individual nanotubes with micron-
scale separation, which is sufficient for integration into
quantum photonic devices.

We note that the size of the bright regions in the PL images
differs from defect to defect, which does not necessarily imply
differences in defect numbers or distributions since the
intensity maps are not emission images but are obtained by
scanning the excitation laser. The bright region is most
localized in Figure 4d, which is attributed to formation of
quenching defects in proximity to the bright color center. In
comparison, a noticeable blur around the defect sites, visible in
Figure 4e and f, suggests the influence of exciton
diffusion.'”*>** The difference in sharpness between the
images supports the interpretation that quenching defects and
color centers are generated independently during the reaction.
The observed spatial extent reflects exciton diffusion in the
nanotube prior to recombination at color center sites, where
excitons created by the laser can diffuse along the nanotube
with typical diffusion lengths of several hundred micrometers
before being trapped and emitting at a color center.

The microscopic chemical environment remains uniform
across air-suspended nanotube segments, ensuring consistent
reaction probability regardless of position along the suspended
portion. While reaction times vary between individual
nanotubes due to the stochastic nature of the photochemical
process, the probability of color center formation should not
differ depending on position along a suspended segment, as
this uniform environment is maintained throughout the air-
suspended portion. However, we expect that reaction
probability would depend on position when the UV spot
overlaps with trench edges where nanotubes contact the
substrate, as UV light reflection and scattering at these edges

13106 https://doi.org/10.1021/acs.nanolett.5c02378
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could modify the reaction rate. Our experiments avoid this
regime to ensure consistent reaction conditions.

The capabilities for forming single color centers at desired
locations provide an important step toward applications in
quantum light sources.>* To this end, we perform a photon
correlation measurement using a Hanbury-Brown-Twiss setup
under pulsed excitation which is a definitive test for single-
photon emission, as it allows us to evaluate the photon
antibunching behavior. Figure Sa shows PL spectra of a (11,3)
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Figure S. (a) PL spectra of a functionalized (11,3) SWNT showing an
E,| emission peak. The orange and blue spectra are taken with and
without a long-pass filter having a cutoff energy of 0.992 eV,
respectively. (b) Photon correlation showing g(z) (0) = 0.45 taken with
200 nW, 1.59 eV excitation and a 2-h accumulation time at room
temperature.

SWNT with and without a long-pass filter, where the filter
isolates the E|; color center emission from the E;; emission.
The photon correlation data presented in Figure Sb reveal a
clear antibunching behavior characterized by a second-order
correlation function value of g¥(0) = 0.45, indicating a
significant suppression of multiphoton events compared to
random photon emission and confirming the single-photon
nature of the emission.

In summary, we have developed in situ photochemical
reaction technique that enables the deterministic formation of
single organic color centers in air-suspended SWNTs. By
monitoring PL spectra in real time, we have observed discrete
intensity changes that correspond to the formation of
individual color centers. The introduction of the color centers
can then be precisely controlled by blocking UV irradiation
upon the first detection of color center emission. Statistical
analysis of PL spectra has revealed a preference for the
formation of E;; emitters, and spatial control over defect
placement has been demonstrated via excitation PL imaging.
Furthermore, the photon correlation measurement has
confirmed single-photon emission, establishing the quantum
nature of the defect. Our deterministic functionalization
technique offers the potential for on-demand use of quantum
defects with desired emission energies, while providing
capabili?r for broader spectral coverage by the choice of
chirality™ and molecular precursors.'”*> This level of control

paves the way for the development of atomically defined
technology for scalable quantum photonic circuits, operating at
room temperature within the telecom band.

B METHODS

Fabrication of Air-Suspended Carbon Nanotubes.
Our process for fabricating air-suspended single-walled carbon
nanotubes (SWNTs) utilizes a combination of electron-beam
lithography and dry etching techniques.'” We begin by
employing these methods to create trenches on silicon
substrates. The trenches are approximately 1.0-um deep and
can be up to 4.0-um wide. Following this step, a secondary
electron-beam lithography process is performed to define the
catalyst areas in the vicinity of these trenches. We then spin-
coat these areas with a Fe-silica catalyst that has been dispersed
in ethanol. Excess catalyst is removed through a lift-off process,
ensuring that it remains only within the predefined areas.
Synthesis of the SWNTSs occurs over these trenches with
alcohol CVD.'"** The synthesis process is conducted under a
flow of ethanol with a carrier gas mixture of argon and
hydrogen at 800 °C for 1 min. The result is air-suspended
SWNTs positioned over the trenches, ready for further
experiments.

Micro-PL Measurements. We conduct PL character-
ization using a home-built scanning confocal microscope.'”**
For these experiments, we use a continuous-wave Ti:sapphire
laser for excitation and a liquid-N,-cooled InGaAs photodiode
array attached to a 30 cm spectrometer for detection. The laser
polarization is maintained perpendicular to the trenches, and
the beam is focused using a reflective objective lens with a
numerical aperture of 0.5 and a working distance of 7.8 mm.
The 1/¢* diameter of the focused beam is 1.32 um for an
excitation energy of 1.59 eV. This diameter is characterized by
performing PL line scans perpendicular to a suspended tube.
The confocal pinhole defines the collection spot size, which is
approximately 5.5 ym in diameter. For excitation PL imaging,
we scan over a SWNT to collect PL spectra and construct
intensity maps for color center emission by spectrally
integrating the intensities of each peak. All PL spectra are
taken at the center of the nanotubes except for the
hyperspectral PL images. All measurements are carried out at
room temperature.

Formation of Organic Color Centers. To functionalize
the air-suspended nanotubes with iodobenzene as a precursor,
we use vapor-phase reaction.”* As-grown SWNTs on Si
substrates are placed in a reaction cell with an inner volume
of 7.4 mL (Figure S2). We introduce 20 uL of iodobenzene
(Fujifilm Wako Pure Chemical Corporation, >97% purity,
used without further purification) to the bottom of the cell
using a micropipette, and the cell is sealed in air. Control
experiments confirm that oxygen and water in air do not play a
major role in the reaction (Supporting Information, Section 2).
After 10 min to allow the cell to fill with iodobenzene vapor,
we perform the reaction by irradiating the SWNTSs with a 4.09
eV UV laser through the quartz window of the cell, which has a
thickness of 0.5 mm. The focused UV laser beam has a 1/¢*
diameter of 1.6 ym, as determined by the knife-edge method.
This spot size represents a deviation from the diffraction limit,
which can be attributed to the nonideal spatial beam profile of
our UV laser diode source. We control the UV laser exposure
using a motorized shutter with a closing time of 8.0 ms,
allowing precise on—off switching during the photochemical
reaction. The UV laser beam is colinearly aligned with the
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Ti:sapphire laser beam, where the two beams are overlapped at
a long-pass dichroic mirror just before the reflective objective
lens. The polarization of the UV laser is kept parallel to the
trenches. Following the reaction, we remove the samples from
the cell and store them in dark for subsequent spectroscopic
characterization.

Analysis of PL Time Traces. In the analysis of PL spectral
time traces, the first step is to identify emission peaks by
applying a peak-finding algorithm to a variance spectrum
derived from a time trace of PL spectra. Once identified, the
intensity of each emission peak is spectrally integrated using a
bin width of 20 meV, and the resulting intensity is plotted as a
function of time to construct temporal profiles. The PL
intensity profiles are then fitted using the Gaussian mixture
model, with the number of intensity levels determined based
on the Akaike information criterion.

Our intensity-based approach for counting individual defect
formation is validated by both established methodology and
the unique advantages of air-suspended nanotubes that
minimize environmental perturbations. The interpretation of
discrete, stepwise intensity changes as individual defect
formation events has been widely established in carbon
nanotube studies,**’ where the stepwise increase of Ej;
emission intensity directly corresponds to the formation of
individual color centers. Crucially, our air-suspended nanotube
configuration significantly minimizes environmental interac-
tions compared to substrate-supported systems,” reducing
dielectric screening effects and substrate-induced perturbations
that could complicate intensity interpretation. The high quality
of this system is evidenced by minimal spectral broadening and
negligible spectral diffusion during the reaction process (Figure
S1), confirming that the discrete, quantized intensity steps in
Figure 1c arise from individual defect formation rather than
environmental effects.

Photon Correlation Measurement. The photon corre-
lation measurement is conducted using a Hanbury-Brown-
Twiss setup with a 50:50 fiber coupler under laser excitation of
100 fs pulses from a Ti:sapphire laser operating at a repetition
rate of 76 MHz.***? The excitation laser beam is focused onto
the sample through a transmissive objective lens with a
numerical aperture of 0.85. PL from the center of the nanotube
is coupled via single-mode fibers to superconducting single-
photon detectors, and data collection is performed using a
time-correlated single-photon counting module.
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