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Photonic integrated circuits require robust room-temperature single-photon sources to enable
scalable quantum technologies. Single-walled carbon nanotubes (CNTs), with their unique excitonic
properties and chemical tunability, are attractive candidates, but their integration into photonic
circuits remains challenging. In this work, we demonstrate the integration of functionalized CNTs
as room-temperature single-photon emitters into photonic cavities and waveguide circuits. (6,5)
CNTs with aryl sp3 defects are either stochastically deposited via drop-casting or deterministically
positioned on photonic cavities using an anthracene-assisted transfer method guided by real-time
photoluminescence monitoring. Photoluminescence spectra reveal cavity-enhanced emission, while
second-order autocorrelation measurements confirm single-photon propagation through the pho-
tonic integrated circuit, highlighting the potential of CNTs for scalable, room-temperature quantum
photonic applications.
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tions, Room Temperature, Photon Autocorrelation, Photonic Cavity, Waveguides.

I. INTRODUCTION

Photonic integrated circuits (PICs) are at the fore-
front of numerous emerging technologies, offering mass-
manufacturable, stable, and compact optical solutions for
a wide range of applications [1, 2]. Environmental mon-
itoring and telecommunications systems involving PICs
are already commercially available [1] and there is strong
evidence that integrated quantum photonics applications
will soon follow the same path [3, 4]. Realizing such quan-
tum circuits, however, requires efficient on-chip single-
photon sources, whose scalable integration at room tem-
perature remains a major challenge.

Epitaxial quantum dots offer high-performance emis-
sion properties but suffer from random spatial growth,
are strongly affected by thermal quenching at room tem-
perature and necessitate complex heterogeneous integra-
tion due to incompatibility with many PIC platform ma-
terials [5, 6]. Colloidal quantum dots, though more easily
incorporated into devices owing to their solution process-
ability, are limited by unstable emission, photobleaching,
and moderate single-photon purity [7]. In the past few
years, more original approaches have been proposed. Na-
tive silicon nitride emitters, fully compatible with the
SiN photonic platform, have been demonstrated to show
single-photon generation at room temperature but are
also affected by spontaneous—and thus random—emitter
placement, and their emission mechanisms remain poorly
understood [8, 9]. Very recently, defect-based emitters in
hBN flakes transferred onto waveguides have been intro-
duced via laser writing, demonstrating a relatively easy
way to deterministically implement ambient-condition
emitters, but still face challenges including low single-
photon purity and emission outside the telecom band
[10, 11].

Due to their one-dimensional structure and exception-
ally stable excitonic states, single-walled carbon nan-
otubes (CNTs) have emerged as promising single-photon
emitters for integrated photonics. They offer remarkable
photostability, potentially resisting photobleaching and
blinking effects, and tunable emission across the tele-
com bands (1100–1600 nm) via chirality selection and
defect engineering [12]. In particular, introducing ex-
citon trapping sites through molecular defect engineer-
ing enables CNTs to emit single photons with high pu-
rity at room temperature [12, 13]. Pristine CNTs have
also demonstrated electrically driven photoluminescence
(PL) [14, 15] and have been integrated into photonic cav-
ity structures [16–18] as well as quantum photonic cir-
cuits operating at cryogenic temperatures [19]. These
attributes establish CNTs as promising candidates for
scalable quantum photonic applications; however, their
implementation into functional on-chip circuits at room
temperature remains challenging due to the stringent re-
quirements for generating, coupling, and guiding single
photons.

The objective of this research is to provide a platform
for CNT-based quantum PIC applications by introduc-
ing strategies for both stochastic and deterministic cav-
ity integration of individual CNTs and demonstrating
their efficient coupling into PICs at room temperature.
We begin by presenting the functionalization process and
preparation of single-walled (6,5) CNTs, and outline their
PL properties, as shown in Figure 1a in the context
of subsequent implementation into PICs. We then fo-
cus on the development of PICs, detailing the clean-
room fabrication process of a low-fluorescence lithium
niobate (LN) waveguide platform, readily available for
future electro-optical modulation. This is followed by
the description of the photonic design and experimen-
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tal characterization of waveguides, couplers, and cavi-
ties, measured with a custom automated testing setup.
The same platform is subsequently integrated into a PL
measurement system and adapted for CNT-circuit cou-
pling analysis. Using a fiber-coupling configuration de-
picted in Figure 1b, we demonstrate efficient coupling
of CNT emission into single-resonant waveguide-coupled
photonic cavities (Figure 1c), with enhanced and spec-
trally sharpened PL. Finally, we report single-photon
emission, waveguide propagation and path routing at
room temperature, confirmed through autocorrelation
measurements. This work represents the first demonstra-
tion of a PIC that leverages CNT single-photon emission
in ambient conditions, marking a key step toward realiz-
ing CNT-based room-temperature quantum applications.

II. CARBON NANOTUBE
FUNCTIONALIZATION AND OPTICAL

CHARACTERIZATION

Owing to their widespread availability among CNT
species and their well-characterized excitonic proper-
ties including spectral features, lifetimes, polarization,
brightness, and autocorrelation, (6,5) single-walled CNTs
are selected for functionalization and integration into
photonic circuits. In this work, we first functionalize chi-
rality sorted (6,5) CNTs with aryl sp3 defects in toluene.
PFO-BPy-wrapped (6,5) SWCNTs are treated with 2-
iodoaniline in the presence of KOtBu as a strong organic
base, selectively generating defects with the E∗−

11 binding
configuration [21], at low densities of approximately 1–2
defects µm−1 [22].

Following functionalization, the CNTs are transferred
into aqueous dispersions via surfactant-assisted process-
ing. This strategy allows the coating of polymer sub-
strates used in our integration technique, which are sensi-
tive to most organic solvents, while preserving the optical
properties of the CNTs. The transfer is achieved by fil-
tration onto polytetrafluoroethylene membranes (Merck
Millipore JVWP, 0.1 µm pore size), followed by repeated
washing with hot toluene (6 × 1 h, 80◦C), and redisper-
sion via bath sonication (1.5 h) in an aqueous solution
of 1% (w/v) sodium deoxycholate (DOC, Sigma-Aldrich,
>98.0%). After centrifugation (2 × 45 min, 60,000 × g),
the supernatant is collected and diluted 50-fold.

PL measurements are then carried out using a home-
built free-space setup comprising of optical components,
a Princeton Instruments Acton 2300i spectrophotometer,
and a Coherent Mira 900 laser operating at 850 nm in
continuous-wave mode with 1 µW excitation power. Fig-
ure 1a displays the emission spectra of both an individ-
ual functionalized (6,5) CNT emitter with single defect
and a CNT aggregate, and shows the excitation polariza-
tion dependence of an individual CNT. The E∗−

11 emis-
sion peak of these functionalized CNTs is centered around
1250–1300 nm, aligning with both the transparency win-

dow of most photonic circuit materials and the primary
telecommunication wavelength range that benefits from
zero-dispersion optical fibers.

III. PHOTONIC INTEGRATED CIRCUIT
TECHNOLOGY DEVELOPMENT

Several different material platforms have been pro-
posed for quantum photonics applications [3, 4], each
yielding specific performance profiles in key circuit char-
acteristics such as component density, propagation losses
or active optical components and intrinsic photon-source
availabilities, among others. After evaluating several ma-
terials, we have selected LN for the development of our
circuit technology, as it offers both high optical modu-
lation efficiency and exceptionally low emission in the
near-infrared range; two properties critical for applica-
tions such as quantum communication [23] and for ad-
dressing the single photons from functionalized CNTs.
The low emission of LN, in particular, is supported by
comparative measurements of various thin films on insu-
lator substrates, whose PL spectra in the near-infrared
range are provided in Figure S-1.

Grating couplers (GCs), waveguides, and cavities are
first simulated in Lumerical, and hundreds of layout vari-
ants with diverse geometries are generated to comprehen-
sively address fabrication and material tolerances (Sup-
porting Information, Section S-II). In particular, grat-
ing photonic cavities are simulated using 2.5D finite-
difference time-domain method and tailored to exhibit
resonances around the CNT emission peak between 1260
and 1310 nm. Figure 2a,b respectively show the simu-
lated field profiles of cavities and grating couplers.

Circuit fabrication follows a standard process illus-
trated in Figure 2c. Thin films of 300 nm LiNbO3 on
oxide wafers, purchased from Innosemitech, are initially
coated with Zeon ZEP520A resist, and waveguide circuits
are patterned using a high-resolution Advantest F7000S-
VD02 electron-beam lithography system. After develop-
ment in Zeon ZED-N50 solution and rinsing in water, a
70 nm thick chromium layer is sputtered onto the chip,
with the thickness verified by profilometry. Chromium
serves as a hard mask, as LN exhibits high resistance to
dry etching resulting in low etch selectivity to organic re-
sists. Following chromium deposition, a lift-off process is
performed using sonication in dimethylacetamide solvent.
Dry etching is then carried out using alternating cycles
of SF6 plasma etching and C4F8 passivation, operating
for 55 minutes at a rate of 30 cycles per minute. The re-
sulting LN etch depth is measured to be 240 nm, forming
rib-type waveguides. Residual chromium is subsequently
removed by immersion in a chromium etchant solution
with sonication for 20 minutes. While many PIC plat-
forms typically cover waveguides with oxide or organic
layers, here the waveguides are left exposed for CNT cou-
pling after deposition.

For circuit testing, a characterization platform is es-
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FIG. 1. (a) Energy-level diagram of an exciton trapped in a CNT defect state, normalized emission spectra of a single (6,5) CNT
emitter and a CNT aggregate after substrate solution coating, and polarization excitation dependence of a single CNT emitter.
(b) Proposed optical setup schematic for the demonstration of CNT-emitted single-photon cavity coupling and waveguide
propagation using a fiber array, a visible laser excitation, and superconducting single-photon detectors. (c) Optical microscope
image of the fabricated base-design circuit, with cavity and grating layout schematics. The CNT image was generated with
[20].

tablished using fiber V-groove arrays, a Santec TSL-550
tunable laser centered around 1300 nm, a photodiode,
and a linear translation stage controlled by custom Lab-
VIEW algorithms (Figure 1b). The experimental setup
is shown in Supporting Information, Section S-III. Fiber
arrays (FAs), which align multiple optical fibers with high
precision, are commonly used to enable efficient coupling
to photonic chips. Light is injected and collected via in-
tegrated LN GCs at the ends of the waveguides, enabling
diffraction-based out-of-plane optical coupling. This con-
figuration allows the FA to simply hover above the chip
surface for effective PIC characterization. By matching
the GC layout to the FA geometry, the design supports
simultaneous multi-channel coupling. Measurement rou-
tines are fully automated via LabVIEW software, which
interfaces directly with the design layout.

Grating coupling efficiency at 1280 nm is found to be
approximately –9 dB per coupler, with a 70 nm band-
width, exceeding the E∗−

11 emission peak. Although
this coupling loss is substantial, significant improvement
(down to 1.42 dB) could potentially be achieved through
the implementation of cladding layers, bottom reflectors,
subwavelength gratings, and chirped profiles, as reported
in Ref. [24].

Waveguide propagation losses are estimated at ap-
proximately 3 dB/cm. Further improvements are fea-
sible through optimization of the metal mask deposi-
tion and etching processes, with recent demonstrations
achieving losses as low as 0.4 dB/cm for LN waveguides
[25]. The optimized cavity structures have a period of
around 350 nm, a duty cycle of 0.55, and a grating width
that quadratically tapers from 2.30 µm to 1.15 µm over

a 10 µm cavity length. This relatively large cavity size
is chosen to facilitate CNT coupling but leads to the ap-
pearance of a second longitudinal cavity mode (Figure 2d,
blue curve). To suppress this unwanted mode, the period-
icity of the external gratings is slightly reduced by 5 nm.
This adjustment not only results in the clear elimination
of the second mode but also leads to a slight enhancement
of the resonance optical quality factor, reaching values up
to 1200, as observed in the measured waveguide transmis-
sion shown as the orange curve in Figure 2d.

IV. CARBON NANOTUBE CIRCUIT
INTEGRATION

We explore two methods for incorporating CNTs onto
photonic chips: direct drop-casting of CNT aqueous solu-
tion and anthracene-assisted transfer technique [26, 27].
While drop-casting provides a quick approach for prelim-
inary tests, the uncontrolled CNT positioning limits its
scalability. In contrast, the anthracene-assisted method,
referred to here as CNT stamping, enables clean, deter-
ministic placement of CNTs onto photonic cavities.

The CNT stamping process consists of three main
steps, as illustrated in Figure 3(a). A 4500 µm thick
Gel-Pak polydimethylsiloxane (PDMS) sheet is first cut
into a 1 mm2 piece and placed at the center of a glass
sample holder. A custom-grown anthracene crystal flake
is then carefully positioned on the PDMS square. To
simplify the original multistep method [27], we directly
coat the flake with water-based CNT dispersion, as an-
thracene is otherwise soluble in many organic solvents.
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FIG. 2. (a) Top-view FDTD-simulated optical field distribution of the designed cavities at a wavelength near resonance,
(b) simulated optical field of the GC at the coupling wavelength, (c) Fabrication process of the LN PIC, and (d) measured
transmission spectra for a base-design photonic cavity (blue) and a second-mode-suppressed cavity (orange).

While the PL quantum yield of CNTs is lower in water
compared to toluene as dispersion solvent [22, 28], the
DOC surfactant mitigates quenching and enables suffi-
cient individualization for transfer. After 30 seconds, the
droplet is removed via capillary action, leaving the flake
sparsely coated with functionalized (6,5) CNTs and the
stamp sample is subsequently mounted on a motorized
translation stage. Detailed mapping images and setup
photographs are given in the Supporting Information,
Section S-IV.

In the second step, the CNTs are located by PL map-
ping through the transparent PDMS and glass using a
continuous-wave excitation beam that is vertically po-
larized during mapping to preferentially locate CNTs
aligned with the cavity mode polarization, thus avoid-
ing the need to rotate the sample prior to stamping.
Although photon autocorrelation measurements can be
used to assess the single-photon emission characteristics
of the CNTs, they are typically avoided due to photo-
bleaching risks associated with prolonged pulsed excita-
tion. Instead, rapid lifetime measurements are favored,
offering a qualitative indication of single quantum emit-
ter presence which tend to give longer decay times than
CNT aggregate, as demonstrated in [29]. Once a suit-
able CNT is identified, a second translation stage holding
the PIC chip aligns the cavity with the excitation beam
as a visual reference using a microscope-mounted cam-
era aligned with the collection/excitation path, ensuring

that both the CNT and the target cavity are centered
along the optical axis. Contact is made by gradually
advancing the PIC toward the stamp while monitoring
PL to confirm alignment. Due to inherent non-planarity
in the PDMS surface, fine positional adjustments guided
by changes in CNT PL intensity, typically on the or-
der of a few micrometers, are often needed during ap-
proach. Afterward, the system is held stationary for
30 minutes before carefully separating the stamp. CNT
transfer may occur with or without the anthracene flake,
and several attempts are typically required. Substrate
adhesion properties significantly influence the stamping
yield. In most cases, only partial stamping occurs even
after multiple attempts. While CNT positioning is gener-
ally straightforward, PDMS retraction remains the most
delicate step and is currently the primary bottleneck of
the method, with an overall success rate of 25%. Sur-
face treatment strategies are being explored to improve
adhesion and reproducibility.

The third step involves heating the chip to 80◦C via
a thermoelectric cooler to gradually sublimate the an-
thracene, leaving the CNT cleanly positioned on the cav-
ity. Figure 3b-d presents representative PL and reflec-
tivity maps of coupled cavity circuits prepared by both
drop-casting and stamping, and additional stamp map-
ping results are shown in the Supporting Information,
Section S-IV.
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FIG. 3. (a) Diagram for anthracene-assisted transfer technique and (b) cavity reflection mapping and PL mappings of (c)
dropcasted cavity and (d) stamped cavity samples, with 780nm-1.5 µW of excitation.

V. RESULTS

After placing the CNT on the chip, we demonstrate
efficient CNT coupling to the waveguide circuit using
our FA-based characterization platform. As illustrated in
Figure 1b, three consecutive FA channels are employed:
the central channel for CNT/cavity excitation, and the
two outer channels are connected to the GCs. This way,
CNT photons emitted in the cavity are coupled to the
waveguide circuit propagating towards either GCs and
subsequently transferred to the external FA channels.
This configuration simplifies alignment and testing, and
inherently provides a 50/50 splitter for autocorrelation
measurements due to the symmetry of the coupling cir-
cuit around the photonic cavity. Because of the large
mode field diameter of the fiber and the lack of focusing
optics at the output, the illuminated area on the chip is
relatively wide, with roughly 1% of the injected power
overlapping with the cavity mode, necessitating higher
excitation power.

PL coupling spectra are first collected by connecting
either of the outer FA channels to a spectrometer. A
sharp emission peak may appear at the location of the
resonance dip in the transmission spectrum, as shown in
Figure 4. A slight degradation of the resonance quality
factor is observed, which we attribute to residual polymer
from the CNT wrapping, increasing the internal cavity
losses. Depending on CNT positioning or the possible
presence of additional CNTs, different spectral profiles
may be observed, as described in the Supporting Infor-
mation, Section S-V.

To assess single-photon emission from the waveguided
photons, each of the two outer FA channels is connected
to a superconducting single-photon detector from Sin-
gle Quantum, which is in turn connected to a Qutools
quTag module for time-correlated single-photon count-

ing and event tagging. To suppress residual excitation
light coupled into the waveguide, each fiber line includes
a 1200 nm long-pass filter mounted between a pair of
collimators. Due to the overall low PL quantum yields
of CNTs, continuous-wave autocorrelation measurements
are slow. Although the pulsed lasing mode can gradually
damage the CNTs, the laser is switched to a 76 MHz
mode-locked excitation to accelerate data acquisition,
making it suitable primarily for proof-of-concept experi-
ments at low brightness. An increase in blinking behavior
is also observed under pulsed excitation, which can also
serve as an indicator of single-emitter characteristics, de-
spite the pulsed mode’s adverse effects on long-term emit-
ter stability.

Autocorrelation measurements yield g(2)(0) values of
0.08 ± 0.06 and 0.10 ± 0.06 for the best-performing
stamped and drop-cast samples (Figure 5), demonstrat-
ing clean emission and successful waveguide propagation
of single photons at room temperature. On average,
drop-cast samples tend to show lower single-photon pu-
rity, likely due to the greater difficulty in isolating a single
coupled CNT from surrounding individual tubes within
the excitation area near the waveguide. It should also be
noted that the total number of tagged coincidence events
in most measurements remains relatively low, primarily
because the CNTs degrade or cease emitting after min-
utes to a few hours under continuous pulsed excitation.
In the Supporting Information, Section S-VI, we present
multiple examples of emitter blinking and degradation
behavior. We do not attribute these effects directly to
the presence of water molecules, as demonstrated by mea-
surements in which the CNT environment is filled with
N2.

The PL decay time of the CNTs remains essentially un-
changed with cavity coupling, as shown in the Supporting
Information, Section S-VII, contrary to the shortening
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FIG. 4. Cavity-coupled CNT PL spectra with 780 nm-1.5 µW of excitation. (c) and (d) are not confirmed to be single-photons
emitters.

FIG. 5. Measured autocorrelation results of the best stamped and dropcasted samples.

typically expected from Purcell enhancement. This can
be attributed to the cavity mode, which both limits over-
lap with CNTs in the grating gaps due to its dielectric
nature and is designed with a relatively large mode vol-
ume (1.16 λ3/n3, 0.52 µm3, where λ is the wavelength
and n = 1.71 is the effective refractive index) to facilitate
CNT stamping. The Purcell factor for broad linewidth
emitters can be expressed as

FP =
3λ3Qe

4π2n3V
ξ,

where Qe is the emitter quality factor, V the cavity mode
volume, and ξ accounts for spatial and polarization over-
lap [30]. For our coupled CNTs, this yields a maximal
FP∼0.34 assuming a mode overlap of ∼30% for a CNT in
an airgap. Combined with the low radiative efficiency of
functionalized (6,5) CNTs on oxide substrates (∼2.4%)
[31], this explains the negligible enhancement of decay
time.

Considering the measured free-space PL of uncoupled

CNTs collected with our 0.65 NA objective, and correct-
ing for waveguide collection efficiency (−9dB) and the
maximal Purcell factor, we conservatively estimate that
∼30% of CNT emission is coupled into the waveguide
circuit. Potential performance improvements include us-
ing air-mode cavities with smaller mode volumes (as low
as 0.0237λ3/n3 [18]) and improved spatial overlap with
the CNT, which could respectively enhance the Purcell
factor by ∼50 times and ∼3 times. Together, these mod-
ifications could potentially boost the total emission rate
by ∼150 times compared to the current design.

VI. CONCLUSION

In this work, we have demonstrated cavity-enhanced
emission and single-photon coupling of functionalized
CNTs into a PIC at room temperature. Individual CNTs
are integrated onto the chip using two approaches: a
stochastic solution-based dropcasting method and a more
deterministic anthracene-assisted transfer technique. In
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both cases, second-order autocorrelation measurements
confirmed single-photon emission and propagation, with
g(2)(0) values of 0.08 and 0.10, respectively. By leverag-
ing carefully designed evanescently-coupled single-mode
photonic resonant cavities, the inherently broad emis-
sion spectra of CNTs are significantly narrowed to just
a few nanometers. Although challenges remain, includ-
ing emission instability and limited deposition yield, our
results clearly establish the viability of integrating CNT
emitters into photonic circuits. This represents a key step
forward in the development of room-temperature quan-
tum photonic platforms based on CNT emitters.

ACKNOWLEDGEMENTS

Work supported by JSPS (KAKENHI JP24KF0092,
JP24K17627, JP25K21704 and JP23H00262), JST
(ASPIRE JPMJAP2310, CREST JPMJCR25A1)
and MEXT (ARIM JPMXP1224UT1073, JP-
MXP1224UT1069). The authors thank the Advanced
Manufacturing Support Team at RIKEN for techni-
cal assistance. C.F.F. is supported by the RIKEN
Special Postdoctoral Researcher Program. F.L.S. and
J.Z. acknowledge financial support by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation) via SFB 1225/3 (Isoquant).



8

[1] P. Dong, Y.-K. Chen, G.-H. Duan, and D. T. Neilson,
Nanophotonics 3, 215 (2014).

[2] L. Chrostowski and M. Hochberg, Silicon Photonics De-
sign: From Devices to Systems (Cambridge University
Press, 2015).

[3] E. Pelucchi, G. Fagas, I. Aharonovich, D. Englund,
E. Figueroa, Q. Gong, H. Hannes, J. Liu, C.-Y. Lu,
N. Matsuda, J.-W. Pan, F. Schreck, F. Sciarrino, C. Sil-
berhorn, J. Wang, and K. D. Jöns, Nature Reviews
Physics 4, 194 (2022).

[4] J. Silverstone, D. Bonneau, J. Brien, and M. Thompson,
IEEE Journal of Selected Topics in Quantum Electronics
22, 1 (2016).

[5] P. Senellart, G. Solomon, and A. White, Nature Nan-
otechnology 12, 1026 (2017).

[6] M. Sartison, O. Camacho Ibarra, I. Caltzidis, D. Reuter,
and K. D. Jöns, Materials for Quantum Technology 2,
023002 (2022).

[7] A. H. Proppe, D. B. Berkinsky, H. Zhu, T. Šverko,
A. E. K. Kaplan, J. R. Horowitz, T. Kim, H. Chung,
S. Jun, and M. G. Bawendi, Nature Nanotechnology 18,
993 (2023).

[8] A. Senichev, Z. O. Martin, S. Peana, D. Sychev, X. Xu,
A. S. Lagutchev, A. Boltasseva, and V. M. Shalaev, Sci-
ence Advances 7, eabj0627 (2021).

[9] A. Senichev, S. Peana, Z. O. Martin, O. Yesilyurt, D. Sy-
chev, A. S. Lagutchev, A. Boltasseva, and V. M. Shalaev,
ACS Photonics 9, 3357 (2022).

[10] D. Yamashita, M. Yumoto, A. Narazaki, and M. Okano,
arxiv (2025).

[11] I. Abidi, N. Mendelson, T. Tran, A. Tyagi, M. Zhuang,
L. Weng, B. Özyilmaz, I. Aharonovich, M. Toth, and
Z. Luo, Advanced Optical Materials 7, 1900397 (2019).

[12] X. Ma, N. F. Hartmann, J. K. S. Baldwin, S. K. Doorn,
and H. Htoon, Nature Nanotechnology 10, 671 (2015).

[13] X. He, N. F. Hartmann, X. Ma, Y. Kim, R. Ihly, J. L.
Blackburn, W. Gao, J. Kono, Y. Yomogida, A. Hirano,
T. Tanaka, H. Kataura, H. Htoon, and S. K. Doorn, Na-
ture Photonics 11, 577 (2017).

[14] T. Mueller, M. Kinoshita, M. Steiner, V. Perebeinos,
A. A. Bol, D. B. Farmer, and P. Avouris, Nature Nan-
otechnology 5, 27 (2010).

[15] N. Higashide, M. Yoshida, T. Uda, A. Ishii, and Y. K.
Kato, Applied Physics Letters 110, 191101 (2017).

[16] F. Pyatkov, V. Fütterling, S. Khasminskaya, B. S. Flavel,
F. Hennrich, M. M. Kappes, R. Krupke, and W. H. P.
Pernice, Nature Photonics 10, 420 (2016).

[17] R. Watahiki, T. Shimada, P. Zhao, S. Chiashi,
S. Iwamoto, Y. Arakawa, S. Maruyama, and Y. K. Kato,
Applied Physics Letters 101, 141124 (2012).

[18] R. Miura, S. Imamura, R. Ohta, A. Ishii, X. Liu, T. Shi-
mada, S. Iwamoto, Y. Arakawa, and Y. K. Kato, Nature
Communications 5, 5580 (2014).

[19] S. Khasminskaya, F. Pyatkov, K. Słowik, S. Ferrari,
O. Kahl, V. Kovalyuk, P. Rath, A. Vetter, F. Hennrich,
M. M. Kappes, G. Gol’tsman, A. Korneev, C. Rockstuhl,
R. Krupke, and W. H. P. Pernice, Nature Photonics 10,
727 (2016).

[20] (2011), tubeGen 3.4 (web-interface,
http://turin.nss.udel.edu/research/tubegenonline.html),
J. T. Frey and D. J. Doren, University of Delaware,

Newark DE, 2011.
[21] S. Settele, F. Berger, S. Lindenthal, S. Zhao, A. Ali,

E. Yumin, N. Zorn, A. Asyuda, M. Zharnikov, A. Högele,
and J. Zaumseil, Nature Communications 12, 2119
(2021).

[22] F. L. Sebastian, N. F. Zorn, S. Settele, S. Lindenthal,
F. J. Berger, C. Bendel, H. Li, B. S. Flavel, and J. Za-
umseil, The Journal of Physical Chemistry Letters 13,
3542 (2022).

[23] F. Labbé, Ç. Ekici, I. Zhdanov, A. L. Muthali, L. K.
Oxenløwe, and Y. Ding, Advanced Photonics 7, 044002
(2025).

[24] S. Kang, R. Zhang, Z. Hao, D. Jia, F. Gao, F. Bo,
G. Zhang, and J. Xu, Opt. Lett. 45, 6651 (2020).

[25] I. Krasnokutska, J.-L. J. Tambasco, X. Li, and A. Pe-
ruzzo, Opt. Express 26, 897 (2018).

[26] N. Fang, Y. R. Chang, D. Yamashita, S. Fujii,
M. Maruyama, Y. Gao, C. F. Fong, K. Otsuka, K. Na-
gashio, S. Okada, and Y. K. Kato, Nature Communica-
tions 14, 8152 (2023).

[27] K. Otsuka, N. Fang, D. Yamashita, T. Taniguchi,
K. Watanabe, and Y. K. Kato, Nature Communications
12, 3138 (2021).

[28] F. J. Berger, J. Lüttgens, T. Nowack, T. Kutsch, S. Lin-
denthal, L. Kistner, C. C. Müller, L. M. Bongartz, V. A.
Lumsargis, Y. Zakharko, and J. Zaumseil, ACS Nano 13,
9259 (2019).

[29] S. Reich, M. Dworzak, A. Hoffmann, and M. Strano,
Physical Review B 71 (2005).

[30] M. P. van Exter, G. Nienhuis, and J. P. Woerdman, Phys.
Rev. A 54, 3553 (1996).

[31] A. Ishii, X. He, N. F. Hartmann, H. Machiya, H. Htoon,
S. K. Doorn, and Y. K. Kato, Nano Letters 18, 3873
(2018).

https://doi.org/doi:10.1515/nanoph-2013-0023
https://doi.org/10.1038/s42254-021-00398-z
https://doi.org/10.1038/s42254-021-00398-z
https://doi.org/10.1109/JSTQE.2016.2573218
https://doi.org/10.1109/JSTQE.2016.2573218
https://doi.org/10.1038/nnano.2017.218
https://doi.org/10.1038/nnano.2017.218
https://doi.org/10.1088/2633-4356/ac6f3e
https://doi.org/10.1088/2633-4356/ac6f3e
https://doi.org/10.1038/s41565-023-01432-0
https://doi.org/10.1038/s41565-023-01432-0
https://doi.org/10.1126/sciadv.abj0627
https://doi.org/10.1126/sciadv.abj0627
https://doi.org/10.1021/acsphotonics.2c00750
https://doi.org/10.48550/arXiv.2504.19477
https://doi.org/10.1002/adom.201900397
https://doi.org/10.1038/nnano.2015.136
https://doi.org/10.1038/nphoton.2017.119
https://doi.org/10.1038/nphoton.2017.119
https://doi.org/10.1038/nnano.2009.319
https://doi.org/10.1038/nnano.2009.319
https://doi.org/10.1063/1.4983278
https://doi.org/10.1038/nphoton.2016.70
https://doi.org/10.1063/1.4757876
https://doi.org/10.1038/ncomms6580
https://doi.org/10.1038/ncomms6580
https://doi.org/10.1038/nphoton.2016.178
https://doi.org/10.1038/nphoton.2016.178
https://doi.org/10.1038/s41467-021-22307-9
https://doi.org/10.1038/s41467-021-22307-9
https://doi.org/10.1021/acs.jpclett.2c00758
https://doi.org/10.1021/acs.jpclett.2c00758
https://doi.org/10.1117/1.AP.7.4.044002
https://doi.org/10.1117/1.AP.7.4.044002
https://doi.org/10.1364/OL.412902
https://doi.org/10.1364/OE.26.000897
https://doi.org/10.1038/s41467-023-43928-2
https://doi.org/10.1038/s41467-023-43928-2
https://doi.org/10.1038/s41467-021-23413-4
https://doi.org/10.1038/s41467-021-23413-4
https://doi.org/10.1021/acsnano.9b03792
https://doi.org/10.1021/acsnano.9b03792
https://doi.org/10.1103/PhysRevB.71.033402
https://doi.org/10.1103/PhysRevA.54.3553
https://doi.org/10.1103/PhysRevA.54.3553
https://doi.org/10.1021/acs.nanolett.8b01170
https://doi.org/10.1021/acs.nanolett.8b01170


9

S-I. MATERIAL AUTOFLUORESCENCE
COMPARISON

Micro-photoluminescence measurements are per-
formed on three PIC platforms: silicon-rich silicon
nitride, stoichiometric silicon nitride, and lithium
niobate. In all cases, the films under investigation are
300 nm thick, and are deposited on silicon substrates
with buried silicon dioxide layers of 3 µm, 2 µm, and
5.7 µm thickness, respectively. The samples are excited
in free space using a titanium-sapphire laser operating
at 780 nm with an incident power of 87 µW. Emitted
photoluminescence is collected and spectrally analyzed,
with integration times of either 5 or 10 seconds.

As shown in Figure S-1, the lithium niobate platform
exhibits the lowest autofluorescence across the entire
measured spectral range, with emission levels approach-
ing the noise floor near the 1300 nm region of interest. It
should be noted, however, that the residual signal may
originate from the underlying silicon substrate, located
5.7 µm below the surface.

S-II. LAYOUT

Grating couplers and waveguides are implemented us-
ing the photonic component library developed by Lukas
Chrostowski [2]. As depicted in Figure S-2, a large ar-
ray of cavities is patterned and framed to mitigate local
stress and prevent cracks during fabrication. The central
region of each cavity tapers in width, thereby shifting
the central reflection wavelength and forming a photonic
cavity.

S-III. CHARACTERIZATION SETUP

The characterization setup, illustrated in Figure S-3,
consists of a microscope objective, a fiber array, and a
photonic chip stage equipped with linear translation and
rotation stages as well as a temperature controller. This
configuration maintains a fixed distance between the fo-
cal point of the microscope objective and the fiber array
channels, enabling seamless switching between free-space
excitation and grating coupler-based fiber coupling.

S-IV. STAMPING PROCESS EXAMPLE

This section expands on the CNT stamping procedure
described in the main text by providing additional pho-
tographs of the experimental setup, the stamping pro-
cess, and the resulting structures. Figure S-4 presents

the stamping setup with integrated photoluminescence
monitoring, along with a side view of the chip being con-
tacted by the small PDMS sheet. Figure S-5 shows mi-
croscope images taken during stamping, highlighting in-
terference fringes around the cavity at the moment of
contact and flake fragmentation upon stamp removal, il-
lustrating that the anthracene flake is generally only par-
tially transferred. Finally, Figure S-6 displays PL and re-
flection mappings of isolated CNTs on anthracene flakes,
as well as after cavity stamping.

S-V. ADDITIONAL CAVITY-COUPLED CNT
PL SPECTRA

Figure S-7 exhibits several examples of coupled CNT
spectras as measured after waveguide propagation with
fiber arrays. Note that autocorrelation measurements
have not necessarily shown single photon propagation for
each of these samples. It can also be observed that some
cavities with different parameters exhibit one or multiple
resonances at distinct wavelengths.

S-VI. FUNCTIONALIZED CNT STABILITY
ISSUES

Although CNTs are generally considered chemically
stable, solution-processed samples often exhibit blinking
behavior and can permanently photobleach after minutes
to a few hours of continuous excitation. Representative
examples of such blinking dynamics are shown in Fig-
ure S-8. Interestingly, in some cases, coupled CNTs could
be temporarily revived using strong pulsed excitation for
a few seconds. However, a gradual decrease in bright-
ness, likely due to defect formation or humidity-induced
degradation, ultimately limits the duration over which
photon autocorrelation measurements can be performed.
Several strategies to mitigate quenching effects are cur-
rently under investigation. As illustrated in Figure S-4,
the setup is upgraded with nitrogen atmosphere control
to potentially extend CNT lifetime, but no significant
improvement has been observed thus far.

S-VII. EMISSION LIFETIME MEASUREMENTS

Emission lifetime measurements are performed using
both free-space excitation and our FA configuration to
evaluate potential modifications due to the Purcell effect
in cases of cavity coupling. However, as shown in Fig-
ure S-9, no significant lifetime reduction is observed.
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FIG. S-1. Material near infrared photoluminescence of silicon-rich silicon nitride, stoichiometric silicon nitride and lithium
niobate for 87 µW continuous excitation at 780nm for 5, 10 and 10 seconds respectively.

FIG. S-2. Layout images of (a) cavity array chip, (b) coupling test circuit unit, and (c) coupling cavity.
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FIG. S-3. (a) Photoluminescence measurement and PIC coupling setup, (b) and picture of fiber array coupling taken with
zoomed camera.

FIG. S-4. Stamping setup image and zoomed picture of the stamp on contact.
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FIG. S-5. Microscope images of a cavity (a) during stamping process, (b) after stamping, and (c) after PDMS removal. The
scale bars are 5 µm.

FIG. S-6. Photoluminescence mappings and associated reflectivity of (a)-(b) CNT-coated anthracene flake and (c)-(d),(e)-
(f),(g)-(h) stamped cavities. The scale bars are 5 µm.
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FIG. S-7. Photoluminescence spectra of several coupled CNTs at 780 nm 1.5 µW excitation.

FIG. S-8. Emission intensities of circuit-coupled CNTs over time.

FIG. S-9. Typical emission lifetime measurements of a CNT aggregate (blue curve), a single CNT (orange curve), and a
cavity-coupled CNT (yellow curve).
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