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Quantum emission assisted by energy landscape modification
in pentacene-decorated carbon nanotubes
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Photoluminescent carbon nanotubes are expected to become versatile room-temperature single-
photon sources that have applications in quantum information processing. Quantum emission from
carbon nanotubes is often induced by localization of excitons or exciton-exciton annihilation. Here,
we modify the local energy landscape of excitons by decorating nanoscale pentacene particles onto
air-suspended single-walled carbon nanotubes. Directional exciton diffusion from the undecorated
region to the decorated site is demonstrated, suggesting exciton trapping induced by local dielectric
screening from pentacene particles. Photoluminescence and photon correlation measurements on
a representative carbon nanotube reveal enhanced exciton-exciton annihilation and single-photon
emission at room temperature. Pentacene particles are shown to promote strong photon antibunch-
ing at the decorated site, indicating that noncovalent functionalization using molecules can be an
effective approach for energy landscape modification and quantum emission in carbon nanotubes.

Single-photon sources are a crucial component for
quantum information processing and quantum key dis-
tribution [IH5], and relentless research efforts have been
made to pursue the ideal material platform [6H22)].
In recent years, semiconducting single-walled carbon
nanotubes (CNTs) have emerged as a promising can-
didate for single-photon sources because of their sta-
ble excitonic states at room temperature [23| 24] and
photoluminescence (PL) wavelengths in the telecommu-
nication range [25] 26]. Due to limited screening of
the Coulomb interaction in the unique one-dimensional
structure, tightly bound electron-hole pairs form excitons
that exhibit fast diffusion along the CNT axis [26H32]. In
most cases, exciton diffusion in a typical CNT leads to
spreading of the exciton population along the CNT axis
that gives rise to multiphoton emission, while nonradia-
tive recombination predominantly occurs at the quench-
ing sites between the CNT and the substrate [31] [33].

To enhance photon antibunching and generate single
photons from the excitons in CNT's, proper control of the
exciton diffusion is necessary. One commonly adopted
approach is the exciton localization. Free excitons in co-
valently functionalized CNTs can be captured at defect-
induced deep trapping states, where PL brightening [34-
37), high-purity single-photon emission and long exciton
lifetimes have been achieved [38-40)]. Furthermore, spon-
taneous localization of the band-edge excitons due to en-
vironmental disorders or unintentional molecular adsorp-
tion is also possible in undoped CNTs at cryogenic tem-
peratures, where signatures of quantum correlation have
been observed [41H50]. Alternatively, exciton-exciton an-
nihilation (EEA) can be adopted to promote strong pho-
ton antibunching [32], 5I]. Single-photon emission at
room temperature induced by the diffusion-driven EEA
among spatially separated free excitons has been demon-
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strated in undoped air-suspended CNTs [51].

An additional approach that can possibly control the
exciton diffusion and induce strong photon antibunching
is the noncovalent functionalization of CNTs by inten-
tional molecular adsorption. Because of the atomically
thin nature of CNTs, excitons in air-suspended CNTs are
highly sensitive to the dielectric environment, and ad-
sorbed molecules can cause a significant reduction in the
excitonic energies [52H61]. Meanwhile, the excellent opti-
cal properties of the CNT's can be preserved because non-
covalent functionalization is less perturbative, and the
molecular coverage can be effectively controlled by differ-
ent adsorption conditions or heating-induced molecular
desorption [53], 54} 57, [60]. To induce photon antibunch-
ing, a local potential well with a reduced excitonic energy
can be created by adsorbing a nanoscale molecular parti-
cle onto an air-suspended CNT. Although the potential
dip induced by the molecule is expected to be shallow,
it should be possible to guide the majority of the free
excitons into the potential well and suppress multiphoton
emission from spatially separated excitons in the pristine
region. As a result of the high density of excitons in the
potential well, efficient EEA should occur, and photon
antibunching is expected.

By utilizing a type of versatile molecule, pentacene
[62H65], we demonstrate directional exciton diffusion
and room-temperature single-photon emission in air-
suspended CNTs decorated with nanoscale pentacene
particles. The pentacene particles are deposited onto
individually suspended CNTs by thermal evaporation,
where we observe pentacene decoration dependent on the
CNT chiral angle. PL imaging and PL excitation (PLE)
spectroscopy are performed on such CNTs, and addi-
tional peaks with redshifted emission energies are identi-
fied after pentacene decoration. Directional exciton dif-
fusion from the undecorated region to the decorated site
is demonstrated by PLE spectroscopy on a representative
CNT. Excitation-power-dependent PL spectra measured
from different emission peaks reveal enhanced EEA at the
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FIG. 1. Pentacene decoration on CNTs and chiral-angle de-
pendence. (a) Schematic showing pentacene adsorption onto
an air-suspended CNT on a trenched Si/SiOz substrate. (b)
SEM image of air-suspended CNT's decorated with pentacene
particles. (c¢) Diameters of the decorated pentacene particles
as a function of the nominal pentacene film thickness. Red
curve is a cube root fit. (d) Percentage of CNTs decorated
with pentacene particles with respect to the chiral angles.

decorated site, and the exciton trapping rate is calculated
to be higher than the detrapping rate at room temper-
ature. Single-photon emission from the redshifted emis-
sion peak at the decorated site on the representative CNT
is also observed. Additional photon correlation measure-
ments performed on more CNTs indicate that pentacene
decoration is on average beneficial for stronger photon
antibunching.

The air-suspended CNTs [Fig. [[[a)] are synthesized
on trenched Si/SiOy substrates [26]. Alignment markers
along with trenches with a length of 900 ym and widths
from 0.5 to 4 pm on the Si substrates are patterned by
electron-beam lithography followed by dry etching. A
SiO9 film with a thickness of 60-70 nm is then formed
upon Si by thermal oxidation. An additional electron-
beam lithography process defines the catalyst regions
along the edge of the trenches. To synthesize the air-
suspended CNTs, catalyst solution of iron acetylacet-
onate and fumed silica in ethanol is spin-coated onto
the catalyst regions on the trenched Si/SiOy substrates
followed by lift-off. CNTs are then grown across the
trenches via alcohol chemical vapor deposition at 800°C
for 1 min [26], [66].

To deposit pentacene onto the air-suspended CNTs,
the sample is loaded into a thermal evaporator chamber
with a pressure in the order of 102 Pa. Then pentacene
powder (99%, Sigma-Aldrich) in an alumina crucible is
heated by a tungsten filament using a current of 10 A
with a typical deposition rate of 0.1-0.5 A /s. After depo-
sition, amorphous pentacene particles with diameters of

tens of nanometers are decorated on the CNTs, as shown
in Fig. b) and Supplementary Fig. S1. As the thickness
of the deposited pentacene film is monitored by a quartz
crystal sensor during the deposition process, the approxi-
mate size of the particles can be quantitatively controlled
by adjusting the deposition duration. In Fig. c), the
decorated pentacene particle diameters measured in the
scanning-electron microscope (SEM) images are plotted
against the nominal thickness of the pentacen film on the
substrate. Their relation follows a cube root fit

d = kt'/3, (1)

where the coefficient k& = 30.7 nm?/3, d is the particle
diameter, and ¢ is the nominal pentacene film thickness.
We note that the actual pentacene film thickness on the
substrate is distributed nonuniformly, and there is a dis-
crepancy between the actual film thickness and the nomi-
nal thickness (Supplementary Fig. S2). Nevertheless, the
cube root relation is reasonably consistent.

The percentage of CNTs decorated with pentacene
particles is obtained by automated PL spectroscopy on
about 400 individually suspended CNTs (Supplemen-
tary Information). As shown in Fig. d)7 pentacene
decoration exhibits a dependency on the CNT species,
namely, CNTs with chiral angles larger than 20° ex-
hibit a greater probability to be decorated. We specu-
late that the pentacene decoration is influenced by the
orientation of the pentacene molecule relative to that
of the CNT. Density-functional theory calculations [67]
have demonstrated that the “bridge” configuration (six-
membered rings of pentacene laying over the middle of
the C-C bonds in a plane-to-plane configuration) in an
armchair CNT (chiral angle 30°) is energetically favor-
able for pentacene adsorption, while CNTs with smaller
chiral angles are less favorable due to the high curvature
along the direction of this configuration.

Before and after pentacene deposition, PL measure-
ments are performed on the same air-suspended CNTs in
a home-built confocal microscopy system [26], 5T, [61] 68
[71]. A wavelength-tunable Ti:sapphire laser is used for
PL spectroscopy with a continuous-wave (CW) output,
while an output of approximately 100 fs pulses and a
repetition rate of 76 MHz is used for time-resolved PL
measurements. The excitation laser beam with a power
P and linear polarization parallel to the CNT axis is
focused onto the sample by an objective lens with a nu-
merical aperture of 0.8 (or 0.85 for time-resolved mea-
surements) and a focal length of 1.8 mm. The reflected
beam and PL from the sample are collected by the same
objective lens and separated by a dichroic mirror. A Si
photodiode detects the reflected beam to visualize the
trenches on the substrate, and PL is collected by an
InGaAs photodiode array attached to a spectrometer.
For time-resolved PL and photon-correlation measure-
ments, a fiber-coupled superconducting single-photon de-
tector and a time-correlated single-photon counting mod-
ule are used. Detection-wavelength-dependent instru-
ment response functions (IRFs) are obtained by super-
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FIG. 2. PL characterization of a typical CNT before and after
pentacene decoration. (a) PLE map of a typical (9,7) CNT
before pentacene decoration. Inset shows the polarization-
dependent integrated PL intensity of the pristine peak (black
dots). (b) Integrated PL image of the pristine peak near
0.95 eV. (¢) PLE map of the same CNT after pentacene deco-
ration. Inset shows the polarization-dependent integrated PL
intensities of the undecorated peak (blue dots) and decorated
peak (red dots). Integrated PL images of (d) the undeco-
rated peak near 0.95 eV and (e) decorated peak near 0.94 eV,
respectively.

continuum white light pulses dispersed by a spectrom-
eter. Photon-correlation measurements are carried out
using a Hanbury-Brown-Twiss setup with a 50:50 fiber
coupler. Unless otherwise noted, all measurements are
carried out at room temperature in dry nitrogen to avoid
degradation of pentacene.

After air-suspended CNTs are synthesized on a
trenched substrate, automated PL line scans are per-
formed throughout the trenches to locate bright CNTs,
then selected CNTs are individually characterized in se-
quence by polarization-dependent PL, PLE spectroscopy
and PL imaging with P = 10 uW. A PLE map obtained
from a representative pristine CNT (Supplementary In-
formation) is shown in Fig. [2(a). This CNT shows bright
PL and a peak height of 11680 counts/s, and we name
this peak as the “pristine peak”. The Fy; and Eys res-
onance energies are at 0.954 and 1.598 eV, respectively.
By comparing the resonance energies with tabulated data
from air-suspended CNTs [26], the chirality of this CNT
is assigned to (9,7). In Fig. [b), the PL intensities inte-
grated over a 4 nm spectral window centered at the PL
emission energy reveal that the CNT is individual and
fully suspended with a length of approximately 3.3 pm.

Pentacene with a nominal film thickness of 2.8 nm is
then deposited onto this sample after the initial PL char-

acterization. Polarization-dependent PL intensity plots
[insets of Fig. Pf(a) and (c)] are compared before and af-
ter pentacene decoration, which allows us to verify that
the same CNT has been measured. In the PLE map
taken at the pentacene particle, as shown in Fig. (c),
two prominent emission peaks are present. One peak has
a peak height of 4416 counts/s, and Ej; and FEsg reso-
nance energies at 0.953 eV and 1.596 eV, respectively.
Since its resonance energies agree with that of the pris-
tine peak, this peak should correspond to the excitons
in the undecorated region on the CNT and is termed
as the “undecorated peak”. The slight redshifts com-
pared to the pristine peak can be caused by fitting er-
rors, while the thin molecular films adsorbed on the un-
decorated region (Supplementary Fig. S1) are also spec-
ulated to play a role. The additional peak introduced by
pentacene decoration has a peak height of 2875 counts/s,
and F7; and FEss resonance energies at 0.938 eV and
1.591 eV, respectively. Both resonance energies are red-
shifted compared to the pristine peak (AF;; = 16 meV,
AFEy = 7 meV), and this peak is named as the “deco-
rated peak”. Weaker peaks corresponding to the 2u state
with excitation energies near 1.4 eV are also visible before
and after pentacene decoration, which will be discussed
later.

The total peak height of the two prominent peaks
is about 62% of the original peak height in the pris-
tine state, which could suggest efficient EEA and/or PL
quenching induced by the adsorbed pentacene molecules.
Nevertheless, the reduction in PL intensity is relatively
weak compared to other molecular types that can induce
charge transfer [60], which is advantageous for exciton
diffusion and efficient EEA because long exciton lifetimes
and high quantum efficiency can be preserved.

Since an additional emission peak appears after
pentacene decoration, separate PL images can be ob-
tained by integrating the PL intensities near emission
energies of 0.953 eV and 0.938 eV, respectively [Fig. d)
and (e)]. Based on the PL images, no significant strain
is introduced after pentacene decoration as the shape of
the CNT stays the same. The location of the decorated
pentacene particle is found to be near the bottom of the
CNT as shown in Fig. [2[e).

On another (9,7) CNT decorated with pentacene from
the same sample substrate, location-dependent PLE
spectroscopy is performed [Fig. [3(a)]. The PLE maps
are taken from spot 1 to spot 6 along the axis of the
CNT as marked by orange circles in the PL image in
Fig. b). This CNT is decorated with one pentacene
particle at the middle as shown in the PL image in
Fig. c). We note that PL imaging may not be able to
resolve multiple closely located pentacene particles since
the beam spot size is approximately 1 pm. In the PLE
map taken at spot 1, where the region is not decorated
by the pentacene particle, there is a single undecorated
peak with F1; and FEss resonance energies at 0.971 eV
and 1.583 eV, respectively. While at spot 4, where the
pentacene particle is decorated, two prominent peaks co-
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FIG. 3. Location-dependent PLE maps and signatures of exciton diffusion. (a) PLE maps taken at spots 1-6 as marked in
(b) along a (9,7) CNT decorated with pentacene. Inset contains the polarization-dependent integrated PL intensities of the
pristine peak (black dots), undecorated peak (blue dots) and decorated peak (red dots), respectively. Integrated PL images of
the (b) undecorated peak near 0.97 eV and (c) decorated peak near 0.95 eV. (d) PLE spectra from the PLE map taken at spot
5. The red curve corresponds to the decorated peak and the blue curve corresponds to the undecorated peak. (e) Energy level
diagram showing the exciton diffusion from the undecorated region to the decorated site.

exist in the PLE map: an undecorated peak with approx-
imately the same energies (0.970 eV and 1.581 eV) as the
peak observed at spot 1, and a decorated peak with red-
shifted E1; and Fss resonance energies at 0.953 eV and
1.575 eV, respectively. The redshift between the E7; res-
onance energies of the decorated and the undecorated
peak at spot 4 is 17 meV, which also corresponds to the
depth of the potential well created by pentacene, whereas
the redshift between the Fss resonance energies is 6 meV.
For a CNT under dielectric screening, the amount of red-
shift in both F1; and FEsy resonance energies should be
comparable [25] [61]. Hence, the relatively small redshift
in the E9y resonance energies of the pentacene-decorated
CNTs cannot be explained by the simple picture of di-
electric screening, and the diffusion of excitons should be
considered.

The effect of exciton diffusion manifests in the behav-
ior of the weaker 2u peaks. As shown in Fig. d), the
PLE spectra obtained from the PLE map of spot 5 at
emission energies corresponding to the undecorated and
decorated peaks are depicted as blue and red curves, re-
spectively. Contrary to typical CNTs under dielectric
screening [59, 61], two 2u peaks are present in the dec-
orated PLE spectrum: one 2u peak has a redshifted ex-
citation energy at 1.358 eV that is induced by dielectric
screening of pentacene; another 2u peak has an excitation
energy of 1.398 eV that is consistent with the excitation
energy 1.401 eV of the 2u peak in the undecorated PLE

spectrum. The coexistence of the two 2u peaks in the
decorated PLE spectrum is an indication of directional
exciton diffusion, and it can be explained by the energy
diagram in Fig. e). Excitons at the 2u state are gen-
erated in the undecorated and decorated regions simul-
taneously under laser excitation. The excitons from the
decorated site are at a lower 2u state due to dielectric
screening, and they subsequently relax to the lower Fqq
state to recombine radiatively. Meanwhile, the excitons
from the undecorated region are at a higher 2u state,
and they diffuse to the decorated site with a lower 2u
state followed by radiative recombination from the same
lower E1; state. This exciton diffusion process gives rise
to two 2u peaks with the same redshifted E; resonance
energy, but with a redshifted and an unshifted excita-
tion energy. Furthermore, because no extra 2u peaks are
observed in the undecorated PLE spectrum [Fig. [3(d)],
we conclude that the excitons predominantly diffuse from
the undecorated region to the decorated site. Likewise, in
the presence of directional exciton diffusion, one should
also expect two Foy resonance peaks in the decorated
PLE spectrum, however, only one redshifted peak is ob-
served as priorly mentioned. It has been reported that
the redshift of the E5; resonance is two to three times
smaller than that of the 2u peak in CNTs under dielec-
tric screening [72], and the less redshifted Eso resonance
of the decorated peak is thus speculated to be the super-
position of a Fys resonance with a redshifted energy more
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FIG. 4. Power-dependent and time-resolved PL properties.
(a) Excitation-power dependence of the PL intensities corre-
sponding to the pristine peak (black circles), decorated peak
(red circles) and undecorated peak (blue circles). The exci-
tation energy is 1.59 eV. (b) PL decay curves taken at the
pentacene-decorated site on the CNT using a bandpass fil-
ter. Top panel: undecorated peak at 0.97 eV. Bottom panel:
decorated peak at 0.95 eV. An excitation energy of 1.57 eV
and pulsed P = 50 nW are used. (c) Binned count-rate his-
togram taken with an excitation energy of 1.57 eV and pulsed
P =10 nW at the pentacene-decorated site using a bandpass
filter. The data are accumulated from measurements per-
formed for 33 h in an ambient condition.

than 10 meV smaller than 1.583 eV (undecorated peak)
due to dielectric screening and an unshifted Fss reso-
nance with an energy near 1.583 eV due to directional
exciton diffusion.

To understand the exciton dynamics in the
pentacene-decorated CNTs, we perform excitation-
power-dependent PL measurements at the particle [spot
4 in Fig. [B(b)] on the same CNT where the directional
exciton diffusion has been demonstrated. PL intensities
as a function of the excitation power for each emission
peak before and after pentacene decoration are shown
in Fig. a). The curves corresponding to the pristine
peak and the undecorated peak show a similar behavior
throughout the power range, but the curve for the
decorated peak deviates to a lower slope above 0.7 uyW.
It is known that the PL intensity and the excitation
power follow a linear relationship at low powers, and the
relationship becomes sublinear at high powers due to
EEA [26]. Hence, the early deviation of the decorated
peak intensity at lower powers is a signature of more
efficient EEA owning to higher density of excitons at the
decorated site than in the undecorated region.

PL decay curves corresponding to the undecorated and
decorated emission peaks are also measured at spot 4
by using a bandpass filter (Supplementary Fig. S3), and
the exciton lifetimes are extracted from the PL decay
curves by biexponential fitting convoluted with the IRF

[Fig. [4{b)]. Two decay components are obtained in each
PL decay curve: a fast component with a lifetime 7
associated with bright excitonic states that contribute
significantly to the emission intensity, and a slow com-
ponent with a lifetime 75 associated with dark excitonic
states [71], [73], [74]. The difference between 71 of the un-
decorated and decorated peaks is not clearly distinguish-
able, which could be due to the fact that exciton trapping
and detrapping occur faster than exciton recombination
[75]. Fast exciton trapping and detrapping are also ev-
idenced by the relatively bright decorated peak in the
PLE map [Fig. B[a)] considering the small diameter of
the pentacene particle (<100 nm) with respect to the
1 pm laser spot size. Supposedly, in a scenario where
excitons recombine earlier than they engage in the trap-
ping and detrapping process, the decorated peak inten-
sity should become much weaker since only a small num-
ber of excitons are excited at the nanoscale decorated
site.

Finally, photon-correlation measurements are con-
ducted at the decorated site on this CNT at ambient con-
dition with the decorated emission peak isolated by the
bandpass filter. The autocorrelation histogram is eval-
uated by subtracting the dark counts and binning each
peak, as shown in the binned count-rate histogram in
Fig. c). The zero-delay second-order intensity correla-
tion ¢(?)(0) is obtained by calculating the ratio between
the peak count at zero time delay and the average count
of the other peaks. For this pentacene-decorated CNT,
g (0) is 0.48 at P = 10 nW, indicating single-photon
emission at room temperature.

Quantitatively, the strength of exciton trapping by the
pentacene particle can be evaluated from the ratio be-
tween the trapping rate and the detrapping rate. As-
suming a single potential well is created by the pentacene
particle on this CNT, and excitons can occupy either the
decorated state or the undecorated state, the trapping
rate to detrapping rate ratio is then determined by the
Boltzmann factor as

ktrap AE

= eXp(m)v (2)

kdetrap

where AFE is the energy difference between the undeco-
rated state and the decorated state, kg is the Boltzmann
constant, and T is the temperature. Using AF = 17 meV
as obtained from the PLE map in Fig. [3[(a), the ratio
between the trapping rate and the detrapping rate at
room temperature is 1.9. This suggests that the potential
well created by pentacene can induce exciton trapping at
room temperature.

Furthermore, the validity of our calculation can be ver-
ified by using the steady-state rate equation for excitons
within the laser spot

. N
g+ kdetrapN - ? - ktrapN = 0; (3)

N*

g* + ktrapN — 7 - kdetrapj\/“k =0, (4)



where g (g*) is the generation rate of excitons in the
undecorated (decorated) state, N (N*) is the exciton
population in the undecorated (decorated) state, and 7
(7*) is the lifetime of excitons in the undecorated (deco-
rated) state. Under CW excitation, the generation rate
and the recombination rate are considered equal, and the
trapping and detrapping rates are sufficiently faster than
exciton recombination as we have found from the PL de-
cay curves. Hence, the terms containing g (¢*) and 7
(7*) can be considered negligible, and the ratio between
N* and N is simply expressed as

N~ — ktrap
N kdctrap

(5)

Experimentally, the exciton population ratio can be esti-
mated by comparing the emission peak areas of the deco-
rated peak and the undecorated peak. When we consider
the PLE map taken at spot 4 in Fig. a), the peak area
ratio I*/I = N*/N = 1.4. This value obtained from the
emission peak area ratio is in reasonable agreement with
the exciton population ratio 1.9 derived from the exciton
trapping rate and the detrapping rate in Eq. , indi-
cating that our trapping rate calculation is valid. The
difference between the two values is likely caused by a
lower emission quantum efficiency of the decorated peak
which is not considered in this model. By comparing
the two values, the decrease in the emission quantum ef-
ficiency due to pentacene decoration is estimated to be
26% in this CNT. Alternatively, discrepancy may also
occur if the actual trapping and detrapping rates are not
fast enough for g (¢*) and 1/7 (1/7*) to be negligible.

Additional time-resolved PL and photon-correlation
measurements are carried out on 8 more pentacene-
decorated CNTs, where separate sets of data are acquired
from the undecorated peak and the decorated peak (Sup-
plementary Table S1). No clear correlation can be found
between the exciton lifetimes calculated from the undec-
orated and decorated peaks, again suggesting that the
trapping and detrapping process is faster than exciton
recombination. Meanwhile, values of ¢(?)(0) obtained
at pulsed P = 20 nW from the undecorated peak and
decorated peak are also compared. Various factors are
known to have a potentially negative impact on the re-
sults, such as PL blinking, pentacene degradation over
time, shortened exciton diffusion length limited by the
thin molecular films in the undecorated region, as well
as defocusing and misalignment due to occasional sam-
ple drifting. Nevertheless, clear antibunching is observed
from both peaks, and 6 out of 8 CNTs exhibit a lower
g?(0) from the decorated peak with a minimum value
reaching 0.38. The average ¢(®(0) from the decorated
peak is also noticeably lower than that obtained from

pristine air-suspended CNTs under a similar condition
[5I]. Overall, it suggests that the decorated pentacene
particles are generally beneficial for stronger photon an-
tibunching in air-suspended CNTs.

In conclusion, we have demonstrated directional
exciton diffusion and room-temperature single-photon
emission from air-suspended CNTs decorated with
pentacene particles. Typical decorated pentacene par-
ticles have a diameter less than 100 nm, and the particle
size can be controlled by adjusting the deposition pa-
rameters during thermal evaporation. Pentacene decora-
tion is found to show a dependency on the CNT species,
where CNTs with chiral angles larger than 20° are more
likely to be decorated. CNTs are characterized by PL
spectroscopy, and the typical depth of the potential well
created by pentacene decoration is estimated to be less
than 20 meV. The location of the decorated particle can
be visualized in the PL image, and directional exciton
diffusion from the undecorated region to the decorated
site is demonstrated in the PLE map where an addi-
tional 2u peak with redshifted F;; resonance emerges.
Enhanced EEA induced by directional exciton diffusion
to the decorated site is confirmed in the representative
CNT by excitation-power-dependent PL spectra, and the
exciton trapping rate at the decorated site is estimated
to be higher than the detrapping rate at room temper-
ature. From photon-correlation measurements, single-
photon emission from excitons in the decorated site is ver-
ified. More CNTs are also found to show enhance photon
antibunching induced by pentacene decoration. To fur-
ther modify the energy landscape, local laser heating can
be adopted to pattern the distribution of the decorated
particles. Moreover, a molecular type that can introduce
deeper traps and cryogenic temperatures can be consid-
ered to give rise to an even lower g(?(0). Our results
indicate that noncovalent functionalization of CNTs us-
ing nanoscale molecular particles is a promising top-down
approach for energy landscape modification and quantum
emission at room temperature.
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