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ABSTRACT: Photoluminescent carbon nanotubes are expected to
become versatile 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
transfer 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 antibunching 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.
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Single-photon sources are a crucial component for quantum
information processing and quantum key distribution,1−5

and relentless research efforts have been made to pursue the
ideal material platform.6−22 In recent years, semiconducting
single-walled carbon nanotubes (CNTs) have emerged as
promising candidates for single-photon sources because of
their stable excitonic states at room temperature23,24 and
photoluminescence (PL) wavelengths in the telecommunica-
tion 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.26−32 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 nonradiative recombination predominantly
occurs at the quenching sites between the CNT and the
substrate.31,33

To enhance photon antibunching and generate single
photons from the excitons in CNTs, proper control of the
exciton diffusion is necessary. One commonly adopted
approach is the exciton localization. Free excitons in covalently
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, spontaneous localization of the
band-edge excitons due to environmental disorders or
unintentional molecular adsorption is also possible in undoped
CNTs at cryogenic temperatures, where signatures of quantum

correlation have been observed.41−50 Alternatively, exciton−
exciton annihilation (EEA) can be adopted to promote strong
photon antibunching.32,51 Single-photon emission at room
temperature induced by the diffusion-driven EEA among
spatially separated free excitons has been demonstrated 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 intentional
molecular adsorption. Because of the atomically thin nature
of CNTs, excitons in air-suspended CNTs are highly sensitive
to the dielectric environment, and adsorbed molecules can
cause a significant reduction in the excitonic energies.52−61

Meanwhile, the excellent optical properties of the CNTs can
be preserved because noncovalent functionalization is less
perturbative, and the molecular coverage can be effectively
controlled by different adsorption conditions or heating-
induced molecular desorption.53,54,57,60 To induce photon
antibunching, a local potential well with a reduced excitonic
energy can be created by adsorbing a nanoscale molecular
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particle 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,62−65 we

demonstrate directional exciton transfer 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 depend-
ent on the CNT chiral angle. PL imaging and PL excitation
(PLE) spectroscopy are performed on such CNTs, and
additional peaks with redshifted emission energies are
identified after pentacene decoration. Directional exciton
transfer from the undecorated region to the decorated site is
demonstrated by PLE spectroscopy on a representative CNT.
Excitation-power-dependent PL spectra measured from differ-
ent emission peaks reveal enhanced EEA at the decorated site,
and the exciton trapping rate is calculated to be higher than the
detrapping rate at room temperature. Single-photon emission
from the redshifted emission peak at the decorated site on the
representative CNT is also observed. Additional photon
correlation measurements performed on more CNTs indicate
that pentacene decoration is on average beneficial for stronger
photon antibunching.

■ RESULTS AND DISCUSSION

Air-suspended CNTs are synthesized on trenched Si/SiO2
substrates,26 and pentacene is deposited onto the CNTs by
thermal evaporation [Figure 1(a)]. After pentacene deposition,
amorphous pentacene particles with diameters of tens of

nanometers are decorated on the CNTs, as shown in Figure
1(b) and Supporting Figure S1. As the thickness of the
deposited pentacene film is monitored during the deposition
process, the approximate size of the particles can be
quantitatively controlled by adjusting the deposition duration.
In Figure 1(c), the decorated pentacene particle diameters
measured in the scanning-electron microscope (SEM) images
are plotted against the nominal thickness of the pentacene film
on the substrate. Their relation follows a cube root fit

d kt1/3= (1)

where the coefficient k = 30.7 nm2/3, d is the particle diameter,
and t is the nominal pentacene film thickness. We note that the
actual pentacene film thickness on the substrate is distributed
nonuniformly, and there is a discrepancy between the actual
film thickness and the nominal thickness (Supporting Figure
S2). Nevertheless, the cube root relation is reasonably
consistent.
The percentage of CNTs decorated with pentacene particles

is determined from about 400 individually suspended CNTs
(Supporting Information). As shown in Figure 1(d), pentacene
decoration shows a dependency on the CNT species; namely,
CNTs with chiral angles larger than 20° exhibit a greater
probability to be decorated. While the randomly distributed
defects on the CNTs such as amorphous carbon or other
contaminants may serve as nuleation sites for pentacene, we
speculate that the orientation of the pentacene molecule
relative to that of the CNT has a major influence on the
percentage of the pentacene-decorated CNTs. Density func-
tional theory calculations66 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 favorable for pentacene adsorption, while CNTs
with smaller chiral angles are less favorable due to the high
curvature along the direction of this configuration.
Before pentacene decoration, automated PL line scans are

performed throughout the trenches on the Si/SiO2 substrate to
locate bright CNTs, then selected CNTs are individually
characterized in sequence by polarization-dependent PL, PLE
spectroscopy, and PL imaging with a power P = 10 μW. A PLE
map obtained from a representative pristine CNT (Supporting
Information) is shown in Figure 2(a). This CNT shows bright
PL and a peak height of 11 680 counts/s, and we name this
peak the “pristine peak”. The E11 and E22 resonance energies
are 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
Figure 2(b), the PL intensities integrated 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 μm.
Pentacene with a nominal film thickness of 2.8 nm is then

deposited onto this sample after the initial PL characterization.
Polarization-dependent PL intensity plots [insets of Figure
2(a) and (c)] are compared before and after 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 Figure 2(c), two prominent emission
peaks are present. One peak has a peak height of 4416 counts/
s, and E11 and E22 resonance energies at 0.953 and 1.596 eV,
respectively. Since its resonance energies agree with that of the
pristine peak, this peak should correspond to the excitons in

Figure 1. (a) Schematic showing pentacene adsorption onto an air-
suspended CNT on a trenched Si/SiO2 substrate. (b) SEM image of
air-suspended CNTs 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.
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the undecorated region on the CNT and is termed the
“undecorated peak”. The slight redshifts compared to the
pristine peak can be caused by fitting errors, while the thin
molecular films adsorbed on the undecorated region

(Supporting Figure S1) are also speculated to play a role.
The additional peak introduced by pentacene decoration has a
peak height of 2875 counts/s, and E11 and E22 resonance
energies at 0.938 and 1.591 eV, respectively. Both resonance
energies are redshifted compared to the pristine peak (ΔE11 =
16 meV, ΔE22 = 7 meV), and this peak is named the
“decorated 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 pristine 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 transfer 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 obtained by integrating
the PL intensities near emission energies of 0.953 and 0.938
eV, respectively [Figure 2(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 Figure 2(e).
On another (9,7) CNT decorated with pentacene from the

same sample substrate, location-dependent PLE spectroscopy
is performed [Figure 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 Figure 3(b). This CNT is decorated
with one pentacene particle at the middle as shown in the PL
image in Figure 3(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 μm. In the PLE
map taken at spot 1, where the region is not decorated by the

Figure 2. (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. (c) PLE map of the same CNT after
pentacene decoration. 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
undecorated peak near 0.95 eV and (e) decorated peak near 0.94
eV, respectively.

Figure 3. (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) Amplitude plot of the PLE spectra
obtained by double Lorentzian fitting of 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 transfer from the undecorated region to the decorated site.
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pentacene particle, there is a single undecorated peak with E11
and E22 resonance energies at 0.971 and 1.583 eV, respectively.
While at spot 4, where the pentacene particle is decorated, two
prominent peaks coexist in the PLE map: an undecorated peak
with approximately the same energies (0.970 and 1.581 eV) as
the peak observed at spot 1 and a decorated peak with
redshifted E11 and E22 resonance energies at 0.953 and 1.575
eV, respectively. The redshift between the E11 resonance
energies of the decorated and undecorated peaks at spot 4 is 17
meV, which also corresponds to the depth of the potential well
created by pentacene, whereas the redshift between the E22
resonance energies is 6 meV. For a CNT under dielectric
screening, the amount of redshift in both E11 and E22 resonance
energies should be comparable.25,61 Hence, the relatively small
redshift in the E22 resonance energies of the pentacene-
decorated CNTs cannot be explained by the simple picture of
dielectric screening, and the transfer of excitons should be
considered.
The effect of exciton transfer manifests in the behavior of the

weaker 2u peaks. As shown in Figure 3(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, respectively. Contrary to
typical CNTs under dielectric screening,59,61 two 2u peaks are
present in the decorated PLE spectrum: one 2u peak has a
redshifted excitation 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
transfer, and it can be explained by the energy diagram in
Figure 3(e). Excitons at the 2u state are generated in the
undecorated and decorated regions simultaneously 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 E11 state to recombine radiatively.
Meanwhile, the excitons from the undecorated region are at
a higher 2u state, and they transfer to the decorated site with a
lower 2u state followed by radiative recombination from the
same lower E11 state. This exciton transfer process gives rise to
two 2u peaks with the same redshifted E11 resonance energy,
but with a redshifted and an unshifted excitation energy.
Furthermore, because no extra 2u peaks are observed in the
undecorated PLE spectrum [Figure 3(d)], we conclude that
the excitons predominantly transfer from the undecorated
region to the decorated site. Likewise, in the presence of
directional exciton transfer, one should also expect two E22
resonance peaks in the decorated PLE spectrum; however, only
one redshifted peak is observed as previously mentioned. It has
been reported that the redshift of the E22 resonance is two to
three times smaller than that of the 2u peak in CNTs under
dielectric screening,67 and the less redshifted E22 resonance of
the decorated peak is thus speculated to be the superposition
of a E22 resonance with a redshifted energy more than 10 meV
smaller than 1.583 eV (undecorated peak) due to dielectric
screening (Supporting Figure S3) and an unshifted E22
resonance with an energy near 1.583 eV due to directional
exciton transfer.
To understand the exciton dynamics in the pentacene-

decorated CNTs, we perform excitation-power-dependent PL
measurements at the particle [spot 4 in Figure 3(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 Figure 4(a). The curves correspond-
ing 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 μW. It
is known that the PL intensity and the excitation power follow
a linear relationship at low power, 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 (Supporting Figure S4), and the exciton
lifetimes are extracted from the PL decay curves by
biexponential fitting convoluted with the instrument response
function (IRF) [Figure 4(b)]. Two decay components are
obtained in each PL decay curve: a fast component with a
lifetime τ1 associated with bright excitonic states that
contribute significantly to the emission intensity, and a slow
component with a lifetime τ2 associated with dark excitonic
states.68−70 The difference between τ1 of the undecorated and
decorated peaks is not clearly distinguishable, which could be
due to the fact that exciton trapping and detrapping occur
faster than exciton recombination.71 Fast exciton trapping and
detrapping are also evidenced by the relatively bright decorated
peak in the PLE map [Figure 3(a)] considering the small
diameter of the pentacene particle (<100 nm) with respect to
the 1 μm laser spot size. Supposedly, in a scenario where
excitons recombine earlier than they engage in the trapping
and detrapping process, the decorated peak intensity should

Figure 4. (a) Excitation power dependence of the PL intensities
corresponding to the pristine peak (black circles), decorated peak
(red circles), and undecorated peak (blue circles). The excitation
energy is 1.59 eV. (b) PL decay curves (blue or red circles) taken at
the pentacene-decorated site on the CNT using a bandpass filter. Top
panel: undecorated peak at 0.97 eV. Bottom panel: decorated peak at
0.95 eV. The black curves are the biexponential fit, and the grey
curves are the IRF. An excitation energy of 1.57 eV and pulsed P = 50
nW are used. (c) Binned count-rate histogram 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 in (c) are accumulated
from measurements performed for 33 h in an ambient condition.
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become much weaker, since only a small number of excitons
are excited at the nanoscale decorated site.
Finally, photon correlation measurements are conducted at

the decorated site on this CNT in an ambient condition with
the decorated emission peak isolated by the bandpass filter.
The autocorrelation histogram is evaluated by subtracting the
dark counts and binning each peak, as shown in the binned
count-rate histogram in Figure 4(c). The zero-delay second-
order intensity correlation g(2)(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(2)(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 between the
trapping rate and the detrapping rate. Assuming 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

k

k
E

k T
exptrap

detrap B

i
k
jjjjj

y
{
zzzzz= Δ

(2)

where ΔE is the energy difference between the undecorated
state and the decorated state, kB is the Boltzmann constant,
and T is the temperature. Using ΔE = 17 meV as obtained
from the PLE map in Figure 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 verified

by using the steady-state rate equation for excitons within the
laser spot

g k N
N

k N 0detrap trap*
τ

+ − − =
(3)

g k N
N

k N 0trap detrap* *
τ*

*+ − − =
(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 τ (τ*)
is the lifetime of excitons in the undecorated (decorated) state.
Under continuous-wave (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 decay
curves. Hence, the terms containing g (g*) and τ (τ*) can be
considered negligible, and the ratio between N* and N is
simply expressed as

N
N

k

k
trap

detrap

* =
(5)

Experimentally, the exciton population ratio can be estimated
by comparing the emission peak areas of the decorated peak
and the undecorated peak. When we consider the PLE map
taken at spot 4 in Figure 3(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 2, indicating 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 efficiency 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 (g*) and 1/τ (1/
τ*) 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 (Supporting Table
S1). No clear correlation can be found between the exciton
lifetimes calculated from the undecorated and decorated peaks,
again suggesting that the trapping and detrapping process is
faster than exciton recombination. Meanwhile, values of g(2)(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 results, 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 sample drifting. Nevertheless, clear
antibunching is observed from both peaks, and 6 out of 8
CNTs exhibit a lower g(2)(0) from the decorated peak with a
minimum value reaching 0.38. The average g(2)(0) from the
decorated peak is also noticeably lower than that obtained
from pristine air-suspended CNTs under a similar condition.51

Moreover, after pentacene is removed by annealing, most of
the values of g(2)(0) become greater than that from the
decorated peak (Supporting Table S2), suggesting that the
enhanced antibunching is indeed induced by the decorated
pentacene particles. Overall, the decorated pentacene particles
are generally beneficial for stronger photon antibunching in air-
suspended CNTs.

■ CONCLUSIONS
In conclusion, we have demonstrated directional exciton
transfer and room-temperature single-photon emission from
air-suspended CNTs decorated with pentacene particles.
Typical decorated pentacene particles have a diameter less
than 100 nm, and the particle size can be controlled by
adjusting the deposition parameters during thermal evapo-
ration. Pentacene decoration 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
transfer from the undecorated region to the decorated site is
demonstrated in the PLE map where an additional 2u peak
with redshifted E11 resonance emerges. Enhanced EEA induced
by directional exciton transfer 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 temperature. From photon correlation measure-
ments, single-photon emission from the excitons in the
decorated site is verified. More CNTs are also found to
show enhance photon antibunching induced by pentacene
decoration. To further modify the energy landscape, local laser
heating can be adopted to pattern the distribution of the
decorated particles. Moreover, a molecular type that can
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introduce deeper traps and cryogenic temperatures can be
considered to give rise to an even lower g(2)(0). Our results
indicate that noncovalent functionalization of CNTs using
nanoscale molecular particles is a promising top-down
approach for energy landscape modification and quantum
emission at room temperature.

■ METHODS

Air-Suspended Carbon Nanotubes. Trenched Si/SiO2
substrates are prepared before the synthesis of CNTs.
Alignment markers along with trenches with a length of 900
μm and widths from 0.5 to 4 μm on Si substrates are patterned
by electron-beam lithography followed by dry etching. A SiO2
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 air-suspended CNTs on such
substrates, catalyst solution of iron acetylacetonate and
fumed silica in ethanol is spin-coated onto the catalyst regions
on the trenched Si/SiO2 substrates followed by lift-off. CNTs
are then grown across the trenches via alcohol chemical vapor
deposition at 800 °C for 1 min.26,72

Pentacene Deposition. Substrates grown with air-
suspended CNTs are loaded into a thermal evaporator
chamber with a pressure on the order of 10−2 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 Å/s. Thickness
of the deposited pentacene film on the substrates is monitored
by a quartz crystal sensor during deposition.
Photoluminescence Spectroscopy. Before and after

pentacene deposition, PL measurements are performed on
the same air-suspended CNTs in a home-built confocal
microscopy system.26,51,61,70,73−75 A wavelength-tunable Ti:-
sapphire laser with a CW output is used. 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 numerical aperture of 0.8 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.
Time-Resolved Measurements. For time-resolved PL

and photon correlation measurements, a laser output of
approximately 100 fs pulses and a repetition rate of 76 MHz is
used. The excitation laser beam is focused onto the sample by
an objective lens with a numerical aperture of 0.85 and a focal
length of 1.8 mm. The data are collected by a fiber-coupled
superconducting single-photon detector and a time-correlated
single-photon counting module. Detection-wavelength-de-
pendent IRFs are obtained by supercontinuum white light
pulses dispersed by a spectrometer. 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.
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