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Statistics of photons emitted by mobile excitons in individual carbon nanotubes are investigated.
Photoluminescence spectroscopy is used to identify the chiralities and suspended lengths of air-suspended
nanotubes, and photon-correlation measurements are performed at room temperature on telecommunication-wavelength nanotube emission with a Hanbury-Brown-Twiss setup. We obtain zero-delay secondorder correlation gð2Þ ð0Þ less than 0.5, indicating single-photon generation. Excitation power dependence of
the photon antibunching characteristics is examined for nanotubes with various chiralities and suspended
lengths, where we find that the minimum value of gð2Þ ð0Þ is obtained at the lowest power. The influence of
exciton diffusion and end quenching is studied by Monte Carlo simulations, and we derive an analytical
expression for the minimum value of gð2Þ ð0Þ. Our results indicate that mobile excitons in micrometer-long
nanotubes can in principle produce high-purity single photons, leading to new design strategies for
quantum photon sources.
DOI: 10.1103/PhysRevApplied.8.054039

I. INTRODUCTION
Single-photon emitters are a fundamental element for
many quantum information processing and communication
technologies [1], and the quest for ideal single-photon
sources has continued since the initial report of photon
antibunching in individual atoms [2]. An extensive range of
systems has been investigated, including ions [3], molecules [4,5], and nanocrystals [6,7]. In particular, color
centers in diamond and SiC offer room-temperature singlephoton emission since their electronic states have sufficient
separation from the valence and conduction bands [8,9].
Unfortunately, the emission wavelengths of these color
centers are in the visible range where attenuation through
optical fibers is large. In comparison, semiconductor
quantum dots can be designed to generate single photons
in the telecommunication band [10], and long-distance
quantum key distribution experiments have been demonstrated [11]. The operation of these quantum dots, however,
is limited to cryogenic temperatures. Recent exploration of
single-photon emission capability has expanded to other
materials such as atomically thin materials [12,13] and
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perovskites [14], but it is still difficult to simultaneously
achieve both room-temperature operation and telecommunication-wavelength emission.
In this regard, carbon nanotubes have a potential for
becoming an ideal single-photon source, as their excitonic
states are stable even at room temperature [15,16] and their
emission wavelengths cover a broad spectrum including the
telecommunication wavelength [17,18]. Localized excitons
at low temperatures exhibit single-photon emission [19],
whereas air-suspended nanotubes show narrower linewidth
and more stable emission [20]. Optical cavity configurations can be utilized to achieve enhancement of the
emission rate [21] and tunability of the operation wavelength [22], while antibunching has been observed from an
electrically driven nanotube emitter integrated into a
photonic circuit [23]. In recent years, room-temperature
operation has been demonstrated by taking advantage of
exciton trapping sites in doped nanotubes [24,25] and airsuspended nanotubes [26].
All of these efforts, although spanning various classes of
materials, are similar in the sense that they utilize individual
localized states. In contrast, if mobile excitons can be used
for single-photon generation, it may lead to an alternative
class of devices with qualitatively different designs and
functionalities. Without the necessity for confinement
potentials, there would no longer be the need to localize
the states using cryogenic environment. If the emitter
material hosting the mobile excitons are micrometer scale,
integration into electronic devices or photonic structures
would become straightforward. It may also become
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possible to employ far-field optical techniques to perform
spatiotemporal manipulation of photon emission.
One possible approach to creating single photons from
mobile excitons is to utilize efficient exciton-exciton
annihilation (EEA) in carbon nanotubes. In this relaxation
mechanism, an exciton can recombine nonradiatively by
giving its energy to another exciton via an Auger-like
process [27,28]. It is known that EEA occurs very
effectively in nanotubes due to the uniqueness of onedimensional diffusion, where excitons traverse in a compact manner [18,29]. When multiple excitons exist, EEA
causes rapid recombination until there is only one exciton
remaining. As EEA does not occur for a single exciton,
the last surviving exciton can recombine to emit a single
photon. It is not intuitively obvious whether such an
emission mechanism allows for high-performance singlephoton generation, but limitations on the attainable degree
of antibunching have been suggested [30].
Here, we investigate photon statistics in micrometerscale air-suspended carbon nanotubes, and perform theoretical analysis to show that diffusion-driven annihilation of
mobile excitons can produce high-purity single photons.
Clean, as-grown nanotubes are characterized by photoluminescence (PL) spectroscopy, and photon-correlation
measurements are done on telecommunication-wavelength
nanotube emission at room temperature. The normalized
second-order correlation function gð2Þ ðτÞ exhibits clear
photon antibunching, where the coincidence is reduced
at a delay time τ ¼ 0. From the excitation power dependence, we find that smaller gð2Þ ð0Þ is obtained at lower
powers. The values of gð2Þ ð0Þ seem to be different for
nanotubes with different chiralities and suspended lengths,
and Monte Carlo simulations are performed to elucidate the
effects of exciton diffusion length and nanotube length. An
analytical expression for the minimum value of gð2Þ ð0Þ is
derived, which shows that single-photon emission performance can be improved considerably.
II. PHOTOLUMINESCENCE SPECTROSCOPY
AND PHOTON-CORRELATION
MEASUREMENTS
Our air-suspended carbon nanotubes are grown over
trenches on bare Si substrates [18]. We perform electronbeam lithography and dry etching to form trenches with
widths ranging from 0.2 to 6.8 μm. Another electron-beam
lithography step defines catalyst areas near the trenches,
and Fe=silica dissolved in ethanol is spin coated and lifted
off. Single-walled carbon nanotubes are synthesized by
alcohol chemical vapor deposition at 800 °C with a growth
time of 1 min.
PL measurements are performed with a homebuilt
sample-scanning confocal microscopy system [18]. We
use a wavelength-tunable Ti:sapphire laser where the
output can be switched between continuous-wave (CW)
and ∼100-fs pulses with a repetition rate of 76 MHz. An
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FIG. 1. (a) and (b) Reflectivity and PL images, respectively. An
excitation power of 2 μW and an excitation wavelength of
875 nm are used, and the PL image is extracted at an emission
wavelength of 1518 nm. The scale bars are 1 μm. (c) A PL
excitation map taken with an excitation power of 1 μW.
(d) Polarization dependence of PL intensity. The line is a fit
[33]. (e) Excitation power dependence of PL intensity under CW
(blue circles) and pulsed excitation (red squares). (f) An autocorrelation histogram taken at an excitation power of 15 nW.

excitation laser beam with power P is focused onto the
sample by an objective lens with a numerical aperture of
0.85 and a focal length of 1.8 mm, resulting in a 1=e2
diameter of ∼1 μm. PL and the reflected beam are collected
by the same objective lens and separated by a dichroic filter.
A Si photodiode detects the reflected beam for imaging,
while a translating mirror is used to switch between PL
spectroscopy and correlation measurements. PL spectra are
measured with an (In,Ga)As photodiode array attached to a
spectrometer, and photon-correlation measurements are
performed using a Hanbury-Brown-Twiss (HBT) setup
with a 50∶50 beam splitter and fiber-coupled (In,Ga)As
single-photon detectors. All measurements are performed
at room temperature in dry air.
For characterizing the air-suspended nanotubes, we perform PL spectroscopy measurements under CW excitation
[18]. Line scans along the trenches are used to locate the
suspended nanotubes, and we take reflectivity and PL images
to confirm that it is fully suspended [Figs. 1(a) and 1(b)].
The PL image shows a smooth spatial profile, indicating that
the suspended nanotube is defect free and does not contain
any quenching sites or trapping sites [31,32]. Next, we
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perform PL excitation spectroscopy to identify the chirality
ðn; mÞ and to confirm that the nanotube is not bundled
[Fig. 1(c)]. We find that the chirality of this nanotube is (10,9)
with E11 and E22 resonances at 1518 and 877 nm, respectively. Polarization dependence of PL intensity is then
measured to determine the angle of the nanotube
[Fig. 1(d)], and the suspended length L ¼ 2.58 μm is
obtained using the angle and the trench width [33]. After
setting the excitation resonant to E22 and the laser polarization parallel to the tube axis, we take 50 PL spectra
repeatedly to check that the nanotube does not show
intermittency or spectral diffusion. Figure 1(e) shows the
excitation power dependence, and it is confirmed that
pﬃﬃﬃﬃthe
PL intensity under CW excitation is proportional to 3 P at
high powers [18]. We have also measured the power
dependence under pulsed excitation, where PL saturation
results from more-efficient EEA [34,35].
Photon antibunching characteristics of the nanotubes are
investigated by correlation measurements under pulsed
excitation using the HBT setup. Because of the low efficiency
of the single-photon detectors, we need data accumulation
times of up to 50 h to obtain an autocorrelation histogram.
Defocusing and misalignment of the excitation beam spot
due to sample drift is avoided by tracking the nanotube
position using three-axis sample scans performed every hour.
Figure 1(f) is an autocorrelation histogram collected from the
same nanotube presented in Figs. 1(a)–1(e), clearly showing
photon antibunching. The autocorrelation counts are collected within a time window from −90 to 90 ns, where 13
peaks are included in total.
We evaluate photon antibunching from the autocorrelation histograms by subtracting the dark counts and binning
each peak. Figure 2 shows the binned count-rate histograms
of the (10,9) nanotube taken at various P, and we find that
antibunching is clearer at lower P. We compute gð2Þ ð0Þ by
taking the ratio of the peak count at τ ¼ 0 to the average of
the other peak counts, and obtain gð2Þ ð0Þ ¼ 0.27  0.12,
0.62  0.07, and 0.84  0.04 at P ¼ 10, 20, and 100 nW,
respectively. Although we select nanotubes with very stable
emission, the value of gð2Þ ð0Þ could be underestimated by
bunching effects due to blinking or spectral diffusion.
Similar measurements are also performed on a (10,8)
tube as well as two (9,7) tubes with different lengths, and
the evaluated gð2Þ ð0Þ is plotted as a function of P in Fig. 3.
We find that gð2Þ ð0Þ decreases for lower excitation powers
for all the nanotubes, although extrapolation down to P ¼ 0
does not seem to reach gð2Þ ð0Þ ¼ 0 except for the (10,9)
nanotube. This minimum value
gmin ¼ lim gð2Þ ð0Þ
P→0
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FIG. 2. Binned count-rate histograms taken with excitation
powers of (a) 10 nW, (b) 20 nW, and (c) 100 nW. The binning
width is 10 pixels, which corresponds to 2.0 ns. The error bars
indicate the standard error of the mean.
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FIG. 3. Excitation power dependence of gð2Þ ð0Þ for four different nanotubes. (a) (10,9) nanotube with L ¼ 2.58 μm and
emission wavelength of 1518 nm. (b) (10,8) nanotube with L ¼
2.95 μm and emission wavelength of 1426 nm. (c) (9,7) nanotube
with L ¼ 2.10 μm and emission wavelength of 1291 nm.
(d) (9,7) nanotube with L ¼ 4.50 μm and emission wavelength
of 1290 nm. The error bars show the standard error of the mean.

gmax ¼ lim gð2Þ ð0Þ:

ð1Þ

is less than 0.5 for all the tubes, indicating single-photon
emission. At high powers, gð2Þ ð0Þ saturates at a value
smaller than 1, which we define as
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P→∞

ð2Þ

In the data shown in Fig. 3, the values of gmin and gmax seem
to be different among the nanotubes, suggesting that the
single-photon generation process is influenced by the
chirality and the suspended length.
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III. MONTE CARLO SIMULATIONS
OF SINGLE-PHOTON GENERATION
BY MOBILE EXCITONS
In order to understand the power dependence as well
as the differences between the four tubes, we conduct
Monte Carlo simulations of diffusion-driven single-photon
generation. We use the same method as in Ref. [18], and
modify the excitation process. The excitons generated by
the laser pulse obey the Poisson distribution
pg ðng Þ ¼

N g ng
expð−N g Þ;
ng !

ð3Þ

where ng is the number of excitons and N g ¼ hng i is the
average. After letting all excitons decay, we record the
number of excitons that go through the intrinsic decay
process as nint , and by repeating the simulation trials,
gð2Þ ð0Þ ¼

V int − N int
þ1
N int 2

ð4Þ

is obtained where N int ¼ hnint i and V int ¼ hnint 2 i − hnint i2
are the average and variance of nint , respectively. The
excitation power in the experiments would be proportional
to N g , while PL intensity corresponds to N int . We note that
gð2Þ ð0Þ evaluated from simulations can be directly compared to the experimental values, although the detected
photon counts are affected by radiative quantum efficiency
of excitons, photon collection efficiency in the optical
system, and detection efficiency of the single-photon
detectors [36].

(a)

We perform the simulations for low (N g ¼ 1) and high
(N g ¼ 5) generation rates, and the probability distributions
of exciton numbers are shown in Figs. 4(a) and 4(b),
respectively. To perform a qualitative analysis, here we use
typical experimental values of exciton diffusion length l ¼
1 μm and excitation laser 1=e2 radius r ¼ 0.5 μm as well
as L ¼ 2 μm. ng follows the Poisson distribution as
implemented, while nint takes smaller values because of
efficient EEA. In the case of a low generation rate
[Fig. 4(a)], only a single intrinsic decay event occurs for
most of the trials, and gð2Þ ð0Þ is as small as 0.33. For a
higher generation rate [Fig. 4(b)], the fraction of nint ≥ 2
increases and thus gð2Þ ð0Þ becomes larger. It is worth
mentioning that antibunching and the sub-Poissonian distribution of nint are a direct consequence of EEA, and
gð2Þ ð0Þ ¼ 1 would result if EEA is absent. These simulation
results indicate that EEA of mobile excitons in micrometerlong tubes is efficient enough to cause antibunching.
The N g dependence is investigated in more detail by
performing the simulations with various l and L. In Figs. 4(c)
and 4(d), N int is plotted as a function of N g , showing
saturation at high N g as we experimentally observed in
the excitation power dependence of PL intensity under
pulsed excitation [Fig. 1(e)]. The N g dependence of
gð2Þ ð0Þ obtained from the same simulations is plotted in
Figs. 4(e) and 4(f), where gð2Þ ð0Þ is smallest at the lowest N g
and saturates at high N g . This behavior is also in agreement
with our experimental results (Fig. 3), showing that the
simulations can reproduce the experimental power dependence of PL intensity and gð2Þ ð0Þ simultaneously.
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FIG. 4. (a) and (b) Probability distributions obtained from simulations at N g ¼ 1 and N g ¼ 5, respectively. Blue striped bars indicate
ng , and red filled bars represent nint . (c) and (e) N g dependence of N int and gð2Þ ð0Þ, respectively, with r ¼ 0.5 μm and L ¼ 2 μm.
l ¼ 0.5 μm (green triangles), l ¼ 1 μm (black circles), and l ¼ 2 μm (blue squares) are used. (d) and (f) N g dependence of N int and
gð2Þ ð0Þ, respectively, with l ¼ 1 μm and r ¼ 0.5 μm. L ¼ 1 μm (magenta triangles), L ¼ 2 μm (black circles), and L ¼ 4 μm (red
squares) are used. (g) and (h) gmin and gmax , respectively, obtained from simulations and calculation. Simulations are performed with
infinitely long L (black squares), L=l ¼ 2 (red circles), L=l ¼ 1 (green triangles), and L=l ¼ 0.5 (blue diamonds). Gray solid lines are
obtained by Eq. (10) for (g) and Eq. (11) for (h).
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Next, we consider the influence of l and L. With longer l,
N int becomes lower because the decay rates of both EEA
and end quenching increase [Fig. 4(c)]. gð2Þ ð0Þ also
decreases slightly for longer l [Fig. 4(e)], suggesting that
the contribution of EEA is larger than end quenching.
Among the four nanotubes shown in Fig. 3, (10,9) nanotubes have l > 3 μm, much longer compared to l ¼
1.13 μm for (9,7) and l ¼ 0.47 μm for (10,8) nanotubes
[18], and indeed the (10,9) nanotube exhibits the lowest
gmin . In comparison, the effects of L can be more beneficial
for single-photon generation. In the case of longer L, higher
N int and lower gð2Þ ð0Þ are obtained at the same time
[Figs. 4(d) and 4(f)]. This is because the influence of
end quenching decreases as L increases, and then the
fraction of excitons that are involved in EEA increases.
By comparing the two (9,7) nanotubes with different L
[Figs. 3(c) and 3(d)], the longer one yields higher PL
intensity and lower gð2Þ ð0Þ at all excitation powers, which
agrees with our explanation. These observations suggest
that longer l and L would lead to even lower gmin.

l2



N0
jxj
nðxÞ ¼
exp −
l
2l

ð5Þ

where nðxÞ is the exciton density, x is the position on the
nanotube, D is the diffusivity, τ is the intrinsic lifetime, G0
is the exciton generation rate, and δðxÞ is the Dirac delta
function. In Eq. (5), diffusivity of 2D is used as mentioned
above, and a lifetime of τ=2 is used because either one of
the p
two
ﬃﬃﬃﬃﬃﬃ excitons can recombine. Using the relation
l ¼ Dτ, Eq. (5) can be written as

ð6Þ

ð7Þ

is obtained, where
R ∞ the total number of excitons in this
distribution is −∞ nðxÞdx ¼ N 0 . Next, we calculate the
amount of excitons that have diffused through the fixed
point x ¼ x0 > 0 at least once. The number
of excitons in
R
the region beyond the fixed point is x∞0 nðxÞdx, and these
excitons have obviously traveled farther than x ¼ x0 . Based
on the reflection principle [37], the same amount of
excitons should have diffused back to x < x0 after reaching
the fixed point. The total number of excitons that have ever
visited the fixed point is therefore given by
Z
N1 ¼ 2

In order to find ways to reduce gmin , we look for an
analytical expression of gmin in ideal situations where end
quenching is negligible. gmin is given by η2ex =η1ex [36],
where η2ex and η1ex are emission efficiencies for the cases
when the number of excitons decreases from 2 to 1, and
from 1 to 0, respectively. As emission from the two-exciton
state can only occur when one of the excitons goes through
radiative decay without any EEA, η2ex can be written as
η1ex SEEA using the average EEA survival probability SEEA,
and therefore gmin ¼ SEEA .
An expression for SEEA is obtained by using the first
passage approach. We start by deriving the EEA survival
probability SEEA ðx0 Þ for a pair of excitons with an initial
separation distance x0 . As relative diffusion of two excitons
is equivalent to the case where one is fixed and the other has
twice the diffusivity [37], SEEA ðx0 Þ is equal to the probability for intrinsic decay to occur without ever arriving at
the fixed point separated by x0. First, we consider the
exciton density distribution without the EEA process. A
steady-state one-dimensional diffusion equation with exciton generation at x ¼ 0 is given by [33]
d2 nðxÞ 2
− nðxÞ þ G0 δðxÞ ¼ 0;
τ
dx2

d2 nðxÞ
− nðxÞ þ N 0 δðxÞ ¼ 0;
dx2

where N 0 ¼ G0 τ=2 is a constant. By solving Eq. (6) with
the boundary conditions nð∞Þ ¼ 0,

IV. FIRST-PASSAGE APPROACH

2D
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∞
x0



x
nðxÞdx ¼ N 0 exp − 0 :
l

ð8Þ

Finally, by calculating the fraction of excitons that have not
passed the fixed point,


N0 − N1
x0
SEEA ðx0 Þ ¼
¼ 1 − exp −
N0
l

ð9Þ

is obtained.
We use this probability to compute SEEA . The initial
positions of the excitons are stochastically determined by
the Gaussian profile of the excitation laser, and the
probability
pﬃﬃﬃﬃﬃﬃﬃ distribution of x0 is given by pd ðx0 Þ ¼
ð2= πr2 Þ expð−x0 2 =r2 Þ, where the variance of x0 is
doubled from that of initial positions of the excitons.
Finally,
Z ∞
SEEA ¼
SEEA ðx0 Þpd ðx0 Þdx0
0
 
 2 
r
r
erfc
;
ð10Þ
¼ 1 − exp
2l
2l
pﬃﬃﬃ R
where erfcðxÞ ¼ 1 − ð2= π Þ 0x expð−y2 Þdy is the complimentary error function.
In Fig. 4(g), gmin ¼ SEEA calculated by Eq. (10) is shown
as a gray solid line, indicating that gmin can be lowered by
reducing r=l and that it can reach a value near zero. We also
obtain gmin from simulations by considering a situation
where N g → 0, and it is confirmed that Eq. (10) matches
the simulation results with an infinitely long L [black
squares in Fig. 4(g)]. This implies that high-purity singlephoton emission can in principle be obtained from mobile
excitons in long carbon nanotubes under appropriate
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conditions. Longer l should be beneficial for lowering gmin ,
and indeed we obtain gð2Þ ð0Þ as low as 0.27 using airsuspended nanotubes where l is in the micrometer range
[18,33]. In the case of surfactant coated nanotubes, where l
is typically ∼200 nm, EEA-driven antibunching is limited
at gmin ∼ 0.4 [30]. In addition, r can be made a few orders of
magnitude smaller by utilizing near-field techniques
[38,39], and therefore gmin ∼ 0 should be feasible. This
result is different from that suggested by a model in
Ref. [30], where the degree of antibunching remains
constant at gmin ≳ 0.4 even for small r=l.
In cases where L is finite, simulation results deviate from
Eq. (10) due to the influence of end quenching. In the
region of r < L, the efficiency of end quenching increases
as r increases, reducing EEA probability and increasing
gmin . Such an influence of end quenching is larger for
shorter L and longer l, and therefore gmin becomes large for
smaller L=l. It is interesting to note that longer nanotubes
are advantageous for producing single photons, whereas
conventional single-photon emitters are nanometer scale or
less. We may compare the simulation results in this region
to experimental data as r=l are within 0.2 to 1.1 while L=l
range from 0.9 to 6.3, assuming l ¼ 3 μm for the (10,9)
nanotube. The experimentally obtained minimum values of
gð2Þ ð0Þ for all four tubes are consistent with the simulation
results, falling within a reasonable range of 0.27 to 0.43.
Now considering the region of r > L, L limits the initial
distance between two excitons, resulting in the plateau
since the situation does not change for larger r. We believe
that the plateau of gmin at ∼0.4 corresponds to the limiting
value obtained under uniform excitation within the diffusion length [30].
Finally, we look into gmax by performing simulations
with N g ¼ 1000, where gð2Þ ð0Þ and N int are completely
saturated. When L=l is large enough for end quenching to
be negligible, gmax decreases as r=l decreases [black
squares in Fig. 4(h)]. This behavior can be qualitatively
explained by noting that
m−1
ð11Þ
m
for m independent emitters [40], where we use the saturated
N int as the number of emitters in the nanotube [gray line in
Fig. 4(h)]. This model suggests that gmax can also be
lowered by reducing r=l, which would allow for higher
single-photon emission rates. For finite L, effects of end
quenching come into play as in the case with gmin . Within
the region of r < L, end quenching becomes more efficient
as r increases, resulting in larger gmax. L also affects the
efficiency of end quenching within this region, and gmax
increases for smaller L=l. As r gets longer beyond L, the
number of independent emitters is limited by L, and
therefore gmax does not change for larger r. This picture
can explain why smaller L=l yields lower gmax, despite the
increase in end quenching.
gmax ¼

V. CONCLUSION
In conclusion, we demonstrate room-temperature singlephoton emission from micrometer-long air-suspended
carbon nanotubes, and we show that high-purity single
photons can be generated by mobile excitons in carbon
nanotubes. Photon antibunching is observed in correlation
measurements on individual nanotubes with suspended
lengths over 2 μm, where we find that gð2Þ ð0Þ decreases
as excitation power is lowered. We have measured photon
statistics on four nanotubes with different chiralities and
suspended lengths, while Monte Carlo simulations reveal
that the characteristics of gð2Þ ð0Þ can be explained by the
competition between EEA and end-quenching processes.
We derive an analytical expression for the minimum value
of gð2Þ ð0Þ attained at the low excitation power limit, which
indicates that the purity of single-photon emission can, in
principle, be improved toward gð2Þ ð0Þ ∼ 0 by reducing the
excitation spot size within a long nanotube. Such a
micrometer-scale platform for quantum light sources
allows integration into electronic devices [41] or photonic
structures [42], opening up a pathway to devices with
additional functionality and flexibility.
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