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Evidence for near-unity radiative quantum efficiency of bright excitons
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The efficiencies of photonic devices are primarily governed by radiative quantum efficiency, which is a
property given by the light-emitting material. Quantitative characterization for carbon nanotubes, however, has
been difficult despite being a prominent material for nanoscale photonics. Here we estimate the radiative quantum
efficiency of bright excitons in carbon nanotubes by modifying the exciton dynamics through cavity quantum
electrodynamical effects. Silicon photonic crystal nanobeam cavities are used to induce the Purcell effect on
individual carbon nanotubes. Spectral and temporal behavior of the cavity enhancement is characterized by
photoluminescence microscopy and the fraction of the radiative decay process is evaluated. We find that the
radiative quantum efficiency can reach near unity for bright excitons in long air-suspended carbon nanotubes at
room temperature.
DOI: 10.1103/PhysRevResearch.4.L022011

Radiative quantum efficiency is a fundamental physical
quantity that ultimately limits the efficiency of optoelectronic
devices. Type III-V direct gap semiconductors with radiative
quantum efficiencies close to 100% have played a central role
in the development of efficient light emitting diodes (LEDs)
that are now used ubiquitously [1]. Modern high-power diode
lasers see extensive use in industries including telecommunications [2], materials processing, and medical treatments [3],
but the performance needed for broad applications would have
not been possible without the high quantum efficiencies of
the gain materials. Organic semiconductors have likewise seen
commercial success in LED displays [4], but only after substantial improvement of their radiative quantum efficiencies
[5,6].
Carbon nanotubes (CNTs), also as a direct gap semiconductor, have demonstrated their potential as a key material
for nanoscale photonic devices. Electrically gated pn-junction
devices can be constructed from nanotubes with diameters
significantly smaller than the wavelength, where extremely
efficient photocurrent generation [7,8] and excitonic electroluminescence [9,10] have been demonstrated. Unique exciton
physics can be exploited to generate telecom-band single
photons at room temperature [11–13], and the compatibility
of nanotube emitters with silicon photonics [14–19] offers
opportunities in integrated quantum optics [20]. The device
performance is again limited by the radiative quantum effi-
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ciency, but the uncertainty of absorption cross section and
sensitivity to nanotube quality have made quantitative characterization difficult.
Here we experimentally estimate the radiative quantum
efficiencies of excitons in air-suspended CNTs. Quantum
electrodynamical effects in nanoscale photonic cavities are
used to selectively modify the radiative decay rate of excitons, allowing us to gain insight to the fractions of radiative
and nonradiative processes before the modification. Individual
CNTs are coupled to air-mode photonic crystal nanobeam
cavities, and photoluminescence (PL) measurements are performed to quantitatively evaluate the spectral and temporal
enhancements induced by the Purcell effect. We find that the
radiative quantum efficiency can reach near unity for bright
excitons in long air-suspended carbon nanotubes at room temperature. Statistically, 40% of nanotubes are found to exhibit
radiative quantum efficiencies larger than 70%.
Microcavities alter the decay dynamics of excitons through
a quantum electrodynamical phenomenon known as the Purcell effect [21]. In free space, the total exciton decay rate
can be written as γr + γnr where γr and γnr are the radiative
and nonradiative decay rates, respectively. When excitons are
coupled to a microcavity, the increased photon density of
states gives rise to an additional radiative decay rate F γr ,
where F is the Purcell factor [14–17,22,23]. Combined with
the unchanged free-space emission, the resulting total radiative decay rate within the microcavity is then given by
(1 + F )γr . The accelerated radiative recombination appears in
the spectral domain as an increased intensity in a spectrally
narrow region around the cavity resonance. If the radiative
quantum efficiency η = γr /(γr + γnr ) is low, the Purcell effect
also increases the radiative fraction of the recombination. The
acceleration is more directly observed in the time domain as
a shortening in the lifetime. The overall change in the decay
Published by the American Physical Society
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FIG. 1. (a) Schematic of the device. (b) Simulated spatial distribution of the y component of the electric field Ey for the fundamental
transverse-electric mode at z = 0.00 μm. The lattice constant a =
350 nm is used and the cavity center period is 1.18a. The beam
width is 600 nm and the holes are 140 nm by 400 nm. The Si layer
thickness of 260 nm is chosen to match the actual devices. The
scale bar is 1 μm. (c)–(e) Spatial profiles of the calculated Purcell
factor at x = 0.00 μm. Cross sections through the dashed lines at (c)
z = 0.38 μm and (d) y = 0.00 μm. Position-dependent Purcell factor
is calculated from F (r) = 4π3 2 VQ λ3 |Ey (r)|2 / max |Ey (r)|2 , where Q is
the emitter quality factor, V is the mode volume, and Ey (r) is the y
component of the electric field amplitude at position r. For (b)–(e),
The coordinate origin is taken to be the center of the cavity.

rate can be characterized by the acceleration factor defined as
the enhancement of the total decay rate by the Purcell effect
A=

(1 + F )γr + γnr
= 1 + F η.
γr + γnr

(1)

If F and A are known, Eq. (1) allows us to estimate η without making further assumptions. By performing spectral- and
time-domain measurements on excitons coupled to a microcavity, we independently evaluate the Purcell factor and the
acceleration factor.
As our primary interest is in the intrinsic properties of
excitons, we use as-grown air-suspended CNTs for the determination of the quantum efficiency. These tubes are known
to exhibit high PL yields, indicative of their pristine nature
[24]. To modify the radiative decay rates by the Purcell effect,
the air-suspended tubes are coupled to silicon photonic crystal
nanobeam cavities [14,17] as shown in Fig. 1(a). We utilize
air-mode cavities characterized by ultrasmall mode volumes

and large electric fields in the air holes, which allows for
high-efficiency coupling [14].
The cavities are designed by finite-difference time-domain
(FDTD) simulations [25]. We place 39 rectangular holes in
an air-bridge nanobeam structure (see Supplemental Material
Fig. S1 [26]), and the periodicity is increased at the cavity
center in a parabolic manner over 16 periods [14]. The mode
profile is presented in Fig. 1(b), where the large fields in the air
holes can be seen. The cavity has a resonant wavelength λ =
1460 nm and its quality factor and mode volume are calculated
to be 4 × 105 and 0.025 × λ3 , respectively.
Because CNTs suffer from strong quenching effect upon
contact with the substrate [27,28], we place spacer layers to
suspend the tubes a few hundred nanometers above the cavity.
The thickness of the spacers is critical in our device design
since the evanescent fields of the cavity mode decreases exponentially above the cavity [Figs. 1(c) to 1(e)]. Due to the
ultrasmall mode volume of the cavity, a Purcell factor of 5.8 is
still available even a few hundred nm above the cavity surface
[Fig. 1(d), dashed line].
Based on the simulation results, we choose a spacer layer
thickness of 250 nm to place CNTs at z = 380 nm for our
devices and fabricate the cavities from a silicon-on-insulator
wafer. The nanobeams are designed to be 800-nm wide and
the hole width is fixed at 500 nm, where we chose the parameters to correct for fabrication errors. The lattice constant a is
varied from 320 nm to 511 nm to cover a wide wavelength
range from 1100 to 1600 nm for coupling to a variety of nanotube chiralities and the hole length is scaled to be 0.4a. We
begin by defining cavities and alignment marks by electron
beam lithography, and the 260-nm-thick top Si layer is etched
by inductively coupled plasma etcher. Another electron beam
writing patterns the spacer regions, where Si is sputtered and
subsequently lifted off. The 1-μm-thick buried oxide layer
is then etched by hydrofluoric acid to form the air-bridge
structure. We perform a final electron beam writing to define
catalyst windows, and the completed chip is diced into 4-mm
square chips. We finally synthesize the nanotubes by alcohol
chemical vapor deposition [28]. A scanning electron micrograph of a device is shown in Fig. 2(a).
The devices are characterized with a home-built confocal
microscope system [17,28]. Samples are mounted on a motorized three-dimensional feedback stage, allowing us to perform
automated measurements over a large number of devices. A
wavelength-tunable Ti:sapphire laser is used as an excitation
source, and the beam is focused by an objective lens with
a numerical aperture of 0.85 and a focal length of 1.8 mm.
Emission is collected with the same objective lens and coupled to a grating spectrometer with a liquid-nitrogen-cooled
InGaAs photodiode array through a confocal pinhole corresponding to an aperture with 2.7-μm diameter at the sample
image plane. Laser reflection is simultaneously collected and
is monitored by a silicon photodiode to construct reflectivity
images. Continuous-wave excitation is used unless otherwise
noted and all measurements are performed at room temperature in a dry nitrogen environment.
As the chirality and the location of the nanotubes are randomly distributed, some effort is required to find tubes that
have good spatial and spectral overlap with the cavity modes.
To overcome the low yield of devices with optical coupling,
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FIG. 2. (a) Scanning electron micrograph of a fabricated device.
A CNT is suspended across the width of the trench near the center of
the image. The scale bar is 1 μm. (b) Typical PL spectrum of a device
showing optical coupling to the cavity. The dots are data and the gray
line is the bi-Lorentzian fit. The blue and red curves correspond to
the cavity and the CNT peak components, respectively. We interpret
the asymmetry of the peak shape as a dip caused by the interference
of the optics or the interference with the reflection from the bottom
of the nanobeam substrate. (c,d) PL images for the (c) cavity and
(d) CNT emission, obtained by mapping out the peak areas for each
peak. (e) Reflectivity image taken simultaneously with (c) and (d).
The scale bar in (c) is 1 μm and is shared between panels (c)–(e).
For (b)–(e), the excitation laser wavelength is 793 nm and the laser
polarization is parallel to the nanotube axis. (f) PL excitation map
for the same device, taken with the laser polarization perpendicular
to the nanobeam axis. Chirality is assigned to (9,8) using tabulated
data [28]. Inset: Excitation polarization dependence of PL at 1378 nm
with a spectral integration window of 5 nm. The dots are data and
the line is a fit by cosine squared. (b)–(f) are taken with an excitation
power of 20 μW.

which is typically less than 0.1%, more than 300 000 devices
in total are prepared. Automated scanning is performed to
efficiently collect PL spectra from a large number of devices,
constructing colormaps of PL intensity as a function of position and wavelength (see Supplemental Material Fig. S2
[26]). The signature of optical coupling is the spectrally narrow peak corresponding to the cavity mode. We perform
two-dimensional peak detection to extract such data and then
nonlinear curve fitting is used to determine the linewidths
for each peak. We select devices for detailed characterization
when the linewidth is below 5 nm, sufficiently narrower than
the typical linewidths of nanotubes.
Figure 2(b) shows a PL spectrum of a representative device, where a sharp peak corresponding to the cavity mode
can be seen on top of a broader peak from CNT emission into

free space. The cavity peak is centered at 1378.1 nm (0.90 eV)
and has a linewidth of 0.5 nm (0.3 meV), whereas the CNT
peak has a center wavelength of 1378.4 nm (0.90 eV) with
a linewidth of 14.1 nm (9.2 meV). The cavity linewidth is
limited by the spectrometer resolution and a separate measurement was performed to evaluate the actual value and the
quality factor (see Supplemental Material Fig. S3 [26]). The
cavity peak area Icav and the CNT peak area ICNT can be
extracted using bi-Lorentzian fitting and a two-dimensional
PL scan is performed to map out the spatial extent of the
two components [Figs. 2(c) and 2(d)]. A reflectivity image is
simultaneously taken and is shown in Fig. 2(e), which shows
the location of the cavity. The profile of the cavity emission
is predominantly localized at the center of the device, as
expected from the electric field distribution of the cavity mode
[Fig. 2(c)]. In comparison, the nanotube peak component extends beyond the width of the nanobeam, showing emission
from the full length of the suspended nanotube [Fig. 2(d)].
We further characterize the device to ensure that the tube is
individual and clean. A PL excitation map is used to identify
the chirality, whereas the angle of the nanotube is obtained
from polarization dependence of PL [Fig. 2(f)]. Devices
showing multiple peaks or temporal instabilities are eliminated from further measurements, as they indicate bundling
or contamination [29,30]. After such rigorous characterization, the number of devices that can be used for determining
the quantum efficiency is less than 20 out of the 300 000
devices.
The Purcell factor is extracted from the PL spectrum taken
at the center of the device [Fig. 2(b)], using the PL intensities
of the two peak components. Letting Ccav and CCNT be the
collection efficiencies of the cavity mode and the nanotube
emission, respectively,
F=

Icav /Ccav
.
ICNT /CCNT

(2)

The collection efficiencies therefore have a critical effect
on the value of F and are obtained using the radiation patterns
from FDTD simulations (see Supplemental Material Sec. S4
[26]). For Ccav , we place a resonant source at the cavity center
to compute the cavity radiation pattern [Fig. 3(a)]. Since the
cavity mode primarily consists of zone boundary waveguide
modes [Fig. 3(b)], coupling to leaky modes above the light
line is small [31]. Most of the light that leaks out is directed
at a low angle along the nanobeam, likely because most of the
coupling occurs near the light line. As a result, only a small
fraction of cavity photons fits within the numerical aperture
of the objective lens, giving Ccav = 0.15. We calculate the
nanotube radiation pattern in a similar manner, but the offresonant excitation source is placed at the node of the mode
profile and is spectrally detuned by 26 nm. In contrast to the
cavity radiation pattern, the nanotube radiation is reduced by
the photonic band gap at low angles, causing the emission to
be redirected upward and increasing the collection efficiency
to 40% [Fig. 3(c)]. In addition to the collection efficiency of
the objective lens, we also include a correction factor in CCNT
to take into account the emission from the length of the tube
beyond the width of the nanobeam. The additional factor is
given by the entire length of the tube normalized with respect
to the spatial width of the cavity mode. The entire tube length
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FIG. 3. (a) Calculated far-field radiation pattern of the fundamental cavity mode. (b) Schematic showing the photonic band
diagram of one-dimensional photonic crystal. The red colored region of the air band represents the zone-boundary waveguide mode.
(c) Calculated far-field radiation pattern of the uncoupled nanotube
emission. For (a) and (c), photon flux density is plotted as a function
of polar and azimuthal angles in spherical coordinates. The radial
axis represents the polar angle. The green circle represents the numerical aperture of the objective lens.

is calculated geometrically by the tube angle with respect to
the nanobeam axis [Fig. 2(f), inset], and the width of the cavity
mode is taken to be 540 nm. Combining both contributions,
we obtain CCNT = 1.6. This analysis results in Purcell factor
F = 0.84 ± 0.23 for this device, a reasonable value considering the lateral displacement of ∼0.6 μm [Figs. 2(c) to 2(e)]
from the cavity field maxima and the simulation in Figs. 1(c)
to 1(e).
In order to estimate the quantum efficiency, we now need to
evaluate the acceleration factor by performing time-resolved
PL measurements. The same PL microscopy setup is used
but the devices are excited with ∼100-fs laser pulses with a
repetition rate of 76 MHz and an average power of 100 nW.
After spectral rejection of the excitation laser, we couple the
emission to a single-mode optical fiber which limits detection
to a 1.8-μm diameter spot at the sample. A fiber-coupled
superconducting single-photon detector with a timing jitter
of 32 ps is used to detect the photons and the decay curves
are constructed by time-correlated single-photon counting.
Time-resolved PL data taken from the device shown in Fig. 2
is plotted as a blue curve in Fig. 4(a). We observe fast and
slow decay components with lifetimes τ f and τs , respectively
[32]. By comparing the decay curve to that of a nanotube in
free space having a similar length [red curve in Fig. 4(a)],
we already see that τ f corresponding to the bright exciton
lifetime is considerably shorter, while τs reflecting the dark
exciton dynamics is comparable. This is expected as the bright
exciton decay is accelerated by the Purcell effect, whereas the
dark excitons do not interact with photons and therefore their
lifetime would not be changed by the cavity. We note that the
contrasting behavior of bright and dark exciton lifetimes rules
out extrinsic quenching effects as the cause for bright exciton

FIG. 4. (a) Decay curves for the Purcell-enhanced nanotube
emission from the same device as in Fig. 2 (blue) and a 2.0-μm-long
(9,8) nanotube in free space (red). The gray curve is the instrument
response function. The excitation powers are 100 nW and 5 nW for
nanotubes in the cavity and in free space, respectively. (b), (c) Length
dependence of (b) τs and (c) τ f in free space. The red dots are data
and the lines are fits using the exciton diffusion model [32]. The blue
dashed line in (b) shows the dark exciton lifetime in the cavity, from
which we extract the effective nanotube length. The blue triangle
in (c) shows the Purcell-accelerated bright exciton lifetime. The
laser wavelength and polarization are adjusted to maximize the PL
intensity. Wavelength-dependent instrument response is obtained by
measuring broadband supercontinuum pulses through a spectrometer
with a spectral window of ∼1 nm.

lifetime shortening. Such effects including quenching caused
by contact with the substrate should shorten both bright and
dark exciton lifetimes, as in the case for end quenching
[32].
We fit the decay curve of the cavity-coupled emission
[Fig. 4(a), blue curve] to obtain τ f and τs . A biexponential
function convoluted with the instrument response function is
used to extract τ f = 34.8 ± 0.3 ps, and a single exponential fit
to the data in the time range beyond 10τ f yields τs = 586 ±
5 ps. The change in τ f for the nanotube coupled to the cavity
compared with a nanotube in free space is needed to obtain
the value of A, but care must be taken since τ f is dependent on
the nanotube length L [32]. We take advantage of the fact that
the dark exciton dynamics is unaffected by the cavity and use
the length dependence of τs obtained from the exciton diffusion model [32] to determine the nanotube length at which τ f
is compared.
Figures 4(b) and 4(c) show the length dependence of τs
and τ f , respectively, for air-suspended (9,8) nanotubes in
free space [32]. Both the bright and dark exciton lifetimes
increase with the nanotube length due to reduced end quenching in longer nanotubes. By looking up the nanotube length
for τs = 586 ps [Fig. 4(b), dashed line], L = 2.5 ± 0.1 μm
is obtained. The acceleration factor is then evaluated using the corresponding bright exciton lifetime in free space
[Fig. 4(c)] and we find A = 1.82 ± 0.09. The error for the
acceleration factor is computed from the 1σ confidence intervals of the fits and the standard deviation of the lifetime
data in free space. Having determined both F and A for this
device, the radiative quantm efficiency of bright excitons is
calculated to be 0.98 ± 0.29 using Eq. (1). We may have
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FIG. 5. The acceleration factor as a function of the Purcell factor.
The dots are data and the error bars show the 1σ confidence interval.
The blue line indicates η = 1 as given by Eq. (1). Chiralities of the
nanotubes in the measured devices are (9,7), (9,8), (10,8), and (11,6),
whose τ f are between 54.6 ps to 64.2 ps in free space. Since the
shortest τ f resolvable by the fitting process is approximately 13 ps,
the upper bound of the measurable acceleration factor ranges from
4.2 to 4.9. Inset is the histogram of the radiative quantum efficiences.

overestimated the confidence intervals as η > 1 would be unphysical, which points to the limits of the assumptions in our
model.
The high quantum efficiency is reproducibly observed in
a number of devices. We repeated the same measurements
in additional devices with varying Purcell factors, and the
results are summarized in Supplemental Material S5 [26]. The
acceleration factor is plotted as a function of the Purcell factor
in Fig. 5, where variations and errors in the measured quantum
efficiencies can be seen. The orange shaded area corresponds
to the region beyond the shortest resolvable lifetimes. Data
points closer to the top-left corner indicate higher quantum
efficiency and we observe that the blue line representing unity
quantum efficiency passes through a number of data points
within the error bars. The inset of Fig. 5 is the histogram of
the obtained radiative quantum efficiencies, and 6 out of 15
nanotubes exhibit η > 0.7. It is not surprising that there are
devices showing lower efficiencies since shorter nanotubes
have higher nonradiative decay rates (see Supplemental
Material Fig. S4 [26]). We may therefore interpret the highest
efficiencies observed as being the intrinsic property of the
bright excitons in CNTs. Even when considering the error
bars of the data points, it is fair to state that their quantum
efficiencies are near unity in free space.
The radiative quantum efficiency is directly related to the
PL yield, which is defined as a fraction of emitted photons
to absorbed photons. The PL yield is not necessarily equal
to the radiative quantum efficiency of the bright excitons, as
most of the absorbed photons end up in dark excitonic states.
There exist 16 exciton states since both the valence and the
conduction bands are four-fold degenerate, out of which only

one state is bright and all the other states are dark due to spin,
momentum, and parity selection rules [33–35]. The initial
population of all 16 states should be equal if free carriers
are generated as in the case of E22 excitation [36] and a PL
yield of 6.25% would result for unity quantum efficiency of
bright excitons if there are no further population redistribution. Experimentally, a similar value of ∼7% was reported for
air-suspended nanotubes at E22 excitation [24]. Conversion
of the dark excitons to the bright excitons [32] can further
increase the PL yields.
We note that air-suspended nanotubes exhibit higher PL
yields compared to solution-based nanotubes. There are
mainly two reasons for the difference [37]. First, the surfactant molecules can create charge traps that create quenching
sites. Second, solution-based tubes are often shorter than those
directly synthesized on substrates because of the sonication
process and the excitons are more susceptible to quenching
at the tube ends. The additional nonradiative decay processes
result in lower yields.
It should be possible to enhance the PL yield by choosing
excitation methods with higher initial population of bright excitons. Resonant excitation can be used to selectively populate
the bright states, and in principle unity PL yield would be
achieved. If the rejection of the excitation laser becomes an
experimental issue, an alternative is to utilize phonon sidebands [38] and E11 excited states [39]. By limiting excitation
into the spin singlet manifold, the PL yield is expected to
improve by a factor of 4. A more sophisticated scheme will
be needed for electrical excitation, such as spin-polarized [40]
or energy-selective [41] injection.
Lastly, we would like to comment on the radiative lifetime
of excitons in CNTs [34,35,42]. When the radiative quantum
efficiency is unity, bright exciton decay time is equivalent
to the radiative lifetime. We can therefore consider the reported bright exciton decay times of air-suspended nanotubes
ranging from 60 ps to 90 ps [32] to be their effective radiative lifetime at room temperature. In comparison, theoretical
calculations [34,35] yielded effective radiative lifetimes to
be on the order of 10 ns at room temperature for micellewrapped nanotubes, although the dielectric environment is
considerably different from those in the air-suspended structures. The experimentally observed bright exciton decay times
also show a clear family pattern [32], which has not been
addressed theoretically. Updated calculations are needed for
an accurate description of radiative lifetimes in air-suspended
nanotubes.
In conclusion, we quantitatively estimated the radiative
quantum efficiency of bright excitons in air-suspended CNTs.
The fraction of the radiative recombination is extracted
by utilizing quantum electrodynamical effects in air-mode
nanobeam cavities. Combining the Purcell factor characterized from the PL spectra and the acceleration factor obtained
from the time-resolved measurements, we find that the radiative quantum efficiency of bright excitons is near unity at
room temperature. Our results reveal the intrinsic property of
bright excitons in CNTs and demonstrate their true potential
for nanoscale photonics. With high-efficiency light emission
and single-photon generation capabilities, CNTs may bring
breakthroughs in subwavelength silicon photonics and integrated quantum optics.
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