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Abstract:

Carbon nanotubes are a telecom band emitter compatible with silicon pho-

tonics, and when coupled to microcavities, they present opportunities for exploiting quantum

electrodynamical effects.

Microdisk resonators demonstrate the feasibility of integration into

the silicon platform. Efficient coupling is achieved using photonic crystal air-mode nanobeam
cavities. The molecular screening effect on nanotube emission allows for spectral tuning of the
coupling. The Purcell effect of the coupled cavity-exciton system reveals near-unity radiative
quantum efficiencies of the excitons in carbon nanotubes.
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1. Introduction

Advances in silicon photonics have been ex-
panding the capabilities of monolithic photonic
circuits,’)'?) and the integration of semiconducting
nanomaterials would allow for further scaling and
increased functionality. In this regard, carbon nan-
otubes (CNTs) are promising because they can be
directly synthesized on silicon,?) and they are tele-
com band emitters?)-®) that do not exhibit absorp-
tion loss by silicon. Electrically gated pn-junction
devices can also be constructed, where extremely
efficient photocurrent generation®8) and excitonic
electroluminescence®'?) have been demonstrated.
Furthermore, unique exciton physics gives rise
to telecom band single-photon emission at room
temperature.ll)’l‘l) In particular, using as-grown
air-suspended CNTs is attractive because they are
free of defects'®16) and they provide high lumines-
cence yields.!”

Coupling to photonic structures is essential to
utilize such characteristics in monolithic optical cir-
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cuits. In particular, microcavities offer quantum
electrodynamical effects for increased performance
and functionality by confining electric fields into a
small mode volume. Exciton polaritons can form
when nanotube emission is strongly coupled to a
cavity,'8) whereas interaction of CNTs with cavities
results in an increased spontaneous emission rate in
the weak coupling regime.'?)23)

Here, we review our efforts on coupling as-
grown individual air-suspended CNTs to optical mi-
crocavities and discuss cavity quantum electrody-
namical effects in such systems. In Section 2, we
introduce microdisk resonators to demonstrate cou-
pling with air-suspended CNTs.2Y) More efficient
coupling is achieved in specially designed air-mode
nanobeam cavities,?®) as described in Section 3, and
a method for spectrally tuning the coupling?® is dis-
cussed in Section 4. Finally, in Section 5, the Pur-
cell effect in single CNTs is studied to show that the
radiative quantum efficiency of bright excitons can
reach near unity at room temperature.27)

2. Optical coupling to silicon microdisk
resonators

Microdisk resonators are a commonly used mi-
crocavity structure, supporting whispering gallery
modes (WGMs) where optical waves are guided
along the circumference of the disk by continuous
internal reflection. Because they can have ultra-
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high quality factors?®)??) and small mode volumes,
WGMs are suited for coupling with nanoscale emit-
ters such as quantum dots.’?32) It is relatively
easy to tune the cavity resonance to the emitter
wavelength by fabricating disks with an appropri-
ate diameter, and the three-dimensional structure
of post-supported microdisks®?)-31):33) is compatible
with air-suspended CNTs. Furthermore, they can
be coupled to waveguides with high efficiency be-
cause they are traveling-wave resonators,??) mak-
ing them a preferred choice compared with planar
cavities®37) for integration in silicon photonics.

In this section, we describe the integration of
individual CNT emitters with silicon microdisks us-
ing fabrication processes compatible with standard
silicon photonics.>¥) When photons emitted from
nanotubes are coupled to the WGMs of the mi-
crodisks, emission enhancement occurs in narrow
spectral windows corresponding to the modes. Spa-
tial imaging of the emission at the WGM wavelength
shows the disk periphery illuminated by the coupled
CNT emission that circulates within the microdisk.

The microdisks are fabricated from a silicon-
on-insulator wafer with a 260-nm-thick top Si layer
and a 2000-nm-thick buried oxide layer. Electron
beam lithography and dry-etching processes form
doughnut-shaped trenches in the top Si layer. The
buried oxide layer is etched in buffered hydrofluo-
ric acid to create a post-supported disk structure.
A scanning electron microscope image of a typi-
cal microdisk before nanotube growth is shown in
Fig. 1(a).

To integrate CNT emitters with silicon mi-
crodisks, another electron beam lithography step is
performed to define catalyst windows at the outer
edges of the doughnut-shaped trenches. Single-
walled CNTs are grown by chemical vapor deposi-
tion using ethanol as a carbon source.?® The cata-
lyst solution is prepared by ultrasonicating 5.0 mg
of cobalt(II) acetate tetrahydrate and 50.0 mg of
fumed silica in 40.0 g of ethanol. We spin coat and
lift off the catalyst solution, and the samples are an-
nealed in the air for 5 min at 400°C before growth.
The samples are then placed in a quartz tube fur-
nace, and the temperature is elevated to 800°C
while flowing Ar with 3% H,. Ethanol is intro-
duced by bubbling the carrier gas for 10 min. With
some probability, nanotubes can become suspended
across the trench onto the microdisk [Fig. 1(b)]. By
controlling the size of the catalyst areas, we can ob-
tain a reasonable yield of ~10% for microdisks with
single suspended tubes. We note that the yield can
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Fig. 1. (Color online) (a) Scanning electron micrograph of
an as-fabricated Si microdisk. (b) Scanning electron micro-
graph of a suspended nanotube attached to a microdisk.
(¢) A photoluminescence (PL) image of Si emission cou-
pled to a whispering gallery mode (WGM), taken with
Adex = 771 nm and P = 1.5 mW. The spectra have been
integrated from 1171 to 1175 nm to construct this image.
(d) High-resolution PL spectrum of nanotube emission cou-
pled to a WGM. Dots are data, and lines are Lorentzian fits.
The peak values obtained from the fits are plotted in (e)
and (f). (e) A PL intensity mapping for carbon nanotube
(CNT) emission coupled to a WGM. (f) A PL intensity
mapping for direct CNT emission, taken with Aex = 857 nm
and P = 0.3 mW with circular polarization. The scale bars
in the images are 2 um. The dotted circles in (c), (e), and
(f) represent the Si microdisk. Original data are presented
in Ref. 24.

be easily increased by placing more catalysts if de-
vices with multiple nanotubes are acceptable.

The devices are characterized by a home-
built laser-scanning confocal photoluminescence
(PL) microscopy system.'?)39:49) An output of a
continuous-wave Ti:sapphire laser with a power P
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and a wavelength )\ is focused onto the sample us-
ing an objective lens to a spot size of ~1 pm. PL is
coupled to a 300-mm spectrometer through a pin-
hole in a confocal configuration. An InGaAs pho-
todiode array is used for detection, and PL images
are collected with a steering mirror.

The photons that couple to the WGM circu-
late within the microdisk, which can be visualized
via spectrally resolved PL imaging. In the case of
WGM at Si emission wavelengths [Fig. 1(c)], PL is
enhanced at the edges of the disk. Using a higher-
resolution grating, we collect PL spectra as we raster
the laser spot over the scan area and fit them with a
bi-Lorentzian function corresponding to the WGM
and direct CNT emission peaks [Fig. 1(d)]. We de-
termined that the measured quality factor of the
WGM is limited to ~3000 because of spectrometer
resolution, which is already two orders of magnitude
larger compared with a simple planar cavity.?%

Spectrally resolved PL images corresponding to
the WGM and direct CNT emission are presented
in Fig. 1(e) and (f). Nanotube emission coupled
to the WGM circulates within the disk and illu-
minates the circumference [Fig. 1(e)], showing that
CNT emission is efficiently guided into the silicon
photonic structure. We note that the coupling oc-
curs through the evanescent fields of the WGM, as
the nanotube is located outside the resonator. This
contrasts with the case of quantum dots embedded
within the microdisks, and our results show that
the evanescent fields are strong enough to couple
the nanotube emission into the WGM.

The direct emission from the CNT is centered
on the nanotube itself as expected [Fig. 1(f)], al-
though one can observe a lower-intensity spot at
the opposite side of the disk. We interpret the exis-
tence of such a remote spot in terms of the in-plane
Fabry-Perot mode within the microdisk.??) Such an
interpretation is also consistent with the image of
the WGM [Fig. 1(e)], which shows larger intensity
near that spot.

3. Air-mode photonic crystal nanobeam cavities
for high-efficiency coupling

A fundamental issue exists in efficiently cou-
pling air-suspended nanotubes to silicon microcav-
ities. The fields of the cavity modes are typically
confined within silicon, which is the high-index ma-
terial, and optical coupling relies on relatively weak
evanescent fields. Mode profiles must be engineered
to increase the field intensities in air to make use of
the PL from air-suspended nanotubes. In this as-
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pect, photonic crystal nanobeam cavities offer flex-
ible control over the cavity fields, and better cou-
pling than microdisk resonators is expected because
nanocavities with smaller mode volumes can be de-
signed.

In a nanobeam cavity, a periodic array of air
holes is etched into a waveguide to form a photonic
bandgap, which acts as a Bragg reflector. The bands
below the gap are called dielectric bands because the
field amplitudes are maximized within the dielectric
material. The bands above the gap are known as air
bands because they have large fields in the air holes.
The dielectric band modes can be confined by lo-
cally reducing the lattice constant a, as the energy
of the modes will become higher and the photons
will be surrounded by the photonic band gap.41)»42)
Similarly, air band modes can be confined by intro-
ducing a larger lattice constant region.*3):44)

This section demonstrates high-efficiency spon-
taneous emission coupling for a single CNT cou-
pled to a silicon photonic crystal nanobeam cavity
with an ultralow mode volume.?®) We take advan-
tage of the excellent optical properties of as-grown
air-suspended CNTs7)»39):45).46) and integrate them
with specially designed cavities with large fields
in the air, distinctly different from the standard
dielectric-mode cavities.*2):47)-50)

We fabricate the photonic crystal nanobeam
cavities from 260-nm-thick silicon-on-insulator simi-
lar to microdisks as described in Section 2. Electron
beam lithography and dry etching processes form
the nanobeam structure with a width of 670 nm,
and the buried oxide layer is removed by wet
etching. The cavities are designed to have re-
duced or increased lattice constant in a parabolic
manner?!)42):48) gyer 12 periods for dielectric- and
air-mode cavities, respectively. The lattice con-
stants and hole sizes have been selected to match
the nanotube emission wavelengths. The emission
properties of devices are characterized using a home-
built confocal microspectroscopy system.!?):39),40)
The laser polarization angle is adjusted to maximize
the PL signal unless otherwise noted.

Electron microscope images of typical devices
are shown in Fig. 2(a) and (b). We have performed
finite-difference time-domain (FDTD) calculations
for these cavity structures to map out the profiles
of the fundamental modes. Because nanotubes will
be lying at the top surface of the nanobeam, we
plot the mode profiles at that height in Fig. 2(c)
and (d). As expected, the dielectric-mode cavity
has high field amplitudes within the Si material,
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Fig. 2. (a, b) Scanning electron micrographs of (a)
dielectric- and (b) air-mode photonic crystal nanobeam
cavities, respectively. (c, d) Profiles of normalized y-
component of electric fields £y at z = 130 nm. The origin
of the coordinate system is the center of the cavity. For (c),
a dielectric-mode cavity with a = 390 nm, cavity-center pe-
riod of 0.84a, and 200 nm by 530 nm holes is used for the
calculation. For (d), an air-mode cavity with a = 430 nm,
cavity-center period of 1.16a, and 220 nm by 510 nm holes
is used. Panels (a—d) share the 2 um scale bar in (a). (e) A
schematic of a device with an individual carbon nanotube
(CNT). (f) Scanning electron micrograph of a device with
a suspended nanotube. The scale bar is 2 pm. (g) Typical
photoluminescence (PL) spectrum of an air-mode device
coupled to a nanotube. The dots are data, and the lines
are Lorentzian fits. Original data are presented in Ref. 25.

with evanescent fields extending out the edges. For
the air-mode cavity, the fields are mostly distributed
within the air holes, and there are some evanescent
fields as in the case of the dielectric-mode cavity.
The intense fields in the air holes should be an ad-
vantage compared with cavities that confine most of
the optical fields in the high-index medium!?)24),51)
because nanotube PL is quenched when they are in
contact with the substrate.??:52) We note that both
cavity modes are transverse electric modes. There-
fore, polarization matches with nanotube emission
perpendicular to the nanobeams.

To couple individual CNTs to nanobeam cav-
ities, we have fabricated devices shown as a
schematic in Fig. 2(e). Catalyst particles are placed
across a trench from the cavity, and we perform
chemical vapor deposition to grow CNTs onto the
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cavities as described in Section 2. An electron mi-
crograph of a device after nanotube growth is shown
in Fig. 2(f).

We present a PL spectrum from one of such
devices taken with P = 1 uyW and Aex = 797 nm
in Fig. 2(g). On top of the broad direct emission
from the nanotube, there is a very sharp peak, the
cavity mode, indicating that the nanotube emission
is optically coupled to the cavity.

The emission enhancement at the cavity reso-
nance occurs because of a quantum electrodynami-
cal phenomenon known as the Purcell effect®) that
alters the decay dynamics of emitters in microcavi-
ties. In free space, the total decay rate can be writ-
ten as 7y, 4y, where v, and 7, are the radiative and
nonradiative decay rates, respectively. When the
emitter is coupled to a microcavity, the increased
photon density of states gives rise to an additional
radiative decay rate Fy., where F' is the Purcell
factor.14):21)-23),25).26) The accelerated radiative re-
combination appears in the spectral domain as an
increased intensity in a spectrally narrow region cor-
responding to the cavity mode.

We have performed confocal PL imaging on
those devices coupled with single CNTs to locate
the nanotube positions. By determining the po-
sitions of the highest PL intensity from images of
> 30 devices, the spatial displacements of the nan-
otubes with respect to the center of the cavities have
been mapped out [Fig. 3(a) and (b)]. It is possi-
ble to identify qualitative differences in the spatial
distribution of nanotubes between the two types of
cavities. The emission spot of nanotubes is mainly
located at the edges of the nanobeam or within the
trench for the dielectric-mode cavities. The emis-
sion is on top of the nanobeam itself for the air-mode
cavities.

These differences highlight the distinctness of
the two types of cavities and show that coupling oc-
curs predominantly through fields in the air. For
dielectric-mode cavities, fields within air holes in
the nanobeams are weak, and evanescent fields leak-
ing out from the edges are responsible for coupling
[Fig. 2(c)]. In comparison, fields in the air holes
dominate for air-mode cavities [Fig. 2(d)], and nan-
otubes are coupled when they are placed on top of
the air holes.

Next, we compare the dielectric- and air-mode
cavities by analyzing the PL spectra. We obtain the
peak area and the linewidth for both the nanotube
and cavity emission by performing a bi-Lorentzian
fit to data [Fig. 2(g)]. We let I,y and IcnT be the
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Fig. 3. (Color online) Spatial distribution of nanotubes that
show coupling. (a, b) Spatial distribution of photolumi-
nescence (PL) peak intensity locations for dielectric- and
air-mode cavities. The peak locations are determined by
two-dimensional Gaussian fitting, and they are plotted as
a function of the displacement from the center of the cav-
ity. The center of the cavities is taken as the origin of the
coordinate system. Original data are presented in Ref. 25.

Table 1. B* and Qcav of dielectric- and air-mode cavities.
Devices are measured with P = 10 uW and Aex tuned to the
FEoo resonance. The error values are standard deviations.
Original data are presented in Ref. 25.

Number of

Cavity type devices B* Qcav
Dielectric 16 0.18+£0.16 3500 =+ 1400
Air 17 0.37 £ 0.30 2000 + 700

PL peak area of the cavity and direct CNT emis-
sion, respectively, and use 8* = I.av/(IoNT + Tcav)
as a measure of the coupling efficiency. We find that
the average value of 5* for the air-mode devices is
more than twice that of the dielectric-mode cavi-
ties (Table 1), consistent with the expectation from
the mode profiles. We also obtain the quality factor
Qcav Of the mode from the linewidth of the cavity
peak. However, the observed values are likely lim-
ited by fabrication errors as the FDTD calculations
predict Qeay > 10°.

The efficient coupling observed is reasonable
because of the ultralow mode volume of the air-
mode cavities. From the FDTD calculation shown
in Fig. 2(d), mode volume V = 2.37x 107 2(\cay/n)>
is obtained, where Acpy = 1.38 pm is the cav-
ity resonance wavelength, and n = 1 is the in-
dex of refraction for air. The maximum spon-
taneous emission enhancement factor is given by
F = (3)\3,,Qcnt)/(An*n3V) = 316, where we
use the quality factor of the nanotube emission
Qcnt = 99 instead of Qcay because the nanotube
emission linewidth is much wider than the cav-
ity linewidth.>® Even at the top surface of the
nanobeam where the nanotubes are placed, an en-
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hancement factor of over 100 is obtained within the
center air hole.

4. Spectral tuning of optical coupling to
nanobeam cavities

The spectral overlap of the nanotube emission
and cavity mode is an important factor in determin-
ing the quantum electrodynamical effects. This sec-
tion describes the spectral tuning of air-suspended
CNTs coupled to integrated nanobeam cavities.?%)

Laser heating desorbs molecules from the nan-
otubes, offering a simple method for adjusting the
nanotube emission by reducing dielectric screening.
We can modify the detuning by as much as 25 meV,
inducing a drastic change in the cavity peak inten-
sity. The cavity quantum electrodynamics model is
used to analyze the data, and the spectral overlap
of the nanotube emission with the cavity peak can
mainly explain the enhancement of the cavity mode.

The air-mode nanobeam cavities are fabricated
in a manner similar to that described in Section 3.
The cavities are designed to have resonances near
the emission energy of chiralities with large popu-
lations to maximize the coupling probability, and
> 10,000 cavities are prepared on a chip.

The devices are measured using a fully auto-
mated confocal microscope system.'® Nanotubes
optically coupled to the cavity are located using one-
dimensional PL scans over the nanobeams. The au-
tomated scan results are filtered by performing peak
detection and linewidth estimation. Because the
cavity linewidth is considerably narrower than the
nanotube linewidth at room temperature, devices
showing a sharp peak component are selected for
detailed characterization. The samples are placed
in nitrogen to avoid nanotube oxidation at high ex-
citation powers.

To tune the optical transition energy, we take
advantage of the sensitivity of air-suspended nan-
otubes to dielectric screening. Large spectral shifts
of up to 30 meV have been observed by controlling
the amount of adsorbed molecules through temper-
ature or pressure.’®) % We use laser heating to in-
duce molecular desorption in our devices, which is
a simple and convenient method.

Using a device where the nanotube emission
needs blueshifting by ~10 meV to achieve resonance,
we study the excitation power dependence of the
PL spectrum [Fig. 4(a)]. As the excitation power
increases, the nanotube peak blueshifts because of
molecular desorption, while the cavity peak gradu-
ally brightens. The nanotube emission is brought
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Fig. 4. (a) Excitation power dependence of photolumines-

cence (PL). PL is normalized with respect to the nanotube
peak height. Vertical dashed lines indicate the powers
where PL spectra in (b) are taken. (b) Comparison of PL
spectra taken at P = 200 uW (orange) and 300 uW (green).
(c, d) Excitation power dependence of the (c) peak center
energy and (d) peak area. Red open circles are obtained
from the CNT peak, and the blue dots are taken from the
cavity emission. The peak center energies are plotted as the
difference from the resonant energy hweqy = 1.018 eV. For
(a—d), excitation laser energy is tuned to FE22 resonance,
and laser polarization is perpendicular to the nanobeam.
(e, f) Excitation power dependence of (e) F and (f) S. (g) F
as a function of S. Open circles indicate red-detuned nan-
otube emission conditions (P < 190 W), and crosses corre-
spond to blue-detuned conditions (P > 190 pW). Original
data are presented in Ref. 26.

into resonance at P ~ 200 yW, enhancing cavity
emission intensity. Further increasing the excita-
tion power, the cavity peak becomes weaker again
as the nanotube peak continues to blueshift. We do
not find additional blueshifting above P ~ 250 yW
because the molecules are fully desorbed.

In Fig. 4(b), we compare on- and off-resonance
spectra, which are indicated by orange and green
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curves, respectively. We find an enhancement of
the cavity peak height by a factor of 10 at reso-
nance, whereas the nanotube peak height remains
comparable. The significant difference in the cavity
peak height indicates that the spectral shift modifies
the optical coupling to the nanotube emission. The
spectral lineshape of the nanotube peak changes at
high powers (green curve), probably due to inhomo-
geneous molecular desorption.

The excitation power dependence is analyzed
by decomposing the spectra into cavity and nan-
otube peak components to characterize the spectral
tuning effect quantitatively. We first fit the sharp
cavity peak to a single Lorentzian function using
a fitting window of ~10 meV, yielding the cavity
peak energy hwecay, linewidth v, and peak area Ic,y.
Because of the complex nanotube lineshape, we let
the nanotube peak spectrum Lont(w) be the fitting
residual, where w is the frequency. The nanotube
peak area Iont is defined as the integral

ICNT = /LCNT(UJ)dw, [1]

and the peak energy hAwcnt is defined as the
weighted average

waCNT(w)dw
fLCNT(w)dw ’

In Fig. 4(c), we plot the peak energies as a func-
tion of the excitation power, and blueshifting of the
nanotube peak by as much as 18 meV (red open
circles) is observed. A slight redshift of the cavity
peak (blue dots) likely originates from the heating-
induced refractive index increase.’?) The combined
energy shifts of the nanotube and cavity allow for
energy detuning hwcay — Awent to be changed from
+9 to —14 meV. The tuning range is sufficiently
extensive for modulating the optical coupling of the
nanotubes to the cavity, as it considerably exceeds
the nanotube emission linewidth at room temper-
ature. We note that the shifts are reversible upon
excitation power reduction.

We now turn our attention to the excitation
power dependence of emission intensities [Fig. 4(d)].
IonT increases linearly at low excitation powers and
then becomes sublinear,'® with a drastic drop at
P = 250 uW [Fig. 4(d), red open circles]. Be-
cause the Fy5 resonance also blueshifts by molec-
ular desorption,®® 59 the sudden drop can be un-
derstood by the shifting of the E55 resonance away
from the excitation energy. In comparison, we ob-
serve a linear increase of I.,, with excitation power

hwent = h 2]
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for the region below P = 190 pW [Fig. 4(d), blue
dots]. The coupling improvement likely cancels out
the sublinearity of IcnT because the nanotube peak
approaches resonance in this power region. The cav-
ity peak area rapidly reduces above P = 200 pW
because of the increased energy detuning.

The power-dependent optical coupling is char-
acterized by evaluating the emission enhancement
at the cavity resonance. Assuming that stimulated
emission is negligible, the spontaneous emission en-
hancement factor F' is given by

_ Icav/Ccav

Ient/Cont’

where Cont and C.,, are the collection efficiencies
of the nanotube and cavity emission, respectively.

A conservative estimate of F' is made by taking
the largest possible value of the ratio Ceav/Con.
We let C..y = 0.5, supposing that the objective
collects all the light emitted from the cavity mode
into the upper hemisphere. For the direct nanotube
emission, we use the dipole radiation pattern as if
the nanotube is emitting into free space. This re-
sults in Cont = 0.25 with the numerical aperture
of 0.8 for the objective lens. We note that higher
collection efficiencies are expected because of the
reduced emission rate for in-plane directions caused
by the photonic bandgap. As we will see in Sec-
tion 5, the assumptions are too conservative, and F'
is significantly underestimated. Nevertheless, quan-
titative accuracy is not essential for the following
discussion; therefore, we will proceed with this con-
servative estimate.

Using the data shown in Fig. 4(d), the calcu-
lated F' is plotted in Fig. 4(e). As the excitation
power is increased up to P = 190 puW, the en-
hancement factor increases by more than a factor
of ~ 3, and F rapidly decreases by a factor of 15
at P = 250 uW. The extensive modification to the
enhancement factor is consistent with the spectral
shifts in this range. We do not observe much exci-
tation power dependence above P = 250 uW.

The enhancement factor is known to be de-
termined by the spectral overlap, spatial overlap,
and polarization matching.®1)6?) Assuming that the
nanotube does not move during our experiment, F'
should only depend on the spectral overlap. The
nanotube lineshape is complex, so we must evaluate
the spectral overlap without assuming a particular
emitter lineshape. We first consider a simple case of
a monochromatic emitter coupled to a cavity with
a Lorentzian lineshape. The spontaneous emission

[3]
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enhancement £ at a frequency w is then given by

£=1m (Av> (%) o . e

where A.q, and V are the wavelength and mode vol-
ume of the cavity, respectively.>® We multiply the
cavity enhancement and the normalized lineshape
of the nanotube emission and integrate them over
the full spectrum to obtain

3 /\gav
regm () g

where the integral

s= | (%) @ _wf;ff )+ /27 Liiiif‘”dw 6}

is the generalized form of the spectral overlap. 1/S
reduces t0 1/Qcay + 1/QcnT under an assumption
that the nanotube lineshape is a Lorentzian reso-
nant with the cavity,’* where Qav and Qcnr are
the quality factors of the cavity and nanotube peaks,
respectively. If Qcav is considerably larger than
QcnNt, the upper bound of S would be given by
QcNr-

The spectral overlap can be calculated for ar-
bitrary lineshapes using Eq. [6], and the numerical
integration results are plotted in Fig. 4(f). When
the excitation power is increased, we observe a
crossover from a gradual increase to a rapid decrease
at P = 190 uW as the nanotube peak shifts through
the cavity peak. The maximum spectral overlap
S = 73 is reasonable, considering that Qcnt ~ 80.

The correlation between the enhancement fac-
tor and the spectral overlap is examined in Fig. 4(g).
Indeed, F' increases monotonically with S as ex-
pected from Eq. [5]. We note the detuning changes
sign above and below P = 190 W, but similar en-
hancements are obtained for red- (open circles) and
blue-detuned (crosses) nanotube emission. It is rea-
sonable that the detuning sign does not have an
effect because F' should only depend on S.

Intriguingly, we observe a slight superlinearity
in the F-S plot [Fig. 4(g)]. One possible expla-
nation is the cavity-resonant optical forces. In our
analysis, we assume that the spatial overlap does
not change during our measurements, but it may im-
prove at resonance if the CN'Ts are pulled toward the
electric field maximum.%3)54) Another possibility is
stimulated emission, which contributes to additional
emission into the cavity mode. In this device, the
spectral overlap becomes larger at high excitation
powers, which is preferable for stimulated emission.
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5. Near-unity radiative quantum efficiency of
bright excitons

Radiative quantum efficiency is a fundamen-
tal physical quantity that limits the efficiency of
optoelectronic devices. III-V direct gap semicon-
ductors with radiative quantum efliciencies close
to 100% have played a central role in develop-
ing efficient light-emitting diodes (LEDs) that are
now used ubiquitously.®® Modern high-power diode
lasers are extensively used in industries includ-
ing telecommunications,®® material processing, and
medical treatments.’”) However, the performance
needed for broad applications would not have been
possible without the high quantum efficiencies of the
gain materials. Likewise, organic semiconductors
have succeeded commercially in LED displays®®)
only after substantially improving their radiative
quantum efficiencies.9)79)

In this section, we experimentally determine
the radiative quantum efficiencies of excitons in air-
suspended CN'Ts.2”) Quantum electrodynamical ef-
fects in nanoscale photonic cavities are used to se-
lectively modify the radiative decay rate of excitons,
allowing us to gain insight into the fractions of ra-
diative and nonradiative processes before the mod-
ification. Individual CNTs are coupled to air-mode
photonic crystal nanobeam cavities, and PL mea-
surements are performed to quantitatively evaluate
the spectral and temporal enhancements induced by
the Purcell effect. The radiative quantum efficiency
of bright excitons in long air-suspended CNTs at
room temperature can reach near unity.

The accelerated radiative recombination caused
by the Purcell effect®® appears in the spectral do-
main as an emission enhancement at the cavity
mode frequency, as discussed in Sections 3 and 4.
In contrast, it is more directly observed in the time
domain as a shortening in the lifetime. The overall
change in the decay rate can be characterized by the
acceleration factor

g O E) vt e + Fy, 7]

Yr + Inr

where 7 = 4, /(Y + Ynr) is the radiative quantum ef-
ficiency. If F and A are known, Eq. [7] allows us to
determine n without making further assumptions.
We independently evaluate the Purcell and accel-
eration factors by performing spectral- and time-
domain measurements on excitons coupled to a mi-
crocavity.

The air-suspended tubes are coupled to silicon
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Fig. 5. (a) Schematic of the device. (b) Scanning electron
micrograph of a fabricated device. A carbon nanotube
(CNT) is suspended across the width of the trench near the
center of the image. The scale bar is 1 ym. (c) Typical pho-
toluminescence (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 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.
Aex = 793 nm and P = 20 uW are used for the excitation,
and the laser polarization is parallel to the nanotube axis.
Original data are presented in Ref. 27.

photonic crystal nanobeam cavities to modify the
radiative decay rates by the Purcell effect,?®):20) as
shown in Fig. 5(a). We use air-mode cavities charac-
terized by ultrasmall mode volumes and large elec-
tric fields in the air holes, which allows for high-
efficiency coupling, as demonstrated in Section 3.
Because CNTs exhibit strong quenching effects
upon contact with the substrate,'®4%) 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 because the
evanescent fields of the cavity mode decrease expo-
nentially above the cavity. On the basis of FDTD
simulation™) results, we select a spacer layer thick-
ness of 250 nm for which a Purcell factor of 5.8
is achievable. The nanobeams are designed to be
800 nm wide, and the hole width is fixed at 500 nm,
where we have selected the parameters to compen-
sate fabrication errors. The lattice constant a is var-
ied from 320 to 511 nm to cover a wide wavelength
range from 1100 to 1600 nm for coupling to various
nanotube chiralities, and the hole length is scaled
to be 0.4a. The cavities are fabricated similarly to
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the description in Section 3. A scanning electron
micrograph of a device is shown in Fig. 5(b).

As the chirality and location of the nanotubes
are randomly distributed, some effort is required to
find tubes with good spatial and spectral overlap
with the cavity modes. More than 300,000 devices
are prepared to overcome the low yield of typically
< 0.1% for devices with optical coupling. Auto-
mated scanning is performed to efficiently collect PL
spectra from numerous devices, constructing color
maps of PL intensity as a function of position and
wavelength. 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 fit-
ting is used to determine the linewidths for each
peak. We select devices for detailed characterization
when the linewidth is < 5 nm, sufficiently narrower
than the typical linewidths of nanotubes.

Figure 5(c) shows a PL spectrum of a repre-
sentative device, where a sharp peak correspond-
ing to the cavity mode can be observed on top of
a broader peak from CNT emission into free space.
The cavity peak is centered at 1378.1 nm and has a
linewidth of 0.5 nm, whereas the CNT peak has a
center wavelength of 1378.4 nm and a linewidth of
14.1 nm. The cavity linewidth is limited by the
spectrometer resolution, and a separate measure-
ment has been performed?” to evaluate the actual
quality factor of ~ 2 x 10°. Devices showing mul-
tiple peaks or temporal instabilities are eliminated
from further measurements because they indicate
bundling or contamination.”?)-73)

The PL spectrum taken at the center of the de-
vice [Fig. 5(c)] can be used to extract the Purcell
factor from Eq. [3] if Ceay and Cont are known.
To obtain the collection efficiencies, we simulate
the radiation patterns by FDTD [Fig. 6(a) and
(b)]. Because the cavity mode primarily consists of
zone boundary waveguide modes, coupling to leaky
modes above the light line is small.**) Most of the
light that leaks out is directed at a low angle along
the nanobeam [Fig. 6(a)], likely because most of
the coupling occurs near the light line. As a re-
sult, only a small fraction of the cavity photons
fit within the numerical aperture of the objective
lens, giving C,, = 0.15. In contrast, the photonic
bandgap reduces nanotube radiation at low angles,
effectively redirecting the emission upward. This
redirection plays a key role in the increased collec-
tion efficiency, which reaches 40% [Fig. 6(b)]. Also,
considering the light collected from the length of
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Fig. 6. (a) Calculated far-field radiation pattern of the fun-
damental cavity mode. (b) Calculated far-field radiation
pattern of the uncoupled nanotube emission. For (a) and
(b), 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. (c¢) Decay curves
for (blue) the Purcell-enhanced nanotube emission from the
same device as in Fig. 5(c) and (red) a 2.0-pm-long (9,8)
nanotube in free space. The excitation powers are 100 and
5 nW for nanotubes in the cavity and free space, respec-
tively. (d, e) Length dependence of (d) 71 and (e) 72 in free
space. The red dots are data, and the lines are fits using
the exciton diffusion model.'®) The blue dashed line in (d)
shows the dark exciton lifetime in the cavity, from which
we extract the effective nanotube length. The blue triangle
in (e) shows the Purcell-accelerated bright exciton lifetime.
Original data are presented in Ref. 27.

the tube that extends beyond the nanobeam,?”) we

obtain Conyt = 1.6. This analysis results in the
Purcell factor F' = 0.84 +0.22 for this device, which
is a reasonable value.

We must evaluate the acceleration factor by
performing time-resolved PL measurements, to de-
termine the quantum efficiency. The same PL mi-
croscopy setup is used, but the devices are excited
with ~100 fs laser pulses, and emission is detected
using a fiber-coupled superconducting single photon
detector. Time-resolved PL data taken from the de-
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vice shown in Fig. 5(c) are plotted as a blue curve
in Fig. 6(c). We observe fast and slow decay com-
ponents with lifetimes 7; and 75, respectively.'®) By
comparing the decay curve with that of a nanotube
in free space having a similar length [red curve in
Fig. 6(c)], we can already discern a significant dif-
ference. The bright exciton lifetime, 71, is consid-
erably shorter, whereas 7o, reflecting the dark exci-
ton dynamics, remains comparable. This result is
expected because the Purcell effect accelerates the
bright exciton decay, whereas the dark excitons do
not interact with photons. Therefore, the cavity
would not change its lifetime. We note that the
contrasting behavior of bright and dark exciton life-
times rules out extrinsic quenching effects as the
cause for bright exciton lifetime shortening. Such
effects, including quenching caused by contact with
the substrate, should shorten both bright and dark
exciton lifetimes, as in the case of end quenching.'®)

The bright exciton lifetime is extracted by fit-
ting the data for the device with a biexponential
function, and we obtain 7 = 34.8 + 0.3 ps and
To = 586 + 5 ps. The change in 7, 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 because 7 is dependent on the
nanotube length 1.19) We take advantage of the fact
that the dark exciton dynamics is unaffected by the
cavity and use the length dependence of 7 obtained
from the exciton diffusion model'®) to determine the
nanotube length at which 77 is compared.

Figures 6(d) and (e) show the length depen-
dence of 75 and 77, respectively, for air-suspended
(9,8) nanotubes in free space.'®) The bright and
dark exciton lifetimes increase with the nanotube
length due to reduced end quenching in longer nan-
otubes. By looking up the nanotube length for
To = 586 ps [Fig. 6(d), dashed line], I = 2.54+0.1 ym
is obtained. The acceleration factor is then evalu-
ated using the corresponding bright exciton lifetime
in free space [Fig. 6(e)], and we find A = 1.82+0.09.
The error for the acceleration factor is computed
from the 1o 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 quantum efficiency of the bright exciton is
calculated to be 0.98 £ 0.29 using Eq. [7].

Near-unity quantum efficiency is reproducibly
observed in several devices. We have repeated the
same measurements in additional devices with vary-
ing Purcell factors. The acceleration factor is plot-
ted as a function of the Purcell factor in Fig. 7,
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Fig. 7. (Color online) The acceleration factor as a function
of the Purcell factor. The dots are data, and the error
bars show the lo confidence interval. The line indicates
n = 1 as given by Eq. [7]. Chiralities of the nanotubes in
the measured devices are (9,7), (9,8), (10,8), and (11,6).
Original data are presented in Ref. 27.

where variations and errors in the measured quan-
tum efficiencies can be observed. The shaded area
corresponds to the region beyond the shortest re-
solvable lifetimes. Data points closer to the top-
left corner indicate higher quantum efficiency, and
we observe that the line representing unity quan-
tum efficiency passes through several data points
within the error bars. Unsurprisingly, some devices
show lower efficiencies because shorter nanotubes
have higher nonradiative decay rates.'®-'6) There-
fore, we may interpret the highest efficiencies ob-
served 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 re-
lated to PL yield, which is defined as the fraction of
emitted photons to absorbed photons. The PL yield
is not necessarily equal to the radiative quantum ef-
ficiency of the bright excitons because most of the
absorbed photons end up in dark excitonic states.
Because the valence and conduction bands are 4-
fold degenerate, there are 16 exciton states. Only
one state is bright, and all the other states are dark
because of spin, momentum, and parity selection
rules. The initial population of all 16 states should
be equal if free carriers are generated as in the case
of Esy excitation,” and a PL yield of 6.25% would
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result for unity quantum efficiency of bright exci-
tons if there are no further population redistribu-
tion. Experimentally, a similar value of ~7% has
been reported for air-suspended nanotubes at Foo
excitation.'” Conversion of the dark excitons to the
bright excitons'®) can further increase PL yields.

Enhancing the PL yield by selecting excitation
methods with a higher initial population of bright
excitons should be possible. Resonant excitation
can selectively populate the bright states, and in
principle, unity PL yield would be achieved. If rejec-
tion of excitation laser becomes an experimental is-
sue, an alternative is to use phonon sidebands”™) and
Ey; excited states.?® Limiting excitation into the
spin singlet manifold will improve the PL yield by a
factor of 4. A more sophisticated scheme for electri-
cal excitation, such as spin-polarized™® or energy-
selective’™ injection, will be needed.

Finally, we would like to comment on the radia-
tive lifetime of excitons in CN'Ts.7®)80) When radia-
tive quantum efficiency is unity, the bright exciton
decay time is equivalent to the radiative lifetime.
Therefore, we can consider the reported bright exci-
ton decay times of air-suspended nanotubes ranging
from 60 to 90 ps'® to be their effective radiative life-
time at room temperature. In comparison, theoreti-
cal calculations™)-7) have yielded effective radiative
lifetimes on the order of 10 ns at room temperature
for micelle-wrapped nanotubes. However, the di-
electric environment differs considerably from the
air-suspended structures. The experimentally ob-
served bright exciton decay times also show a clear
family pattern,'® which has not been addressed
theoretically. Updated calculations are needed to
describe radiative lifetimes in air-suspended nan-
otubes accurately.

6. Conclusions

This review summarizes our work on cavity
coupling and quantum electrodynamics of excitons
in individual air-suspended CNTs. In Section 2, sil-
icon microdisk resonators demonstrated the feasi-
bility of integrating telecom wavelength nanotube
emitters into silicon photonics. Air-mode nanobeam
cavities were introduced to achieve efficient coupling
in Section 3. Molecular desorption and dielectric
screening were used for spectral tuning in Section 4,
where the behavior was explained in terms of the
cavity quantum electrodynamics modeling. In Sec-
tion 5, we determined the radiative quantum effi-
ciency of excitons in CNT to be near unity at room
temperature by performing time-resolved measure-
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ments and modeling the Purcell effect.

These results are important not only for a
fundamental understanding of light-matter interac-
tion in CNTs but also for nanoscale optical devices
in the telecom band on a silicon platform. Fur-
ther possibilities for scaling down monolithic pho-
tonic circuits can be envisioned, where quantum
electrodynamical effects are used to achieve novel
functionalities in nanoscale devices. With high-
efficiency light emission and single-photon gener-
ation capabilities,'? ¥ CNTs may bring break-
throughs in subwavelength silicon photonics and in-
tegrated quantum optics. For example, integrated
single photon sources'®®1) could become an essen-
tial application for future room-temperature quan-
tum technologies.
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