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We report on the realization of monolithic optical microcavities using a single wall carbon nan-
otubes doped polymer as active material. Thanks to the control of the polymer thickness, a fine
control of the cavity mode energy is achieved, which allows to tune it in exact resonance with a
specific chiral species emission line. The quality factor of the filled cavity mode (Q = 40) allows to
selectively extract the luminescence of the (7,5) chiral species. Finally, angle resolved experiments
show the tunability of the emission energy within a 150 meV range.

Single Wall Carbon Nanotubes (SWNTs) have at-
tracted much attention for fundamental studies due to
their truly one-dimensional geometry and subsequent
properties. In particular, their original optical properties
make them promising for several optoelectronic applica-
tions [1]. The semi-conducting species have a bandgap in
the near infrared which can be tuned to optical telecom-
munication wavelengths by choosing their diameter ap-
propriately [2-4]. One of the most advanced applica-
tions regards saturable absorbers for near infrared pas-
sive mode-locked pulsed lasers [5], which exploit their
huge optical non-linearities [6] together with their fast
relaxation rates [7]. In addition, many other high per-
formance optoelectronic devices have been demonstrated
such as biological and gas sensors, photo detectors or
nano-emitters [8-11].

Recent studies point an important property towards
applications as nano-emitters : the photons emitted by a
single nanotube show strong anti-bunching, meaning that
the photons are emitted one at a time, which is an essen-
tial feature for single photon sources [12-14]. A common
way to enhance the properties of light emitters is to place
them in resonance with the optical mode of a cavity. For
instance, this technique can be used to enhance the col-
lection of the emitted photons due to the redirection of
light into the mode of the cavity, leading to a very narrow
emission cone after the output coupler. Another effect is
the acceleration of the radiative recombination rate due
to the Purcell effect which allows to increase the bright-
ness of the source. Despite the technological importance
of this technique for the use of nanotubes as near-infrared
emitters, only a couple of papers have reported on the
properties of nanotubes inserted inside an optical cavity,
either for nanotubes randomly deposited at the surface
of a photonic crystal [15] or in a metal-metal cavity [16]
or in a composite micro-cavity [17]. However, the match-
ing of the cavity mode with the nanotube emission is
either randomly or approximately achieved due to the
technological processes used in these studies. Thus, for

practical applications the design of a micro-cavity such
that its optical mode is in resonance with the emission
of a specific chiral species (n,m) remains an important
challenge.
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FIG. 1: Photoluminescence spectrum of a PMMA /nanotubes
suspension in anisole excited at 2.381 eV (left). Sketch of a
monolithic optical microcavity (right). Simulation of the re-
flectivity spectrum of the cavity for a PMMA /nanotubes layer
thickness of 340 nm (bottom).

In this paper, we report on the realization of mono-
lithic optical microcavities with single wall carbon nan-
otubes as active material. An exact tuning of the opti-
cal mode of the cavity with the (7, 5) nanotube emis-
sion is achieved through a precise control of the polymer
thickness. A quality factor of @ = 40 for the filled cav-
ity is achieved which corresponds to the selection of the
emission of this sole chiral species. Furthermore, angle



resolved experiments showed the tunability of the emis-
sion energy within the inhomogeneous linewidth of that
species.

The nanotubes used in this study are synthesized by
the CoMoCAT process [18]. The mean diameter of these
tubes is about 0.8 nm. The nanotube suspensions are
prepared by adding raw nanotubes at 0.15 mg.mL~! in a
solution of PMMA in anisole (10% wt). The mixture is
then sonicated for 2 hours with an ultrasonic tip in order
to disperse the nanotubes in the PMMA solution. The re-
flectivity measurements are performed in a parallel beam
configuration with a Xenon lamp as excitation source.
The spot size is of the order of 1 mm. The reflected light
is dispersed in a monochromator and detected with a Si
photodiode. A laser diode at 2.331 €V (532 nm) is used as
excitation source in the photoluminescence experiments.
The spot size on the sample is of the order of 200 pum,
and the power density is ~ 25W/cm?. The emission is
collected with a 75 mm focal length fused silica lens in
a 2.1 steradian solid angle (N.A. ~ 0.32). The emission
is analyzed through a spectrometer and detected by an
InGaAs diodes array (OMA V, Ropers scientific).

Figure 1 displays the photoluminescence spectrum of
the PMMA /nanotubes suspension excited at 2.331 eV.
This excitation energy allows non resonant excitation of
the sample. One can observe several lines correspond-
ing to the emission of the lowest exciton (S11) of each
chiral species. Up to 8 different chiral species contribute
to the light emission of the sample. The signal level is
comparable to the one obtained with regular aqueous mi-
cellar suspensions [19] showing the high separation degree
obtained with this method in PMMA /anisole solutions.
The green arrow in Figure 1 indicates the emission of the
(7,5) nanotubes (at 1.192 €V) on which the following of
this study is focused.

The sketch of the 3)\/4 cavity is displayed in Figure 1.
The PMMA /nanotubes suspension is deposited by spin-
coating on a TayO5/SiO9 dielectric mirror (7.5 pairs) and
the cavity is then closed with a 30 nm silver mirror de-
posited by thermal evaporation. The metal thickness is
chosen to optimize the depth of the mode in the reflec-
tivity spectra. The stop-band of the dielectric mirror
extends from 1.051 eV to 1.434 eV and is centered at
1.24 eV at normal incidence. The important parame-
ter to control in order to tune the cavity mode in reso-
nance with the desired (n,m) species is the thickness of
the PMMA /nanotubes layer. In order to select the (7,5)
nanotubes line, the reflectivity spectrum of the cavity has
been simulated by the transfer matrix method (bottom of
figure 1). The desired thickness of the PMMA /nanotube
layer extracted from the simulations is 340 nm. Ex-
perimentally, the thickness is controlled by choosing the
PMMA concentration and the spin coating parameters.
After the deposition, an annealing of 10 minutes at 95°C
is performed. Profilometer measurements confirmed a
thickness of 340 nm. Topography measurements along a
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FIG. 2: a) Reflectivity spectrum of the cavity (layer thick-
ness ~ 340 nm). b) Photoluminescence spectrum of the
PMMA /nanotubes layer (blue) and of the cavity excited at
2.381 eV and detected at normal incidence (red).

1 mm line show thickness fluctuations of +£20 nm.

Figure 2a) shows the experimental reflectivity spec-
trum of the cavity containing the PMMA /nanotubes
layer. The spectrum displays a hole which corresponds to
a cavity mode centered at 1.192 eV, that is exactly what
was expected from the simulations. The experimental
Q factor is estimated to ~ 30 (AE~ 39 meV), which is
quite low in comparison with the theoretical one (170).
Let us first consider the role of the losses due to absorp-
tion in the PMMA /nanotubes layer in the broadening
of the mode. In order to test this contribution, losses
were included in the simulations by using a complex ef-
fective refraction index for the PMMA /nanotubes layer.
The imaginary part was deduced from an optical absorp-
tion spectrum of a PMMA /nanotubes layer fitted with a
Lorentzian model. The induced broadening (~ 200 peV)
is clearly negligible in comparison with the experimental
broadening.

The thickness fluctuations of the layer constitute an-
other source of (inhomogeneous) broadening. The reflec-
tivity measurements were performed with an excitation
spot of about 1 mm. At this scale, the reflectivity spec-
trum results from an average over many cavity domains



with different thicknesses. We calculated that a variation
of 20 nm of the thickness, which is the order of magnitude
of the measured layer roughness, leads to 30 meV shift
of the mode. This value is also of the order the broaden-
ing. Therefore, we attribute the experimental broadening
of the mode mainly to the thickness fluctuations of the
PMMA /nanotubes layer.

Figure 2b) shows the photoluminescence spectra of the
PMMA /nanotubes layer before closing the cavity (blue
curve) and of the cavity (red curve). As in solution, the
PL spectrum of the layer consists of several lines. A red
shift of ~ 1 meV and a broadening of ~ 10 meV of the
(7, 5) line is observed in comparison with the suspension.
These can be due both to changes in the local dielectric
environment of the nanotubes and to stress effects in-
duced by the solid matrix [20]. On the contrary, the
PL spectrum of the cavity shows only one line centered
at 1.192 eV which corresponds to the emission energy of
the (7,5) nanotubes and to the energy of the cavity mode.
The PL intensity of the (7,5) nanotubes is enhanced by a
factor ~3 in the cavity configuration in comparison with
the uncapped layer, which is the sign of the efficient redi-
rection of the emission into the cavity mode. Moreover,
the linewidth is about 30 meV which represents a narrow-
ing of about 50% in comparison with the (7,5) nanotubes
emission in the layer (AE ~ 60 meV). The Q factor de-
duced from the PL measurements is ~ 40 which is slightly
higher than the one measured in the reflectivity experi-
ments. Actually, in the PL measurements, the spot size
is ~ 200 pm whereas it is ~ 1 mm in the reflectivity ex-
periments. Therefore, the PL measurements must be a
little less sensitive to the thickness fluctuations.

Finally, in order to test the accuracy and the repro-
ducibility of the process, a detuned cavity was build. The
mode of the cavity was tuned on the red energy side of
the (7,5) emission line at normal incidence. The reflec-
tivity spectra of this cavity as a function of the incident
angle is shown in figure 3 a). The mode of the cavity
(Q ~ 25) varies from 1.138 eV to 1.214 eV between 20°
and 40° covering all the energy range of the (7,5) emission
line. The corresponding PL measurements are displayed
on figure 3 b). Each line is centered at the energy of the
cavity mode at the corresponding angle. This shows that
we were able to tune the cavity emission across all the
(7,5) emission line.

In summary, we built monolithic optical microcavities
with single wall carbon nanotubes as active material. In
order to demonstrate the efficiency of the process re-
ported here, the mode of the cavity was matched to the
(7,5) nanotubes emission. The emission of these nan-
otubes was coupled to the optical mode of the cavity
leading to a quite narrow (30 meV) emission line. The
possibility to tune a cavity with the emission of a given
class of chirality (n,m) opens avenues for the fabrication
of new carbon nanotubes based light sources.

The authors thank Guillaume Cassabois for fruitful

1.0

Reflectivity
o

= 1.0((b) .
E 200
5 30
£ 40°
>
2 o5l Q=35 _
c
aQ
=1
£
-
o 0.0

1.0 1.1 1.2 1.3 1.4

Energy (eV)

FIG. 3: a) Reflectivity spectra of the detuned cavity for three
incident angles; b) Photoluminescence spectra of the detuned
cavily, excited at 2.331 eV for three incident angles.
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