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Near-infrared exciton-polaritons in strongly
coupled single-walled carbon nanotube
microcavities
Arko Graf1,2, Laura Tropf2, Yuriy Zakharko1, Jana Zaumseil1 & Malte C. Gather2

Exciton-polaritons form upon strong coupling between electronic excitations of a material and
photonic states of a surrounding microcavity. In organic semiconductors the special nature of
excited states leads to particularly strong coupling and facilitates condensation of excitonpolaritons at room temperature, which may lead to electrically pumped organic polariton
lasers. However, charge carrier mobility and photo-stability in currently used materials is
limited and exciton-polariton emission so far has been restricted to visible wavelengths. Here,
we demonstrate strong light-matter coupling in the near infrared using single-walled carbon
nanotubes (SWCNTs) in a polymer matrix and a planar metal-clad cavity. By exploiting the
exceptional oscillator strength and sharp excitonic transition of (6,5) SWCNTs, we achieve
large Rabi splitting (4110 meV), efﬁcient polariton relaxation and narrow band emission
(o15 meV). Given their high charge carrier mobility and excellent photostability, SWCNTs
represent a promising new avenue towards practical exciton-polariton devices operating at
telecommunication wavelengths.
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xciton-polaritons are quasiparticles that have both light
and matter character. They are formed when an optical
microcavity is tuned to the excitonic absorption of an
emitter within the cavity and the coupling between excited states
of the emitter and cavity photons exceeds their rate of dissipation.
In this strong coupling regime, the exciton and cavity dispersion
show a characteristic anticrossing which gives rise to two new
modes—the upper (UP) and the lower polariton (LP)1–5.
Exciton-polaritons enable the study of exciting phenomena,
such as Bose–Einstein condensation6, inversionless polariton
lasing7–9, superﬂuidity10,11 and non-Hermitian topological
structures12. The physics of polaritons has traditionally been
studied using emitters and microcavities based on inorganic
semiconductors. However, organic semiconductors, which are
materials based on p-conjugated hydrocarbons, attract rapidly
increasing attention in this context. The high oscillator strength
of excitonic transitions in these materials can facilitate much
larger Rabi splitting than in inorganic semiconductors13–15 and
due to their large binding energy, the Frenkel-type excitons in
organic materials offer a direct route to polariton condensation
and polariton lasing at room temperature16–18. Electrically driven
lasing has been a long standing, yet elusive goal in the organic
semiconductor community19. The low thresholds of the
recently reported organic polariton lasers have sparked hopes
that electrical pumping may be feasible using exciton-polaritons.
However, the organic materials investigated in the context of
strong coupling may not provide sufﬁcient charge carrier
mobility. In addition, strong-coupling phenomena in organic
materials have so far only been investigated in the visible part
of the spectrum although devices operating in the near infrared
(NIR) will be highly desirable for applications in
telecommunication and for integration with silicon photonics.
Interestingly, semiconducting single-walled carbon nanotubes
(SWCNTs) combine the advantageous excitonic properties of
conventional organic semiconductors with extremely high-charge
carrier mobilities20 (B10,000 cm2 V  1 s  1) and emit in the NIR
(ref. 21). SWCNTs show narrow linewidth emission (half width
at half maximum, HWHM, in dispersion, B10 meV) (ref. 22),
a large oscillator strength23 of B5 and their high exciton
binding energies render excitons in SWCNTs stable at
room-temperature24. The energetic position of the transition
depends on the chirality vector (n,m), and can thus be easily
adjusted across the entire NIR. Recently, these properties
have been exploited in nanoscale devices based on individual
SWCNTs, for example, for room-temperature single-photon
sources25, integration into photonic waveguides26 and
coupling to ultralow mode-volume photonic crystals27,28. On a
microscopic scale, the luminescence of SWCNTs can be enhanced
by orders of magnitude using photonic crystals29, and net optical
gain has been reported for SWCNT waveguides30. However,
substantial self-absorption of the strongly overlapping absorption
and emission spectra (Stokes shift in a high-quality dispersion of
SWCNTs22, B2 meV) limits emission efﬁciency in many
situations and may complicate realization of efﬁcient devices,
for example, for conventional photonic lasing23. For polariton
based devices, by contrast, the self-absorption of SWCNTs can be
bypassed as the emission from the lower polariton branch in the
strong coupling regime is expected to be red-shifted.
Here, we report strong exciton-photon coupling in metal-clad
microcavities ﬁlled with puriﬁed monochiral (6,5) SWCNTs and
show that Rabi splitting above 110 meV can be achieved at room
temperature. Exciton-polaritons were observed by angle-resolved
reﬂectance and polariton emission measurements and were
found to agree well with the coupled oscillator model and
transfer-matrix simulations. We also investigate the inﬂuence
of the SWCNT concentration within the cavity on the strength of
2

light-matter coupling and on the polariton relaxation efﬁciency.
Our experiments highlight the potential of SWCNTs for
studying exciton-polariton phenomena in the NIR and pave
the way to future applications of polaritons, for example, in the
telecom domain.
Results
SWCNT characterization. High purity (6,5) SWCNTs were
enriched by selective wrapping with the copolymer PFO-BPy
(Fig. 1a), and then embedded in a host layer of PFO-BPy at
three different concentrations (0.20, 0.46 and 1.71 wt%; see
Supplementary Table 1). To obtain large amounts of monochiral
SWCNTs with high optical quality, sonication-free shear
force mixing was used for dispersion (see Methods and ref. 22).
Figure 1b shows the absorption and emission spectra of a thin
ﬁlm of PFO-BPy-embedded SWCNTs (1.71 wt%) that were
fabricated in this way. The E11 absorption peak is located at
1.243 eV (997.5 nm) and is referred to as exciton (X) in the
following. The E11 absorption and emission linewidths (HWHM
of Lorentzian ﬁt, 20.5 and 21.9 meV, respectively) are broadened
compared to SWCNTs in dispersion (B10 meV), but are
still narrow compared to most organic materials. The Stokes
shift is 8.7 meV, which is again smaller than for most organic
semiconductors. SWCNT ﬁlms have a background refractive
index of around 1.65 and show a strong Lorentzian oscillation
close to the E11 peak (Supplementary Fig. 1). Figure 1c shows a
photoluminescence (PL) emission-excitation map of the ﬁlm.
Emission from chiralities other than (6,5) is negligible,
conﬁrming the high purity of the used SWCNTs. The strong E22
transition of the (6,5) SWCNTs at 2.149 eV (577 nm) facilitates
efﬁcient off-resonant excitation at visible wavelengths. We
attribute the fact that the spectral characteristics and emission of
our SWCNTs are well preserved in the ﬁlm to excellent
separation of neighbouring nanotubes by the wrapping polymer
chains and by the polymer host. Atomic force microscopy (Fig. 1d
for a representative topography map) conﬁrms the high density of
SWCNTs in our ﬁlms and shows that ﬁlms have a rootmean-square (RMS) roughness of B3 nm, which is sufﬁciently
small for integration into microcavities with high optical quality.
Strong light-matter coupling. Microcavities for strong coupling
experiments were fabricated by depositing the SWCNT ﬁlms (layer
thickness, 240–330 nm) on a silicon wafer coated with a thick gold
layer as a bottom mirror and depositing the second semitransparent gold mirror on top (Fig. 1e and Methods). Lightmatter coupling in these cavities was investigated via polarization
and angle-resolved reﬂectivity and PL spectroscopy using the
Fourier imaging system schematically illustrated in Fig. 1e.
We ﬁrst examined a reference cavity that contained only the
host polymer PFO-BPy but no SWCNTs. In the TE polarized
angle-dependent reﬂectivity spectrum of this structure, a cavity
mode (CM) is clearly visible as a line of minimum reﬂectance
(Fig. 2a; see Supplementary Fig. 2 for TM polarization). Excellent
agreement between the experimentally observed position of the
cavity mode and the expected cavity dispersion (see Methods,
equation (2)) is obtained for a CM energy of E0 ¼ 1.1850 eV and an
effective refractive index of neff,TE ¼ 1.67 (grey dashed line in
Fig. 2a). For TM polarization, the best ﬁt was achieved for a slightly
higher effective refractive index (neff,TM ¼ 1.95), in agreement
with previous reports4. By comparing the experimental data to
transfer-matrix simulations, we determined a cavity thickness of
251 nm (Supplementary Fig. 3a). The HWHM line width of the
mode at 0° angle of incidence was 26 meV, yielding a quality factor
of the cavity of Q ¼ E/DEE23.
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Figure 1 | (6,5) Single-walled carbon nanotubes (SWCNTs) in thin polymer ﬁlms. (a) Molecular structure of a (6,5) SWCNT and of the copolymer
PFO-BPy. (b) Absorption and emission spectra of (6,5) SWCNTs embedded in a PFO-BPy polymer matrix. (c) PL excitation-emission map of a thin ﬁlm of
PFO-BPy embedded SWCNTs. (d) Representative topography of the ﬁlm surface (tapping mode AFM; scale bar, 100 nm). (e) Setup used for strong
coupling experiments containing the sample comprising SWCNT/PFO-BPy in a metal-clad cavity and Fourier imaging optics for angle resolved
spectroscopy.

Next, we investigated a cavity containing a composite ﬁlm with
a high density (1.71 wt%) of (6,5) SWCNTs. The cavity thickness
was chosen such that the excitonic transition of the SWCNTs
overlapped with the cavity mode. For this structure a splitting of
the cavity mode into an UP and LP branch is observed, which is
evidence for strong light-matter coupling in this system (Fig. 2b).
The Rabi splitting (:O) characterizing the coupling strength is
given by the smallest energy difference between UP and LP.
For the present example, the minimum UP–LP difference
occurs at ±11° angle of incidence, and the corresponding
Rabi splitting is 113 meV (Supplementary Fig. 3c). The
angle-dependent reﬂection spectra of the SWCNT-ﬁlled cavity
were ﬁtted with the analytical solution of the UP and LP
predicted by a simple coupled oscillator model31, using only
:O and the detuning (D) of the cavity with respect to the exciton
as ﬁtting parameters (see lines in Fig. 2b). For the example shown
in Fig. 2b, we obtain :O ¼ 116 meV, in good agreement with the
directly measured value quoted above, and ﬁnd that the cavity
mode is detuned by D ¼  17 meV.
We also performed transfer-matrix simulations of the
SWCNT-containing cavities to determine their thickness. For a
248 nm thick polymer-SWCNT layer, the predicted shape of the
UP and LP agrees well with our experimental ﬁndings, with small
deviations observed only at angles 430° (Supplementary Fig. 3b).
In addition, the values for Rabi splitting and detuning agree
with our earlier results (114 and  16 meV, respectively),
corroborating the validity of the transfer-matrix algorithm
and the refractive index data, as well as the optical quality of
the SWCNT ﬁlm.
The formation of exciton-polaritons requires that the
light–matter interaction is faster than the decoherence time of
the uncoupled oscillators themselves31. In the framework of
our coupled oscillator model, strong coupling sets in once the
Rabi splitting :O is larger than the sum of the half width of
the homogeneously broadened exciton mode :GX and the cavity

mode :GC (see Methods)1,31. From earlier measurements of the
ﬂuorescence lifetime of SWCNTs in a polymer matrix32, we
estimate the homogeneous broadening of the exciton to be
:GXE0.4 meV, much smaller than the HWHM of the cavity
mode (:GC ¼ 26 meV). The minimum Rabi splitting required for
strong coupling in our SWCNT microcavities is therefore
:Omin ¼ :GX þ :GCE27 meV. Although the simpliﬁcations
used in the coupled oscillator model mean that in practice this
condition not always distinguishes a sharp transition to strong
coupling, the experimentally observed Rabi splitting of 113 meV
clearly exceeds the above value and is thus clear evidence that the
system is in the strong coupling regime. Note that in addition to
this fundamental prerequisite, inhomogeneous broadening of the
exciton mode will increase the minimum coupling required to
observe anti-crossing of the involved modes33. When taking
inhomogeneous broadening into account, the minimum splitting
required to clearly resolve strong coupling is given by the sum of
the spectral width of the two polariton branches, that is,
:OZ:GUP þ :GLP ¼ 38 meV, which again is clearly fulﬁlled in
our case. Depending on the signal-to-noise ratio even smaller
splitting may be detectable by deconvolution.
To investigate the dynamics of the coupled system, we next
investigated the angle-resolved PL spectrum of the cavity under
off-resonance excitation with a 640 nm cw-laser (Fig. 2c). The PL
follows the LP branch and no emission from the UP branch is
observed. The peak wavelength of the PL emission from the
hybrid state is signiﬁcantly detuned relative to both the (6,5)
SWCNT exciton and the cavity mode, conﬁrming that the
emission is from exciton-polaritons within the microcavity.
We also calculated the photonic and excitonic fraction of the
exciton-polaritons as a function of angle. As shown in Fig. 2d, the
excitonic character increases with increasing angle for the LP
branch and conversely decreases with angle for the UP branch.
To fully explore the properties of SWCNTs in the strong
coupling regime, we characterized cavities with three different

NATURE COMMUNICATIONS | 7:13078 | DOI: 10.1038/ncomms13078 | www.nature.com/naturecommunications

3

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms13078

b

c

CM

1.25

PLTE

UP

–
h

X
Δ
LP

1.20

248 nm

1.0
0.5
1
Intensity (a.u.)

Energy (eV)

1.30

RTE

248 nm

0.25
0.5
1
Reflectivity (a.u.)

RTE
0.05 0.25
1
Reflectivity (a.u.)

1.35

d

248 nm

0

251 nm

1.15

Photon fraction, Exciton fraction

a

UP

0.5

0.0
1.0

LP

0.5

0.0
0

20
40
Angle (deg)

0

20
40
Angle (deg)

0

20
40
Angle (deg)

0
20
40
Angle (deg)

Figure 2 | Strong coupling of SWCNTs in microcavities. (a) Angle and spectrally resolved reﬂectivity for a 251 nm thick reference cavity with the pure host
polymer PFO-BPy. The grey dashed line indicates the ﬁtted dispersion of the cavity mode for neff ¼ 1.67 and E0 ¼ 1.185 eV. (b) Angle- and spectrally resolved
reﬂectivity of a 248 nm thick cavity containing PFO-BPy with embedded (6,5) SWCNTs. Strong coupling between E11 exciton (X, solid black line) and
cavity photons (grey dashed line) leads to mode splitting into an UP (upper polariton) and LP (lower polariton) branch (black dashed lines, coupled
oscillator model ﬁts) with a characteristic Rabi splitting (:O) of 113 meV. The detuning D between cavity mode and the exciton mode is  17 meV.
(c) Angle- and spectrally resolved photoluminescence of the same cavity under 640 nm excitation showing exciton-polariton emission from the LP branch.
(d) Exciton and photon fractions of UP (top) and LP (bottom) as a function of angle. All plots show the results for TE polarization (see Supplementary Fig. 2
for TM).

SWCNT concentrations and a range of different thicknesses, that
is, with slightly different detunings D. Figure 3 summarizes the
measured angle- and spectrally resolved reﬂectivity and PL for the
three concentrations (top to bottom) and for three cavity
thicknesses (left to right). While a clear anti-crossing of the
cavity mode and the exciton is observed in all measurements, the
magnitude of the splitting increases signiﬁcantly with SWCNT
concentration. To obtain a robust estimate of the Rabi splitting
achievable for each SWCNT concentration, the splitting was
averaged across more than ten different cavity thicknesses.
The average Rabi splittings extracted from the measurements
were 35±4 meV, 61±4 meV and 112±8 meV for SWCNT
concentrations of 0.20 wt%, 0.46 wt% and 1.71 wt%, respectively.
(The uncertainties in this measurement result from small
inhomogeneities of local SWCNT concentrations and from the
thickness-dependence of the Rabi splitting.)
For all SWCNT concentrations investigated here, the observed
Rabi splitting is larger than :Omin and thus all samples are in the
strong coupling regime. However, the angle-resolved emission
spectra vary signiﬁcantly for different concentrations and
detunings. For the lowest SWCNT concentration (0.20 wt%),
the observed cavity emission deviates signiﬁcantly from the LP
branch observed in reﬂection. In case of negative detuning
(D ¼  82 meV), most polaritons do not relax at k ¼ 0 but instead
emit at higher angles of B35°. This is evidence of a polariton
relaxation bottleneck similar to the observations made in other
organic materials3. Furthermore, at the bottleneck position
the emission spectrum is red-shifted by 24 meV compared with
the free space emission of the SWCNTs and the polaritons
have low excitonic fraction (Supplementary Fig. 5), which is
evidence against a purely molecular origin of the bottleneck.
Increasing the SWCNT concentration to 0.46 wt% increases
the Rabi splitting to 61 meV and reduces the observed
bottleneck effect. For the highest concentration investigated
here (1.71 wt%), the Rabi splitting is boosted to 112 meV and
no bottleneck is observed anymore. We attribute the
increased relaxation efﬁciency to the larger excitonic character
of the exciton-polaritons in the LP at small angles
4

(Supplementary Fig. 5) as discussed by Coles et al.3. A larger
excitonic fraction improves relaxation due to increased
polariton lifetime and the resulting ﬂatter dispersion supports
polariton-phonon scattering34.
Discussion
From the measurements presented here, we can extract the
thickness-dependent reﬂectivity of the cavity for any angle of
incidence (within ±0.8° resolution given by the ﬁnite size of the
spectrometer slit). As an example, Fig. 4a shows the position of
the UP (reﬂectivity) and LP (reﬂectivity and PL) versus thickness
at 45° angle of incidence. The experimental data agree well with
the prediction of transfer-matrix simulations (shown as dashed
lines). The ﬁt to the data gives a Rabi splitting of 124 meV, which
is slightly higher than the values found above for smaller angle of
incidence and the same SWCNT concentration (112 meV).
This discrepancy is due to the increased effective cavity length
at 45° angle of incidence. (The effective cavity length is given by
d0/sin(45°) with d0 being the actual thickness of the SWCNT
layer.) This increase results in a larger number of SWCNTs
coupling to the cavity and—because the Rabi splitting is
proportional to the square root of the number of oscillators—to
an increased Rabi splitting.
Rabi splitting generally scales with the square root of the
oscillator strength in the cavity13,35,36 and so by using a large
number of oscillators, the Rabi splitting could be increased further.
Figure 4b summarizes the experimentally observed Rabi splitting
as a function of the square root of the SWCNT concentration,
showing a clear linear trend. From this plot, we estimate that for
our cavity conﬁguration a minimum SWCNT content of 0.11 wt%
is required to obtain sufﬁcient Rabi splitting to enter the strong
coupling regime (that is, :O4:Omin ¼ 27 meV). Furthermore, by
extrapolating the data to higher concentrations, we predict that for
100 wt% SWCNTs a Rabi splitting of B850 meV should be
achievable. This corresponds to B70% of the energy of the E11
transition and thus would put SWCNTs well in the ultrastrong
coupling regime4. Under these conditions, we expect the
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polariton-emission of the cavity to be almost perfectly
dispersionless. Cavities with angle-independent absorption and
emission may offer exciting opportunities for SWCNT-based
devices.
Applications in optical communications require emission to be
within certain spectral bands (for example, O-band B1,300 nm
or C-Band B1,550 nm). Using microcavities based on
monochiral SWCNTs in the strong coupling regime facilitates
wavelength tuning of the emission across a signiﬁcant part of the
NIR. Figure 4c shows the polariton-emission spectra in forward
direction (angle of incidence, y ¼ 0°) for three different cavity
thicknesses (1.71 wt% (6,5) SWCNT concentration). Narrow
emission peaks (o15 meV HWHM) are detected from
1,030 nm up to 1,300 nm, and there is no emission from the
uncoupled exciton, which would occur at 1,010 nm, indicating
that all nanotubes contribute to the strong-coupling phenomenon. Therefore, even with just the (6,5) chirality of SWCNTs, a
spectral range of 4300 meV can be covered. Adding a
small number of other chiralities would be sufﬁcient to cover
the entire telecommunication band with SWCNT-based polariton
emission.
In conclusion, our study opens up new avenues for employing
the unique properties of SWCNTs and it demonstrates
exciton-polaritons in the NIR at room temperature and for a
carbon-based material. This is a direct consequence of the large
oscillator strength of SWCNTs and of their well-deﬁned and
narrow exciton mode. The results obtained so far indicate that
SWCNTs also show potential for realizing ultrastrong coupling.
By selecting SWCNTs with different chiralities, the polariton
energy could be tuned across the entire optical telecommunication band. In addition, unlike most organic
semiconductors, SWCNTs are largely immune to photobleaching
effects, rendering them particularly attractive for work
requiring excessive exciton densities. Finally, the high charge
carrier mobility of SWCNTs, which has been previously exploited
to realize high-performance and light-emitting ﬁeld-effect
transistors37,38, is likely to enable electrically driven polariton
devices in the NIR.
Methods
SWCNT enrichment and cavity structure. Dispersions of (6,5) SWCNTs
in toluene were prepared from CoMoCAT raw material (773735, Lot #14J017A1,
Sigma-Aldrich) as described in ref. 22. Brieﬂy, 0.5 g l  1 PFO-BPy (poly
((9, 9-dioctylﬂuorenyl-2, 7-diyl)-alt-co-(6, 60 -{2, 20 -bipyridine})), American Dye
Source, MW ¼ 34 kg mol  1) was dissolved in 140 ml toluene before adding
0.38 g l  1 CoMoCAT. Shear force mixing (Silverson L5M-A) was then applied at
maximum speed (10,230 r.p.m.) for 48 h. During mixing the temperature was kept
constant at 20 °C. The dispersion step was followed by centrifugation at 60,000g
(Beckman Coulter Avanti J26XP centrifuge) for 45 min with an intermediate
supernatant extraction and centrifuge tube exchange after 15 min. The ﬁnal
supernatant contains high purity (6,5) SWCNTs that were further enriched
by pelleting the dispersions via ultracentrifugation at 284,600g. To achieve the
desired ﬁlm thicknesses, the pellets were redispersed in PFO-BPy (25 g l  1 in
toluene) using mild bath sonication for 5 min. SWCNT concentration was
adjusted by dispersing different amounts of pellets. The ﬁnal dispersion had an E11
absorbance of up to 240 cm  1 corresponding to 0.43 g l  1 of (6,5) SWCNTs
(Supplementary Table 1).
A 60 nm thick Au mirror was thermally evaporated (Univex 350G) onto a
polished Si wafer covered with 2 nm Cr for adhesion. Thin polymer ﬁlms
containing nanotubes were spin-coated onto this mirror at moderate speeds,
between 800 and 1,500 r.p.m. The cavity was ﬁnalized by evaporating a Au mirror
on top (with the thickness optimized for contrast of the formed modes). For the
PFO-BPy reference and for samples with 1.71 wt% SWCNTs the top mirror had a
thickness of 30 nm and for all other cavities the top mirror thickness was 20 nm.
Due to the low spin speeds, thickness gradients across the samples were formed.
Using these long-range thickness variations of the cavity architecture, allowed us to
tailor the detuning by moving the spot under investigation (diameter, B2 mm)
across the sample. This meant that it was possible to perform all measurements for
a given concentration on the same sample which in turn minimized concentration
inhomogeneities. (Thickness variations of the cavity across the B2 mm spot
diameter were negligible.)
6

Fourier imaging. For angle-resolved reﬂectivity measurements, the emission of a
calibrated lamp was focused onto the sample by an NIR corrected  100 objective
with 0.8 NA (Olympus LMPL100xIR). The resulting spot diameter of B2 mm
deﬁnes the investigated area on the sample. For PL measurements, the white light
source was replaced by a laser diode (OBIS, Coherent Inc., 640 nm, cw, B10 mW).
The light reﬂected/emitted by the cavity was imaged onto the entrance slit of a
spectrometer (Princeton Instruments IsoPlane) using a 4f Fourier imaging system
and was recorded by a 640  512 InGaAs camera (Princeton Instruments,
NIRvana:640ST). Additionally, a long-pass ﬁlter (cut-off wavelength, 850 nm) and
a linear polarizer were placed in front of the spectrometer. Angle calibration of the
system was done by ﬁtting the measured cavity mode of a reference sample of
known refractive index.
Simulation. To model the experimentally obtained angle-resolved reﬂectivity, we
applied a simple coupled oscillator model31. The coupling between exciton
jXi¼ð 10 Þ and photon jCi¼ð 01 Þ in a microcavity can be modelled by the coupled
oscillator model with the Hamiltonian given by31


VA
E  i ‘ GX
H¼ X
:
ð1Þ
VA
EC  i ‘ GC
EX is the energy of the E11 excitonic transition having a homogenously broadened
HWHM :GX. The energy dispersion of the cavity is given by

  1=2
EC ðyÞ¼E0 1  ðsinðyÞ=neff Þ2

ð2Þ

for a cavity tuned to E0 ¼ EX þ D with D being the cavity detuning and :GC the
HWHM of the cavity mode. The effective refractive index neff was set to the
refractive index of the polymer host material (1.67 for TE and 1.955 for TM
polarization). The coupling potential
VA of the two oscillators
is related to the Rabi
ﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

splitting at EC ¼ EX by VA ¼0:5  ‘ O2 þ ð‘ GC  ‘ GX Þ2 .
The eigenvalues of the Hamiltonian
EUP=LP ¼0:5  ðEX þ EC  i‘ GX  i‘ GC Þ 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
VA2 þ 0:25  ðEX  EC  i‘ GX þ i‘ GC Þ2

ð3Þ
represent the UP and LP branch with the eigenvectors jUPi and jLPi. The photonic
(excitonic) fractions a(b) of the new eigenstates can be calculated by their
projection onto the old exciton and cavity modes, that is, aUP ¼jhCjUPij2 and
bUP ¼jhXjUPij2 for UP and analogous for LP. Following ref. 31, the strong
coupling
 regime
2 is reached2 when ‘ O4‘ GX þ ‘ GC , which is equal to
VA2 4 ‘ Ghom
þ ð‘ GC Þ =2 (ref. 1).
X
Transfer-matrix simulations were performed, based on complex refractive index
data obtained by spectroscopic ellipsometry measurements of the pure host
polymer and of a composite ﬁlm containing 1.71 wt% of (6,5) SWCNTs. To
allow for parametrization of the SWCNT concentration in the refractive index data,
the contribution of SWCNTs to the overall refractive index was approximated
by a Lorentzian absorption spectrum using Kramers–Kronig relations
(Supplementary Fig. 1). In the corresponding ﬁtting routine, based on transfer
matrix simulations, the cavity thickness and the SWCNT concentration
(Supplementary Table 1) were ﬁtted.
Data availability. All data is available at http://dx.doi.org/10.17630/2baaf9f7-9e91456a-ae0c-22f752d7f7b6.
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interactions in an organic polariton condensate. Nat. Mater. 13, 271–278
(2014).
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23. Schöppler, F. et al. Molar extinction coefﬁcient of single-wall carbon
nanotubes. J. Phys. Chem. C 115, 14682–14686 (2011).
24. Maultzsch, J. et al. Exciton binding energies in carbon nanotubes from
two-photon photoluminescence. Phys. Rev. B–Condens. Matter Mater. Phys. 72,
1–4 (2005).
25. Ma, X., Hartmann, N. F., Baldwin, J. K. S., Doorn, S. K. & Htoon, H.
Room-temperature single-photon generation from solitary dopants of carbon
nanotubes. Nat. Nanotechnol. 10, 671–675 (2015).
26. Khasminskaya, S., Pyatkov, F., Flavel, B. S., Pernice, W. H. & Krupke, R.
Waveguide-integrated light-emitting carbon nanotubes. Adv. Mater. 26,
3465–3472 (2014).
27. Miura, R. et al. Ultralow mode-volume photonic crystal nanobeam cavities for
high-efﬁciency coupling to individual carbon nanotube emitters. Nat. Commun.
5, 5580 (2014).
28. Pyatkov, F. et al. Cavity-enhanced light emission from electrically driven
carbon nanotubes. Nat. Photonics 10, 420–427 (2016).
29. Watahiki, R. et al. Enhancement of carbon nanotube photoluminescence by
photonic crystal nanocavities. Appl. Phys. Lett. 101, 10–13 (2012).
30. Gaufrès, E. et al. Optical gain in carbon nanotubes. Appl. Phys. Lett. 96, 231105
(2010).
31. Bajoni, D. Polariton lasers. Hybrid light–matter lasers without inversion.
J. Phys. D. Appl. Phys. 45, 409501 (2012).
32. Zakharko, Y. et al. Broadband tunable, polarization-selective and directional
emission of (6,5) carbon nanotubes coupled to plasmonic crystals. Nano Lett.
16, 3278–3284 (2016).

33. Diniz, I. et al. Strongly coupling a cavity to inhomogeneous ensembles of
emitters: potential for long-lived solid-state quantum memories. Phys. Rev. A
84, 063810 (2011).
34. Chen, J.-R. et al. Characteristics of exciton-polaritons in ZnO-based hybrid
microcavities. Opt. Express 19, 4101–4112 (2011).
35. Hobson, P. A. et al. Strong exciton-photon coupling in a low-Q all-metal
mirror microcavity. Appl. Phys. Lett. 81, 3519–3521 (2002).
36. Balci, S. et al. Tuning surface plasmon-exciton coupling via thickness
dependent plasmon damping. Phys. Rev. B–Condens. Matter Mater. Phys. 86,
1–6 (2012).
37. Rother, M., Schiel, S. P., Zakharko, Y., Gannott, F. & Zaumseil, J.
Understanding charge transport in mixed networks of semiconducting carbon
nanotubes. ACS Appl. Mater. Interfaces 8, 5571–5579 (2016).
38. Jakubka, F. et al. Mapping charge transport by electroluminescence in
chirality-selected carbon nanotube networks. ACS Nano 7, 7428–7435 (2013).

Acknowledgements
This research was ﬁnancially supported by the European Research Council under the
European Union’s Seventh Framework Programme (FP/2007–2013)/ERC grant
agreement no. 306298 (EN-LUMINATE) and under the European Union’s Horizon 2020
Framework Programme (FP/2014–2020)/ERC grant agreement no. 640012 (ABLASE),
by EPSRC through the CM-DTC (EP/L015110/1) and by the Scottish Funding Council
through SUPA. J.Z. thanks the Alfried Krupp von Bohlen und Halbach-Stiftung via the
‘Alfried Krupp Förderpreis für junge Hochschullehrer’ for general support.

Authors contributions
A.G. performed the experiments and analysed the data. L.T. performed ellipsometry
measurements and helped to develop the transfer matrix simulation. Y.Z. helped with the
data analysis. A.G., J.Z. and M.C.G. jointly wrote the manuscript. J.Z. and M.C.G.
conceived and supervised the project. All authors discussed the results and commented
on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Graf, A. et al. Near-infrared exciton-polaritons in strongly
coupled single-walled carbon nanotube microcavities. Nat. Commun. 7, 13078
doi: 10.1038/ncomms13078 (2016).
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

r The Author(s) 2016

NATURE COMMUNICATIONS | 7:13078 | DOI: 10.1038/ncomms13078 | www.nature.com/naturecommunications

7

