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ABSTRACT
We report here recent progress in nanophotonics with single-wall carbon nanotubes (SWNTs). A photonic model
structure, the planar λ/2-microcavity, modifies the photonic density of modes at the location of the embedded SWNTs.
As a result, the radiative properties of the SWNTs are modified due to the enhancement or inhibition of the microcavitycontrolled spontaneous emission (scattering) rate. We use single-molecule optical microscopy and spectroscopy to
investigate individual SWNTs (bundles), spatially isolated and immobilized in the photonic structure, and to measure the
microcavity-controlled emission (Raman and photoluminescence) characteristics. Ultimately, we demonstrate
experimentally that the integration of a field-effect transistor (FET) based on a single, semiconducting SWNT with a λ/2microcavity results in a strong spectral and angular narrowing of the electrically excited and cavity-enhanced infrared
radiation emitted by the nano-light source. Integrated nanophotonic devices based on carbon nanotubes hold great
promise for application in quantum optics and optical communication.
Keywords: Carbon Nanostructures, Nano-Optics, Raman Scattering, Photoluminescence, Electroluminescence,
Optoelectronics, Spontaneous Emission Enhancement, Purcell-Effect

1. INTRODUCTION
The family of single wall carbon nanotubes (SWNTs) constitutes a system of one-dimensional model structures
exhibiting unique electronic and optical properties [1]. Semiconducting SWNTs can be utilized as active channels in
truly nanosized field effect transistors (FETs) [2] and their excited states form strongly bound excitons. These excitons
can be populated by either optical or electrical pumping and give rise to luminescence emission in the near infrared
spectral regime [3]. Due to an extraordinarily large Raman scattering cross section, SWNTs can be investigated and
characterized on the single-tube level using optical microscopy and spectroscopy [4], even after device integration [5].
Embedding SWNTs in optical microcavities is a promising way to further improve their radiative properties [6-8]. The
efficiency of spontaneous radiative transitions in optical λ/2-microcavities, i. e. cavities with mirror spacings L of one
half emission wavelength λ of the embedded emitters, is determined by the local photonic mode density ρ cav (L ) , that
can be enhanced or inhibited with respect to the corresponding value ρ 0 in free (non-confined) space. (See e. g. [9] and
references therein.) Accordingly, both photoluminescence and Raman scattering processes of embedded emitters can be
controlled by enhancement [10] or inhibition [11] of the spontaneous emission rate Γcav or the Raman scattering cross
section

σ cav

[12,13], respectively, since Γcav ( L) / Γ0 = σ cav ( L) / σ 0 ∝
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ρ cav ( L) / ρ o

[14].

In the following, we show how to modify the radiative properties of SWNTs by integrating them with a planar λ/2microcavity made of two metal mirrors. We use the modified photonic mode density within the cavity to selectively
enhance or inhibit different Raman transitions of SWNTs and the measured spectra exhibit single Raman bands only. We
demonstrate experimentally the microcavity-controlled photoluminescence of spatially isolated and immobilized SWNTs
(bundles) and find a linear excitation power dependence for both Raman (G-band) and photoluminescence intensities.
Finally, we discuss the on-chip integration of a FET based on an individual, semiconducting SWNTs and a λ/2microcavity, an important step in nanophotonics and optoelectronics with SWNTs.

2. RESULTS AND DISCUSSION
2.1 Optically excited, microcavity-controlled emission of SWNTs

Fig. 1. Optical microcavity doped with single-wall carbon nanotubes (SWNTs). (a) The sample consists of two mirrors M1,2
prepared by evaporating silver films onto glass coverslips (actual mirror parameters: thickness d1 =30 nm, d2= 60 nm;
reflectivities R1 = 0.7, R2 = 0.9 at λ=532 nm for perpendicular incidence). The mirrors are separated by a layer of a
transparent polymer (PMMA) with varying thickness enclosing homogenously distributed and randomly oriented
SWNTs that are indicated by dots. Optical micrographs show the microcavity center illuminated with white light in (b)
reflection and (c) transmission on M1. (d) The local mirror spacing L(x, y) is extracted from the measured spectral
transmission maximum λ(x, y) using equation (1). The value of the full width at half maximum of the local
transmission spectrum measured at normal light incidence (perpendicular to the microcavity mirrors) is indicated by
arrows and translates into a local cavity-Q of 30. (Adopted from [7])

Fig. 1(a) shows a schematic of the optical microcavity. We prepared the sample from a polymethyl methacrylate
(PMMA) / dichloroethane solution containing purified SWNTs with a diameter distribution ranging from 0.8 nm to 1.8
nm (BuckyUSA). A droplet of the solution was enclosed between two silver mirrors. After evaporation of the
dichloroethane, the PMMA film fixed the two mirrors and produced immobilized SWNT structures, spatially separated
by distances of the order of one micron. Light passing through the microcavity in the λ /2-regime obeys the transmission
condition

⎛ ∑ ∆φi ( di , ϑ , λ ) ⎞ λ ( x, y )
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Here, ∆φ i denotes the phase change due to reflection at the respective silver mirror i=1, 2 with thickness di and

∑ ∆φ
i

i

was calculated to be ~ 1.3 in the present case. The refractive index of the intracavity medium is npol (= 1.49 for

PMMA). The incidence angle of a parallel light beam with respect to the z-axis shown in Fig. 1(a) is given by ϑ. The
transmission condition Eq. (1) yields the local mirror spacing L(x,y) from the measured intensity maximum λ (x, y) of the
local on-axis transmission spectrum (see Fig. 1(d)). The concentric interference patterns shown in Fig. 1(b) and (c),
respectively, indicate that the mirrors are slightly inclined with respect to each other. As a result, we can spatially address
SWNTs for different L(x,y) and, hence, local photonic mode densities ρ cav (L ) . The mirror spacing variation

∆L( x, y ) ∆x, y ≅ 10 −3 ensures a planar cavity geometry within the focal diameter (< 0.5 µm) of the microscope
objective (NA = 1.25).

Fig. 2. Raman microscopy and spectroscopy of SWNTs in an optical λ/2-microcavity. (a) Confocal Raman microscopy
image of SWNT dispersed in a thin film of PMMA. (b) Raman spectrum of SWNT taken from one of the bright spots
in (a). (c) Confocal Raman microscopy image of the same sample as shown in (a), but enclosed between the mirrors of
a λ/2-microcavity. Strong scattering intensities of embedded SWNT are obtained where the G band (dark spots) and the
RBM band (bright spots) are on resonance with the local photonic mode density ρcav

( L ) . The direction of increasing

mirror spacing L(x, y) is indicated by the arrow. (d) Representative microcavity-controlled Raman spectra of SWNT
measured at the positions marked in (c) by colored rings {blue: RBM band (anti-Stokes), red: RBM band (Stokes),
black: G band (Stokes)}. The laser excitation wavelength is 632.8 nm. (adopted from [7])

As a reference, Fig. 2(a) shows a confocal optical Raman microscopy image of spatially isolated SWNT structures
homogeneously distributed in a thin film of PMMA. The Raman spectrum measured on an isolated bright spot is shown
in Fig. 2(b) and reveals the vibrational structure of SWNT that is dominated by contributions from the radial breathing
vibration (RBM), the disorder-induced vibration (D), its overtone (G’) and the C-C stretch vibration (G) [4].
If we use the same PMMA-SWNT solution as the intracavity medium between the mirrors of the λ/2-microresonator, we
observe completely different confocal Raman microscopy images. In particular, we find that the scattering intensities for
specific vibrational (phonon) modes in SWNT depend on the local mirror spacing L(x,y) and, hence, the local photonic
mode density ρ cav (L ) within the microcavity. To illustrate this spatial dependency, we constructed the Raman image
shown in Fig. 2(c) in the following way: For each pixel, a Raman spectrum was acquired and the intensities of the RBM
band and the G band were integrated independently and shown in different color scales. We obtain sectors of two
spatially separated concentric rings of equal L, matching the orientation of the concentric interference pattern as shown
in Fig. 1(c): The inner ring is formed by bright spots originating from SWNTs showing strong RBM intensities, the outer
ring consists of dark spots that originate from SWNTs showing strong G intensities.

Representative microcavity-controlled Raman spectra taken from the two rings of constant L are shown in Fig. 2(d),
together with a spectrum measured for the L corresponding to the RBM anti-Stokes transition. Each spectrum of the
SWNT consists of a single Raman band corresponding to the Raman transition that is in resonance with ρ cav (L ) . The
absence of a detectable contribution from the G band in the measured Raman spectra of all SWNTs within the bright
inner ring in Fig. 2(c) is the experimental proof for the inhibition of the optical population of the phonon modes
associated with the G band by at least one order of magnitude for the broad (n,m)-distribution of the sample material. We
calculated the microresonator-controlled Raman scattering cross section for specific Raman transitions of SWNTs [7].
For the microcavity-controlled Raman scattering cross sections for the G-band Anti-Stokes and Stokes transitions, we
obtain a maximum ratio of up to 20, depending on the mirror spacing L. This relative change in the Raman scattering
cross sections for the G-band transition is a direct consequence of the optical confinement and might be utilized to
modify non-equilibrium phonon populations in electrically biased SWNTs.

Fig. 3. Microcavity-controlled emission of SWNTs. Confocal optical microscope images show the integrated (a) Raman Gband intensity and (b) photoluminescence (PL) intensity of embedded SWNTs for resonant mirror spacings L. Series of
(c) Raman G-band and (d) photoluminescence spectra for different laser excitation powers measured at the position of
one of the bright spots in (a) and (b), respectively. To improve the data quality, each Raman and photoluminescence
spectrum has been subtracted by a corresponding background spectrum. The integrated intensities derived from the
spectra series shown in (c) and (d) are plotted as a function of the laser excitation power in (e) and (f), respectively. The
laser excitation wavelength for all measurements is 632.8 nm.

In Fig. 3 (a) and (b), we show Raman scattering (G-band) images as well as photoluminescence (PL) images of SWNTs
embedded in the optical microcavity, which have been acquired for SWNT (bundles) located at different microcavity
positions, and, hence, different mirror spacings L. For a specific SWNT (bundle), we do not observe Raman scattering
and PL simultaneously because of the large spectral separation of the respective emission wavelengths. While the Raman
image clearly indicates the extension and in-plane orientation of embedded SWNT (bundles), the PL emission is
spatially confined to the extent of the focal spot size of the confocal microscope. As expected, we observe only very few
SWNTs with significant PL emission: The efficient transfer of the excited state energy to semiconducting SWNTs
having larger diameters or to metallic SWNTs that quench the luminescence emission, makes it very unlikely to observe
PL emission in our sample [15, 16]. Figs. 3 (c) and (d) show series of Raman and PL spectra, respectively, acquired from
individual bright spots in the scan images Fig. 3 (a) and (b) as a function of the laser excitation power. The measured
intensity maximum of the PL spectrum located at about 990 nm indicates emission from a (6,5)-SWNT [17]. In either the
Raman G-band or PL spectrum, we do not observe significant line shifts or spectral broadening as we increase the laser
excitation power by up to three orders of magnitude. The corresponding integrated intensity curves of the G-band and the
PL emission are shown in Fig. 3 (e) and (f) and show linear dependency even for the highest laser powers, indicating that
the embedded SWNTs do not heat up significantly. As expected, we do not observe significant microcavity-effects on
the spectral line shape of Raman and PL bands, since the corresponding transition linewidths in free (non-confined)
space are comparable to or smaller than the spectral widths of available photonic cavity resonances (see figure 1 (d)).

2.2 Electrically excited, microcavity-controlled emission of SWNTs
Even though the major breakthrough of integrating SWNTs into electronic circuits and exciting their luminescence
electrically has been achieved already on the single nanotube level [18], the successful application of electrically driven
SWNTs in nanophotonics, quantum optics or quantum communications as demonstrated with individual quantum dots
[19] is lacking up to now. The control of the radiative properties of current-driven molecular quantum systems like
SWNTs by optical confinement remains one of the key challenges in nano-photonics. In the following, we discuss how
to integrate a three-terminal field effect transistor field-effect transistor (FET) based on a single, semiconducting SWNT
with a planar optical λ/2-microcavity [8].
Fig. 4 (a) shows a three-dimensional schematic of the integrated electronic-photonic nano-device and the corresponding
cross-section in Fig. 4 (b) highlights the intensity profile of the longitudinal (forward) cavity mode. The photonic λ/2microcavity consists of three dielectric layer stacks, i.e. polymethyl methacrylate (PMMA), aluminum oxide (Al2O3
deposited by atomic layer deposition) and silicon oxide (SiO2), placed between a top gold mirror and a parallel bottom
silver mirror. The thickness of each optical layer is indicated in Fig. 4 (b). A single SWNT is placed on top of the Al2O3
layer close to the microcavity center and is oriented parallel to the silver and the gold mirrors to provide optimum
coupling conditions between the SWNT and the longitudinal (forward) mode of the microcavity [14]. The forward mode
of the photonic cavity (cavity-Q around 40) is spectrally located at 1.7 microns, designed to overlap with the EL
spectrum of the SWNT as measured before deposition of the outcoupling (gold) mirror. The electrical transport
characteristics in Fig. 4 (d) shows the drain current versus gate bias for different drain voltages for a representative single
CNT-FET. While a conventional silicon-based FET shows unipolar transport characteristics, the SWNT-FET works as a
Schottky-barrier-type FET exhibiting ambipolar behavior [20]. For the emission measurements, source and gate
electrodes of the SWNT-FET were grounded and the drain electrode was biased at -10 V. The resulting drain current
typically ranged between 5 and 10 µA. Under these conditions, electrons are the main type of carrier injected from the
drain electrode accumulating kinetic energy in the high-field region near the Schottky-barrier to generate excited states in
SWNTs via impact excitation [21], a highly efficient process in one-dimensional structures like SWNTs. The radiative
decay of the generated excitons leads to light emission. Before deposition of the top gold mirrors on different SWNTFETs, we determined the diameter dt for each individual SWNT from the frequency of the measured Raman transition
associated with the RBM [4], delivering dt-values ranging between 1.2 nm and 2.2 nm. By correlating the measured
nanotube diameters with the measured energies of the respective EL intensity maxima ranging between 0.6 eV and 0.8
eV in free (non-confined) space, we find good agreement with the empirical E11-dt Kataura plot reported in [22].

Fig. 4. On-chip integration of a photonic λ/2-microcavity and a field effect transistor (FET) incorporating a single SWNT as
an active channel. (a), (b) Device schematics. (c) Elastic and inelastic (Raman) scattering microscopy as well as
electron microscopy (SEM) is used for characterizing the SWNT-FET. (c) Electronic device (I-V) characteristics of a
SWNT-FET (adopted from [8]).

In Fig. 5 we show the spectral microcavity-effect on the electroluminescence (EL) emission of an individual SWNTFET. The spectrally broad and spatially undirected EL measured in free space, i.e. before deposition of the top gold
mirror (see Fig. 4 (a) and (b)), is transformed into a narrow and nearly symmetric emission band matching the spectral
position, line shape and line width of the longitudinal photonic (forward) mode of the photonic cavity. Regardless of the
specific structure of individual SWNTs, their free space emissions with a spectral full width at half maximum (FWHM)
in the range of 300 nm are spectrally redistributed to produce a narrow and symmetric spectrum with FWHM-values of
40 nm, i.e. in the order of 1/10 of the original value. Moreover, spectral measurements with varying collection apertures
(data not shown) demonstrate the increased directionality, or, in other words, the angular narrowing of the microcavitycontrolled EL emission. From our model calculations, we estimate a maximum radiative rate (Purcell-) enhancement of
four with respect to free (non-confined) space [8].

Fig.5. Microcavity-controlled electroluminescence (EL) spectrum of a field-effect transistor (FET) based on a single,
semiconducting single-walled carbon nanotube (SWNT). The broad EL spectrum measured from the same SWNT-FET
without the optical confinement due to the photonic cavity is shown as a free-space reference. Both spectra are
normalized to their respective intensity maximum (adopted from [8]).

3. SUMMARY AND CONCLUSION
We reported emission studies (Raman, photoluminescence, electroluminescence) of individual SWNT (bundles) spatially
isolated and immobilized in a planar optical λ/2-microcavity. We demonstrate experimentally that the modified local
photonic mode density within the cavity selectively enhances or inhibits different Raman and photoluminescence
transitions of embedded SWNTs. For the entire range of laser excitation powers used, we observe a linear power
dependence for both resonant (G-band) and PL transitions. Taking into account the recent observation of photonantibunching in the PL emission of individual SWNT [23], we believe that microcavities can significantly improve the
radiative performance of SWNTs for application as single photon sources in quantum optics and quantum
communication. The first on-chip integration of an optical λ/2-microcavity and a field-effect transistor based on a
semiconducting SWNT, forming a current-driven, highly directed and spectrally narrow infrared nano-light source,
constitutes an important step in nanophotonics. SWNT-based light sources may find applications in integrated
nanophotonic circuits, quantum optics and on-chip optical interconnects.
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