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Abstract: The integration of periodic nanodisk arrays into the channel of a light-emitting 
field-effect transistor leads to enhanced and directional electroluminescence from thin films 
of purified semiconducting single-walled carbon nanotubes. The maximum enhancement 
wavelength is tunable across the near-infrared and is directly linked to the periodicity of the 
arrays. Numerical calculations confirm the role of increased local electric fields in the 
observed emission modification. Large current densities are easily achieved due to the high 
charge carrier mobilities of carbon nanotubes and will facilitate new electrically driven 
plasmonic devices. 
© 2017 Optical Society of America 
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1. Introduction 

The demand for new optoelectronic and nanophotonic applications requires novel light 
sources with tailored optical properties. To this end, semiconducting single-walled carbon 
nanotubes (SWCNTs) offer a unique combination of high charge carrier mobility [1] and 
diameter dependent, narrow excitonic transitions at room temperature [2] for the generation 
of light under electrical pumping [3,4]. Despite the potential spectral tunability over large 
parts of the near-infrared via the SWCNT diameter and chirality it remains challenging to 
implement and control large-scale and type-selective growth or purification protocols [5–7]. 
In contrast to that, specific emission wavelengths can be achieved via the chemical 
introduction of new emissive states [8,9] or coupling of SWCNTs to resonant electromagnetic 
cavities [10–14]. The latter allow for the increase of the local photonic density of states at a 
given energy, and thus, more efficient light emission via the Purcell effect. With regard to 
such extended spectral and coupling tunability, hybrid photonic-plasmonic cavities are of 
particular interest as they provide a trade-off between the high quality factors of photonic 
cavities and the sub-diffraction mode confinement and high local field intensities of 
plasmonic nanocavities [15,16]. 

One example is surface lattice resonances (SLRs) that are formed upon far-field coupling 
between diffraction orders (i.e., photonic modes) and periodically arranged structures that 
support localized surface plasmon resonances (LSPRs) such as spheres [17], rods [18], bow-
ties [19] or disks [14,20–23]. The spectral position of the SLRs, their linewidth and photonic-
plasmonic composition are easily controlled by the periodicity of the arrays and spectral 
position of the LSPRs [17]. Owing to their good quality factors and high electric field 
intensities, these nanocavities have already led to numerous advances, such as improved 
sensing of biomolecules [24,25], surface-enhanced Raman scattering [26,27], tailored light 
emission [14,28], lasing [20,22] and strong light-matter interactions [18,21]. Moreover, by 
coupling carbon nanotubes to the SLRs, we have successfully demonstrated their spectrally 
tunable, enhanced and directional photoluminescence [14], as well as a formation of part-light 
part-matter quasiparticles called plasmon-exciton polaritons [21]. However, due to the 
intrinsic sensitivity of SLRs to the dielectric environment and charge injecting metal 
electrodes in particular, the corresponding functionality and integration into electrically 
driven devices have been limited. Only recently we have established that it is possible to 
minimize the impact of metallic contacts in electroluminescent devices by utilizing the planar 
arrangement of source-drain electrodes in polymer light-emitting field-effect transistors 
(LEFETs) such that far-field coupling was not affected [23]. A similar approach using 
SWCNTs as a material for high-mobility charge transport and near-infrared light-emission is 
highly desirable as it would allow us to strongly modify and enhance their 
electroluminescence and would bring new functionalities and characteristics to electrically 
driven devices supporting SLRs. 

Here, we implement periodic gold nanodisk arrays supporting SLRs into LEFETs with 
(6,5) SWCNT thin films to tailor their photo- and electroluminescence (EL) characteristics. 
We were able to enhance the emitted light from three spatially separated regions within a 
single channel of a LEFET in the 1000-1500 nm spectral range with distinct hybrid photonic-
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plasmonic resonances. As confirmed by angle-resolved spectroscopy, electroluminescence 
also exhibited a large directionality with divergence angles as small as ~6.5°. Our 
experimental data together with numerical simulations implicate the increase of the fractional 
local density of states as the main origin of the observed modification of intensity and angular 
redistribution of light emission. The large current densities (30 kA·cm−2) in SWCNT LEFETs 
and the high exciton oscillator strength of SWCNTs [29] may open a path toward electrically 
pumped carbon-based photon or polariton lasers. 

2. Device design and fabrication 

To demonstrate control over light emission from SWCNTs under electrical pumping we 
integrated gold nanodisk arrays into a LEFET as schematically shown in Fig. 1(a). The 
fabrication of a top-gate, bottom-contact LEFET started with patterning three representative 
nanodisk arrays (over a 20 × 150 μm2 area each) via electron-beam lithography onto a glass 
substrate. For electrical insulation the nanodisks were covered with a 1 nm aluminum oxide 
layer. The gold source and drain electrodes of the LEFET were patterned 
photolithographically around the nanodisk arrays. Next, a 14 nm film of polymer-sorted (6,5) 
SWCNTs [30] was spin-coated on top as the transport and emission layer. The quasi-
monochiral SWCNT layer was selected to facilitate interpretation of the spectral changes 
associated with the SLRs. The device was completed with a hybrid gate dielectric (226 nm of 
poly(methyl methacrylate), 38 nm hafnium oxide and 5 nm aluminum oxide) and a 200 nm 
thick PEDOT:PSS gate electrode (sheet resistance 110−150 Ω·sq−1), deposited by aerosol jet 
printing. The conductivity of the PEDOT:PSS is sufficiently high for the application of a gate 
potential, but at the same time allows us to keep the change in the refractive index along the 
different layers to a minimum (see Appendix for more details on sample fabrication). This 
optimized stack configuration with an effective refractive index close to n = 1.5 (defined by 
the bottom glass, the top PMMA and PEDOT:PSS layers) does not negatively affect the 
performance of SLRs, as reported recently [23]. The number of nanodisks in the arrays 
defined by their area and periodicity was sufficiently large to provide reasonable collective 
coupling of the nanodisks and thus high quality of the SLRs [31]. 

In addition to the transistor channel with the nanodisk arrays, we also fabricated a 
reference channel nearby to directly compare electrical and optical characteristics of the 
corresponding LEFETs, as visualized by the dark-field image under white light illumination 
in Fig. 1(b). Scanning electron micrographs show the square lattice arrangement of nanodisks 
with periodicities of a = 700, 850 and 1000 nm and nanodisk diameters of ~230, 265 and 300 
nm, respectively. The periodicity and the size of the nanodisks were designed with the aim to 
form high quality SLRs and to demonstrate their tunability in a representative ~1100-1500 nm 
spectral range. First, for a homogeneous environment with refractive index n, the Rayleigh 
anomalies associated with the diffractive coupling of LSPRs occur for normal directions at λ 
= a × n or ~1050, 1275 and 1500 nm for the arrays under investigation [32]. Second, the size 
of the nanodisks enables the control of spectral overlap between LSPRs and Rayleigh 
anomalies, and thus the magnitude, the damping properties and the quality factors of the 
formed SLRs [17]. 

Upon application of voltage to the gate and drain electrodes (the source electrode is 
grounded) of the LEFET [Fig. 1(a)] charge carriers start to accumulate in the SWCNTs layer. 
Depending on the relative magnitude and sign of the applied gate potential with respect to the 
source and drain electrodes, electrons and holes can be injected into the SWCNTs from either 
electrode, which is a property of ambipolar semiconductors and transistors in general [33]. 
The injection of both carriers from opposite electrodes defines a narrow zone within the 
channel where electrons and holes meet and form excitons that eventually recombine and 
emit light. An important feature of such an ambipolar LEFET is that the number of formed 
excitons, which controls the intensity of the emitted light, is determined by the drain-source 
current because all holes and electrons have to recombine, when the emission zone is located 
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away from the electrodes. The planar structure of LEFETs has also proven to be very robust 
against the integration of dielectric waveguides [34] and plasmonics structures [35]. A 
comparison of the drain current versus gate voltage, i.e., transfer characteristics, for transistor 
channels with and without nanodisks is shown in Fig. 1(c). Although an increase of the drain 
current is evident for the channel with nanodisks, the overall performance of the devices 
remained almost unchanged (see Appendix, Fig. 4, Table 1 and Fig. 5) for threshold voltages, 
hole and electron mobilities, output curves and transfer characteristics at low source-drain 
bias). The external emission efficiency of the fabricated LEFETs was comparable to reference 
devices of known external quantum efficiency of ~10−5 photons per injected charge carrier 
and thus similar to state of the art values for electrically driven emission from carbon 
nanotubes (10−4 – 10−6 photons/electron) [3,4,10]. 

 

Fig. 1. (a) Schematic geometry and operation principle of a top-gated light-emitting field-effect 
transistor (LEFET). (b, top) Dark-field optical micrograph of a LEFET under white-light 
illumination showing edges of source and drain electrodes and the channel filled with periodic 
arrays of gold nanodisks with 700, 850 and 1000 nm pitch (diameter 230, 265 and 300 nm, 
respectively) and their corresponding scanning electron micrographs. (c) Ambipolar transfer 
characteristics of LEFETs without (red) and with (blue) gold nanodisks arrays in the channel. 
(d) Photoluminescence excitation-emission map of the SWCNT layer within the LEFET (inset: 
representative atomic-force micrograph of the SWCNT layer). 

Before looking at light emission from the SWCNTs coupled to the nanodisks under 
electrical excitation, we investigated the photoluminescence (PL) response of a thin layer of 
SWCNTs within the channel without any nanodisks. As shown in Fig. 1(d) the pronounced 
spectral feature in the PL excitation-emission map can be easily associated with the (6,5) 
SWCNTs and their corresponding E22 excitonic transition (absorption at 577 nm). As for 
emission, the corresponding E11 transition is slightly redshifted and broadened (~1050 nm, 
full-width at half maximum ~130 nm) compared to the typical values of ~1020 nm and 40 
nm, respectively, for thin films of (6,5) SWCNTs [14]. This apparent shift and broadening are 
most likely related to partial energy transfer from the majority of (6,5) SWCNTs to a few 
SWCNTs with larger diameters such as (7,5) nanotubes that were abundant in the raw 
CoMoCAT material (visible as the shoulder at ~1050 nm) [36]. Although they cannot be 
distinguished as specific E22 transitions in the PL excitation-emission map fast energy transfer 
and emission from these SWCNTs are facilitated by the very low polymer content for dense 
SWCNT films. The typical PL efficiency for these films is ∼0.1% with exciton lifetimes of a 
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few picoseconds, as reported recently [14]. The length of the SWCNTs is about 1 μm as 
evaluated from the atomic-force micrograph [see inset in Fig. 1(d)]. 

3. Results 

To demonstrate the tunability and angular dispersion characteristics of light emission from 
SWCNTs coupled to the nanodisk arrays with different pitch, we performed angle-dependent 
measurements: for PL with laser excitation at λ = 640 nm (power ~10 mW) and EL at a 
current density of Jds ~10-30 kA·cm−2 (taking into account a channel width of 500 μm and an 
estimated accumulation layer thickness of 2 nm). To enable acquisition of wavelength and 
angular distribution of the collected light in a single measurement we used an objective back-
focal plane imaging technique as reported recently (see Appendix for details) [14]. With this 
approach the entrance slit of the spectrometer defines the collection plane, detection angle θ 
and the polarization state of the light. In general, due to the square symmetry of the fabricated 
arrays and thus equal pitch for the two orthogonal directions, the optical response for the 
entrance slit oriented along either direction of the arrays should be the same. However, the 
long axis of the rectangular arrays [i.e., 150 µm versus 20 µm for the short side, see Fig. 1(b)] 
hosts a larger number of nanodisks, and thus the SLRs formed via coupling along this 
direction show higher quality factors. 

 

Fig. 2. Angle-resolved TE-polarized photo- and electroluminescence spectra (a) and 
enhancement factors (b) for regions with nanodisk arrays with pitch 700, 850 and 1000 nm 
(from left to right). Analytical dependencies for Rayleigh anomalies at negative angles are 
indicated with white dotted lines. 

The collected angle-dependent PL and EL spectra for the transverse-electric (TE) 
polarizations and three nanodisk arrays with pitches 700, 850 and 1000 nm (from left to right) 
are shown in Fig. 2(a). The corresponding data for the transverse-magnetic (TM) polarization 
can be found in the Appendix (Fig. 6). One can clearly see that the optical response under 
photo- and electrical excitation is dominated by the dispersionless emission of the SWCNTs 
with excitonic transitions at ~1070 nm that are also visible for the transistor channel without 
nanodisk arrays (see Appendix Fig. 7). More importantly, there are additional highly 
dispersive spectral features characterized by the crossing point at zero angle that change their 
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spectral positions for different pitches. To facilitate interpretation of these features, we 
calculated the experimental PL and EL enhancement factors defined as the ratio of light 
emission with and without nanodisks as shown in Fig. 2(b). Here, all EL values were 
normalized by current density; Jds ~30 kA·cm−2 for the channel with nanodisks and Jds ~10 
kA·cm−2 for the reference. This correction gives a proper evaluation of the enhancement 
factors assuming constant internal quantum efficiency of excitons within the given range of 
current densities. In order to correlate the new features with the anticipated position of the 
SLRs, the analytical curves of ( + 1,0) and (−1,0) Rayleigh anomalies are indicated by white 
dotted lines, taking into account the refractive index of the environment (n = 1.5) and the 
nanodisk array pitch [21]. The observed resonances are slightly redshifted, which is common 
due to Fano-like interactions between broad LSPRs and narrow Rayleigh anomalies [17,37]. 
Moreover, at short wavelengths, the higher order ( ± 1, ± 1) and ( ± 2,0) Rayleigh anomalies 
are also visible for the 850 and 1000 nm arrays. The divergence of the TE-polarized emission 
for normal direction was estimated as the full-width at half maximum of the enhancement 
factor for the representative 850 nm pitch array [i.e., cross section in Fig. 2(b) at 1320 nm] 
and is within ~6.5°. For the TM-polarized emission the new spectral features are associated 
with (0, ± 1) Rayleigh anomalies as shown in the Appendix (Fig. 6). The typical full-width at 
half maximum (FWHM) of the peaks over the detection range reaches values as small as 20 
nm for TE-polarized light indicating high quality resonances (Q = λ/FWHM ~1300/20 = 65). 
For TM-polarized light, the quality factors tend to be slightly smaller (Q ~1300/40 = 32.5), 
due to fewer nanodisks coupling for these Rayleigh anomalies, that is, perpendicular to the 
detection plane and along the shorter axis of the nanodisk array. This variation of quality 
factors for two orthogonal directions is further confirmed when the sample is rotated by 90° 
(see Appendix Fig. 8). In this case, the TE-polarized light exhibits smaller quality factors, as 
it now reflects coupling for the shorter axis of the arrays. Nevertheless, one can clearly see 
that SLRs can be efficiently used to modify light emission with nanodisk arrays as small as 20 
µm. 

4. Discussion 

Regarding the absolute values of the observed enhancement, we note that emission 
enhancement under electrical excitation is systematically lower (even below 1 for some 
regions) than for the optically excited SWCNTs. In terms of the expected Purcell effect being 
responsible for the enhanced emission, the excitation mechanism (EL or PL) should not be 
important. The main reason for this discrepancy is the current density normalization for the 
EL data, as the used current values account for the whole LEFET channel and may not reflect 
the local current density between nanodisks in each array, which would be necessary for more 
precise correction factors. To visualize the emission control and to exclude the variation of 
the current densities through nanodisk arrays, we normalize (at 1070 nm) and compare the EL 
signal detected normal to the substrate (θ = 0°) of pure SWCNTs with signal from the regions 
with nanodisks (see Appendix, Fig. 9, top panel). Although the absolute intensities of the new 
spectral features are smaller than from the bare SWCNTs they can be clearly distinguished. 
The narrow lineshape and tunability of the spectral position are further verified by subtraction 
of the reference spectrum and normalization as shown in Appendix Fig. 9 (bottom). 

To elaborate more on the exact mechanism of the observed enhancement, the PL 
enhancement factors for two detection angles, i.e., at θ = 0° and 10° for the nanodisk array 
with pitch 850 nm are plotted in Fig. 3(a) (top panel). In addition, we include the comparison 
of the reflectivity data for the same region and angles of detection in Fig. 3(a) (bottom). The 
angle and polarization-resolved reflectivity data, were recorded as reported previously [14], 
and is defined as the difference between the signals from the channels with and without the 
nanodisk array and normalized by the spectrum of a 100% reflecting surface illuminated with 
a lamp (see Appendix Fig. 10 for full set of reflectivity data). It is interesting to note that the 
maximum of the enhancement does not correlate with the reflectivity peak position (it is 
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blueshifted) as one would expect if the emission enhancement were a result of increased 
scattering and/or outcoupling of light in one particular direction. This mechanism can be 
excluded further by taking into account the random but in-plane orientation of SWCNTs 
(length ~1 µm) in a thin layer (~14 nm), and thus the lack of light trapping issues in these 
LEFETs that may be alleviated by scattering of SLRs. Instead, the observed blue-shifted 
emission enhancement (compared to maximum reflectivity) corresponds to the trade-off 
between maximum local field enhancement for the wavelengths corresponding to suppressed 
radiative damping [38,39] and efficient coupling to the far-field at the maximum reflectivity. 

 

Fig. 3. (a) (top) PL enhancement spectra of the region with 850 nm array pitch at emission 
angles θ = 0° (black) and θ = 10° (red). (bottom) Corresponding reflectivity spectra with 
scattered symbols representing experimental values and solid lines are smoothed data for 
clarity. (b) FDTD calculated area-averaged field intensity enhancement for various plane-
substrate separations and angle of incidence θ = 0° (top) and θ = 10° (bottom) according to the 
simulation schematic in the inset. 

It is important to note that local field enhancements for the Purcell effect correspond to an 
increase of the local density of states (LDOS), increased radiative decay rate of emitters and 
thus higher emission efficiency. However, for our system with wide angular dispersion 
characteristics it is more relevant to consider the density of states proportional to the power 
emitted in one particular direction, referred to as the spectral density of states [40] or 
fractional radiative local density of states (FLDOS) [41]. Although the increase of FLDOS 
does not necessarily imply an increase of LDOS, we integrated emission over all collection 
angles accessible by the objective ( ± 50°) to quantify any variation of LDOS and the Purcell 
effect as such [see Appendix, Fig. 11(a)]. In general, this integration should be performed 
over all emission angles (i.e., whole 4π solid angle), but PL data for channels with and 
without nanodisks already provide clear evidence that the total emitted power with an 
nanodisk array is higher than without, and thus the role of the Purcell effect can be 
corroborated. Ideally, the shortening of the exciton lifetime should be observed as the 
ultimate experimental verification of the Purcell effect, but due to the already very short 
lifetimes of SWCNTs (<10 ps) [14] further shortening would be very challenging to measure. 
More importantly, since the angle-integrated PL enhancement [see Appendix, Fig. 1(b)] 
shows wavelength dependence with an off-resonance enhancement (at λ ~950 nm and >1500 
nm) close to 1 (i.e., no enhancement), we can also exclude any effect of increased laser 
excitation rate. For the opposite situation, wavelength-independent emission enhancement 
and/or higher off-resonance values would be expected. Moreover, this mechanism is not 
relevant for the modified emission under electrical excitation. 

In order to gain further insight into the increase of FLDOS, we performed numerical 
simulations of the field intensity enhancement around the nanodisks. We took advantage of 
the Lorentz reciprocity theorem connecting the increase of power emitted by the dipole in a 
particular direction and the enhancement of the local fields upon plane wave illumination 
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from this direction [41]. Since the observed PL or EL emission originates from the SWCNTs 
evenly distributed around the nanodisks and are thus affected by the different magnitudes of 
the local fields, the enhancement of local fields should also be averaged over different 
positions. To estimate the versatility of the emission enhancement using nanodisk arrays we 
performed averaging for planes at different distances from the glass-SWCNTs interface. With 
this approach the increase of FLDOS for emitters at different distances from the substrate 
surface, e.g., for a much thicker SWCNTs layers, are directly visualized in Fig. 3(b). Here, 
the calculated values for each plane are plotted versus the distance (z) from the surface for 
detection/emission angles of 0° and 10°. First, one can clearly see the correlation between 
peak positions observed in the experimental [Fig. 3(a), top] and simulated data. Second, 
although the enhancement tends to decrease for emitters further away from the nanodisks, it is 
still reasonably high even at distances as large as 300 nm, which is a direct manifestation of 
the photonic component of the hybrid photonic-plasmonic SLRs. For a separation larger than 
100 nm a second peak corresponding to the quasi-guided mode [42] is expected (~1100 nm). 
However this peak is not observed for our 14 nm thick layer. It is important to note that the 
experimentally calculated enhancement values are smaller than the values expected from the 
simulated fields. The most probable origin of this deviation is differences between simulated 
and fabricated structures, such as the quality/uniformity of the nanodisks, presence of 
additional interfaces and possibly electric field screening effects caused by the dense SWCNT 
film. Furthermore, the metal-related losses close to the nanodisks may compete with the 
radiative decay and thus decrease the experimental emission enhancement. As illustrated by 
the simulated three-dimensional field distribution around nanodisks, shown in Appendix Fig. 
12, the highest field intensities still tend to be in the vicinity of the nanodisks despite 
generally delocalized mode profiles of the SLRs. 

It is worth noting that for clarity and as a proof of concept the demonstrated emission 
enhancement was designed to affect the rather weak light emission from the carbon nanotubes 
in the 1100-1500 nm spectral range (likely originating from the multiphonon-assisted 
relaxation) [43]. Hence, despite the enhancement, the brightness of the new spectral features 
shifted from the main excitonic transitions remains low. To achieve higher absolute 
intensities, one may utilize a selection of multichiral but semiconducting SWCNT networks. 
Alternatively, strong light-matter coupling becomes possible for higher density and/or larger 
thickness of the SWCNT layer with light emission channeled into plasmon-exciton polariton 
states [21]. 

5. Summary 

In conclusion, we have shown that nanodisk arrays supporting SLRs enable highly directional 
and enhanced electroluminescence from SWCNTs in a planar light-emitting field-effect 
transistor operating at high current densities. The presented experimental and numerical data 
confirm that the emission enhancement is due to the combination of increased radiative decay 
of generated excitons via the Purcell effect and the redirection of emission following the 
angular dispersion properties of the SLRs. Due to the small footprint of these arrays it was 
possible to integrate three different nanodisk arrays within a single LEFET channel and to 
generate light with distinct spectral and angular emission characteristics. This is an important 
step toward efficient, tunable, directional and electrically driven light sources in the near-
infrared. With their high charge carrier mobilities and thermal stability supporting very high 
current densities, as well as narrow excitonic transitions SWCNTs represent an excellent 
material for a variety of exciting plasmon-assisted interactions, such as electrically pumped 
lasing or plasmon-exciton polariton condensation. 
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Appendix 

LEFET fabrication 

Gold nanodisks were produced by electron-beam lithography on glass (Schott AF32 Eco) 
with a Raith 150 system (Raith GmbH) as reported recently [23]. To form a thin aluminum 
oxide layer on top of the nanodisks, 1 nm of aluminium was evaporated and left to oxidize in 
air. Photolithography followed by electron-beam evaporation of 2 nm Cr/30 nm Au and lift-
off was employed to pattern the source-drain electrodes with a channel length of 20 µm and 
width of 500 µm around the nanodisk arrays. (6,5) SWCNTs were prepared from CoMoCAT 
raw material by selective polymer dispersion in toluene as discussed previously [30]. 50 µL 
of a highly concentrated SWCNT dispersion in toluene was spincoated twice at 1000 rpm for 
60 s and annealed at 300 °C in dry nitrogen for 60 min to form a 14 nm dense and randomly 
oriented SWCNT film as a charge transport and light emitting layer. The hybrid dielectric 
consisted of three layers: poly(methyl methacrylate) (PMMA), hafnium oxide (HfOx) and 
aluminium oxide (AlOx). Syndiotactic PMMA (Polymer Source, Mw = 300 kg·mol−1) was 
dissolved in anhydrous n-butyl acetate (50 mg·mL−1) and stirred at 80 °C for 180 min. The 
PMMA layer was spincoated at 4000 rpm for 60 s, resulting in a film thickness of 230 nm. A 
38 nm HfOx layer was added by atomic layer deposition (ALD, Ultratech Savannah S100) 
using tetrakis(dimethylamino)hafnium as a hafnium precursor at 100 °C and water as an 
oxygen source. HfOx acted as an encapsulation barrier to stop the diffusion of H2O from the 
PEDOT:PSS to the interface of the PMMA and the SWCNTs. To prevent etching of HfOx by 
PEDOT:PSS, a thin AlOx layer was deposited by ALD with trimethylaluminium as an 
aluminium precursor and water at 80 °C. 

The conductive polymer PEDOT:PSS was used for the gate electrode. A pH-neutral high 
conductivity PEDOT:PSS dispersion (Sigma Aldrich, Orgacon N-1005, 0.83% in H2O) with a 
small addition of Triton-X-100 surfactant (Sigma Aldrich) was printed with an Optomec 
Aerosol Jet Printer (carrier gas flow 25-30 ccm, sheeth gas flow 6-8 ccm, stage temperature 
60 °C, nozzle speed 5 mm·s−1, line pitch 20 µm), yielding a film thickness of approximately 
200 nm. The pH-neutral PEDOT:PSS did not etch the underlying dielectric layer. To avoid 
additional degradation, all devices were encapsulated for optoelectronic measurements with a 
glass cover slip and epoxy resin. 

Characterization 

Surface morphology of SWCNT film was characterized by atomic-force microscopy in Scan 
Asyst mode (Bruker Dimension Icon). Current-voltage characteristics were recorded with an 
Agilent 4156C Semiconductor Parameter Analyzer or a Keithley 2612A source meter. Gate 
dielectric capacitances were determined with an Agilent E4980A Precision LCR Meter. The 
photoluminescence-excitation map was obtained by excitation of the SWCNT film with a 
wavelength tunable (1 nm step with laser-line tunable filter, Fianium Ltd.) output of a 
supercontinuum laser source (WhiteLase SC400, Fianium Ltd.) and detection with an Acton 
SpectraPro SP2358 spectrometer (grating 150 lines·mm−1) and a liquid nitrogen cooled 
InGaAs line camera (PI Acton OMA V:1024 1.7). The obtained signal was wavelength 
calibrated for sensitivity of the detection system and incident laser power (measured with a 
calibrated silicon photodiode power sensor). For angle- and wavelength-dependent 
spectroscopy, we used a Fourier-space imaging setup, as reported previously [14]. Briefly, for 
reflectance or photoluminescence spectroscopy, a collimated white light source or laser beam 
(λ=640 nm; continuous wave power 10 mW) was passed through a 50:50 beam-splitter and 
then focused on the sample down to a 1-2 µm spot size by a ×100 near-infrared objective with 
0.8 numerical aperture. The back-focal plane of the objective was imaged via Fourier optics 
and a tube lens onto the entrance slit of a spectrometer (IsoPlane SCT-320, Princeton 
Instruments) equipped with a TE-cooled 2D InGaAs camera (640×512 pixels NIRvana 
640ST, Princeton Instruments). Scattered laser light was blocked by a long pass filter with an 
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850 nm cutoff wavelength. An additional polarizer was placed in front of the spectrometer to 
select transverse-electric or transverse-magnetic light polarization. The same setup was used 
to acquire angle-dependent electroluminescence spectra. All spectra were corrected with 
respect to the response of the detection system with a calibrated tungsten halogen lamp. 

3D finite-difference time-domain calculations 

For 3D finite-difference time-domain (FDTD) simulations a commercial software (FDTD 
Solution v8.16.884, Lumerical Solutions Inc., Canada) was used. The simulation region 
(boundaries defined by periodic conditions and perfectly matched layers) included the glass 
substrate, gold nanodisk (h=25 nm, D=260 nm) and 500 nm of SWCNTs/PMMA with n=1.5. 
To reduce computational resources and computational time, we took advantage of the 
symmetric/antisymmetric boundary conditions where possible. A uniform mesh size of 2.5 
nm (X, Y and Z-directions) was used in the region (X×Y×Z=850×850×400 nm3) around gold 
nanodisk. Outside of these regions the grid was defined by the auto non-uniform mesh 
technique. The optical constants of gold were obtained from Johnson and Christy [44]. 

In order to estimate field intensity enhancement profiles we recorded electromagnetic 
fields with 2D profile monitors in X−Y, X−Z, and Y−Z planes (Appendix, Fig. 12). Field 
intensity enhancement |Ex/E0|

2 was calculated for a plane wave injected at θ=0° or 10° to the 
surface (X-polarized) taking into account the values for the configuration without the gold 
nanodisk. Analogously, for the plane-averaged field intensity enhancement values as a 
function of the distance from the glass/SWCNTs interface [Fig. 3(b)] the electromagnetic 
fields were recorded with a 3D monitor (X×Y×Z=850×850×300 nm3) set around the gold 
nanodisk. Further, the enhancement was calculated by averaging values in the X-Y plane for 
each Z-position excluding values of cells/positions not representing SWCNTs layer and 
dividing by the values for the structure without the gold nanodisk. 

 

Fig. 4. Comparison of ambipolar output characteristics of LEFETs with (dotted lines) and 
without (solid lines) nanodisk arrays. 

Table 1. Extracted charge transport parameters (linear mobility µlin and threshold 
voltages VTh for holes and electrons) for LEFETs with and without nanodisk array in the 

channel. 

 µlin,h 
(cm2V−1s−1) 

VTh,h 
(V) 

µlin,e 
(cm2V−1s−1) 

VTh,e 
(V) 

without nanodisk array 12.5 −30.0 2.0 14.0 
with nanodisk array 3.4 −12.7 4.3 11.8 
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Fig. 5. Ambipolar transfer characteristics of LEFETs with (dotted lines) and without (solid) 
gold nanodisks arrays at high (red) and low (blue) source-drain voltage. The latter show almost 
no hysteresis and high (~105-106) on/off ratios, thus corroborating the absence of any metallic 
carbon nanotubes. 

 

Fig. 6. Angle-resolved TM-polarized photo- and electroluminescence spectra (a) and 
enhancement factors (b) for regions with nanodisk array pitch 700, 850 and 1000 nm (from left 
to right). Analytical dependencies for Rayleigh anomalies at negative angles are indicated with 
white dotted lines. 
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Fig. 7. Angle-resolved TE (a) and TM-polarized (b) photo- and electroluminescence spectra 
for channel region without nanodisk array. 

 

Fig. 8. Angle-resolved TE-polarized photoluminescence spectra and enhancement factors for 
regions with nanodisk array pitch 700, 850 and 1000 nm (from left to right). Detection plane 
was rotated by 90° to probe the short side of the arrays. Analytical dependencies for Rayleigh 
anomalies at negative angles are indicated with white dotted lines. 

 

Fig. 9. Normalized to E11 transition (top) and normalized differential (bottom) EL spectra of 
pure SWCNTs (purple) and emission from the regions with array pitch 700 (blue), 850 (green), 
and 1000 nm (orange) normal to the sample surface. 
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Fig. 10. Angle- and polarization-resolved reflectivity spectra for regions with nanodisk array 
pitch 700, 850 and 1000 nm (from left to right). Analytical dependencies for Rayleigh 
anomalies at negative angles are indicated with white dotted lines. 

 

Fig. 11. (a) Angle-integrated TE (black) and TM-polarized (red) photoluminescence intensity 
of the SWCNTs without (dotted line) and with (solid) 850 nm pitch periodic array of gold 
nanodisks. (b) Corresponding photoluminescence enhancement values. 

 

Fig. 12. Calculated electric field intensity enhancement distribution (X−Y, X−Z, and Y−Z 
planes, from top to bottom, respectively) around a single gold nanodisk in a periodic array with 
pitch 850 nm at incidence angle of the plane wave θ = 0°, for λ = 1338 nm (a); θ = 10°, for λ = 
1190 nm (b) and λ = 1427 nm (c). 
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