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ABSTRACT: The ability to confine and manipulate light below
the diffraction limit is a major goal of future multifunctional
optoelectronic/plasmonic systems. Here, we demonstrate the
design and realization of a tunable and localized electrical source
of excitons coupled to surface plasmons based on a polymer light-
emitting field-effect transistor (LEFET). Gold nanorods that are
integrated into the channel support localized surface plasmons
and serve as nanoantennas for enhanced electroluminescence. By
precise spatial control of the near-infrared emission zone in the
LEFET via the applied voltages the near-field coupling between
electrically generated excitons and the nanorods can be turned on
or off as visualized by a change of electroluminescence intensity.
Numerical calculations and spectroscopic measurements corrob-
orate significant local electroluminescence enhancement due to the high local density of photonic states in the vicinity of the gold
nanorods. Importantly, the integration of plasmonic nanostructures hardly influences the electrical performance of the LEFETs,
thus, highlighting their mutual compatibility in novel active plasmonic devices.
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Optoelectronic devices based on charge density oscillations
propagating along the metal−dielectric interface, that is,

surface-plasmon polaritons (SPP), offer the necessary function-
alities to bridge the gap between ultrafast photonics and high-
density nanoelectronics. For practical applications of all-
plasmonic circuitry, a full set of active and passive components
is needed, including sources, detectors, and waveguiding
structures for SPPs.1−5 Additional components should also
possess the ability to modulate and route signals.6−10 Current
technology has already overcome the problem of momentum
mismatch between freely propagating far-field radiation and
SPPs and offers near-field functionality for these compo-
nents.11−16 Moreover, electrical excitation and detection in the
near-field are possible. In combination with suppressed
coupling to the far-field these components may enable
completely dark plasmonic circuitry, where the signals are
confined in the near-field, thus, limiting the overall losses.
However, further improvements are still needed regarding
performance and functionality.
In this context, we propose the light-emitting field-effect

transistor (LEFET) as a planar electroluminescent device that

can be used for controlled plasmonic coupling. As suggested by
Falk et al., a field-effect transistor can be operated as a single
plasmon detector with the ability for signal amplification.12 It is
even more promising to operate it as a tunable source of
confined electrically generated emitting dipoles (i.e., excitons)
deliberately coupled to SPPs or not by simply changing the gate
voltage. In an ambipolar LEFET, holes and electrons are
injected into the channel from the source and drain electrodes,
respectively, depending on the applied voltages.17 The charge
accumulation layers meet within the channel resulting in a
voltage-controlled p−n junction. Electron−hole recombination
and thus light emission takes place in a narrow line, the
recombination zone. Many different semiconductors can be
used as the charge transport and emissive layer, for example
quantum dot solids,18 single-walled carbon nanotubes,19,20 two-
dimensional transition metal dichalcogenides,21 and organic
semiconductors,22,23 thus, enabling emission from the visible to
the near-IR. The position of the recombination zone can be
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changed deliberately along the entire channel length, depending
on the gate and drain voltage. This enables the selective
coupling of the narrow recombination zone to any nearby
plasmonic components of interest with sub-μm precision.
Furthermore, the number of excitons is directly and solely
controlled by the drain current, because all injected holes and
electrons must recombine when the recombination zone is
located within the channel. The application of LEFETs for
launching photons into dielectric waveguides was recently
demonstrated.24 However, similar integration of metallic
waveguides, for which better mode confinement is achievable
(compared to the dielectric counterparts), has not yet been
reported. Due to the complex set of parameters influencing the
dynamics of charge carriers in LEFETs, it is an open question
whether they can operate when metallic nanostructures are
incorporated into or close to the semiconducting channel. As
shown recently by Baeg et al.,25 metallic nanoparticles can
increase charge carrier trapping via tunneling and may behave
as a floating gate. Furthermore, metallic structures close to the
active channel could alter the electric field distribution and thus
modify charge carrier density.26

In this work we overcome these challenges and demonstrate
successful integration of plasmonic nanoantennas into LEFETs
and their efficient voltage-controlled coupling with electrically
excited excitons. Colloidal gold nanorods (NRs) that support
localized surface plasmons (LSP) are used as a model system
where, due to the Purcell effect, the degree of coupling can be
visualized and quantified. By tuning the applied voltages, the
recombination zone is moved away or brought close to the gold
NRs, thus, turning the coupling on or off. In addition to paving
the way toward multifunctional plasmonic devices based on the
LEFET design, the obtained physical insights may also help to
develop more efficient electroluminescent devices.

The device geometry and operation principle of a top-gated
ambipolar LEFET are shown in Figure 1a and b, respectively.
The device was fabricated on a glass substrate to facilitate
optical access and consisted of doctor-bladed colloidal gold
NRs covered by a 1 nm layer of AlOx for electrical insulation.
The NRs were synthesized following a water-based approach
and redispersed in tetrahydrofuran after ligand exchange
(removed by oxygen plasma treatment in the device), as
described elsewhere.27,28 Source-drain electrodes (2 nm Cr/30
nm Au) were patterned photolithographically and covered with
15 nm of a narrow bandgap semiconducting polymer
(diketopyrrolopyrrole copolymer, DPPT-BT), followed by a
high capacitance hybrid gate dielectric (11 nm poly(methyl
methacrylate) and 38 nm HfOx)

29 and a 35 nm silver gate (for
device fabrication details, see Supporting Information).
Upon application of drain and gate voltage (the source is

grounded), electrons and holes accumulate at the semi-
conductor−dielectric interface, as illustrated in Figure 1b.
Since the nominal thickness of the semiconducting layer is
about 15 nm and NR height is about 20 nm, vertical near-field
coupling (z-direction) is easily achieved. Nanorods were chosen
as nanoantennas due to the high local field concentration at
their tips, which facilitates the demonstration of near-field
coupling by enhanced light emission due to the Purcell effect.
Additionally, their LSP resonances can be easily tuned over a
wide wavelength range from visible to near-IR to match the
electronic transitions of interest and, thus, maximize coupling
(see Figure S1). A typical dark-field optical micrograph of the
LEFET structure can be seen in Figure 1c. The bright regions
with strong light scattering (yellow/green) indicate the
presence of gold NRs. Scattering from the electrode edges
visualizes three transistor channels: without NRs, half-covered,
and fully covered with NRs. For the middle channel (i.e., half-

Figure 1. (a) Schematic geometry of a top-gated light-emitting field-effect transistor (LEFET) with one-half of the channel coated with gold
nanorods (NRs) and (b) LEFET operation principle with recombination and emission zone (not to scale). (c) Dark-field microscopy image of
LEFET under white-light illumination showing four electrodes and three channels: without, half-covered, and with gold NRs. (d) Scanning electron
micrograph of a typical high density gold nanorod distribution prepared by doctor-blading of a colloidal nanorod dispersion.
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covered), the in-plane (XY) coupling can be tuned by changing
the position of recombination zone with respect to the areas
where Au NRs were deposited. A characteristic SEM image of
the homogeneously distributed NRs is shown in Figure 1d.
The DPPT-BT copolymer (see Figure 1a) was chosen as the

semiconductor and emitter because of its high and balanced
electron and hole mobilities (μe = 0.7 cm2 V−1 s−1, μh = 0.3 cm2

V−1 s−1) and narrow bandgap, which enables efficient ambipolar
charge injection and, thus, high current and exciton densities.
The excitonic emission of DPPT-BT is broad (full width at
half-maximum ∼ 300 nm) and centered at 1100 nm, as shown
in Figure 2a. In order to find the optimal size of the gold NRs

for efficient near-field coupling with electrically generated
excitons, we calculated the wavelength-dependent field intensity
enhancement around a nanorod with a diameter of 20 nm as a
function of its length taking into account the complex
anisotropic refractive index of DPPT-BT (see Supporting
Information, B and Figure S2 for 3D-FDTD calculation
details). These values were averaged over a 300 × 300 nm2

area (i.e., a typical experimental NR density after doctor-
blading), thus, taking into account all possible positions of the
emitting dipoles with respect to the NR. The obtained values
(see Figure 2b) are a direct measure for the expected upper
limit of far-field photoluminescence (PL) and electrolumines-
cence (EL) enhancement factors due to the acceleration of the
radiative decay rate via the Purcell effect.30 Note that gold NRs
can induce additional nonradiative decay channels that lower
the overall light emission efficiency. However, due to the thin
AlOx layer and rather low intrinsic PL quantum yield of DPPT-

BT (∼0.01%), the contribution of the NR-related losses is
much lower than the intrinsic nonradiative decay for the
majority of positions of the emitting dipoles. For example, for a
dipole located at a distance of 1 nm from the long end of the
NR (polarized along the NR), the nonradiative losses increase
only 2×. Due to the radiative decay enhancement of around
250×, the final quantum yield increase is still approximately
130× (see Supporting Information, Figures S4 and S5 for more
details). On the other hand, for a dipole at the same distance,
but oriented perpendicular to the long axis of the nanorod, a
180-fold decrease of the radiative decay rate and metal
quenching lead to a 260× lower emission quantum efficiency.
Nevertheless, beyond a region of a few nanometers around the
nanorod metal-related quenching is less than a few percent of
the intrinsic polymer losses and thus negligible for the volume-
averaged optical response. It is also evident that, despite the
high local enhancement factors close to the tips of the NRs
embedded in the polymer (see inset in Figure 2b), the averaged
enhancement factor is much lower and increases with NR
length while red-shifting due to the size-effect. The reason for
the increase of enhancement with the redshift is most likely
related to the monotonous decrease of absorption in the
semiconducting polymer (see Figure 2a). Thus, the competi-
tion between enhanced self-absorption and radiative decay rates
is less pronounced. The simulated values of enhancement over
the whole absorption band of DPPT-BT (500−900 nm) also
exclude the contribution of excitation/absorption enhancement
for the PL measurements that are shown below.
To investigate the coupling between photogenerated excitons

(excited with a 785 nm laser) and LSPs we obtained PL
intensity maps (integrated over the 900−1600 nm detection
range, see Supporting Information) of the completed LEFETs.
For better correlation of the experimental values with
numerically calculated enhancement factors, we used two
different sizes of NRs: short, with an average length of 70 nm,
and long, with 130 nm in length. Both NR types were 20 nm in
diameter (see Supporting Information, Figure S1, for extinction
spectra). As can be seen from PL intensity maps and
corresponding intensity profiles in Figure 3a,b, both NR
types lead to an enhancement in emission that is not due to
increased absorption (see above). The overall enhancement by
the short nanorods is somewhat higher. A closer look at the
wavelength-dependent enhancement factor defined as the ratio
of PL intensity with to without NRs (averaged over 11 points)
confirms this observation (Figure 3c,d). For short NRs, the
enhancement factor of 2.75 is almost constant over the 1050−
1400 nm spectral range, while for long NRs the enhancement
factor increases up to 3.5 and peaks at 1400 nm. While the
absolute enhancement value is higher for long NRs, its spectral
position is in a region where only few photons are emitted by
the DPPT-BT (Figure 2a). Thus, its overall contribution to the
PL intensity is lower.
Comparing numerically calculated spectral changes with

experimental data and extinction spectra of gold NRs measured
directly on the devices, we gain additional insight into the
coupling between LSPs and excitons in DPPT-BT. The spectral
positions of the plasmon resonances correlate well with the
theoretical values, that is, ∼1050 and ∼1400 nm for short and
long NRs, respectively. Furthermore, while for long NRs the
plasmon resonance also correlates with the maximum enhance-
ment value, a minimum at around 960 nm is observed for short
NRs in addition to the enhancement plateau. A similar dip is
found in the numerically calculated enhancement factors. This

Figure 2. (a) Absorption and photoluminescence spectrum of a thin
film of the semiconducting polymer DPPT-BT. (b) Simulated volume-
averaged radiative decay rate enhancement as a function of the gold
NR length (for a constant diameter of 20 nm), taking into account the
random orientation of the NRs with respect to the emitting dipole.
Inset: corresponding field enhancement distribution for 80 × 20 nm
NRs.
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is attributed to the spectral position where absorption and PL
spectra overlap and thus plasmon-enhanced self-absorption is
maximized (see Figure 2a,b). It is important to note that
according to additional simulations the observed enhancement
and spectral changes are not likely to be related to increased
far-field scattering/outcoupling efficiency of the light trapped/
guided within the polymer layer or any improved collection
efficiency by the objective (see Supporting Information, Figures
S6 and S7, for details).
Although numerical simulations of the enhancement factors

can be used for a rough estimate of the expected values, its
deviation from experimental values (especially for short NRs
where enhancement over 1100−1400 nm is not expected) can
be explained by the different NR densities and some degree of
agglomeration leading to inter-NR coupling with the associated
spectral changes. By comparing the experimental extinction
spectra (Figure 3c,d) and theoretical extinction cross section
spectra for single NRs (see Supporting Information, Figure S3)
we found that the actual density of short (∼31.8 μm−2) and
long NRs (∼13.8 μm−2) was somewhat higher than the one
that was set in the simulations (∼11.1 μm−2).
In order to switch from coupling between gold NRs and

electrically generated excitons and no coupling, we performed
gate voltage sweeps at a constant drain current for LEFETs
with the channel half-covered with NRs as shown in Figure 1c.
A constant drain current also means a fixed number of
generated electron−hole pairs, that is, excitons, during the
voltage sweep, independent from the position of the
recombination zone. Hence, this sweep mode enables direct

visualization of coupling to the NRs as manifested by an
increased emission rate. Corresponding drain voltage versus
gate voltage characteristics for LEFETs with short and long
NRs are shown in Figure 4a,e. Transistors without any and fully
covered with gold NRs (see Supporting Information, Figure
S9) show the same change of drain voltage as the device enters
the ambipolar regime. This is a typical observation for any type
of ambipolar field-effect transistor.22 Although, the ambipolar
output and transfer characteristics of LEFETs with and without
NRs in the channel are not exactly identical (see Supporting
Information, Figures S10−S12, for details) the overall impact of
NRs on charge transport is very low and can be neglected for
the constant current mode sweeps. Representative EL images
(integrated over 800−1600 nm) for different gate voltages are
shown in Figure 4b,f for short and long NRs, respectively.
When the emission zone is positioned close to the region where
NRs were deposited a significant increase of electrolumines-
cence intensity is observed (see also video, Supporting
Information). It is important to note that the width of the
emission zone does not change during the sweep. The
observable width of the emission zone in the EL images is
about 1.5 μm and is limited by the emission wavelength, the
collecting n-IR objective with a numerical aperture of 0.65 and
the thickness of the glass substrate. The real width of the
emission zone is likely to be much narrower and assuming
Langevin-type recombination it should depend on the gate
dielectric thickness,31 thus, making it suitable for the efficient
coupling with subwavelength waveguiding components.

Figure 3. (a, b) Photoluminescence intensity maps and corresponding profiles (bottom panels) of LEFET channels with short and long gold NRs,
respectively, excited with a 785 nm laser. (c, d) Nanorod-induced, wavelength-dependent PL intensity enhancement factor for LEFET channels in (a,
b) in comparison to extinction spectra of the corresponding gold NRs in the channel.
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To further visualize the plasmonic coupling with the
nanorods and the resulting EL enhancement the maximum
intensity values for each pixel were extracted from the EL
images during the constant current sweep as shown in Figure
4c,g. A clear difference between the areas with and without NRs
is evident. In agreement with the PL enhancement (Figure
3a,b), the wavelength-integrated EL intensity increase is higher
for short NRs compared to long NRs. Further comparison of
the EL spectra acquired from the regions with and without NRs
(see Supporting Information, Figure S13) and corresponding
EL enhancement factors (see Figure 4d,h) correlate very well
with the wavelength-dependent PL enhancement factors
(Figure 3c,d) emphasizing its common origin, that is, the
Purcell effect. Hence, efficient coupling between electrically
excited excitons and LSPs is corroborated.
It is important to emphasize that the measured EL values are

averaged over all positions of the emitting excitons in the
emission zone with respect to the gold NRs. In other words,
only a small share of emission from the DPPT-BT is actually
enhanced by the Purcell effect. It is useful to calculate the local
emission enhancement by taking into account an approximate
area, in which most of the electromagnetic field is concentrated.
Following the definition of effective mode area,32 we correct
our enhancement factors for the confinement area (∼0.011
μm2) around the gold NRs and the experimental NR density
(see Supporting Information for definition and calculation
details). Thus, the local EL enhancement factors for short and
long NRs become 12 (at 1100 nm) and 47 (at 1350 nm),
respectively. It is necessary to mention that the actual region
where enhancement occurs is slightly smaller (and local
enhancement higher) due to the narrow zone around the

gold NRs where NR-related quenching competes with radiative
decay enhancement.33 The obtained values give an approximate
magnitude of the actual local enhancement (although not
measured directly) and entail the following important
implications. First, plasmonic nanostructures are promising
for an overall efficiency improvement of electroluminescent
devices, especially if the light-emitting regions can be spatially
confined. Second, the increased radiative decay and exciton−
plasmon coupling rates boost the efficiency at which charge
carriers are converted into plasmons and are thus not lost due
to nonradiative relaxation.
In conclusion, we have demonstrated the fabrication and

operation of light-emitting field-effect transistors as tunable
electrical sources of surface plasmons. Precise voltage control
over the position of the emission zone enables selective
coupling to gold NRs resulting in electroluminescence
enhancement depending on the size of NRs, which serves as
a proof-of-principle for controlled exciton-LSP coupling in
LEFETs. The charge transport properties of the LEFETs are
almost unaffected by the gold NRs and thus more complex
metallic nanostructures such as plasmonic waveguides should
be feasible. We believe that these results will have a significant
impact on the development of electrically driven, active
plasmonic devices. LEFETs based on different semiconductors
could be used to generate polychromatic plasmons from the
visible to the infrared. Moreover, transistor channels can be
designed to host multiple waveguiding components to which
SPPs can be coupled selectively by simply changing the biasing
conditions. The LEFET approach offers extended functionality
compared to devices where the excitation of SPPs is spatially

Figure 4. (a, e) Gate voltage sweeps at constant drain current for LEFETs with short and long Au NRs, respectively. The applied voltages at which
EL images in (b) and (f) were acquired are indicated (1−5). (b, f) Representative EL images show the movement of the emission zone and intensity
increase due to coupling with Au NRs (4, 5 vs 1, 2). (c, g) Cumulative maximum EL intensity maps for LEFETs with short (c) and long (g) Au NRs.
(d, h) Wavelength-dependent EL intensity enhancement factors for short (d) and long (h) Au NRs at drain current of 3 μA. The scale bar for (b, c, f,
g) is 30 μm.
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fixed (e.g., light-emitting diodes). Thus, LEFETs may serve as
active components in future plasmonic circuits.
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