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We present a semiconductor-based approach to compensate plasmonic losses. The core idea is to
employ an electrically pumped laser diode and to overlap its active region with the evanescent field
of a surface plasmon wave. In order to keep the losses at a manageable level, we rely on hybrid
waveguide modes stemming from the coupling of a dielectric and a plasmonic mode. The laser
device we demonstrate operates—at telecom wavelengths—on such a hybrid plasmonic mode. The
device operates by electrical injection at room temperature. The near-field imaging of the laser facet
provides evidence of the stimulated emission into the hybrid mode and confirms the prediction of the
C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794175]
numerical simulations. V
Surface plasmon polaritons (SPPs) are interface electromagnetic modes between a metal and a dielectric. The
field—maximal at the interface—decays exponentially in
both media.1 A distinctive characteristic of SPPs is the possibility to achieve sub-wavelength light concentration.2,3 They
find use in a variety of applications4 but meet a limit in their
typically large optical losses. Recently, efforts have been
dedicated to overcome such losses5 in order to enable realworld applications of plasmonic technology.6
A full compensation of plasmonic losses at telecom
wavelengths is a formidable task: for a SPP propagating, at
k ¼ 1:3lm, along the interface between air and gold
(nair ¼ 1 and ngold ¼ 0:403 þ i8:25, Ref. 7), losses are estimated to be only 80 cm1 . However, compensating the SPP
losses requires replacing air with a gain medium that is necessary denser and has higher optical index. Plasmonic losses
roughly scale with the optical index of the dielectric to the
3rd power,1 leading to prohibitively high values. For instance,
more than 2000 cm1 are obtained for an interface between a
dielectric with n ¼ 3 and gold (k ¼ 1:3lm). Even with stateof-the-art semiconductor active regions (ARs), which represent one of the best available gain media, gain values that can
compensate such losses are unattainable. For plasmonic
nano-lasers, it has been estimated that net amplification
would require current densities of more than 100 kA=cm2
(see Ref. 8). A viable trade-off for full loss compensation is
to rely on hybrid waveguide modes stemming from the coupling of a dielectric and a plasmonic mode.9 A hybrid mode
presents advantageously lower losses compared to a pure SPP
and it allows, at the same time, a good overlap with the gain
medium.10 Furthermore hybrid modes—in the proper configuration—exhibit high field intensities in a sub-wavelength
space. Most of the proposed amplifiers relying on hybrid
modes, among them the nanolasers,11–13 are optically
pumped or operate at low temperature.14 Electrically pumped
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devices operating at room temperature (RT) are a necessary
evolution for applications.
In the first part of this paper, the concept of hybrid plasmonic mode is developed. We then turn to our specific
device case (ridge geometry) and present the associated 1D
and 2D simulations. The core of the paper focuses on the
electrical and optical device characterization, including—
importantly—the near-field images of the laser facets which
allow one to directly visualize the hybrid mode.
The semiconductor device we introduce operates by
electrical injection and it is based on standard ridgewaveguide geometry, with light emitted from the cleaved
facets. The hybrid mode stems from the coupling between
(i) a classical transverse magnetic (TM) polarized mode
guided within the active region (AR) by the dielectric claddings and (ii) a SPP mode, guided at the interface between
the upper cladding and the top metal contact of the device
(Fig. 1(a)). The coupling strength between the two modes
depends on the materials index of refraction, the ridge
width, and can be precisely tuned with the upper cladding
thickness (tcl ). Large cladding thicknesses lead to uncoupled
“dielectric” and “plasmonic” modes (Fig. 1(b)). Instead,
when tcl is comparable to the modes extent, hybrid modes
appear thanks to their overlap (Fig. 1(c)). The hybrid modes
obviously present both “dielectric” and “plasmonic” characters and can be labeled as symmetric and anti-symmetric,
according to the relative sign of the two components. The
relative weight of the plasmonic/dielectric components of
the hybrid modes is set in a more indirect way and can be
deduced from the uncoupled dispersion relations. The
“closer” the dispersion relations are, the stronger the mode
hybridization is. Some systems allow a crossing of the two
uncoupled dispersions (see for instance Ref. 15 for a coupling between a long range surface plasmon waveguide and
a dielectric one). In that case, the dispersions of the coupled
modes show a typical “anti-crossing” behavior, where both
hybridized modes have an equal repartition of dielectric and
plasmonic characters. Far from this region, the modes are
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TABLE I. Detailed description of the structure, with material, thickness,
doping, and optical index of each layer. The AR is grown by metal-organic
chemical vapor deposition (MOCVD), while the upper cladding is grown by
MBE.

Layer type
Metal
Contact layers
Claddings
Active region
Substrate
FIG. 1. (a) Schematics of the magnetic field distribution (Hy component) of
the two waveguided modes: (i) the dielectric mode confined in the AR and
(ii) the SPP mode at the metal-semiconductor interface. (b) The two modes
on the same ridge. They are not coupled since the thick (tcl ) upper cladding
prevents the coupling. (c) A thin cladding enables mode coupling, yielding
two hybrid modes (one symmetric and one anti-symmetric). They both present a “plasmonic” and a “dielectric” component. The electric field is traditionally employed to describe the laser modes. We plot here the magnetic
field instead in order to highlight the symmetric/anti-symmetric character of
the modes.

mostly plasmonic-like or dielectric-like. The anti-crossing
existence is determined by the system geometry and the
used materials, namely by the material indexes and ridge
widths. In our case, the dispersion relations do not cross,
but—as discussed later—are sufficiently close to yield a
measurable hybridization. This is actually an advantage,
since a perfect “anti-crossing” situation would lead to two
extremely high-loss modes. They would both be half
“plasmonic,” exhibiting losses dominated by the extremely
damped “plasmonic” component. Instead, if the dispersions
do not cross—as in our case—it is possible to tune the coupling between the modes, modifying the dispersion diagrams at the laser operating frequency and consequently to
engineer the mode losses. Putting the gain region in direct
contact with the metal is not possible, since the upper cladding plays the necessary role of charge reservoir for the pn
junction. In this paper, we will reduce its thickness to the
minimum possible value in order to enhance the plasmonic
character of the hybrid mode.
The active region (AR) used is an InP-based laser diode
operating at telecom wavelength (k ¼ 1:3lm) by electrical
injection. The AR is composed of 9 tensile-strained quantum
wells (QWs)16 whose optical emission is TM polarized light.
This AR also provides a very high differential gain.17 The
detailed structure is reported in Table I. The upper cladding
is constituted of a 100-nm-thick highly doped contact layer
(unavoidable for efficient charge injection), a p-doped InP
layer (x nm), and a 50-nm-thick non-intentionally doped InP
layer. We realized devices with different thicknesses of
the p-doped InP layer, thus tuning the plasmonic character of
the hybrid-modes
 x ¼ 2650 nm, (tcl ¼ 2800 nm),
 x ¼ 300 nm, (tcl ¼ 450 nm),
 x ¼ 100 nm, (tcl ¼ 250 nm).
Each upper cladding was grown on identical active
regions by molecular beam epitaxy (MBE). The devices

Material

Thickness
(nm)

Doping
(cm3 )

Optical
index

Au (gold)
InGaAs
InGaAsP
InP
InP
InGaAlAs

200
15
80
x
50
300

2  1019
2  1019
1:4  1018
n.i.d.
n.i.d.

0.403 – i8.25
3.34
3.34
3:2  i5:93  104
3.2
3.45

InP

2  103

1  1018

3:2  i1:36  105

were processed into 9-lm-wide, 750-lm-long mesa etched
ridges. Electrical insulation was provided by a 300-nm-thick
SiN layer which was opened above the ridges before the
top metal contact evaporation. A thin Ti-sticking layer
was employed for the devices with tcl ¼ 2800 nm and
tcl ¼ 450 nm before the top gold deposition. In contrast, we
did not employ it for the thinnest device (tcl ¼ 250 nm) for
loss-control purposes. In fact, the electric field at the metallic
interface in these devices is so intense that simulations predict a dramatic loss increase of 170 cm1 with only 3-nm
of Ti.18
Figure 2(a) reports the calculated dispersion curves of a
structure with tcl ¼ 250 nm obtained with 1D simulations.19
The color code corresponds to the scheme in Fig. 1(c) for
ease of reading. The uncoupled mode dispersions (red dots)
do not cross, hence only a small shift is expected upon
coupling, as highlighted in the picture inset. At k ¼ 1:3lm,
the hybrid modes (green and blue lines) exhibit a slightly
modified wavevector. Note that the anti-symmetric hybrid
mode (green line) presents a plasmonic component which is
smaller compared to the symmetric hybrid mode. This perturbative regime allows the anti-symmetric mode to have a
plasmonic component, but at the same time, a good overlap
with the AR ( ¼ 53%) and with acceptable total optical losses
(a  500 cm1 ). On the other hand, the symmetric mode
exhibits huge losses (a  6000 cm1 ), which cannot be compensated by gain. The laser cannot, therefore, operate on the
symmetric mode. A 2D finite element simulation20 of the
ridge frontal section displaying the electric-field (squared
norm) distribution of the anti-symmetric mode at k ¼ 1:3lm
is presented in Fig. 2(b). The central, 1D cross-section quantifies the plasmonic component at about 30% of the mode
maximum.
All the devices operate at RT in pulsed mode. The device with tcl ¼ 2800 nm can operate in CW too. Figure 3(a)
reports typical light-current density (LJ) characteristics of
the three devices in pulsed regime. The devices exhibit a
clear laser effect, as proven by the typical non linear threshold behavior of the LJ curve. The threshold current density
increases as follows upon tcl reduction:



1:5 kA=cm2 for
¼ 5 cm1 ),
3 kA=cm2
for
¼ 140 cm1 ),

tcl ¼ 2800 nm
tcl ¼ 450 nm

(simulated
(simulated

losses
losses
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FIG. 2. (a) Mode dispersion curves for a real structure with a 250-nm-thick
cladding, calculated using a finite elements 1D simulation. The gold index
dispersion is taken from Ref. 7. The dispersions of the uncoupled modes do
not cross: the mode coupling induces only slight perturbation, which is best
visible in the inset. The advantage is the onset of a hybrid, relatively lowloss mode, which is highlighted by a green point in the inset. (b) Finite elements simulation of the low-loss hybrid waveguided mode for a laser with a
250-nm-thick cladding (k ¼ 1300 nm). The electric field squared modulus is
plotted and a 1D cross-section is shown on the left. The maximum of the
“plasmonic” component is about 30% of the mode maximum. The propagation loss is a  500 cm1 .

FIG. 3. LJ curves, in pulsed regime (DC ¼ 1%—10 kHz repetition rate,
100 ns pulses), for three ridges with different cladding thicknesses:
tcl ¼ 2800 nm (green curve), tcl ¼ 450 nm (red curve), and tcl ¼ 250 nm
(black curve). Reducing the cladding thickness brings the metal closer to the
AR, hence increasing optical losses and laser thresholds. The JV characteristic (dashed black line) is also shown for a device with tcl ¼ 250 nm. (b)
Typical laser spectrum (black line) of a device with tcl ¼ 250 nm at an injection current density of 18 kA=cm2 . Luminescence spectrum (red line) of a
device with tcl ¼ 2800 nm at J ¼ 1 kA=cm2 .

17kA=cm2
for
¼ 480 cm1 ).

tcl ¼ 250 nm

(simulated

losses

Although the ratio between the calculated losses of the
device with tcl ¼ 250 nm and tcl ¼ 450 nm is about 3.5; the
ratio of the experimental laser thresholds exceeds five. This
behavior is typical of diode lasers: the differential gain is not
constant with the injected current density,17 but it has instead
a logarithmic dependence. We assume that even for
tcl ¼ 250 nm, no gain quenching is occurring. The latter
would be relevant for distances between gain and metal of
the order of 20 nm (Ref. 22). Figure 3(b) shows the laser RT
spectrum of the thinnest device, which correctly emits at
k ¼ 1:3lm. As a further corroborating evidence of stimulated emission, the comparison with an electro-luminescence
spectrum of the thickest device allows one to appreciate the
spectral narrowing of the emission when the device operates
in the lasing regime.
An original feature of the present work is the characterization of the plasmonic hybrid mode by near-field scanning
optical microscopy (NSOM), which allowed us to directly
visualize the field distribution while the laser is operating.
The NSOM setup is based on a commercial Witec aperture
microscope which has been adapted at telecom wavelengths
(details in Ref. 21). The results of the NSOM analysis of the
device facets are shown in Fig. 4. For each device, we report
the SEM image and the associated electromagnetic near field
collected above laser threshold (see Figs. 4(a)–4(c) (Ref.
23)). A quantitative data analysis was performed by integrating the NSOM signal along the y-direction. The crosssection is spatially averaged along 4 lm in the y direction,
with steps of 100 nm. Each normalized integral curve is plotted in Figs. 4(d)–4(f) (red lines) with the corresponding
numerically simulated cross-sections of jEj2 (black lines).
The dielectric components are in excellent agreement with
the simulations and for the two devices with thinnest claddings, we observe a clear NSOM signal in correspondence of

FIG. 4. (a)–(c): SEM images and NSOM measurement of the facets for
three different laser types: (a) tcl ¼ 2800 nm, (b) tcl ¼ 450 nm, and (c)
tcl ¼ 250 nm. The lasing mode can be clearly identified and positioned with
respect to the facet. (d)–(f): Integrated NSOM signal (red lines, integration
performed along the y-direction) and square of the electric field (black line)
obtained from 2D finite element simulations. The origin of the x coordinate
is taken at the metal-semiconductor interface and the curves are normalized.
The agreement between experiment and theory is good, taking into account
a tip-induced broadening of the NSOM data, which prevents the system
from detecting the extremely sharp decrease in field at the metalsemiconductor interface. See also note in Ref. 23.
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the gold/semiconductor interface. It corresponds to the plasmonic component of the hybrid-mode, which takes advantage of the optical gain experienced by the dielectric portion
(which overlaps the AR), hence providing a clearly measurable field intensity at the metal-semiconductor interface. The
plasmonic component in the NSOM measurement is broadened by the finite diameter (d  100 nm) of the hole of the
aluminum pyramid used in the Witec microscope. The measurement takes into account the total signal coming from a
surface of pðd=2Þ2 , hence smoothing the abrupt extinction of
the plasmonic component at the interface. Additional broadening possibly arises from the diffusion of the SPP at the
facet level, where the roughness of the cleaved gold layer
prevents a perfect contact-mode of the NSOM pyramid during the scanning of the interface. Nevertheless the intensity
peak of the optical signal at the interface is well reproduced
by the simulations (for tcl ¼ 250 nm, it is one third of the
mode maximum). This confirms the plasmonic character of
the hybrid mode which is lasing at room-temperature and
upon electrical injection.
We have demonstrated a hybrid plasmonic laser emitting at telecom wavelengths. The device presents the advantages of the electrical injection and the operation at room
temperature. Near-field microscopy measurements allowed
us to directly measure the mode distribution and to prove the
presence of the lasing plasmonic component. We believe
that a fundamental study of the metal proximity to a gain
media, combined with the electrical injection, represents an
important step toward the development of active plasmonic
components.
We thank A. Degiron for useful discussions. The device
fabrication has been performed at the nano-center CTU-IEFMinerve. This work was supported by the French National
Research Agency (ANR-09-NANO-020 GOSPEL), from the
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Ile de France through a C’Nano IdF project. L.G. acknowledges support from the Direction Generale de l’Armement
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