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A hybrid plasmonic semiconductor laser
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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
numerical simulations. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794175]

Surface plasmon polaritons (SPPs) are interface electro-
magnetic modes between a metal and a dielectric. The
field—maximal at the interface—decays exponentially in
both media.' A distinctive characteristic of SPPs is the possi-
bility to achieve sub-wavelength light concentration.”* They
find use in a variety of applications* but meet a limit in their
typically large optical losses. Recently, efforts have been
dedicated to overcome such losses’ in order to enable real-
world applications of plasmonic technology.®

A full compensation of plasmonic losses at telecom
wavelengths is a formidable task: for a SPP propagating, at
A= 13um, along the interface between air and gold
(ngiy = 1 and ngyq = 0.403 4+ i8.25, Ref. 7), losses are esti-
mated to be only 80cm™'. However, compensating the SPP
losses requires replacing air with a gain medium that is neces-
sary denser and has higher optical index. Plasmonic losses
roughly scale with the optical index of the dielectric to the
3rd power,' leading to prohibitively high values. For instance,
more than 2000 cm™! are obtained for an interface between a
dielectric with n=3 and gold (4 = 1.3um). Even with state-
of-the-art semiconductor active regions (ARs), which repre-
sent 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 100kA/cm?
(see Ref. 8). A viable trade-off for full loss compensation is
to rely on hybrid waveguide modes stemming from the cou-
pling of a dielectric and a plasmonic mode.” 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.'® Furthermore hybrid modes—in the proper config-
uration—exhibit high field intensities in a sub-wavelength
space. Most of the proposed amplifiers relying on hybrid
modes, among them the nanolasers,''™"* are optically
pumped or operate at low temperature.'* 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 plas-
monic 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 ridge-
waveguide 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 clad-
dings 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 (t.;). Large cladding thicknesses lead to uncoupled
“dielectric” and ‘“plasmonic” modes (Fig. 1(b)). Instead,
when t.; 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” charac-
ters 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 cou-
pling 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

© 2013 American Institute of Physics
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FIG. 1. (a) Schematics of the magnetic field distribution (H, 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 (t.;) upper cladding
prevents the coupling. (c) A thin cladding enables mode coupling, yielding
two hybrid modes (one symmetric and one anti-symmetric). They both pres-
ent a “plasmonic” and a “dielectric” component. The electric field is tradi-
tionally 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 cou-
pling between the modes, modifying the dispersion dia-
grams 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 clad-
ding 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 (4 = 1.3um) by electrical
injection. The AR is composed of 9 tensile-strained quantum
wells (QWs)'® whose optical emission is TM polarized light.
This AR also provides a very high differential gain.'” 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

e x=2650nm, (t; = 2800nm),
e x=300nm, (t,; = 450nm),
e x=100nm, (t;; = 250 nm).

Each upper cladding was grown on identical active
regions by molecular beam epitaxy (MBE). The devices
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TABLE 1. 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.

Thickness Doping Optical
Layer type Material (nm) (cm™3) index
Metal Au (gold) 200 0.403 —i8.25
Contact layers ~ InGaAs 15 2 x 10" 3.34
InGaAsP 80 2 x 10" 3.34
Claddings InP X 1.4 x10'® 3.2 -i593 x 10~
InP 50 n.i.d. 3.2
Active region  InGaAlAs 300 n.i.d. 3.45
Substrate InP 2x 10> —1x10® 32-i136x 107

were processed into 9-um-wide, 750-um-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 t; = 2800nm and
t;; = 450 nm before the top gold deposition. In contrast, we
did not employ it for the thinnest device (t; = 250nm) for
loss-control purposes. In fact, the electric field at the metallic
interface in these devices is so intense that simulations pre-
dict a dramatic loss increase of ~170cm~! with only 3-nm
of Ti."®

Figure 2(a) reports the calculated dispersion curves of a
structure with t;; = 250 nm obtained with 1D simulations.'®
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 A = 1.3um,
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 per-
turbative regime allows the anti-symmetric mode to have a
plasmonic component, but at the same time, a good overlap
with the AR (= 53%) and with acceptable total optical losses
(¢~ 500cm™"). On the other hand, the symmetric mode
exhibits huge losses (o > 6000 cm™!), which cannot be com-
pensated by gain. The laser cannot, therefore, operate on the
symmetric mode. A 2D finite element simulation®” of the
ridge frontal section displaying the electric-field (squared
norm) distribution of the anti-symmetric mode at A = 1.3um
is presented in Fig. 2(b). The central, 1D cross-section quan-
tifies the plasmonic component at about 30% of the mode
maximum.

All the devices operate at RT in pulsed mode. The de-
vice with t,; = 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 thresh-
old behavior of the LJ curve. The threshold current density
increases as follows upon t.; reduction:

e 15kA/cm? for t,=2800nm (simulated losses
=5cm™),

e 3kA/cm? for t;=450nm (simulated losses
=140 cm’l),
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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 low-
loss mode, which is highlighted by a green point in the inset. (b) Finite ele-
ments simulation of the low-loss hybrid waveguided mode for a laser with a
250-nm-thick cladding (4 = 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 propaga-
tion loss is o &~ 500 cm~!.
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FIG. 3. LJ curves, in pulsed regime (DC=1%—10kHz repetition rate,
100ns pulses), for three ridges with different cladding thicknesses:
te =2800nm (green curve), t; = 450nm (red curve), and ty; = 250 nm
(black curve). Reducing the cladding thickness brings the metal closer to the
AR, hence increasing optical losses and laser thresholds. The JV characteris-
tic (dashed black line) is also shown for a device with t.;, = 250 nm. (b)
Typical laser spectrum (black line) of a device with t,; = 250 nm at an injec-
tion current density of 18 kA /cm?. Luminescence spectrum (red line) of a
device with t,; = 2800nm at J = 1kA /cm?.

Appl. Phys. Lett. 102, 101106 (2013)

e 17kA/cm?  for
=480cm™1).

ty =250nm  (simulated losses

Although the ratio between the calculated losses of the
device with t,; = 250nm and t; = 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,'” but it has instead
a logarithmic dependence. We assume that even for
ty = 250nm, 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
A= 13um. As a further corroborating evidence of stimu-
lated 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 characteri-
zation 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 integrat-
ing the NSOM signal along the y-direction. The cross-
section is spatially averaged along ~4 um in the y direction,
with steps of 100 nm. Each normalized integral curve is plot-
ted in Figs. 4(d)—4(f) (red lines) with the corresponding
numerically simulated cross-sections of |E|2 (black lines).
The dielectric components are in excellent agreement with
the simulations and for the two devices with thinnest clad-
dings, we observe a clear NSOM signal in correspondence of

Averaged exp. data (d)
Py (— Simulation )
=
8 t,,=2800nm
§ 1 T T T
ol 5 (e)
o 8 t,, =450nm
£ , : :
®©
Q f
g 0)
t,,=250nm

1
Vertical direction x (um)

FIG. 4. (a)—(c): SEM images and NSOM measurement of the facets for
three different laser types: (a) ty; =2800nm, (b) t; =450nm, and (c)
tes = 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 metal-
semiconductor interface. See also note in Ref. 23.
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the gold/semiconductor interface. It corresponds to the plas-
monic component of the hybrid-mode, which takes advant-
age of the optical gain experienced by the dielectric portion
(which overlaps the AR), hence providing a clearly measura-
ble field intensity at the metal-semiconductor interface. The
plasmonic component in the NSOM measurement is broad-
ened by the finite diameter (d ~ 100nm) of the hole of the
aluminum pyramid used in the Witec microscope. The mea-
surement takes into account the total signal coming from a
surface of 71(d/2)?, hence smoothing the abrupt extinction of
the plasmonic component at the interface. Additional broad-
ening 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 dur-
ing the scanning of the interface. Nevertheless the intensity
peak of the optical signal at the interface is well reproduced
by the simulations (for t,; = 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 emit-
ting at telecom wavelengths. The device presents the advan-
tages 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-IEF-
Minerve. This work was supported by the French National
Research Agency (ANR-09-NANO-020 GOSPEL), from the
Triangle de la Physique (Project PHLARE) and by the région
Ile de France through a C’Nano IdF project. L.G. acknowl-
edges support from the Direction Générale de 1’Armement
(DGA).

Appl. Phys. Lett. 102, 101106 (2013)

'H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on
Gratings (Springer, Berlin, 1988).

2], A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, J. S. White, and M. L.
Brongersma, Nature Mater. 9, 193 (2010).

3D. K. Gramotnev and S. 1. Bozhevolnyi, Nat. Photonics 4, 83 (2010).

“M. I. Stockman, Phys. Today 64(2), 39 (2011).

SP. Berini and L. De Leon, Nat. Photonics 6, 16 (2011).

°T. W. Ebbesen, C. Genet, and S. I. Bozhevolnyi, Phys. Today 61(5), 44
(2008).

’E. D. Palik, Handbook of Optical Constants of Solids (Academic, 1998).

8. B. Khurgin and G. Sun, Appl. Phys. Lett. 100, 011105 (2012).

°R. F. Oulton, V. J. Sorger, D. A. Genov, D. F. P. Pile, and X. Zhang, Nat.
Photonics 2, 496 (2008).

104, Christ, S. G. Tikhodeev, N. A. Gippius, J. Kuhl, and H. Giessen, Phys.
Rev. Lett. 91, 183901 (2003).

IR, F. Oulton, V. J. Sorger, T. Zentgraf, R.-M. Ma, C. Gladden, L. Dai,
G. Bartal, and X. Zhang, Nature 461, 629 (2009).

2R -M. Ma, R. F. Oulton, V. J. Sorger, G. Bartal, and X. Zhang, Nature
Mater. 10, 110 (2011).

BR. A Flynn, C. S. Kim, I. Vurgaftman, M. Kim, J. R. Meyer, A. J.
Maikinen, K. Bussmann, L. Cheng, F.-S. Choa, and J. P. Long, Opt.
Express 19, 8954 (2011).

M. T. Hill, M. Marell, E. S. P. Leong, B. Smalbrugge, Y. Zhu, M. Sun,
P. J. van Veldhoven, E. J. Geluk, F. Karouta, Y.-S. Oei, R. Notzel, C.-Z.
Ning, and M. K. Smit, Opt. Express 17, 11107 (2009).

SA. Degiron, S.-Y. Cho, T. Tyler, N. M. Jokerst, and D. R. Smith, New J.
Phys. 11, 015002 (2009).

16y, Decobert, N. Lagay, C. Cuisin, B. Dagens, B. Thedrez, and F. Laruelle,
J. Cryst. Growth 272, 543 (2004).

p, Costantini, A. Bousseksou, M. Fevrier, B. Dagens, and R. Colombelli,
IEEE J. Quantum Electron. 48, 73 (2012).

"8These thinnest structures were fabricated depositing a gold layer after the
insulator opening and then encapsulating it with the standard evaporation
of the top metal layer (ti/au). The encapsulation process guarantees a
robust device and avoids the removal of the first gold layer.

YFimmwave software, Photon Design, Oxford, UK.

20coMsoL:  MULTIPHYSICS  finite  element analysis simulation software,
COMSOL Inc.

21D, Costantini, L. Greusard, A. Bousseksou, R. Rungsawang, T. P. Zhang,
S. Callard, J. Decobert, F. Lelarge, G.-H. Duan, Y. De Wilde, and
R. Colombelli, Nano Lett. 12, 4693 (2012).

2. De Leon and P. Berini, “Theory of surface plasmon-polariton amplifica-
tion in planar structures incorporating dipolar gain media,” Phys. Rev. B
78, 161401 (2008).

ZNote: A careful observation of Fig. 4(c) reveals that the optical signal is
slightly leaking on the right side of the ridge. This suggests the necessity, for
extremely thin cladding structures, of maximizing the metal coverage along
the ridge width, to avoid undesired low-threshold lateral modes. As visible
in the SEM image, we have optimized the ridge fabrication in this sense.


http://dx.doi.org/10.1038/nmat2630
http://dx.doi.org/10.1038/nphoton.2009.282
http://dx.doi.org/10.1063/1.3554315
http://dx.doi.org/10.1038/nphoton.2011.285
http://dx.doi.org/10.1063/1.2930735
http://dx.doi.org/10.1063/1.3673849
http://dx.doi.org/10.1038/nphoton.2008.131
http://dx.doi.org/10.1038/nphoton.2008.131
http://dx.doi.org/10.1103/PhysRevLett.91.183901
http://dx.doi.org/10.1103/PhysRevLett.91.183901
http://dx.doi.org/10.1038/nature08364
http://dx.doi.org/10.1038/nmat2919
http://dx.doi.org/10.1038/nmat2919
http://dx.doi.org/10.1364/OE.19.008954
http://dx.doi.org/10.1364/OE.19.008954
http://dx.doi.org/10.1364/OE.17.011107
http://dx.doi.org/10.1088/1367-2630/11/1/015002
http://dx.doi.org/10.1088/1367-2630/11/1/015002
http://dx.doi.org/10.1016/j.jcrysgro.2004.08.032
http://dx.doi.org/10.1109/JQE.2011.2178818
http://dx.doi.org/10.1021/nl302040e
http://dx.doi.org/10.1103/PhysRevB.78.161401

