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Abstract—Surface-plasmon waveguides based on metallic strips
can provide a two-dimensional optical confinement. This concept
has been successfully applied to midinfrared quantum cascade
lasers, processed as ridge waveguides, to demonstrate that the
lateral extension of the optical mode can be influenced solely by
the width of the device top contact. In this configuration, the
waveguide mode has a reduced interaction with the top metal and
the ridge sidewalls. This results in lower propagation losses and
higher performances. For devices operating at a wavelength of
� � 7:5 �m, the room-temperature threshold current density was
reduced from 6.3 to 4.4 kA/cm2 with respect to larger devices with
full top metallization.

Index Terms—Midinfrared, semiconductor lasers, surface-plas-
mons.

THE quantum cascade (QC) laser [1] has proven to be a
promising midinfrared and terahertz laser source. It is now

the semiconductor source of choice for the first and second at-
mospheric windows [2], [3]. In particular, the performance of
these devices has rapidly progressed, thanks to better material
qualities, and to the use of more advanced processing/packaging
techniques, such as electroplating and InP regrowth [4]–[6].

Novel functionalities such as multiwavelength operation [7],
broadband laser emission [8], and intracavity frequency conver-
sion [9] have been achieved which are difficult to implement
for conventional interband lasers. The possibility of employing
metallic waveguides, based on surface-plasmons [10], is pos-
sible due to the transverse-magnetic polarization of intersub-
band transitions, on which QC lasers are based. While it is com-
monly assumed that surface-plasmon waveguides exhibit low
propagation-losses at far-infrared wavelengths only [11], [12],
it has been recently shown that low-loss metallic waveguides
can also be implemented at midinfrared wavelengths [13].

Here we show that the lateral laser mode extension of surface-
plasmon QC lasers can be controlled simply by acting on the
width of the top contact dimension, in contrast to devices em-
ploying conventional waveguides in which the lateral mode di-
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mension is typically determined by the etched laser ridge width.
This phenomenon stems from the fact that the optical mode—in
a surface plasmon QC laser—is a surface-plasmon wave bound
at the top metal–semiconductor interface. The ability to con-
fine the optical mode nearer the center of the ridge, away from
the lossy sidewalls, reduces the threshold current density
by 30% compared to surface plasmon QC lasers where the
top contact extends across the whole width of the ridge. This
technique might allow one to reduce to a minimum the laser
ridge width—an important requirement for efficient heat dissi-
pation—without a substantial loss increase.

The laser structure (MR2230) used here was grown
by metal–organic vapor phase epitaxy, using an
In Ga As–Al In As lattice matched to a highly
doped InP substrate. Further details of the growth process can
be found in [14]. The active regions (two-phonon-resonance
design, see [13] and [15]) are designed for emission at 7.5 m.

The mode guiding properties of surface-plasmons suggest
that the implementation of a planar technology (i.e., devices
without an etched mesa) could be possible [16]. We therefore
fabricated planar devices as follows: a 300-nm-thick layer of
SiN was first deposited on the sample, and 8-12-16-20- m-wide
trenches where then opened via reactive-ion-etching (RIE).
Ti–Au contacts were evaporated on the top surface of the
devices, which were then cleaved (1 mm long) and mounted for
optoelectronic characterizations. We observed that the turn-on
of the current–voltage ( – ) characteristics (i.e., the applied
bias where the QC structure is correctly aligned and current
can flow with low differential resistance) is less pronounced
when the opening is smaller. This behavior suggests that
the current injection through an aperture in a planar device
(i.e., without a mesa to confine current) is less effective if the
aperture is reduced, due to competition between the vertical
and the parallel conductivities. On one hand, for these fully
planar devices, the current dispersion in the lateral direction
was large enough to hinder the performances (the maximum
operating temperature was only 200 K). On the other hand, in
combination with an etched mesa, the current dispersion can
be an advantage since it allows one to inject current through
a contact which can be substantially smaller than the mesa
surface. We obtained an estimate of the current spreading as
follows. All the planar devices were operational; however, the
current threshold at 78 K lies in a small range (between 1.45
and 1.7 A) for all the lasers, suggesting that the volume of the
pumped region is defined essentially by the current spreading.
If we assume that the is kA cm (the typical
for surface-plasmon QC lasers fabricated with this material and
Ti–Au contacts), we can infer the width of the pumped region,
i.e., the sum of the contact width current spreading on each
side. We obtained an appffroximate value of m per
side, which is our estimate.
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Fig. 1. (a) Scheme of the fabricated devices: a 2-�m-wide window is opened
in the insulating SiN layer. The top contact is 2 �m wide for all the tested laser
devices. (b) Schematic view of the reference devices (see [13]): the top contact
covers the whole top surface of the laser ridge. (c) Two-dimensional simula-
tion (see text for details1) of the waveguide mode for a 12-�m-wide ridge with
a 2-�m-wide top contact. The optical mode lateral extension is controlled by
the lateral top contact extension. (d) Two-dimensional simulation1 of the wave-
guide mode for a 12-�m-large ridge with a 10-�m-wide top contact (reference
devices).

It is clear, therefore, that—although the optical mode can be
guided by the surface-plasmon-carrying metal strip—it is neces-
sary to etch a ridge mesa in order to prevent an excessive lateral
spreading of the injected current.

New lasers were, therefore, processed into a range of narrow,
etched ridges (5.5, 7.5, 9.5, and 11.5 m wide), following the
procedure in [13]. A 300-nm-thick layer of Si N was de-
posited to provide electrical insulation, and narrow (2 m wide)
windows were opened on top of the devices via fluorine-based
RIE [Fig. 1(a)]. A Ti–Ag–Ni–Au contact (3/150/10/250 nm)
was evaporated as top metallization. After mechanical pol-
ishing and back contact deposition, the samples were cleaved
into laser bars, mounted with indium solder on copper blocks,
wire-bonded, and loaded in a cryostat for device characteriza-
tion.

In contrast, the reference devices in [13] were processed as
larger laser ridges (13-17-21-24 m wide), with a silver-based
top contact layer extending on the whole ridge surface, as shown
in Fig. 1(b).

Two-dimensional (2-D) numerical simulations1 were per-
formed. In the simulations, the index of refraction of the doped
semiconductor layers was obtained through a Drude–Lorentz
model, while the index of refraction for the metal layers was
taken from the literature [17]. As for the SiN layer, we used a
complex index of refraction . This corresponds
to a value for the transmission losses of SiN at

m [18]. The results show that the waveguide mode
is bound to the top-metal interface [16]. Fig. 1(c) shows a 2-D
simulation for the waveguide mode of a 12- m-wide laser ridge
with a 2- m-wide top contact (i.e., the typical devices fabricated
for this work). The mode is confined below the metallic strip
only. On the other hand, when the top metallic strip is made
almost as large as the ridge (like in the reference devices of [13]),
then the optical mode is correspondingly larger. This situation
is clarified by the simulation reported in Fig. 1(d), where the
optical mode overlaps with the whole laser ridge volume.

1The simulations were performed with the commercial software package
COMSOL Multiphysics. The solution to the wave equation was obtained with
a finite-elements solver. The mesh was adapted to the geometry of the problem,
i.e., a thin mesh was used for the metallic layers, while a sparser one was used
for the semiconductor layers where the optical mode decays more slowly

Fig. 2. (a) Threshold current density as a function of temperature for the de-
vices with a 2-�m top opening (full lines), and for a reference device with full
top metallization (dotted line). The devices with 2-�m openings feature the fol-
lowing ridge widths: 5.5, 7.5, 9.6, and 11.3 �m. The reference device is 21 �m
wide. (b) Threshold current densities as a function of the ridge width, and for
different operating temperatures, for the devices with 2-�m top openings.

The optical losses for this type of waveguides mainly origi-
nate from 1) the mode penetration into the top metal layer strip
and from 2) the mode penetration into the lossy SiN and metal
layers on the ridge sides. The device configuration exhibiting a
narrow top contact is, therefore, particularly advantageous. Our
simulations indicate that the lateral confinement of the mode
induced by the narrow top contact (2 m wide in our case),
and especially the reduced interaction of the optical mode with
the top metal significantly reduce the losses. We calculate the
following values for the waveguide losses: cm for
a 20- m-wide ridge with complete top contact Fig. 1(b) and

cm for a 20- m-wide ridge with reduced top met-
allization Fig. 1(a). If the mirror losses2 are taken into account,
for instance for a 1.5-mm-long device, we calculate a reduction
of 20% of the threshold current density for a sample with a
narrow top contact, with respect to a device with full top metal-
lization.

The lasers were tested in pulsed mode (100-ns pulsewidth
at 84 kHz for spectral measurements, and 75 ns at 5 kHz for
light–current ( – ) characterizations). A liquid nitrogen cooled
mercury cadmium telluride (MCT) detector was used for spec-
tral analysis, and a fast, room-temperature (RT) MCT detector
was employed to determine the output power. Fig. 2(a) reports
the threshold current density for laser action as a func-
tion of temperature for the two different families of devices
with narrow Fig. 1(a) and large [see [13] and Fig. 1(b)] top con-
tacts. The current densities were calculated using the full area
of the ridge in both cases. Since the ridge widths are well below
the value we estimated for the current spreading in the fully
planar devices, we expect that the injected current will pump
the full volume of the ridge, even when it is injected from a
narrow 2- m-wide top contact. This hypothesis is corroborated
by the – characteristics of a typical device (Fig. 3). The sharp
turn-on of the – is a strong indication that the current is effi-
ciently injected.

All the devices with the narrow top contact (except the nar-
rowest ones) exhibit improved characteristics, especially at RT.
At 78 K, the was improved by 20%, in agreement with our

2The mirror losses were estimated using the following formula:
� = �(1=L)ln(R R ), where L is the laser cavity length, and R ,
R are the mirror reflectivity (approximately 0.3).
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Fig. 3. L–I and I–V characteristics of an 11-�m-wide laser with a 2-�m-wide
top metallic contact. The peak power at 78 K is�100 mW. The laser was oper-
ated in pulsed mode (75-ns pulsewidth, 5-kHz repetition rate). The signal was
detected with an RT HgCdTe detector that has been calibrated with a thermopile.

calculations: from 1.4 kA/cm in a 21- m-wide laser with stan-
dard top contact, to less than 1.1 kA cm in a smaller 11- m
-wide device with a 2- m-wide top contact. The effect is larger
at RT, where the correspondingly decreases from 6.3 to
4.4 kA cm , i.e., 30%.

The threshold current density of the devices with narrow top
metallization,asafunctionof thelaserridgewidth, issummarized
in Fig. 2(b) for different operating temperatures. A rapid increase
in appears for a ridge width of 5.5 m, especially at high
temperatures (250 K and 300 K). This behavior proves that when
the optical mode leaks into the ridge sidewalls—covered by SiN
and metal—the propagation losses are increased. In addition, this
behavior is more evident at 250/300 K, probably because of the
change of the complex index of refraction of metals as a function
of temperature [19], [20]. The same phenomenon is responsible
for the stronger threshold reduction at RT than at 78 K. All this
suggests that, in order to further reduce the ridge width without
increasing the losses, a further decrease of the lateral extension of
theopticalmode is required.Finally, – and – characteristics
of a typical device are reported in Fig. 3. For a laser 11 m wide,
a peak output power of almost 100 mW is obtained at 78 K. The
slope efficiency at 78 K is 200 mW/A.

Concerning the reliability of these devices, the important is-
sues are 1) the oxidation of silver and 2) the high contact re-
sistance. The latter characteristic, which stems from the proper-
ties of the semiconductor/silver interface, prevented up to now
the continuous-wave operation of the devices. The former char-
acteristic instead affects their long-term stability. We observed
that the silver oxidation tends to proceed inward from the con-
tact edges (especially where SiN is present), even if the last
evaporation step is a 300-nm-thick gold layer. While we did
not observe particular problems while operating the devices in
pulsed-mode, the oxidation might degrade the lasers with time.
We plan to address this problem thanks to a different fabrication
procedure. The silver layer will be completely “buried” below
a thick Ti–Au contact from all sides, in order to avoid that an
exposed edge can act as a starting point for the oxidation.

In conclusion, we have shown that control of the lateral
extension of the laser mode of surface-plasmon QC lasers can
be achieved by modifying the top contact dimensions. By using
a narrow top contact metal stripe, we have reduced the RT
threshold current by 30% compared to surface-plasmon QC
lasers having complete surface metal coverage. Finally, the im-
plementation of a fully planar technology for surface-plasmon

QC lasers is at the moment hampered by current–dispersion
issues, that could be solved in the future thanks to the use of
ion-implantation techniques.
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