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Room-temperature operation of �É7.5 �m surface-plasmon quantum
cascade lasers
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We report the pulsed, room-temperature operation of ��7.5 �m quantum cascade lasers �QCLs� in
which the optical mode is a surface-plasmon polariton excitation. Previously reported devices based
on this concept operate at cryogenic temperatures only. The use of a silver-based electrical contact
with reduced optical losses at the QCL emission wavelength allows a reduction of the laser
threshold current by a factor of 2 relative to samples with a gold-based contact layer. As a
consequence, the devices exhibit room-temperature operation with threshold current densities
�6.3 kA/cm2. These devices could be used as all-electrical surface-plasmon generators at
midinfrared wavelengths. © 2006 American Institute of Physics. �DOI: 10.1063/1.2198016�
Surface-plasmon polaritons are mixed electromagnetic
modes that originate from the coupling between the electro-
magnetic field and plasmonic excitations, typically in metal-
lic thin films. Their nature is intrinsically nonradiative, and
their electric field distribution is that of an exponential decay
away from the interface between the metal and the dielectric
material.1 Such behavior is dictated by Maxwell equations
for the case of an interface between two materials with di-
electric constants of opposite signs, such as a metal-
semiconductor interface.

The recent intensive study of surface-plasmon related
effects2 is essentially motivated by two characteristics: �i�
their ability to confine light down to subwavelength
dimensions3 and �ii� the surface-field enhancement.4 The sec-
ond property is currently exploited in surface-enhanced Ra-
man spectroscopy and surface-plasmon-enhanced fluores-
cence spectroscopy. In addition, surface-plasmon-enhanced
light emitting diodes have been recently demonstrated at �
�470 nm.5

To date, surface-plasmon excitations have been gener-
ated by optical means. However, their intrinsic nonradiative
nature complicates the task since surface plasmons do not
couple directly with incoming or outcoming electromagnetic
waves. The use of gratings,1 is therefore necessary. A room-
temperature, all-electrical generator of surface plasmons
would be therefore an advance in the field. The obvious way
to obtain emission and, even better, stimulated emission of
surface plasmons is to couple the surface-bound electromag-
netic mode with a material that exhibits optical gain.6

Interestingly, surface plasmons are already used at very
long wavelengths ���70–200 �m� as a guiding solution for
terahertz quantum cascade �QC� lasers. In this case surface
plasmons are coupled to a material that exhibits optical gain
�the laser active region�, thanks to the intrinsic transverse-
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magnetic character of the light emitted through intersubband
transitions in semiconductor quantum wells. Figure 1 clari-
fies how the surface-plasmon dispersion relation allows op-
eration of the devices at these very long wavelengths. The
bulk plasmon frequency of the metal is momentum indepen-
dent, and it lies in the 3–5 eV energy range �UV range of the
electromagnetic spectrum�. On the other hand, surface plas-
mons exhibit, at low k, an acousticlike behavior asymptotic
to the light line in the semiconductor. Such a behavior allows
the waveguide mode of the laser to match the surface-
plasmon momentum at midinfrared and terahertz
frequencies.

The surface-plasmon damping along the propagation di-
rection can be approximated with the following formula:7
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where km and nm are the imaginary and real parts of the metal
index of refraction, nd is the real part of the semiconductor
index of refraction, and � is the wavelength. The 1/k3� de-
pendence of the propagation losses makes this an extremely
low-loss waveguiding solution in the terahertz range of the
electromagnetic spectrum. However, these devices do not
work at room temperature, and their operating frequency is
too low for existing plasmonic applications.2–4 Surface plas-
mons have also been used for waveguiding at shorter wave-
lengths ���8–11 �m�,7 but pulsed, room-temperature op-
eration has not been achieved yet. In this letter we show that
by carefully choosing the metal surface-plasmon guiding
layer �silver was used in this case�, and by combining it with
a high performance semiconductor material, it is possible to
obtain pulsed, room-temperature operation of surface-
plasmon QC lasers at shorter wavelengths ���7.5 �m�.

The laser structure �MR2230� described here was grown
by low pressure �150 torr� metal organic vapor phase epitaxy
�MOVPE� using an In0.53Ga0.47As/Al0.48In0.52As lattice

matched to a highly doped InP substrate. A 2-�m-thick low-
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doped �n=1�1017 cm−3� InP buffer layer was used. Further
details of the growth process can be found in Ref. 8. The
active regions used are based on a standard two-phonon-
resonance design, where the lasing transition has been de-
signed to emit at 7.5 �m. A total number of 50 active-region/
injector stages were grown, preceded by a 500-nm-thick
InGaAs layer doped to n=5�1016 cm−3 and followed by
contact facilitating layers.

A silver-based contact layer was used for the surface-
plasmon waveguide because of the desirable refractive index
properties of this metal. From Eq. �1�, it can be seen that in
order to achieve an efficient device operation �low wave-
guide losses� for a particular wavelength, it is essential to
minimize the value of nm /km

3 . Previous surface-plasmon QC
lasers operating at ��11 �m utilized either gold- or
palladium-based metallization for the waveguide. Table I
summarizes the nm and km values for gold �Au�, palladium
�Pd�, and silver �Ag�. The low value of nm /km

3 for silver
relative to the other metals suggests that a significant im-
provement in device performance can be obtained by using a
silver-based surface-plasmon waveguide.

In order to quantify the expected improvement further,
we simulated the optical mode profile, as shown in Fig. 1�b�.
The dielectric constants for the doped semiconductor layers
were calculated using a Drude-Lorentz model, while the val-
ues for the metals were taken from Ref. 9. The calculations
were performed for the two different metal contacts used in
the present work: gold and silver. As shown in the inset of
Fig. 1�b�, the calculated waveguide losses are lower for a
silver-based waveguide. We believe that the control mecha-

FIG. 1. �a� Schematic dispersion of surface-plasmon waves at a metal-air
interface �dashed line� and at a semiconductor-metal interface �solid line�.
�sp is the metal bulk plasmon frequency, which typically lies in the 3–5 eV
range. The nonradiative nature of surface plasmons stems from the position
of the dispersion relation, which lies below the light line �thin solid line�.
The range of interest for our devices �mid-IR� is located close to the origin,
where the surface-plasmon dispersion is acousticlike and it is tangential to
the corresponding light line. �b� Intensity profile of the surface-plasmon
waveguide. The waveguide losses—calculated for different metal carrier
layers—are reported in cm−1 in the top-right inset.
nism for this effect is not dominated by the imaginary part of
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the metal refractive index, but rather by the real part. The
large difference in nm �see Table I� can induce large changes
of the waveguide losses, and therefore of the device thresh-
old current density.

The wafer was processed into a range of laser ridge
widths �13, 17, 21, and 25 �m�, following the procedure in
Ref. 10. The sample was cleaved into two parts before the
top-contact metal evaporation. On one half a simple Ti/Au
contact �3/300 nm� was deposited, while on the other half a
Ti/Ag/Ni/Au contact �3/150/10/250 nm� was used in-
stead. The thickness of the Ti layer is nominally the same in
the two cases �3 nm�. The skin depth of 7.5 �m radiation
into silver was calculated to be �10 nm, therefore the nickel
and gold layers have no influence on the surface-plasmon
waveguide mode.

The light-current �L-I� characteristics �Figs. 2�a� and
2�b�� allow the evaluation of the effect of the two different
surface-plasmon carrier layers �Au or Ag� on the laser per-
formance. The Au-based lasers operate up to a maximum
temperature of 260 K �Fig. 2�a��, with peak powers of
�70 mW at 78 K for the case of a 21 �m wide device. On
the other hand, the Ag-based lasers operate up to room tem-
perature �300 K�, with peak powers of �30 mW �78 K� for
a narrower 12 �m wide device. Typical laser emission spec-
tra for the Ag-based sample are reported in Fig. 3. The laser
emission wavelength at 78 K is �7.5 �m, in excellent
agreement with the band-structure calculations. In order to
verify our results a large number of devices were fabricated
and tested. The threshold current density for the Au-based
devices tested lies in the range 2.9±0.4 kA/cm2, while for
the Ag-based devices we measured 1.5±0.2 kA/cm2.

The improvement in laser performance brought about by
the silver contact layer is corroborated by the characteristic
temperature T0 that can be obtained with an exponential fit of
the curve Jth=AeT/T0. We obtain 65 K for the Au-based la-
sers, and 120 K for the Ag-based ones.

At 78 K, the average threshold current density is ap-
proximately twice as large for the Au-based devices �Jth

=2.9 kA/cm2� than for the Ag-based ones �Jth

=1.5 kA/cm2�, as shown in Fig. 2�c�. The reduction of Jth

for the Ag-based QCL is in agreement with the waveguide
mode calculations �taking into account the mirror losses�,
when the values from Table I are used for the real part of the
index of refraction of the two metals. However, while the
ratio between the waveguide losses can be accounted for by
the theory, their absolute values do not agree with the pre-
dicted values. We calculate a value �=6 cm−1 for the losses,
and �=60% for the confinement factor in a 7.5 �m QC laser
in a standard waveguide configuration. For the same active
region embedded in a Ag-based surface-plasmon waveguide

−1

TABLE I. Real and imaginary parts of the refractive index for metals used
in the present work and in Ref. 7 for a QCL operating wavelength of �

�8 �m. All values are from Ref. 9. Equation �1� shows that the propagation
loss is proportional to nm /km

3 . Surface plasmon waveguides utilizing silver
have lower losses than gold- or palladium-based waveguides.

Metal nm km nm /km
3

Gold �Au� 7.78 57 4.2�10−5

Palladium �Pd� 3.13 36 6.7�10−5

Silver �Ag� 3.35 57 1.8�10−5
we obtain instead �=33 cm and �=82%. The figure of
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merit �defined as � /�� is therefore 0.1 for the former, and
0.025 for the latter. Using 1.5 kA/cm2 as a baseline thresh-
old at 78 K for the surface-plasmon devices, this would im-
ply a Jth�500 A/cm2 at 78 K for a standard 7.5 �m QC
laser. Such a low value was never measured for MOVPE-
grown QC lasers. We believe therefore that an additional
mechanism that is not currently included in the calculations,
and that we have yet to identify, must be responsible for the
low absolute value of Jth exhibited by the silver-based me-
tallic waveguides. As the waveguide losses depend strongly
on the nature of the semiconductor-metal contact interface it
is likely that the effect originates from the properties of the
metal layer within a few nanometers of the top semiconduc-
tor surface. We observed that the Ag-based contacts have

FIG. 2. �a� L-I characteristics of a typical laser with �Ti� /Au top contact at
different heat sink temperatures. The ridge dimensions are 17 �m
�1.5 mm. The laser was operated in pulse mode �75 ns at 5 kHz repetition
rate�, and the signal was detected with a HgCdTe detector. �b� L-I charac-
teristics of a typical laser with a �Ti� /Ag/Ni/Au top contact at different heat
sink temperatures. �c� Threshold current densities as a function of operating
temperatures for typical �Ti� /Au and �Ti� /Ag/Ni/Au devices. An improve-
ment of approximately a factor of 2 has been obtained using Ag-based
electrical contacts.
poor adhesion properties. A nonuniform adhesion of the top
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silver would result in a lower average refractive index of the
contact layer, effectively lowering the waveguide losses. We
are presently undertaking further, more detailed characteriza-
tion including direct loss/gain measurements.

In conclusion, we have demonstrated pulsed, room-
temperature operation of surface-plasmon quantum cascade
lasers at an emission wavelength of 7.5 �m. The result has
been obtained thanks to a dramatic reduction of the wave-
guide losses, following the use of silver as both the top elec-
trical contact and a surface-plasmon carrying layer. Such la-
ser material is ideal for photonic-crystal applications, given
its reduced thickness, maximum of the electric field at the
top surface �for efficient vertical emission�, and pulsed,
room-temperature operation �for easy access to the laser
photonic-crystal cavity for sensing/microfluidics
applications�.
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