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A periodic array of thin slits opened on a metallic surface can act as a one-dimensional photonic
crystal for the propagation of surface-plasmon waves. We have used such structure for the
implementation of distributed feedback resonators in quantum cascade lasers emitting near 2.5 THz.
Single-mode emission, stable at all injection currents and operating temperatures, was achieved both
in pulsed and continuous wave. The devices exhibited output powers of several milliwatts with low
threshold current densities of �100 A/cm2. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2120901�

Surface plasmons are electromagnetic waves existing at
the interface between two materials, one with a positive and
one �usually a metal� with a negative dielectric constant.1

They are attracting considerable interest in view of their pos-
sible use in the implementation of photonic circuits and sub-
wavelength optics.2 They have also been employed in the
construction of waveguides for quantum cascade �QC�
lasers,3 thanks to their intrinsic transverse-magnetic �TM�
polarization, which ideally matches the selection rules of in-
tersubband transitions. Surface-plasmon waveguides become
particularly advantageous over traditional dielectric ones at
long wavelengths, where they allow large optical confine-
ment factors to be achieved in relatively thin active regions.
In fact, they constitute a basic element of QC lasers operat-
ing in the 1–10 THz range;4 these devices have rapidly
reached a considerable level of maturity, with high output
powers and operating temperatures reaching 164 K.5–7

Many laser applications require stable, repeatable single-
mode emission at a precisely defined frequency. To this end
distributed feedback �DFB� resonators8 have long been used
in semiconductor lasers including, more recently, midinfra-
red QC lasers.9 The concept has now also been extended to
terahertz frequency QC devices.10 In that work mode selec-
tion was based on a complex-coupling scheme requiring a
combination of wet chemical etching of the top contact layer
and selective Ohmic-contact deposition. This technique,
however, resulted in small grating coupling, thereby making
long cavities necessary for the achievement of single-mode
operation. This affected device performance, increasing driv-
ing currents and hindering continuous wave �cw� lasing. The
issue becomes more and more critical at longer emission
wavelengths as the DFB grating period has to be proportion-
ally enlarged.

A different elegant way of realizing a one-dimensional
photonic crystal for surface-plasmon modes was recently
demonstrated.11 A slit opened in the metallic layer acts as a
barrier for wave propagation as no surface plasmon is sup-

ported. Part of the light is reflected back, part transmitted by
tunneling across the slit, and part is scattered out of the in-
terface mode. A periodic series of slits then acts as a DFB
resonator, and, if the slits are much narrower than the wave-
length, this can be accomplished with minimal scattering
losses. Ideally, this type of metallic grating would be easily
implemented in terahertz QC waveguides. However, the
presence here of a top highly doped contact layer with nega-
tive dielectric constant ensures the existence of the surface-
plasmon mode also in the slits. Although the radiation then
does not propagate through tunneling, it still experiences
much higher optical losses in the slits, owing to the higher
penetration in the doped semiconductor, resulting in a DFB
grating with a mainly imaginary coupling coefficient. Here
we use this technique to demonstrate high-performance DFB
devices operating near 2.5 THz, a frequency range particu-
larly relevant for atmospheric monitoring of the OH
radical.

The semiconductor sample used for this work is illus-
trated in Fig. 1. The active material �left panel� was designed
for the GaAs/AlGaAs system and based on rather uniformly
chirped superlattices, with no marked distinction between in-
jection and lasing regions and an optical transition partly
diagonal in real space. The calculated dipole matrix element
is 10 nm for a transition energy around 10 meV. The ground
state of each period is well separated from the injection bar-
rier, in order to reduce the extent of possible leakage current
paths that would decrease the injection efficiency. The struc-
ture was grown by solid-source molecular-beam epitaxy on a
nominally undoped GaAs substrate, with a waveguide core
formed by 110 repetitions of the above superlattice. Confine-
ment of the emitted light was ensured by a buried highly
doped GaAs layer with negative dielectric constant. Contrary
to the conventional terahertz QC waveguide design,4 how-
ever, the present layer features two different doping concen-
trations �the initial 530 nm is n doped to 2.6�1017 cm−3 and
an additional 500 nm is doped to 2.7�1018 cm−3�. This al-
lows the possibility of controlling separately the boundary
conditions of the surface plasmons on the two sides of the
buried doped layer, thereby giving a better compromise be-
tween optical losses and confinement factor.12 The growth
was concluded by a 200-nm-thick GaAs contact layer n
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doped to 5�1018 cm−3. Devices were processed into
240-�m-wide laser ridges by optical lithography, with
Ohmic-contact deposition achieved using the procedure de-
scribed in Ref. 13. The waveguide was completed by the
evaporation of Cr/Au on top of the ridge to create the main
surface-plasmon interface. This layer is kept either continu-
ous for Fabry-Perot devices or patterned into a series of nar-
row slits with � /2 period to create the DFB structure �see
inset of Fig. 1�. The fabrication of the latter was imple-
mented by electron-beam lithography using a reduced metal
thickness �100 nm instead of the usual 200 nm� to facilitate
lift-off. The best compromise between grating strength and
optical losses was found with approximately 2 �m wide slits
�close to 10% of the period length�. In this case the estimated
coupling coefficient is of the order of 10 cm−1. The vertical
profile of the guided mode is plotted in Fig. 1 �right panel�: a
confinement factor of about 48% was obtained, with 10 cm−1

absorption losses. Individual lasers were defined by cleaving
the ridges into stripes of various lengths. They were then
soldered to copper bars with an In/Ag alloy, wire bonded,
and mounted on the coldfinger of a continuous-flow liquid-
helium cryostat. Spectra were recorded with a Fourier-
transform infrared spectrometer in rapid scan mode at the
maximum resolution of 0.125 cm−1. Pulsed light-current �L
-I� curves were obtained by collecting the output of one laser
facet with f /1 off-axis parabolic optics and focusing it onto a
pyroelectric detector, with the whole system contained
within the cryostat head. Cw measurements were instead per-
formed by mounting a f /3.5 Winston cone in front of the
laser and using an external pyroelectric radiometer �esti-
mated collection efficiency was �33%�.

Figure 2 shows the cw L-I characteristics for a conven-
tional Fabry-Perot device. Excellent performance is
achieved, with threshold current densities as low as
75 A/cm2 observed at 10 K and a maximum operating tem-
perature of 58 K. The measured output power is more than
6 mW with a slope efficiency of about 16 mW/A. The emis-
sion spectra �see inset� show multiple longitudinal modes
with a spacing ��0.51 cm−1, which translate into a refrac-
tive index n�3.9. This differs from the computed effective
index neff=3.65 of the waveguide mode, but the discrepancy

is not unexpected in view of the rather large frequency dis-
persion dneff /d�. For the DFB fabrication we decided to use
the calculated neff value, realizing gratings with periods vary-
ing from 16.2 to 16.6 �m. The left inset of Fig. 3 displays
the pulsed emission spectra of three lasers with different
surface-plasmon gratings. DFB operation is clearly demon-
strated, with an emission frequency that depends on the grat-
ing period � according to a refractive index n�3.56, well
within the parameter uncertainties of the theoretical value.
The spectrum of the �=16.2 �m laser also shows a few
Fabry-Perot modes, as the gain peak wavelength is now quite
detuned from the DFB condition 2�. In fact, a longer device
�2.5 mm� has to be used in this case to identify properly the
DFB mode.

While these devices showed good DFB emission, even
with very short cavity lengths of 1.5 mm �corresponding to
less than 100 DFB periods�, they were not reliably single
mode over the whole range of operating conditions. At large

FIG. 1. Left panel: Conduction-band diagram for two periods of the 2.5 THz quantum cascade structure under an electric field of 1.6 kV/cm. The layer
thicknesses in nanometers �from left to right, starting at the injection barrier� are 3.9 /9.6/0.6 /19.9/0.6 /19.4/0.6 /17.5/0.6 /14.7/1.5 /14.4/2.4 /13.4/3.2 /13.7
where Al0.15Ga0.85As barrier is in boldface and the last 10 nm of the 14.4 nm GaAs well is doped to n=2.5�1016 cm−3. The moduli squared of the envelope
functions of the relevant subbands are shown, with the optical transition taking place between levels 2 and 1. Right panel: Electric-field profile for the optical
mode inside the device waveguide. The origin has been fixed at the top air-metal interface. The stack of 110 active periods is indicated by the shaded area.
Inset: Scanning electron microscope picture of the top ridge metallization, showing the periodic array of thin slits. Also visible are the narrow-annealed
Ohmic-contact stripes �appearing rougher� and one side of the laser ridge �at the left�.

FIG. 2. Output power as function of drive current for a 2.5-mm-long
2.5 THz Fabry-Perot laser. The measurements are performed in continuous
wave at various heat-sink temperatures. The maximum cw operating tem-
perature is approximately 58 K. In the inset, a typical emission spectrum is
displayed, showing lasing on multiple longitudinal modes.
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drive currents, a second mode often developed �right inset of
Fig. 3�, whose position seems at variance with another lon-
gitudinal mode. We attribute the second peak to a different
transverse mode developing in the rather broad laser ridges.
In order to prevent the formation of higher-order modes con-
centrated more towards the sides, we then fabricated lasers
with a reduced metallization width, as exemplified in the
inset of Fig. 1. The emission spectrum from one such laser
with �=16.5 �m is shown in a logarithmic scale in Fig. 3.
This device is now stably single mode for all currents and
temperatures with a high side-mode suppression ratio of
more than 20 dB. The tuning of emission wavelength with
temperature and current is within the resolution of the ex-
perimental apparatus.

The above-described fabrication technique yields effi-
cient DFB gratings with excellent spectral performance. In
order to realize a grating in which surface-plasmon propaga-
tion is interrupted in the slits, as described in the introduc-
tion, one possibility would be to etch away the doped semi-
conductor layer under the slits. A qualitatively similar result
can also be achieved with a simpler procedure. Processing
was carried out as described previously, but after the
electron-beam lithography the lift-off step was avoided. As a
consequence, a layer of resist approximately 400 nm thick is
left in the slits and everything is then covered by metal. The
laser mode has a strong penetration in the resist, thus con-
siderably reducing the confinement factor �approximately by
a factor of 2�, increasing losses, and also introducing a spa-
tial mismatch with the unperturbed mode that gives rise to
the increased reflectance at each slit. DFB lasers produced in
this way displayed the best performance in terms of output
power and temperature dependence. This is likely to be a
result of low radiation scattering out of a fully metallized
ridge. Figure 4 shows the L-I characteristics of one such
DFB laser. The device, which is stably single mode under all
investigated conditions, emits more than 8 mW peak power
per facet in pulsed at 10 K, with a threshold current density
of about 100 A/cm2 and a maximum operating temperature

of 70 K. In cw the measured power was about a factor of 3
less even at low temperature. This might partially result from
the different collection efficiencies of the two setups. The
maximum operating temperature in this case was 55 K. The
voltage-current curve is also plotted in Fig. 4, showing a
typical diodelike behavior with very good injection
efficiency.
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FIG. 3. Single-mode emission spectrum on a logarithmic scale of a 2.2-
mm-long DFB laser with a 16.5 �m slit periodicity and narrow top metal-
lization. Data were collected in pulsed mode at a 1% duty cycle and with a
0.92 A drive current, close to the maximum output power. In the left inset
we plot in linear scale the spectra of three lasers with different DFB periods
and a wide metallization. The upper two traces were collected close to
threshold �about 350 mA�, while the lowest trace was measured at a higher
current in order to better show the DFB mode. The right inset shows a
logarithmic plot of the spectrum at a higher current for the 16.4 �m laser of
the left inset.

FIG. 4. Light-current characteristics of a 1.9-mm-long DFB QC laser. The
solid lines refer to pulsed operation with 5% duty cycle and are collected
using burst of 625 pulses 200 ns long at a repetition rate of 400 Hz; the
dashed lines are obtained in cw using an external pyroelectric power meter
�33% estimated collection efficiency� and correcting for the cryostat window
transparency. The voltage measured as a function of drive current is also
shown.
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