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We report distributed-feedback surface-plasmon quantum cascade lasers operating at A=7.6 um.
The distributed feedback is obtained by the sole patterning of the top metal contact on a surface
plasmon waveguide. Single mode operation with more than 30 dB side mode suppression ratio is
obtained in pulsed mode and at room temperature. A careful experimental study confirms that by
varying the grating duty cycle, one can reduce the waveguide losses with respect to standard,
unpatterned surface-plasmon devices. This allows one to reduce the laser threshold current of more
than a factor of 2 in the 200—300 K temperature range. This approach may lead to a fabrication
technology for midinfrared distributed-feedback lasers based on a very simple processing. © 2009
American Institute of Physics. [DOI: 10.1063/1.3202765]

The quantum cascade (QC) laser is a semiconductor
source for the midinfrared range of the electromagnetic spec-
trum (2.75 um<\<24 um)."? Since its emission wave-
length covers the “fingerprint” region of typical molecular
absorptions, it is a device particularly interesting for spectro-
scopic applications. Single mode operation is therefore often
required,3 and the structure of choice to achieve this goal is
the distributed feedback (DFB). Devices based on buried het-
erostructure gratings—together with advances in the design
and technology of QC lasers—have led to the demonstration
of single mode operation at room temperature (RT) at several
wavelengths.“_9 However, for applications requiring only
pulsed RT operation, it is interesting to develop less techno-
logically heavy solutions. This is the purpose of this paper,
where a different approach relying on surface-plasmon QC
lasers is analyzed.

It has been proposed, in fact, as a proof of principlelo
that a metal grating—alternating metal pads and air gaps—
can operate as a frequency-selecting filter. In this paper we
demonstrate that the presence of the grating induces a wave-
guide loss reduction and therefore pulsed, single mode op-
eration at RT can be achieved by surface-plasmon QC lasers
operating at \=7.5 um. We have also performed a study of
the device characteristics as a function of the grating duty
cycle in order to identify the ideal operating range.

The model structure is a surface-plasmon QC laser
where the top, unpatterned metallization is replaced with an
air-metal grating whose period is A. We target operation at
the first order Bragg condition, i.e., A=N/2n, were nqg and
\ are, respectively, the effective optical index and the wave-
length of the waveguide mode. The photonic band structure
of the infinite grating system (see Fig. 1) has been calculated
by solving the two dimensional Helmoltz equation in a single
unit cell, i.e., one period of the grating, with Bloch periodic
boundary conditions. The optical losses in the semiconductor
layers are introduced using the Drude model (see Fig. 2,
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caption). The refractive index profile and the calculated
eigenmodes profile intensity for a 50% duty cycle grating are
shown in Figs. 1(c) and 1(d). The resulting photonic band
structure in normalized frequency and wavevector units is
shown in Fig. 2(a) for a 25%, 50%, and 70% duty-cycle
grating (duty cycle O corresponds to no metallization). Only
the region around the zone edge (k,=0.5) is shown, since the
candidate modes for lasing are the ones close to the band
edge, where states with almost zero group velocity appear.
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FIG. 1. (Color online) (a) Scanning electron microscopy (SEM) images of a
typical device with a 50% duty-cycle grating. (b) Top-view SEM image of
the metallic grating. (c) Calculated profile intensity for mode 2 (solid line)
and real part of the refractive index (dashed line) for a 50% duty cycle DFB.
Mode 2 exhibits field maxima below the metal fingers, therefore the re-
ported one dimensional (1D) index profile corresponds to the metalized
regions of the grating. (d) Calculated profile intensity for mode 1 (solid line)
and real part of the refractive index (dashed line) for a 50% duty cycle DFB.
Mode 1 exhibits field maxima below the air gaps, therefore the reported 1D
index profile corresponds to the nonmetalized regions of the grating.
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FIG. 2. (Color online) (a) Calculated photonic band structure around the
band edge (k,=0.5) for 70% (black continuous line), 50% (blue dashed
line), and 25% (red dot-dashed line) grating duty cycles, showing the open-
ing of a stop band. The grayed regions mark the zone above the substrate
light line, where the calculated modes are not confined in the active region.
(b) Calculated losses per unit of length (cm™) as a function of the grating
duty cycle for the band edge states of panel (a). The refractive indexes of the
layers composing the QC laser and used for the calculation are n,.ive region
=3269+i*6.72X 107, pp substrate=3-055+i*2.738 X 107, nyyGaas cladding
=3.345+i%2.342 X 107, and Ngoq=7.8+i*54.6. These values are obtained
using a Drude model at a wavelength of 7.5 um and with a constant scat-
tering time of 0.15 ps. The active region is considered as a bulk layer, whose
refractive index is averaged between the InGaAs wells and the AllnAs
barriers.

The band diagram of Fig. 2(a) proves that the sole metal
periodic patterning provides enough feedback to introduce a
stop band around the first order Bragg condition. For in-
stance, at A=7.5 um the wavelength separation between the
two calculated modes (labeled 1 and 2 in the rest of the
paper), for a 25% duty-cycle grating, is =8 nm. The mode
separation increases with the duty cycle up to a maximum of
~190 nm (corresponding to ~30 cm™!), which is obtained
for a 90% grating duty cycle. At higher dc values the mode
splitting sharply decreases toward zero (the case of a pure
surface-plasmon mode on an unpatterned surface').

Figure 2(b) reports the calculated losses of the two can-
didate modes for lasing as a function of the grating duty
cycle. Mode 1 exhibits almost monotonically increasing
losses, while mode 2—the low-loss mode—exhibits stable
low losses up to very high duty cycles of =80/85%. In
theory therefore, mode 2 is particularly interesting for appli-
cations due to its stability with respect to possible grating
fabrication errors. In addition, it was shown that when mode
2 is active the electric field maxima are located on top of the
metal fingers, with useful applications to the generation of
surface plasmons by electrical injection. =

The laser structure (InP281) is a surface-plasmon QC
laser with target, nominal emission wavelength at A
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FIG. 3. (Color online) (a) Typical spectra of a SP DFB QC laser (50%
grating duty cycle) at three heatsink temperatures. The spectra have been
acquired in pulsed mode (100 ns at 84 kHz), using a Fourier transform
infrared spectrometer operated in rapid-scan mode and equipped with a
liquid-nitrogen-cooled MCT detector. We measure a wavelength shift with
heatsink temperature of =0.4 nm/K. (b) Peak output power as a function of
injected current for a 1480% 23 um? DFB QC laser operated at 240, 280,
and 300 K, respectively. Inset: corresponding RT laser spectrum in semi-
logarithmic scale. The device exhibits a side mode suppression ration of
30 dB.

=7.5 um. It was grown in a low-pressure MOVPE (Metal
Organic Vapor Phase Epitaxy) system and it contains 50 re-
peats of a four-well active region+injector QC heterostruc-
ture. Details can be found in Refs. 10 and 11. The epitaxy
has been performed on n-doped InP substrates. The devices
were processed as standard wet-etched laser ridges, typically
23 wm wide and a few millimeters long. The top metal con-
tact (Ti/Au: 3/80 nm), as shown in Fig. 1, is patterned by
lift off as a 25%, 50%, and 70% duty-cycle metal-air grating.
Different grating periods A between 1.176 and 1.224 pum
have been implemented.

Figure 3(a) shows the measured spectra of a 50% duty-
cycle SP DFB laser operating at three different temperatures.
The emission is single mode, and the measured wavelength
tuning with the heatsink temperature is =~0.4 nm/K. This
value—which is much smaller than 1.2 nm/K, as measured
on Fabry—Pérot devices fabricated with the same material—
allows us to assign the feedback mechanism to the action of
the grating. The grating superimposed on this device has a
period of 1.212 um. The emission wavelength at RT of
~7.63 um corresponds therefore to a normalized frequency
A/N=0.1588. This value is in good agreement with the cal-
culated position of mode 2, as in the photonic band structure
of Fig. 2(a). At constant temperature, changing the grating
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FIG. 4. (Color online) Laser threshold current density as a function of the
heatsink temperature for a typical unpatterned surface-plasmon QC laser
(red symbols) and for 25% (black symbols), 50% (blue symbols), 70% (dark
yellow symbols) duty-cycle DFB lasers. The dotted lines are fits to the data
with the fitting function A exp(T/T,). T is the heatsink temperature and A
and 7| are fitting parameters. The 7|, values obtained for the unpatterned,
70%, 50%, and 25% grating duty cycle devices are, respectively, 152+ 15,
165*13, 138*+4, and 126 +9 K.

period allows one to match the grating resonances with the
active material gain. The lasing mode can therefore be se-
lected. In fact, for a device with A=1.200 wm a laser emis-
sion wavelength at RT of =7.66 um was measured: this
value corresponds to a normalized frequency A/N=0.1567
and it matches the high frequency mode 1. At high injection
currents (J>10 kA/cm?) the laser emission typically be-
comes bimodal, or mode jumps are observed in some cases.

The output optical power as a function of injected cur-
rent (L-I curve) of a typical 50% dc DFB laser is shown in
Fig. 3(b). The output power was measured with a mercury-
cadmium telluride (MCT) detector which had been calibrated
with a thermopile. Pulsed RT operation (50 ns at 84 kHz)
with a maximum peak power of =30 mW is achieved. The
inset of Fig. 3(b) shows a typical spectrum acquired at a
current density of =8 kA/cm?. It shows single mode opera-
tion with a side mode suppression ratio of 30 dB.

Figure 4 reports the average current threshold as a func-
tion of the heatsink temperature for DFB lasers with 25%,
50%, and 70% dc gratings and A=1.200 wm. Data for an
unpatterned surface-plasmon device (dc=100%) have been
added for comparison. All the devices have been processed
from the same wafer (InP281). In agreement with the calcu-
lations, the data show that patterning the top metal induces a
loss reduction. All the patterned devices operate at RT in
pulsed mode, while unpatterned surface-plasmon devices
stop operating at a maximum heatsink temperature of
~260 K. In the case of 25% and 50% duty cycle DFB de-
vices, similar current thresholds are obtained for the modes
labeled 1 and 2 (see Fig. 2). This confirms that at low duty
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cycles the two DFB modes have similar losses, and the laser
can be made to operate on either modes by adjusting the
grating period. On the other hand, spectral measurements
show that only mode 2 is active (i.e., lasing) for 70% duty-
cycle DFB devices. Since mode 2 always exhibits the lowest
loss, the measured threshold variation as a function of the
grating period in this case just reflects the overlap of the
DFB mode with the QC material gain spectrum.

In conclusion we have shown that periodically pattern-
ing the top metal contact on surface-plasmon mid-IR QC
lasers leads to single mode emission and to a threshold re-
duction. The mode selection mechanism has been theoreti-
cally modeled and the results are in good agreement with the
experiments. The current threshold enhancement with re-
spect to standard, unpatterned surface-plasmon devices al-
lows one to achieve pulsed, RT single-mode operation with a
30 dB side mode suppression ratio. These devices could be
suited to target applications only requiring pulsed, RT opera-
tion.
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