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Abstract:  We demonstrate high spectral control from surface emitting
THz Quantum Cascade L asers based on a two-dimensional photonic crystal
cavity. The perforated top metallic contact acts as an in plane resonator
in a tight double-metal plasmonic waveguide providing a strong optical
feedback without needing three-dimensional cavity features. The optical
far-field patterns do not exhibit the expected symmetry and the shape of
the cavity mode. The difference is attributed to a metal surface plasmon
mediated light outcoupling mechanism also responsible for the relatively
low extraction efficiency.
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1. Introduction

Quantum cascade lasers (QCLS) have been established in the last 10 years as one of the light
source of choice in the mid-infrared portion of the electromagnetic spectrum[1]. Since the first
demonstration of QCLSs emitting below the restrahlen band region[2], new opportunities were
opened for using these devicesin alarge variety of applications such as terahertz (THz) imag-
ing for biological and biomedical research, astronomy, and scanning imaging for homeland
security.

Most THz QCLs fabricated so far, were relying on a standard Fabry Perot cavity design
combined with a ridge geometry for confining light in the direction perpendicular to the light
propagation axis. Patterning of the top contact metal layer has been successfully introduced
more recently in THz QCLs in order to obtain a frequency selected laser emission both in
single-plasmon[3] and double metal waveguide configuration[4, 5]. The main advantage of this
approach isthe straightforward fabrication process, but the main drawbacks are the strong beam
divergence and ellipticity, and the higher waveguide losses with respect to the single plasmon
waveguide configuration. Alternative cavity designs, like microcavity or microring resonators,
address the size issue, but don’t provide afine spectral control of the lasing emission [6, 7].

Two-dimensional photonic crystal (PhC) structures are the natural candidate to provide an
elegant solution for the spectral control and to try to control the mode pattern and beam shape.
Very tight optical confinement with ultra-high cavity quality factors [8], and miniaturization of
the optical resonator in laser emitters[9], has been recently proved for PhC -based devices and
areinduced by theintrinsic flexibility of the PhC approach. Thefirst attempts aimed to integrate
PhC patterning in mid -IR lasers, were oriented towards a two-dimensional evolution of the
standard DFB lasers by replacing a standard grating with a tilted 2D PhC in order to enhance
the spectral purity [10]. Vertical emission from an optically pumped mid-infrared |aser was also
demonstrated from J. R. Meyer and coworkersin PhC DFB laser [11]. At terahertz frequencies,
2D PhC Bragg mirrors were used with QCLs in a single-plasmon waveguide configuration
to obtain single mode lasing emission from a standard ridge laser[12]. A similar approach
involving an active core surrounded by a PhC resonator embedded in a double metal waveguide
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was proposed by Benz and coworkers [13]. In this work the PhC structures acts as a spectra
filter applied to a conventional THz QCL active structure.

Finally, recent developments led to in-plane lasing from an array of THz QCL pillarg[14].
The pillars were arranged in such a way that the ensemble was at the same time the optical
resonator and the laser active region. Similarly to [12], the laser operated on PhC band edge
configuration and reached very low threshold currents and high spectral control.

However, the first attempt to achieve vertical emission using PhC as optical resonator in a
plasmonic waveguide integrated directly into the active region of the laser device, came from
Colombelli and coworkersin 2003[15] in the mid-infrared region. The combination of a PhC-
based microresonator with the vertical emission, address in this case both the device size and
the spectral selectivity issues.

The same approach was successively extended to the THz region[16] but with poor perfor-
mance due to the high optical losses induced by the high filling factor of the PhC structure in
the double metal waveguide configuration. Moreover, in this early work the relative small |at-
eral dimensions of the devices trandated in a strong dependence of the emission pattern from
the device metallic edge.

In the work presented in thisarticle, we have designed and fabricated a THz QCL based on an
in-planeresonator that relies on a2D metallic PhC that allowslasing emission along the vertical
direction. The PhC isrealized by removing only the metal and the doped contact layer from the
corresponding lattice sites of the top surface. This configuration, which achieves a relatively
low index contrast, proved to give a very good spectral control of the laser emission with single
mode behavior for most of thetested devices. Moreover, aspectral tuning is obtained by varying
the PhC parameters. Photoni ¢ band dispersion cal cul ated with the plane wave expansion method
[17] lead to a clear attribution of the laser modes.

An analysis of the far-field patterns recovered from the top surface of the devices is aso
presented, showing that the surface plasmon excited in the top metallic layer dominatesin the
light extraction, and this trandlates in a low optical power and in a broad angular dispersion
of the optical mode. An improved light extraction efficiency is observed in preliminary results
compared with samples with deep etched PhC cavites.

2. Design and fabrication

The active region of our THz QCL has been grown by Molecular Beam Epitaxy using the
GaAg/AlGaAs materia system. The active layer design is based on the bound-to-continuum
concept combined with an optical phonon assisted extraction mechanism, similar to what de-
scribed in ref.[18]. Such a design presents an intrinsic gain curve shift as a function of the
applied bias which is reflected, in QCLs processed in a standard ridge waveguide configura-
tion, in a bias voltage dependent spectral tuning. In order to provide both atight vertical optical
confinement and an increased optical coupling with the 2D PhC, the sample is processed in
the double metal waveguide configuration. The processing consists in bonding the sample on a
previously metallized n-doped GaAs substrate by means of Au/Au thermocompression wafer
bonding. The origina substrate was then selectively removed by a combination of mechanical
polishing and selective wet etching. After defining the injection regions on the top surface with
hexagonal openingsin a passivating silicon nitride layer, the top surface was metallized with a
thin (3/100 nm) Ti/Au layer. The PhC resonator is thus defined by the patterning of the metallic
layer performed by standard lift-off techniques. The process was completed by the removal of
thetop heavily doped GaAslayer in the metal holeswith aH 3PO4:H20,:H,0 (1:3:80) solution.
For this first generation of devices, no mesa structures were etched to define the single hexag-
onal laser device, in order to avoid the presence of additional optical cavity modes that would
have interfered with the PhC modes, scrambling the data interpretation. The draw back of this
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choiceisacurrent spreading below the silicon nitride layer that is difficult to quantify dueto the
uncertainty on the remaining thickness of the doped contact layer. A special care was used to
keep very narrow opening (10 um) between the rectangular contact pads, with the aim of pre-
venting light leaks from the pad edges. The triangular lattice pattern that constitutes our PhC,

Fig. 1. Optical microscope image of a 2D PhC-based THz QCL. In the zoom area a scan-
ning electron microscope detail of the PhC openings is shown.

was chosen because of its connected nature that guarantees a simple processing procedure, and
a uniform current injection. This PhC geometry, does not generate a complete photonic band
gap for TM-polarized light (electric field along the vertical axis)but still it presents low loss
states both on slow light points at the edge of the band dispersion and in local minimain high
symmetry points below the light cone[19]. The basic ideaisthat the PhC enablesto select ase-
ries of modes of the surrounding cavity that are compatible with the energy dispersion relations
of acrystal photon.

From alaser device perspective, only the very few modes that both match the energy disper-
sion of the PhC and the gain bandwidth of the active region, have losses low enough to alow
laser action.

The band diagram drawn in Fig.2(a) represents the TM photon energy dispersion along the
boundary of the first irreducible Brillouin zone (F'MKT path) of a dielectric triangular lattice
of holes. The modal index of a large double metal ridge waveguide (=~ 3.71) is used for the
bulk material, while the index in the holes is approximated to 2.2, corresponding roughly to
the modal index of aridge waveguide with the top metal removed. Theratio of the hole radius
(r) over the lattice constant (@) in this simulation was kept at r/a= 0.14 (filling factor f = 7%).
The relatively low effective index found for this simulation is due to the deep penetration of
the optical mode in the air region. This situation is well presented in the 2D cross-sectional
simulation shown in Fig.2(b) where an effectiveindex nes s = 2.21 isfound. The simulation was
carried out for a half-ridge structure composed, starting from the bottom, with a metallic layer,
an active region with nes ¢ = 3.7, and air for the TM-polarized fundamental mode.

An array of deviceswith different r/avalues were fabricated with ”a’ ranging between 18-22
umand ”r" ranging from 2 to 4 um, in such a way to explore a wide region of the band dis-
persion. The relatively low values of the PhC filling factors, were chosen in order to minimize
the waveguide losses otherwise prohibitive for alaser device at terahetz frequencies. This first
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Fig. 2. (@) TM photon band diagram of a triangular lattice of holes along the TMKT path
up to the 10" band. The shaded blue region represents the light cone in air, whereas the
horizontal gray band shows the energy range covered by the laser emission of our samples.
(b) Two-dimensional simulation from a half-ridge structure composed by a bottom metallic
layer, an active region with nes s = 3.7, and air for the TM-polarized mode. The simulation
was performed in order to assign the effective index of the mode taking into account the
hole part of the device. An effective index nes ¢ = 2.21 was found.

family of devices was designed with a large number of PhC periods (25 per side) that allows
sufficient feedback to achieve laser action.

Before measurements, array of samples were cleaved, soldered on a copper plate, and
bonded. The measurements were performed on an He-flow cryostat integrated in a vacuum
FTIR spectrometer where the emitted light was detected by a liquid He cooled bolometer. The
samples were operated in pulsed regime with aduty cycle of 5.10 5.

3. Measurements

The optical feedback provided by the 2D PhC proved to be strong enough for certain lattice
parametersto allow lasing emission from the top surface. Thisis shown in Fig.3 where we plot
the peak power vsinjected current (LIV curves) taken at different temperatures from a device
with r/a = 0.143. The laser was operated in pulsed regime with a duty cycle of 510 ~°. The
measured threshold current is Ji, ~ 580 A/lcm? at T = 7 K and it reaches a maximum operating
temperature of 95 K.

Nevertheless, these devices display a poor output power if compared to what is obtained
in analogous ridge waveguide lasers fabricated with the same active region both in single-
plasmon and double metal waveguide configuration. If the relatively small filling factor of the
PhC structure may have a role in these limitations, it cannot be considered the main limiting
factor. We will see later in this paper that the planar geometry of the PhC resonator combined
with the excitation of a surface plasmon mode in the top metallic contact of the lasers, prevents
from extracting the laser light with alow divergenceand highly directional beam. M oreover, we
will see that apartial breaking of this planar symmetry can considerably increase the extracted
power changing significantly the optical mode pattern.

A series of lasing spectra taken from devices with different lattice constants ranging from
18 up to 22 um is shown in Fig.4. All the devices are biased at comparable applied voltages
(=~ 14 V) in order to discriminate from spectral shift eventually arising from Stark shift. All
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Fig. 3. Output optical peak power vsinjected current curves taken at different temperatures.
Lasing action was observed up to 95 K. Therelatively high operating voltages are probably
due to a double Schottky interface formed by the double metal waveguide metallic layer
sequence.

the lasers, with the only exception of one with a= 19 um, show single mode operation that
is kept up to the LI roll-over for al devices with lattice constant a< 20 um. The absence
of an additional external cavity and the selectivity on the laser frequency, prove that the PhC
optical feedback is responsible for lasing. Moreover, different device dices were cleaved in
order to assess the influence of the cleaved facets on the laser properties and no variations
in threshold current nor in spectral emission were observed ruling out the role of the facets
as cavity mirrors. Another striking feature of these laser devices is the large spectral window
over which the lasing emission is tuned. Thisis in part due to the broad gain curve specific
to the active region employed, as shown in Fig.4(b) where a subthreshold luminescence curve
obtained from a ridge QCL processed in single-plasmon waveguide configuration is shown.
Moreover, the PhC resonator push the active layer to lase up to the high energy tail of the gain
curve, beyond what is usually observed in the standard Fabry Perot geometry. In order to assess
the entity of the tuning range and separate it from a bias-induced stark blue-shift, it is worth
noting that the estimated spectral blue shift of the luminescence emission from a standard ridge
QCL based on the same active regionis of ~ 1 meV/V.

In order to establish the the physical origin of the lasing emission we refer to the plane wave
expansion band dispersion diagram shown in Fig.2 that, we remind, has been calculated for r
=3 um and a= 22um. By comparing the band diagram with the energy positions of the main
lasing peaks, we can attribute these latters to an optical feedback occurring on the M-point of
the third and fourth PhC band. Thisregion is situated at an energy that well overlap the central
part of the gain curve and at the same time is situated below the light cone obtaining therefore
a strong optical confinement for the generated light. This point is well illustrated in Fig.5(a),
where we plot the same spectral evolution of Fig.4(a) in reduced energy units. From this figure
one main peak at a/A = 0.27 is observed for all the lasing devices, which perfectly overlap with
the M-paint position. The small spectral shift observed for lattice parameters a going from 19
umto 20 um is maybe caused by the transition from the 3" to the 4™ excited band across the
bandgap on the M-point. This single mode behavior holds for all the samples with a< 20 um
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Fig. 4. (a) Optical spectra recorded from a series of five different devices with different
PhC parameters at about the same applied bias (13.8 V). Most of the lasers show a single
mode behavior and a progressive red shift tuning is observed by increasing the PhC lattice
period. (b) Reference sub-threshold electro-luminescence spectrum obtained from a THz
QCL based on the same active region and processed in a standard ridge waveguide con-
figuration. The quality of the spectrum is limited by thermal noise due to the high doping
levels (and high injected currents) of the active region. The measurements were performed
at 7K.
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Fig. 5. (a) Optical spectra, as shown in Fig.4, plotted in reduced energy units. (b) Photonic
band dispersion calculated for r = 3um, and a=22um.
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up to the LI rollover. For a > 21, a second mode appears at reduced energy a/A = 0.305 when
the applied bias is high enough to allow a sufficient overlap of the gain curve with the high
symmetry point I" of the band dispersion. This aspect is clearly evidenced in Fig.6(a), where
the spectral evolution, plotted in reduced units, as afunction of theinjected current is shown for
alaser device with a= 22 umand r = 3 um. The transition from M-lasing to I"-lasing occurs,
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Fig. 6. (a) Spectral evolution, as a function of the applied bias voltage, plotted in reduced
energy units from three different devices with lattice parameters ”a” being respectively 20,
21, and 22 um. The measurements were performed at 7 K. (b) Photonic band dispersion as
inFig.2.

inthis case, at V> 14.5V and it progressively moves the laser emission intensity towards the
I" energy upon increasing the applied voltage. At V > 15V the transition is completed and
the laser emission recovers to a single mode behavior at the " energy. The appearance of the
I'-mode at both high bias voltages and large PhC lattice constants is due to the high reduced
energy of this high symmetry point that allow a sufficient overlap with gain curve only for
a>21um oncethe bias-induced Stark blueshift is large enough. Moreover, the I'-modes present
higher optical losses, if compared to the M or K-modes below the light cone, due to the k ,
conservation, that couples them efficiently to the vacuum (a second order Bragg condition is
automatically satisfied at the I" point). Concerning this point, a significant slope increase in the
integrated |aser emission behavior is observed as afunction of theinjected current and therefore
of the applied biasas shown in Fig.7 for adevicewitha=21 umandr =3 um. From thisgraph
anonlinear increase of the optical emission is observed as soon as the mode transition from the
M-lasing to the I"-lasing takes place, with a maximum intensity reached when the laser emission
issingle mode at the T" energy.

4. Far-field emission

The far-field pattern of the laser devices is a key element necessary for the understanding of
the lasing mechanism and light extraction. In this work the far-field pattern was scanned by a
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Fig. 7. Integrated spectral emission vs injected current plot at 7 K. A nonlinear increase
of the lasing emission is observed when the spectrum shifts from a "M-emission” to a
"I -emission.

pyroelectric detector mounted on a double rotational stage that allows an angular scan close
to 180° on 6 and ¢ angles while the sample was mounted on a He-flow cryostat and kept at
cryogenic temperature.

A typical unpolarized far-field pattern of our devices with a= 21 and r = 3, is shown in
Fig.8(a) and (b) recorded at respectively at J = 725 A/cm? (V = 13.1 V) and, J = 890 A/cm?
(V = 15.6 V). For the relative optical spectrathat have been detected at similar bias the reader
can refer to Fig.6 whereis clearly shown that the mode jump previously discussed takes place
between these two biases. A two-lobes symmetry is recovered for both injection currents, and
although a variation in the intensity distribution over the sample surface is observed upon in-
creasing of the injected current, no clear evidence of transverse mode transition in correspon-
dence of the spectral changeis noticed.

Although from numerical simulations, based on finite difference time domain (FDTD) algo-
rithm, a two-lobes symmetry turns out to be a mode existing in a finite photonic lattice with
triangular symmetry, we do believe that this pattern is strongly related to both the finite size of
the device together with the rectangular shape of the contact pad. Indeed, the two lobes axisis
always oriented parallel to the short side of the pad. One possible mechanism is that the edge
of the metallic pad providesafeedback on the propagating surface plasmon excited by the laser
mode, and that the mode shape reflects the surface plasmon mode pattern. At this point, it is
worth noting that an even symmetry mode has been observed in similar devices at ~ 8 um
wavelength in the presence of a rectangular contact pad [15]. In other words, the true trans-
verse mode profile proper of the PhC structure is wiped out by the surface plasmon absorption
re-emission mechanism in the metal layer.

In order to investigate the impact of a perturbation of the planar geometry of the devices
on the light extraction mechanism and mode pattern, few samples have been fabricated by dry
etching the PhC holes through the entire active region. Some preliminary results on one of these
structures are shown in Fig.9 where both L1V curve and optical spectra are presented.

Also inthis case the longitudinal mode evol ution sees an abrupt transition from the M-modes
to theI"-mode upon increase of the applied voltage. Neverthel ess, this device shows asignificant
increase of the output peak power (up to 20 mW), if compared to the previous devices, together
with a very low threshold current density J,= 375 A/cm?. Moreover, two abrupt changes in
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Fig. 8. Far-field emission patterns recorded from a device with a=21lumand r = 3 um
at (8 V =131V and (b) V = 15.6 V corresponding to lasing emission attributed respec-
tively to the M-point and the I"-point of the PhC resonator. The (0;0) position corresponds
approximately to the center of the hexagonal lattice of the laser sample. The measurements
were performed at 20 K.
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Fig. 9. (8) LIV curves of adeeply etched PhC laser withr/a=0.136 (a=22 umandr =3
um). (b) Corresponding optical spectra evolution recorded at different biasvoltagesat 7 K.
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Fig. 10. Far-field emission pattern from the deeply etched PhC laser described above at a
biasvoltageV = 15V (T"-lasing). Also here the (0;0) position corresponds approximately to
the center of the hexagonal lattice of the laser sample. The measurements were performed
at 20 K.

slope efficiency are observed. The first one around 6 A of injected current corresponds spec-
trally to a single-mode to multi-mode transition on the M-symmetry point, whereas the second
one occurs at | = 10 A where a transition from an M-mode to a I'-mode lasing is spectrally
observed (see Fig.9). We believe that this behavior is induced by an interplay between an in-
creased quality factor of the optical cavity together with an improved light extraction efficiency
associated to this structure geometry where the almost perfect planarity of the shallow-etched
devicesis perturbed.

This interpretation is supported by the far-field pattern recorded at 15 V bias voltage, corre-
spondent to aT"-lasing operation, shown in Fig.10. Here the optical mode appearsin afour-fold
geometry and with a different light intensity distribution, with respect to the un-etched sam-
ples, that suggests an enhanced optical feedback induced by the deep holes of the structure.
However, also in this case the contact pad symmetry seems to play an important role in the
mode distribution, and the overall external efficiency of the laser is still dominated by a surface
plasmon mediated extraction mechanism.

5. Conclusions

In summary, we have demonstrated spectral control of surface laser emission in a 2D PhC-
based THz QCL. A detailed analysis of the laser spectrashowsthat it is possible to attribute the
emission lines to different transitions associated to high symmetry points of the PhC structure
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and is therefore possible to control the spectral properties of the QCL by means of the PhC
design.

The low output power shows also that it is extremely difficult to extract light vertically in
connected planar PhC plasmonic structures due to the dominance of the plasmonic absorption
inthisdirectionin the double-metal waveguides. Thisinterpretationis corroborated by the early
results shown on deeply etched PhC QCLs.

Better results are expected on unconnected PhC cavities (pillar-based PhC) or by better ex-
ploiting the plasmon-mediated emission in the vertical direction.
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