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Electrically pumped photonic-crystal terahertz lasers
controlled by boundary conditions
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Semiconductor lasers based on two-dimensional photonic crystals’>
generally rely on an optically pumped central area, surrounded by
un-pumped, and therefore absorbing, regions’. This ideal config-
uration is lost when photonic-crystal lasers are electrically pumped,
which is practically more attractive as an external laser source is not
required. In this case, in order to avoid lateral spreading of the
electrical current, the device active area must be physically defined
by appropriate semiconductor processing. This creates an abrupt
change in the complex dielectric constant at the device boundaries,
especially in the case of lasers operating in the far-infrared, where
the large emission wavelengths impose device thicknesses of several
micrometres. Here we show that such abrupt boundary conditions
can dramatically influence the operation of electrically pumped
photonic-crystal lasers. By demonstrating a general technique to
implement reflecting or absorbing boundaries, we produce evidence
that whispering-gallery-like modes or true photonic-crystal states
can be alternatively excited. We illustrate the power of this tech-
nique by fabricating photonic-crystal terahertz (THz) semi-
conductor lasers, where the photonic crystal is implemented via
the sole patterning of the device top metallization. Single-mode
laser action is obtained in the 2.55-2.88 THz range, and the emission
far field exhibits a small angular divergence, thus providing a solu-
tion for the quasi-total lack of directionality typical of THz semi-
conductor lasers based on metal-metal waveguides®.

Terahertz radiation—loosely defined as the region of the electro-
magnetic spectrum between 0.5 THz and 5 THz (ref. 5)—finds pro-
mising applications in very different areas of science and technology,
such as astronomy, environmental monitoring and security®.
However, its spectral location—between optical and microwave
frequencies—has hindered the development of compact semi-
conductor sources. A significant breakthrough in this direction took
place in 20027 with the demonstration of a quantum cascade laser
operating at ~4.4 THz. Quantum cascade lasers rely on transitions
between quantized conduction band states of a suitably designed
semiconductor multi-quantum-well structure®. They are in-plane
emitters, with the electric-field vector perpendicular to the plane of
the layers, and the unnatural surface emission (often desirable) has to
be engineered. The advantage of transverse magnetic polarization,
however, is the possibility of exploiting surface plasmons for wave-
guiding’. Indeed, surface-plasmon single-metal” and metal-metal'
ridge waveguides proved to be a key ingredient in the extension of
the quantum cascade concept from mid-infrared to long-infrared
wavelengths (4> 19 um).

In the mid-infrared, photonic-crystal-based quantum cascade
structures have been demonstrated for surface emission'' and
normal-incidence detection'. The application of photonic-crystal
technology to active devices is particularly appealing because it allows

the achievement of simultaneous spectral and spatial (surface emis-
sion, beaming and so on) mode engineering. In the above-mentioned
mid-infrared structures, the effective index contrast was obtained via a
deep etch of the semiconductor material. This approach has been
transferred to the THz range to realize devices based on lattices of
deeply etched pillars'>'. Besides the high degree of technological com-
plexity, these devices did not lead to surface emission, and they did not
exploit the possibility of ‘printing’ the photonic structure on the top
metal only. First-order'® and second-order'® distributed-feedback
devices were demonstrated only recently, with one-dimensional metal-
lic gratings implemented on top of standard ridge-waveguide lasers. At
shorter mid-infrared wavelengths and for edge emitting devices, a
plasmonic collimator was also recently demonstrated'”.

In this work we demonstrate a new approach to the implementa-
tion of a resonator for THz semiconductor lasers, based on a two-
dimensional (2D) photonic-crystal structure, lithographically
transferred onto the top metallization only of a metal-metal THz
quantum cascade laser'. In addition, we show that the operation
of the photonic crystal is critically dependent on the boundary con-
ditions. This finding is general, and is a key element for the develop-
ment of any electrically pumped photonic-crystal device. Devices
with a similar geometry have been reported in ref. 19. However,
the crucial role of boundary conditions was not investigated, and
no effect of the photonic crystal on the far-field emission pattern
was detected. Our micro-resonators exhibit—when the correct
boundary conditions are implemented—Ilithographically tunable
single-mode emission, and an angularly narrow (though not always
single-lobed) far-field emission pattern.

The quantum cascade laser used in this work was grown by
molecular beam epitaxy in the GaAs/AlGaAs material system. It con-
sists of a 12-um-thick, bound-to-continuum active region with emis-
sion at ~2.7 THz (ref. 20). The active core is sandwiched between
700nm, 2 X 10" cm™> and 80nm, 5x 10" cm ™ doped layers,
forming the lower and upper contacts. The quantum cascade wafer
was thermo-compressively bonded onto an n*-GaAs wafer. After
selective etching of the GaAs substrate, the 700-nm-thick top doped
layer was thinned to 200nm to reduce free carrier absorption.
Hexagonal mesas were etched down to the bottom metal to avoid
lateral current dispersion, and the photonic-crystal pattern was
implemented in the top metallization only, which acts as a contact
and—simultaneously—provides the necessary optical feedback. In
Fig. la a schematic cross-section of a typical device is displayed,
and an optical microscope image taken from the top is shown in Fig. 1b.

Two-dimensional photonic-crystal slab waveguide lasers can be
divided in two families: defect mode lasers and band-edge mode lasers.
The former operate at frequencies inside the bandgap by intentionally
introducing a defect that supports localized modes®'. Band-edge mode
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Figure 1| Device details and design. a, Schematic cross-section of the
device. The laser active region (blue) is sandwiched between two metal Ti/Au
contact layers. The top metal is patterned with the desired photonic-crystal
design. The top n*-GaAs contact layer, approximately 200 nm thick (red) is
removed in the photonic-crystal holes in order to reduce the losses. At the
edge of the device, the n " -GaAs layer (red hatched region) can be removed or
left in place, if mirror or absorbing boundary conditions, respectively, need
to be implemented. b, Optical microscope image of the surface of a typical
device. The wire bonding is applied directly on the top metallization.

¢, Detailed scheme of the boundary conditions implementation technique.
When the top n* contact, represented as a red layer, is left in place between
the metal edge and the mesa periphery (top panel), the absorption is high
and the boundary behaves like an absorber. When instead it is removed
(bottom panel), the mode mismatch at the metal edge introduces a high
reflectivity, and therefore mirror boundary conditions. d, Transverse-
magnetic photonic band structure (around the point I') of the trigonal
lattice used for the experiment, for r/a = 0.22. The calculation is fully 3D and
therefore it does not require an effective index for the holes. The distribution
of the electromagnetic field is calculated with a finite-element solver for a
single lattice unit cell using Bloch-periodic boundary conditions. ki, k,
indicate axes in reciprocal space.

lasers instead operate in regions of energy—momentum space that have
a high photonic density of states and a corresponding small group
velocity*”. We implemented the latter device architecture in order to
take advantage of (1) the connected nature of the lattice that greatly
simplifies the processing, and (2) the spatial delocalization of band-
edge modes’, which allows for improved power extraction.

Itis intuitively clear that the index contrast induced by the top metal
patterning originates from the following effect: the guided mode sees
two different effective indexes (n.¢) as it propagates, the large #1.¢ of
the guided surface-plasmon mode where the metal is left intact, and a
lower n,, corresponding to a more delocalized mode where the metal
is removed'®. However, the photonic-band structure of our devices
cannot—in principle—be calculated within a 2D effective-index
approximation, as this approach would not take into account the
effect of the mode profile in the regions not covered by metal.
Therefore we performed 3D photonic-band-structure calculations
by solving the Helmholtz equation in a single unit cell of the triangular
lattice of Fig. 1, with Bloch periodic boundary conditions applied in
the plane. The resulting band structure (Fig. 1d) allows the appropri-
ate photonic-crystal dimensions to be inferred in order to spectrally
overlap the material gain with the regions of small group velocity.

We fabricated a series of devices with different photonic-lattice
periods (a) in order to target the band edge-states at the I'-point,
corresponding to a/4 = 0.33. We also fabricated devices with differ-
ent r/a values (where r is the hole radius) for a fixed period
a=36.5um (including a control sample with unpatterned top
metallization).

LETTERS

The boundary conditions represent the last crucial point that
needs to be addressed for a correct device design. This issue is often
overlooked for optically pumped devices®, as the photonic crystal is
usually much larger than the laser excitation spot. Absorbing bound-
ary conditions are therefore naturally implemented, owing to the
photonic-crystal regions that are not optically pumped. The case of
a current injection device is radically different, because in general the
photonic crystal must have a finite size. For metal-metal waveguides
in particular, it can be shown that the facet reflectivities are extremely
high, as the waveguide thickness is much smaller than the lasing
wavelength®.

In order to tailor the reflectivity at the device boundary, in our
photonic-crystal devices the hexagonal etched mesas are slightly lar-
ger than the top metallization. The 200-nm-thick top contact layer—
which is removed in the photonic-crystal holes to reduce the losses—
can be etched or left in place at the mesa periphery (hatched red
region in Fig. la). If left in place (Fig. lc, top panel), absorbing
boundary conditions are obtained as the loss () introduced by the
n" *-layer, when not metal-covered, is high (¢~750cm™"). If
instead it is removed (Fig. 1¢c, bottom panel), mirror boundary con-
ditions are obtained, as exemplified in ref. 24 for micro-disk devices.
In this case the losses are at least 50 times lower and equal to
~8cm™ . Details are given in Supplementary Information. For each
photonic-crystal design, pairs of devices have been fabricated: one
with mirror boundaries (M) and one with absorbing boundaries (A).
In the rest of the paper, these will be labelled as M devices and A
devices, respectively.

Figure 2a reports the threshold current density (Jy,) for a set of M
and A devices as a function of , the hole radius of the photonic lattice,
with a constant lattice spacing a = 36.5 um. A markedly different
behaviour can be observed for the two device families. All M devices
lase at approximately the same Ji,, ~95 = 5 A cm™ 2, which is of the
same order as what was obtained on metal-metal ridges fabricated
from the same epitaxial material. On the contrary, the Ji;, of A devices
strongly depends on the photonic-crystal characteristics: Jy, is max-
imum for the ‘control’ sample (r=0) and decreases down to
Jon = 110 A cm ™ *for r = 8 um (the Jyp, increase for r= 10 um is attrib-
uted to device damage when wire-bonding on the top metallization
for large values of r/a). These results offer an initial indication that
different optical modes are active, depending on the applied bound-
ary conditions. M devices, being unaffected by the photonic crystal
(Fig. 2a), probably lase on whispering-gallery-like modes®**, while
devices with absorbing boundaries are our candidates for photonic-
crystal lasing on delocalized band-edge states®. The spatial overlap
between whispering-gallery-like and photonic-crystal modes is
~50% (see Supplementary Information). Mode competition there-
fore causes mode selection, and the lasing mode is the one with the
highest Q factor. When the n™ layer is removed, whispering-gallery-
like modes have a high Q factor, and therefore reach lasing before the
photonic-crystal modes. When the n ™ layer is instead left in place, the
Q factor of the whispering-gallery-like modes decreases by approxi-
mately a factor of two and the photonic-crystal modes are now
favoured.

To elucidate the origin of lasing, we fabricated a second set of
devices with several different photonic-lattice spacings a, and with
r/a fixed at the most favourable value of 0.22. The values of a were
chosen around a/A = 0.33, to overlap the quantum cascade material
gain peak with the band-edge states at point I" (Fig. 1c). The corres-
ponding light—current—voltage curves for A- and M-device families
are shown in Fig. 2b and ¢, respectively. M devices exhibit identical
Jin» confirming that they are unaffected by the photonic structure
patterned on the top metal. In contrast, the Jy, for the devices with
absorbing boundary conditions depend on the lattice spacing, and
they roughly follow the active material gain curve.

The clear demonstration that a photonic-crystal mode is active
when absorbing boundary conditions are applied comes from the
spectral analysis. Figure 3a shows the laser spectra of several M
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Figure 2 | Light-current-voltage characteristics and laser thresholds.

a, Threshold current density (T = 10 K) as a function of the photonic-crystal
hole radius (r) and constant photonic-lattice spacing a = 36.5 pm. Results
for devices with absorbing (blue curve) and with mirror (red curve)
boundary conditions are shown. A He-cooled Si bolometer was used for
detection. b, ¢, Light—current-density and voltage—current-density curves as
a function of a (shown in key in pum) for a different set of devices with fixed
r/la = 0.22. The most favourable value of r/a has been chosen, based on the
results reported in a. Devices with absorbing boundary conditions (A
devices) are reported in b, while those with mirror boundary conditions (M
devices) are shown in c. The A device with a = 37.5 um is probably damaged
(dashed line in b), since its output power is 50 times reduced with respect to
the others. The M devices exhibit identical J;,, confirming that they are
unaffected by the photonic-structure patterned on the top metal, contrary to
the A devices. The threshold densities are calculated as follows: when the n™
layer is present, the whole disk surface is employed, and when then™ layer is
missing, the metal contact surface only is employed, since the top n™ layer is
responsible for current spreading. Data in b and c justify this choice a
posteriori: the voltage—current characteristics plotted in current-density
perfectly overlap for the whole set of devices. d, Light—current-voltage
characteristics (20-kHz repetition rate, 300-ns pulse width) as a function of
temperature (shown in key in K) for a typical photonic-crystal (A) device.
The maximum operating temperature (Ty,,,) is 62 K, just 15 K lower than
standard ridge waveguides fabricated from the same material. Ty, in
continuous wave is 44 K (data not shown).

devices as a function of the photonic-lattice spacing. The emission is
multimode, and no clear trend with the photonic-crystal character-
istic is observed. In contrast, when absorbing boundary conditions
are implemented on identical devices, the spectra dramatically clean
up (Fig. 3b): almost all the devices become single mode, and the
emission is lithographically tuned between 2.55 THz and 2.88 THz
(4=104—118 pm). Single-mode devices show a sideband suppres-
sion ratio of more than 30dB (Fig. 3¢), and the typical maximum
operating temperature is 60K (Fig. 2d). These characteristics,
together with the continuous-wave operation data (not shown)
prove that this technology is viable for applications.

We have established that controlling the boundary conditions
allows the device to be operated on the desired mode. We will now
show the effect of this mode selection on the far-field emission
patterns. Figure 4b—h reports several experimental far fields obtained
by scanning a Golay cell detector at constant distance from the lasers
(Fig. 4a defines the angles of scanning). Figure 4b shows the results for
a control device: the emission is non-directional, as expected since no
top-metal patterning is present. Figure 4c and d refers instead to two
different photonic-crystal devices with mirror boundary conditions.
The emission is non-directional in these cases also, and several hot
spots are present. These devices exhibit the same problems, typical of
standard metal-metal waveguides®. When absorbing boundary con-
ditions are introduced, the far fields dramatically localize in the angu-
lar domain (Fig. 4e-h). The angular patterns are mostly bi-lobed, with
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Figure 3 | Spectral characterizations. Laser output spectra for several
devices with different photonic-lattice periods, a (shown next to the spectra,
in pm). a, Devices with mirror boundary conditions; b, identical devices with
absorbing boundary conditions. In the first case the emission is multimode,
while in the second case the spectra clean up, become mostly single-mode,
and exhibit a clear frequency shift with a. The device witha = 37.5 umin b is
anomalous, and is probably damaged; its output power is in fact 50 times less
than the others (see dashed curve in Fig. 2b). The spectra were acquired in
rapid scan mode with a resolution of 0.125 cm ™' using a Bruker IFS66 FTIR
and a He-cooled Si-bolometer detector. ¢, Typical single-mode spectrum of a
photonic-crystal (A) device with a = 36.1 um, on a log-linear scale. A side-
mode suppression ratio of at least 30 dB is obtained.

one lobe typically dominant. Each lobe is angularly very narrow,
=10°, evidence that the laser mode is spatially more delocalized.

To elucidate the role of the wire bonding (applied directly to the
device surface), we performed a series of tests. Figure 4e and f corre-
spond to the same device, bonded first on the periphery (Fig. 4e),
then re-bonded in the centre (Fig. 4f). The far fields are very similar,
proving that the bonding is not directly involved in the surface emis-
sion process. Figure 4g and h corresponds instead to two different
devices, wire-bonded in the centre and on all the resonator corners,
respectively. The latter device exhibits a single, angularly extremely
narrow lobe at (¢ = 10°, 8 = —10°). The former device shows instead
a multi-lobed emission, with two dominant lobes, allowing us to
propose a hypothesis to explain the device behaviour. The far-field
emission pattern is multi-lobed, as observed in band-edge lasers
operating at shorter wavelengths'', but the position of the metallic
wire-bondings—and possible device imperfections—affects the
slowly varying components of the device near field. As shown in
ref. 26, minute modifications of a photonic-crystal device near-field
can yield important far-field changes. As a result of the bonding, the
symmetry is broken and one—or more—lobe is enhanced or sup-
pressed. A full understanding of the laser near-field requires 3D finite-
difference time-domain (FDTD) simulations which are beyond the
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Figure 4 | Far-field characterizations. Far-field emission patterns of several
devices, obtained by scanning a Golay cell at a distance of 6 cm or 13 cm from
the surface of the device. A pinhole of 2 mm in diameter was used to partially
shield the detector active element. a, Device position and definitions of the
angles ¢ and 0. b, Far field of a ‘control’ device, that is, a cavity with no holes
in the top metallization and mirror boundary conditions. The emission is
non-directional, and it extends up to very large angles of ~80°. ¢, Far field of
a device with mirror boundary conditions (an M device), with a = 36.8 um
and r/a = 0.22. (See Fig. 3a for the emission spectrum of this device.) The
emission is not directional, and a hot spot is present at a very large ¢ value of
~80°. We believe it might originate from a mesa facet. d, Far field of another
M device, with a = 35.4 um and r/a = 0.22. (See Fig. 3a for the spectrum of
this device.) The emission is highly non-directional, with several hot spots
distributed in a very wide angular range. e, Far field of a device with
absorbing boundary conditions (an A device), with a = 35.4 pm and

r/a = 0.22 (Fig. 3b for the spectrum of this device). Compared with the M
devices, the emission dramatically cleans up. It becomes highly directional,
with two lobes concentrated in a narrow angular range (+10°). The bonding

scope of this paper. However, initial very encouraging results based on
2D FDTD simulations are reported in the Supplementary
Information. With new, better fabricated and more powerful devices,
we obtain in fact an unambiguous identification of lasing on the
hexapolar and monopolar I'-point band-edge states (data shown in
Supplementary Information).

In conclusion, we have shown that boundary conditions are a key
parameter for the effective design and implementation of active, elec-
trically injected photonic devices. The application of this idea to a class
of semiconductor THz lasers where the photonic-crystal structure has
been ‘written’ in the top metallization layer yielded lithographically
tunable, single-mode operation and—simultaneously—angularly
narrow surface emission. The addition of these functionalities comes
at almost no detriment to the overall device performance. This
demonstration represents an important step in the development of
photonic-crystal micro-cavity lasers for practical applications. The
remaining issues, namely the increase in output power and full control
of the emission far field, can be addressed by using a thin top metal-
lization layer”, and by using more advanced photonic-crystal designs,
such as graded photonic structures®. Finally, a similar approach could

T T T T T T T
20 40 60 80 -80 -60 -40 -20 O

2|0 4|0 6|0 80
¢ (degrees)
wire is in this case applied to the top left edge of the device. f, Far field of the
same device shown in e, after the bonding wire is removed from the edge and
re-applied in the centre of the device. The far-field is very similar to
e, suggesting that the bonding is not directly involved in the emission
process. The black continuous line marks the region that has been scanned at
higher angular resolution. g, Far field of an A device, with a = 35.4 pm and
r/a = 0.22 (Fig. 3b for the spectrum of this device), and bonding wire applied
in the centre of the device. The emission exhibits four lobes (two of them
dominant with respect to the others), within an angular range of ~20°X30°.
h, Far field of another A device, with a = 36.1 um and /a = 0.22 (Fig. 3b for
the spectrum of this device), and bonding wires applied at all the six edges of
the hexagon. These measurements show that (1) when absorbing boundary
conditions are implemented, the system lases on a delocalized photonic-
crystal mode, and as a consequence the emission far-field pattern localizes in
the angular domain; and (2) the bonding wires are not direct emission
sources, rather their presence affects the slowly varying components of the
device near field, thus enhancing/suppressing some of the lobes.

be used to explore systems not only in the weak-coupling regime
(lasing), but also active devices in the strong-coupling regime (inter-
subband polaritons)®’. In the THz range particularly, where a novel
ultrastrong-coupling regime is expected to arise®, the possibility of
accurately tuning the frequency position of the photonic-crystal cavity
resonance is a valuable experimental tool.
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