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Metasurface external cavity laser
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A vertical-external-cavity surface-emitting-laser is demonstrated in the terahertz range, which is
based upon an amplifying metasurface reflector composed of a sub-wavelength array of antenna-
coupled quantum-cascade sub-cavities. Lasing is possible when the metasurface reflector is placed
into a low-loss external cavity such that the external cavity—not the sub-cavities—determines the
beam properties. A near-Gaussian beam of 4.3° x 5.1° divergence is observed and an output power
level >5mW is achieved. The polarized response of the metasurface allows the use of a wire-grid
polarizer as an output coupler that is continuously tunable. © 2015 AIP Publishing LLC.
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Achieving a high quality beam—i.e., symmetric, direc-
tive, diffraction-limited, and non-astigmatic—is a challenge
for many types of semiconductor lasers. This is particularly
true as the waveguide size is increased to scale up the power,
since multiple transverse mode oscillations can lead to sub-
optimal beam quality as well as modal instabilities. One very
successful solution that has been demonstrated in the visible
and near-infrared is the vertical-external-cavity surface-emit-
ting-laser (VECSEL), which can be thought of as a semicon-
ductor version of a diode-pumped solid-state disk laser.' In a
typical VECSEL configuration, a quantum well (or dot)
semiconductor active medium is grown monolithically with
a distributed Bragg reflector. When optically pumped over a
large area, the semiconductor forms an active reflector as
part of an external laser cavity. The cavity can be readily
engineered to support only the fundamental Gaussian mode
with near diffraction-limited beam quality—even at high
output powers.z’3

Beam quality has posed an even more difficult challenge
for terahertz (THz) quantum-cascade (QC) lasers than for
diode lasers. Terahertz QC-lasers almost exclusively use sub-
wavelength metallic and/or plasmonic waveguides, which
leads to highly divergent beams with large side-lobes unless
special surface-emitting or antenna coupled geometries are
used. Examples include 2nd order distributed feedback
(DFB)*° and photonic crystal cavities’ which have achieved
beam divergences as narrow as ~9° x 6°. Further decreasing
the beam divergence along both axes requires increasing the
radiating aperture. However, if this is done by increasing the
width of the waveguide, thermal performance suffers and
multiple transverse modes can appear. Arrays of 2nd order
DFBs is another option; however, on-chip phase locking is
challenging for large numbers of array elements, and grating
side-lobes appear if the array spacing is larger than the wave-
length.®® End-fire 3rd order DFB QC-lasers are another
attractive option with beams as narrow as 6° x 11° and high
slope efficiencies.”'® However, further beam narrowing is
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challenging because the divergence scales as the square root
of the device length. The VECSEL approach is promising for
addressing this challenge, but it has been impossible to imple-
ment for QC-lasers since the optical gain is based upon inter-
subband transitions of electrons within planar quantum
wells."! These transitions obey an “intersubband selection
rule” that only allows the interaction with the electric field
polarized perpendicular to the wells, while in a VECSEL the
polarization of the incident beam is naturally parallel to the
quantum wells. While external cavity THz QC-lasers have
been previously demonstrated, they were designed mainly for
frequency tuning where the external cavities play no role in
beam shaping or output coupling.'*™'*

In this work, we report a THz VECSEL formed by an
active metasurface reflector and a flat output coupler reflec-
tor, a schematic of which is given in Figure 1(a). Gain is pro-
vided by the active metasurface reflector, which couples
surface incident radiation to the quantum-cascade gain me-
dium, as shown in Figures 1(b) and 1(c). The metasurface is
composed of a sparse array of metal-metal waveguide sub-
cavities, which are spaced with a period A less than the free-
space wavelength Ay, as shown in Figure 1(b). Each sub-
cavity is a metal-metal ridge waveguide with width w, where
the 10 um thick GaAs/AlGaAs QC-laser active material is
sandwiched between metal cladding above and below—simi-
lar to microstrip transmission line."> Metal-metal waveguide
is highly advantageous for THz QC-lasers; its optical modes
are tightly confined to the active material, and its small geom-
etry is beneficial for heat removal and continuous-wave (cw)
operation.'®'® Here we use the waveguide in its first higher-
order lateral mode (TMy,) at its resonant cutoff wavelength
approximately determined by w & A¢/2n, where n is the index
of the semiconductor material. In this scenario, each sub-
cavity essentially acts as an elongated patch antenna and
strongly radiates in the surface direction.'”?' Due to its
strong radiative loss each sub-cavity is intentionally a low-
quality factor (Q) resonator and will not self-oscillate in this
surface emitting mode (unlike other surface emitting struc-
tures such as resonant metasurface amplifiers® or arrays of
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FIG. 1. (a) Schematic for a THz QC-VECSEL composed of an active meta-
surface reflector and an output coupler. (b) Detailed schematic of metal-
metal waveguide sub-cavity array on the metasurface. (c) SEM image of an
active metasurface reflector with a 1.5 x 1.5 mm? active area.

2nd order DFBs®). When the sub-cavity array is placed within
a high-Q external cavity, the array collectively provides gain
to amplify the external cavity master mode such that lasing
can occur. The structure of the master mode ensures phase
coherence between stimulated emission from the radiating
sub-cavities, and is the primary determinant of the beam and
spectral properties of the laser. Another consideration is how
to prevent each metal-metal waveguide from lasing in its
own propagating TMy, mode (which could compete for gain
with the desired TM,; mode). For this reason, each metal-
metal sub-cavity ridge is terminated with an impedance trans-
forming linear taper that connects to the region for wire bond-
ing (500 um long, 5° flare angle); this area is kept electrically
unbiased by depositing a dielectric layer underneath the top
metallization. As the unbiased area will be lossy, this acts as
an absorption boundary condition to reduce the waveguide
facet reflection. Furthermore, the metallization of the tapered
region along with the unbiased reflectors on each side of the
active area ensures that the tails of the cavity mode see a
highly reflecting surface.

A full-wave finite-element electromagnetic solver
(Comsol Multiphysics 4.4) was used to simulate the reflec-
tance spectra for a typical metasurface (period A =90 um and
ridge width w =13 um) including the effects of losses in the
metal and semiconductor. As shown in Figure 2, the metasur-
face reflectance increases with the QC material gain coeffi-
cient g that is increased to simulate the effect of current
injection and assumed uniform over the spectrum range con-
sidered. As the QC material gain coefficient g is increased
above 20cm ™', net amplification is observed. Figure 2 also
shows the curves of reflectance increasing with bulk gain g at
three different frequencies, which confirms that bulk gain g is
more efficiently coupled out to amplify the incident radiation
when the operation frequency is closer to the resonant
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FIG. 2. The simulated reflectance change with the bulk gain g at three differ-
ent frequencies for an active metasurface with metal-metal waveguide ridge
width of 13 um and height of 10 um, spaced in a period of 90 um. The left
inset shows the simulated reflectance spectra for normally incident planes
waves for different values of g. The right inset shows the electric field mag-
nitude at resonance at 2.94 THz, where the electric field is predominantly
polarized normal to the metal plane within the dielectric.

frequency (2.94 THz). Under normal incidence of radiation
around the resonant frequency, the excited TMy; mode has its
electric field inside the gain medium predominantly polarized
perpendicular to the quantum wells, which satisfies the inter-
subband polarization selection rule. Due to the low fill-factor
of the metasurface with gain medium (W/A ~15%), for a
given injection current, a much larger emitting aperture is
obtained than would be obtained by using a single large wave-
guide. The periodicity of A =90 um is chosen to be slightly
less than the free-space wavelength / to prevent Bragg scat-
tering induced diffraction loss for normally incident waves,
which is the major component of the external cavity mode. If
needed, the periodicity could be further reduced to prevent
Bragg scattering for obliquely incident waves (at the cost of
greater power dissipation density). While the metasurface res-
onance frequency is primarily determined by the width of the
ridge, there is a weak dependence on period as A approaches
Ao due to mutual antenna coupling.

The fabrication of the active metasurface followed the
standard steps for making metal-metal waveguides. Cu-Cu
thermocompression bonding was used to bond the 10 um
thick active layer to a receiving wafer, followed by lapping
and selective wet-etching of the substrate.”® Then 200 nm of
SiO, was deposited and patterned to isolate the taper and
wire bonding area, followed by evaporation and lift-off of Cr/
Au/Ni to provide the top metallization and self-aligned etch
mask. The metal-metal waveguide ridges were then defined
by the Chlorine-based dry etching with the subsequent re-
moval of the Ni layer. The QC-laser gain medium used in
this work is a resonant-phonon depopulation designed for
peak gain at ~2.9 THz, very similar to that described in Ref.
23. When measured in a conventional metal-metal waveguide
device, it exhibits lasing from 2.7 to 3.7 THz under various
bias conditions. Various metasurfaces were fabricated with
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ridge widths varying from 11.5um to 13.5um to overlap
with the QC material bulk gain peak. While several metasur-
faces were observed to lase, we focus here on the best per-
forming design with width w=12.5 um; presumably this
design has the best overlap of the gain spectrum with the
metasurface resonance. Figure 1(c) shows a fabricated meta-
surface with an active area of 1.5 x 1.5mm (i.e., 17 ridges).
The metal-metal waveguides are electrically biased through
the top metallization.

We demonstrated the THz QC-VECSEL in a plano-
plano Fabry-Pérot (FP) cavity, as illustrated in Figure 4(a).
The active metasurface device is mounted on a Cu sub-
mount within a cryostat, and a free-standing wire-grid THz
polarizer (made of 20-um diameter Tungsten wires spaced
with a period of 50 um) is mounted outside as an output
coupler/mirror. The cryostat window is ~3 mm thick high-
resistivity silicon (HR-Si) window, which also acts as an in-
tracavity etalon with a free spectral range of ~13 GHz. The
total cavity length is about 6 mm. Although a plano-plano
cavity is unstable and sensitive to misalignment, it still sup-
ports a fundamental mode with a near-Gaussian profile and
relatively low loss. By using the iterative Fox and Li
method®* to model the intracavity circulating mode, we
estimate ~7% round-trip diffraction loss due to finite meta-
surface size and ~7% from the absorption and reflection
loss induced by the silicon etalon (i.e., cryostat window).*>
Due to the polarized response of both the metasurface and
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FIG. 3. (a) Upper: pulsed mode P-I-V characteristic and spectrum at 6 K,
with polarizer angle 0, =30°. Lower: pulsed mode P-/-V characteristics for
angle 0, varied from 0° to 24° at 77 K. The inset is the lasing spectrum. (b)
Measured threshold current density J,, and slope efficiency dP/dl versus
with 0, at 77K. (c) Differential conductance curves in the lasing range for
different 0, and no cavity case at 77 K.
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output-coupler polarizer, one can increase the output cou-
pling transmittance by varying the angle 0, of the polarizer
from 0° to 90°. 0, is the angle between the polarizer’s wire
orientation and the direction transverse to the ridges on the
metasurface. The precise dependence is non-trivial, as the
output transmittance depends on the polarization state of
the circulating laser field, which in turn depends on the co-
and cross-polarized reflection coefficients of both the
polarizer and metasurface.?” As for any laser, there is an op-
timum coupling condition which maximizes the output
power, which depends upon the interplay between the cou-
pling loss and total loss, and its effect on threshold, the cir-
culating power, and transmitted power. Figure 3(a) shows
power vs. current (P-I) and voltage vs. current (V-I) mea-
surement curves for a set of orientation angles from 0° to
24° at 77K. The P-I-V characteristics were measured in
pulsed mode (0.25% overall duty cycle, 500 ns-long pulses
repeated at 10kHz, modulated by a slow 5Hz pulse train
with lock-in detection). A calibrated pyroelectric photode-
tector was mounted close to the output coupler polarizer
without any intermediate optics for power measurement. At
77K, the output power is maximized at a value of 1.15mW,
which is achieved with 0, = 18°. The threshold current den-
sity and slope efficiency both increase with 0, as shown in
Figure 3(b), which is consistent with an increasing out-
coupling loss. For 0, >24°, out-coupling loss becomes too
high for the VECSEL to reach the lasing threshold. Figure
3(c) shows the differential conductance (dI/dV) for each
angle. The discontinuity at threshold is observed to be
lower as 0, is increased, which is consistent with a longer
upper state lifetime due to reduced stimulated emission and
reduced circulating intensity under higher out-coupling loss
conditions. When the polarizer is removed to destroy the
external cavity, no lasing power is measured and the dis-
continuity disappears. Only in one outlier device at 6 K was
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FIG. 4. Beam pattern. (a) The schematic for the VECSEL cavity setup and
beam pattern measurement scheme. (b) Measured beam pattern measured
for the THz QC-VECSEL at 77K. (c) and (d) One-dimensional cut of the
beam pattern through the intensity maximum along 0, and 0, angular direc-
tions, with Gaussian curve fit (dashed black line).
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lasing observed to occur without the polarizer; this occurred
at very high threshold and at a frequency (~3.6 THz) far
away from the metasurface resonance of 2.8-2.9 THz.

Due to the larger gain present at 6 K, the optimum cou-
pling condition is reached at a larger polarizer angle of
0,=30°. The maximum output power is measured to be
5.5mW, with a slope efficiency of 16.7mW/A (equivalent
to ~0.008 photons/electron/stage), as shown in Figure 3(a).
This value is somewhat lower than expected; a detailed
analysis of possible sources of inefficiency is given in Ref.
25. We believe significant improvement can be expected by
reducing sources of cavity loss (i.e., excess metasurface
absorption, diffraction loss, cryostat window absorption),
designing the cavity mode to overlap the metasurface more
uniformly, and better alignment of the QC material gain
spectrum with the metasurface resonance. The present
VECSEL dissipates more than 30 W, which is not suitable
for cw operation at cryogenic temperatures. However,
because the narrow active region ridges (~13 um) is favor-
able for heat removal, we believe that the VECSEL config-
uration is advantageous for cw operation provided the total
power consumption is reduced to a moderate level, perhaps
by using a different active region design with lower thresh-
old current density or by reducing the total active area of
the metasurface.

The measured far-field beam pattern is quite symmetric
and directive as shown in Figure 4(b), which is directly
measured after the polarizer as shown in Figure 4(a). The
one-dimensional cuts of the beam pattern through the center
along 0, and 0, directions are given in Figures 4(c) and 4(d),
which show good fits with Gaussian curves. The full-wave
half-maximum (FWHM) divergence angle is about 4.3° in
the 0, direction and 5.1° in the 0, direction. The low-
divergence near-Gaussian beam pattern aligns with the fact
that the plano-plano FP cavity can support a quasi-stable
cavity mode with a near-Gaussian mode profile, and is close
to the calculated beam divergence based on Fox-and-Li
method.*

At 77K the emission spectrum is single-mode at
2.846 THz (within the ~7 GHz resolution limit of our spec-
trometer), and is unchanged with adjustments in electrical
bias, cavity length, or polarizer angle. Tuning the cavity
length by moving the polarizer in the axial direction only
results in turn-on and -off of lasing, caused by the longitudi-
nal mode phase matching. It is believed that this single
mode behavior results from the etalon effect of the HR-Si
window in combination with the limited resonant frequency
range of the metasurface. The spectrum is also measured at
6K in pulsed mode and shows single-mode lasing at
2.873 THz. The shift of 27 GHz of the lasing frequency
from 6 K to 77K represents two longitudinal mode hops in
the FP cavity, i.e., approximately twice the ~13 GHz free
spectral range of the HR-Si window etalon. This mode hop-
ping is presumably a result of the metasurface’s reflection
peak and phase change and the active medium’s gain profile
change with temperature.

In summary, the demonstration of a metasurface
VECSEL initiates a promising approach towards achieving
THz lasers with high-quality beam patterns and significant
levels of power. This prototype exhibited a near-Gaussian
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output beam pattern with low divergence (4.3° x5.1°).
Furthermore, the polarized response of the metasurface allows
one to use a wire-grid as a continuously adjustable output cou-
pler to optimize output power and efficiency for a given oper-
ating condition. Considerable room exists for further
improvement of THz QC-VECSELSs to achieve higher output
power and efficiency, cw operation, and an even narrower far-
field beam patterns. The intra-cavity access of the VECSEL
has the potential to provide tremendous versatility to QC-
lasers, such as spectral tuning and filtering, spatial mode shap-
ing, and polarization control. Furthermore, while we use a ho-
mogeneous active metasurface here, the VECSEL approach
gives the ability to leverage ongoing advances in inhomogene-
ous metasurfaces and reflectarrays to design phase, spectral,
polarization, and spatial properties of the intra-cavity field and
emitted beams.*®®
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