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ABSTRACT

We report continuous wave (cw) operation of a terahertz quantum-cascade vertical-external-cavity surface-emitting
laser (QC-VECSEL) with external cavity length of approximately 30 mm, benefited by an intra-cryostat focusing cavity.
Compared to previous plano-plano cavities, an off-axis paraboloid mirror is introduced into the external cavity as a
focusing element to reduce the diffraction loss and enable cw lasing using small-area metasurfaces and long cavity lengths.
The device shows lasing operation in cw mode up to 111 K, and cw output power up to 11.5 mW at 77 K (0.5% wall-plug
efficiency). A circular, directive beam pattern is collected, and free-running linewidths on the order of tens of kHz are

measured over tens of seconds.

The terahertz (THz) quantum-cascade (QC) vertical-external-
cavity surface-emitting laser (VECSEL) has been demonstrated as a
solid-state source of high-power, coherent terahertz radiation
which exhibits a high-quality beam pattern.!- Its key component is
a metasurface loaded with QC-gain material that acts as an
amplifying reflector and is paired with a partially transmissive
output coupler to form a laser cavity. Previously, we have shown the
benefit of short cavities with wavelength-scale lengths; such cavities
exhibit a large free-spectral-range (FSR), and by changing the
external cavity length, over 20% continuous tuning of a single lasing
mode has been observed.* So far, the demonstrations of QC-
VECSELSs have been limited to simple plano-plano cavities using flat
optics. This is most straightforward since spherical output coupler
mirrors are not readily available in THz frequency range. Also,
cryogenic operation temperatures are required for THz QC-lasers,
and to avoid excess atmospheric losses and etalon effects from a
cryostat window the external cavity should be built entirely within
the cryostat. However, due to increasing diffraction loss, the
maximum plano-plano cavity lengths have been limited to ~10 mm,
and this was only achieved by using a metasurface with a large
central circular bias area of diameter 2.4 mm.> Such a metasurface
consumes large electrical power, which prevents continuous wave
(cw) operation. Nonetheless, there are many circumstances which
would necessitate a longer cavity, for example, insertion of
additional optical elements (e.g. for Littrow cavity tuning),
increasing the round-trip photon time for the study of mode-locking
operation in QC-lasers, reducing the FSR to encourage broadband
multi-mode lasing, or increasing the cavity quality factor. While a
planar focusing QC-metasurface can be used to help stabilize the
cavity mode, such an approach results in a large spot on the
metasurface and a small spot on the output coupler, still requiring a
large metasurface device. Also, current designs are based upon

resonant metasurface elements, and thus are not suitable for
broadband applications.®

In this Letter, we introduce an off-axis paraboloid (OAP)
mirror into the VECSEL cavity to reduce the intra-cavity diffraction
loss and allow cw lasing for 30-mm cavity lengths. The cavity
mounted inside the cryostat is shown in Fig. 1(a), it consists of an
OAP mirror with a focal length of 12.7 mm, a planar quartz output
coupler deposited with inductive-mesh and an active QC-
metasurface. The metasurface used in the following numerical
simulation and experimental demonstration is depicted in Fig. 1(b).
It is spatially uniform across the 1.5 X 1.5 mm?2area, while electrical
bias is selectively applied to a small central circular area of diameter
d = 0.4 mm for reduced injection current. The array of metal-metal
ridge antennas is designed with a ridge width of 12.2 pm and period
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FIG. 1. (a) Top view of the cavity in the cryostat. (b) The lower
figure is a top-down schematic of the active QC-metasurface used
in this paper with a central bias diameter of 0.4 mm. The inset
points out the dimension and E-field distribution at resonance
frequency of a single ridge antenna. The upper figure shows FEM
simulated active metasurface reflectance with respect to various
uniform ISB gain.
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of 41.7 pm, similar as that in Ref 4. Its amplification factor is
characterized using fullwave 2D finite-element (FEM)
electromagnetic reflectance simulation (Ansys HFSS). In the FEM
simulation, the metasurface is assumed to be infinite in extent,
where a single metasurface period is simulated with periodic
boundary conditions. Simulated losses in the metal thin films are
estimated using the Drude model (na.= 5.9 X 10% cm?, Tay77k=
39fs 7), while the semiconductor layer is modeled to have a
frequency-independent intersubband (ISB) gain for simplicity. The
simulated active reflectance Rus of this metasurface indicates a
resonance frequency near 3.3 THz with quality factor Q ~ 7 and a
transparency gain coefficient of g--= 5.2 cm.. The transparency gain
is obtained through numerical fitting of Rus with respect to ISB gain
coefficient g according to

Rys = e$M@=9rr), D)
where (V) is an effective interaction length which contains
the metasurface spectral response with a peak value of & =
0.0077 cm at resonance frequency.

To quantify the intra-cavity diffraction loss in VECSEL
cavities, we constructed a 2D full-wave electromagnetic
external cavity model using COMSOL Multiphysics (Fig. 2). It
accounts for the finite dimension of the metasurface along
one axis, which contains 35 periods of ridge antennas where
only the central 9 antennas are selectively biased and loaded
with uniform QC-gain. The same metal losses are applied as
in the reflectance simulation. For simplicity, the output
coupler is modeled as a perfect electric conductor (PEC)
boundary to form an external cavity with adjustable cavity
lengths. The threshold QC-gain coefficient gu is that needed
to make the cavity eigenfrequency fully real (i.e. no net loss
or gain). In Fig. 2(a), the QC-gain coefficient needed to
compensate for overall losses in plano-plano cavities are
plotted as a function of external cavity length ranging from
0.5 mm to 8 mm. As expected, gw increases dramatically with
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respect to Lcand exceeds 100 cm-! for a cavity length of 8 mm,
indicating that lasing is prohibited in such a VECSEL cavity
(blue curve). This trend actually describes two entangled
“diffractive” effects: (1) the general increase in the cavity
eigenmode spot size that increases its overlap with the
unbiased area of the metasurface,? and (2) scattering losses
out of the cavity eigenmode. By enlarging the bias area to d =
0.7 mm, i.e. selectively adding gain to the central 17 antennas,
g as well as round-trip losses are reduced with slower
increase with respect to Lc (red curve). However, more
current draw and heat dissipation are required as a tradeoff.
As a comparison, we introduce a curved PEC facet as an OAP
mirror into the simulation model and center the biased area
at its focal point (Fig. 2(d)). The threshold gain coefficient is
then reduced to a reasonable value of g = 6.5 cm™ for a
cavity length around 18.7 mm, a value smaller than any
plano-plano cavities results and close to the transparency
gain of the active metasurface. This is equivalent to excess
loss of 1% per round trip in this 2D model - an actual 3D
cavity would exhibit twice that. Furthermore, it is worth
noting that these values are highly dependent upon the
absorbance in the unbiased region of the metasurface. For
example, in our FEM simulations we assume only metal
losses are loaded in the unbiased antennas (to be active
region “agnostic”). However, in a real case, there may exist
strong absorption loss coming from intersubband resonance
within the active material,® which will exacerbate the round-
trip losses in a plano-plano cavity.

The metasurface is loaded with a GaAs/Alo.15GaossAs QC-
active region grown 10-um thick by molecular beam epitaxy
(wafer VB0739). It is based upon the hybrid bound-to-
continuum/resonant-phonon design scheme and exhibits
over 1 THz gain bandwidth peaking at 3.4 THz. The same
wafer has been used in Refs. 4,9,10, and the characterization
of metal-metal waveguide QC-laser based on this wafer can
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FIG. 2. (a) Simulated threshold gain coefficients with respect to external cavity lengths in plano-plano cavities. In the FEM simulation,
35 ridge antennas (see Fig. 1(b)) are modeled with a total length around 1.5 mm, while only the central 9 (blue curve) or 17 (red curve)
antennas are selectively biased, corresponding to a bias diameter of 0.4 mm or 0.7 mm. (b-c) E-field plots of FEM simulated plano-plano
cavities with cavity length of 0.5 mm and 8 mm, in the case of using a 0.4 mm bias diameter metasurface. The absorbing boundaries will
collect the diffracted light which is considered as the intra-cavity diffraction loss. (d) E-field plot of FEM simulated OAP-focusing cavity
with a cavity length of 18.7 mm and bias diameter of 0.4 mm, which clearly shows the improvement in light diffraction. The value of gm
in this case is pointed out by the black dashed line in (a) for better comparison.
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be found in the supplementary material in Ref. 9.
Microfabrication of the wafer into metasurfaces took place in
the standard metal-metal waveguide process, using a Cu-Cu
thermocompression wafer bonding technique.! The
metasurface was placed in the OAP-focusing cavity with
length ~30 mm (shown in Fig. 1(a)) paired with an output
coupler of reflectance Roc = 95%. Alignment of the output
coupler takes place at room-temperature via alignment
screws on the output mount with the aid of a He:Ne laser;
alignment is preserved following cooldown within a liquid-
nitrogen cooled vacuum cryostat. The resulting QC-VECSEL
has been experimentally characterized both in pulsed mode
with 0.5% duty cycle (500 ns pulses at 10 kHz repetition rate)
and in cw mode. The power and voltage vs. current (P-I-V)
curves are plotted in Fig. 3 at various temperatures. The
output power was collected using a pyroelectric detector
(GentecEO) and is measured as 20 mW and 11.5 mW at 77 K,
with a peak wall-plug efficiency of 0.8% and 0.5%, a slope
efficiency of 313 mW/A and 272 mW/A in pulsed and cw
mode respectively. The reported power has been corrected
based on 65% transmittance of the 3 mm thick polyethylene
cryostat window. P-I characteristics as a function of varying
heat-sink temperatures (T) demonstrate that the device lases
up to a maximum temperature of 132 K in pulsed mode and
105 K in cw mode. The insets of Fig. 3 show the
phenomenological fit to the expression Jm = Joexp(T/To),
which results in values of To, pusea = 145 K and To,cw = 88 K.
By using a more reflective output coupler (Roc > 99%), the
maximum operation temperatures increase to 145 K in
pulsed mode and 111 K in cw mode, at a sacrifice of lower
output power (see Supplementary Section S2). As a
comparison, the maximum pulsed-mode operating
temperature demonstrated using the same QC-wafer
(VB0739) has been measured to be 170 K in a metal-metal
ridge waveguide and 129 K for a focusing metasurface
VECSEL with Lc = 2.1 mm.® The improved temperature
performance of a QC-VECSEL based on OAP-focusing cavity
design is a clear indication that while it still has larger total
loss compared with the ridge waveguide, the OAP-focusing
cavity has less loss and improved beam spot confinement in
the biased area compared with VECSELs with more than 10x
shorter cavities.

The emission spectra were collected using a Fourier-
transform infrared spectrometer (FTIR, Nicolet 8700) and
are plotted in Fig. 4 (a-b) for pulsed and cw mode
respectively. In cw mode, a single lasing peak is observed
around 3.37 THz despite the fact that the gain bandwidth of
the metasurface is at least 100 times larger than the FSR (5
GHz). This single mode operation is primarily due to the lack
of spatial hole burning in QC-VECSELS, as all the longitudinal
modes supported in the external cavity interact with the QC-
gain material through the same metasurface resonance with
nearly the same spatial overlap.’ In contrast, the FTIR spectra
in pulsed mode show lasing bandwidth around 58 GHz.
Though we are not able to spectrally resolve individual
modes due to the limited FTIR resolution of 7.5 GHz, it
indicates multi-mode lasing operation of ~10 modes. This
multi-mode lasing is still present for pulse-widths of at least
up to 500 ps, which indicates that the collapse to single-mode
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FIG. 3. Pulsed (a) and cw (b) P-I-V characteristics of the QC-
VECSEL using an output coupler with Roc = 95%. I-V curves are
measured at 77 K while P-I curves are collected as a function of
varying heat-sink temperature T. Insets show a threshold current
density vs heat-sink temperature.

operation takes place on relatively long millisecond
timescales. The inset plot shows a circular, Gaussian far-field
beam profile obtained in pulsed mode, which implies lasing
occurs in a single transverse mode.

Next, we performed high-resolution spectral
measurements by downconverting the cw QC-VECSEL
emission into the RF using a sub-harmonic Schottky-diode
mixer pumped by the 35" harmonic of a 100 GHz local
oscillator (LO). The beatnote signal at fsgn was measured using
a spectrum analyzer (Keysight N9020a) with a resolution
bandwidth of 180 Hz, which allowed for characterization of
the free-running linewidth and electrical tuning of the laser
emission (Fig. 4(c), the beatnote center frequencies are
subtracted for clarity). As we increased the LO frequency, fsn
increased accordingly, which indicates that the lasing
frequency is smaller than LO frequency, i.e. mfio — friz = fan.
Based on an accurate beatnote frequency, we obtain the exact
lasing frequency at 3.3774678 THz. Free-running linewidths
are obtained by operating the spectrum analyzer in the Max
Hold mode over 10 seconds; the measured values are in the
range of 20 - 50 kHz. This value is considerably smaller than
the free-running linewidths of waveguide-based THz QC-
lasers, which are typically on the order of a few MHz when
measured over times of more than a few seconds, and are
primarily limited by temperature and current fluctuations.!?-
15 This is expected, since in a QC-VECSEL most of the cavity
mode resides within vacuum and not the QC-active material,
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FIG. 4. Pulsed (a) and cw (b) lasing spectra measured as a function of applied bias current at 77 K. The inset of (a) shows a high quality
far-field beam pattern. It was measured using a two-axis scanning pyroelectric detector with a 2-mm-diameter aperture rotating at a
constant distance of ~15 cm from the device. (c) Free-running beatnotes measured in cw mode as a function of applied bias current. It
was obtained by operating the spectrum analyzer (Keysight N9020a) in the Max. Hold mode over 10 seconds with a resolution

bandwidth as small as 180 Hz.

and hence is less sensitive to refractive index fluctuations of
the semiconductor. This is consistent with the fact that the
tuning coefficient is measured to be 1.7 kHz/mA, which is 3-
4 orders of magnitude smaller than that reported for
waveguide-based QC-lasers, or even short-cavity VECSELs.
We also note that the free-running Max Hold linewidth is
considerably smaller than the value of ~20 MHz measured in
a ~0.5-mm long plano-plano cavity VECSEL,'¢ in which
mechanical vibrations originating from the output coupler
mount are believed to dominate. This is expected, as the
frequency sensitivity to output coupler vibrations scales
inversely with cavity length (6v/v = 6Lc/Lc).

In conclusion, we introduce an intra-cryostat OAP-
focusing cavity design for QC-VECSELs, which enables cw
operation at 77 K in an external cavity length ~30 mm. This
is the longest cavity length reported to date with the FSR
easily accessible for beatnote measurement and injection
locking using modest RF instrumentation.!”18 It is notable
that there is no evidence of spontaneous frequency comb
operation in QC-VECSELs as that has been demonstrated in
ridge waveguide QC-lasers!®2 or ring cavity QC-lasers2!22 —
this may be related to the lack of spatial hole burning within
the metasurface, or the fact that no effort towards dispersion
compensation has been attempted yet. Nonetheless, we
consider this cavity design as an excellent platform to study
THz QC-VECSEL based frequency combs through RF
modulation of the QC-gain.?3?* Aside from the additional
functionality, excellent performance has been demonstrated
in this device, such as a high output power, low current
consumption, low divergence beam pattern, and narrow free-
running linewidth. Maximum operating temperatures in both
pulsed and cw are better than observed in QC-VECSELs with
the same active region but using plano-plano cavities with
much larger bias diameters.® High frequency stability in QC-
lasers is mandatory for applications in astronomical and
atmospheric high-resolution spectroscopy of narrow
molecule absorption lines.?>2¢ Free-running linewidths on
the order of tens of kHz demonstrated in this paper provides

a good starting point for further stabilization using method
such as frequency locking to gas absorption lines?” or high-
finesse optical cavities,?® and phase-locking to optical
frequency combs?® or harmonics of a microwave frequency
standard.!3> However, this comes at the expense of a limited
electrical frequency tuning range; future work will be
required to combine this approach with frequency agility.

Supplementary Material

See supplementary material for data on output coupler
transmittance, temperature performance with a more
reflective output coupler, and discussion on OAP-focusing
cavity alignment tolerance.
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