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ABSTRACT
THz quantum cascade lasers (QCLs) based on double metal waveguides feature broadband and high-temperature devices for their use in
spectroscopy and sensing. However, their extreme field confinement produces poor output coupling efficiencies and divergent far-fields.
Here, we present a planarized THz QCL with an inverse-designed end facet reflector coupled to a surface-emitting patch array antenna. All
the components have been optimized for octave-spanning spectral bandwidths between 2 and 4 THz and monolithically integrated on the
same photonic chip. We demonstrate this experimentally on broadband THz QCL frequency combs, with measured devices showing a seven-
fold improvement in slope efficiency compared to devices with a cleaved facet. They feature a peak power of up to 13.5 mW with surface
emission into a narrow beam with a divergence of (17.0○ × 18.5○), while broadband fundamental and harmonic comb states spanning up to
800 GHz are observed.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0163337

INTRODUCTION

THz quantum cascade laser (QCL)1 frequency combs2 and dual
combs3 are compact sources of coherent THz radiation, promis-
ing for use in broadband spectroscopy and sensing. Recent mile-
stones in the field of THz QCLs include high-temperature operation
with thermoelectric coolers,4–6 comb and soliton formation in
ring cavities,7,8 operation as fast THz detectors,9,10 and planarized
waveguides for integrated THz photonics.11

However, a major practical limitation of broadband THz QCL
frequency comb devices has been their low output powers and poor
far-field patterns. Both properties originate from the double metal
waveguide cavity configuration. Since the propagating optical mode
is confined to subwavelength dimensions (typically, d =∼ 10 μm for a
central emission wavelength of λ0 =∼ 100 μm), it acts as a point-like
source and produces highly divergent and frequency-dependent far-
field patterns. In addition, due to metallic waveguide confinement
and the resulting large impedance mismatch between the guided

and free space optical modes, the facet reflectivities are relatively
high, in the order of R = 70% at a frequency of 3 THz. While this
does reduce the mirror losses, it also limits the slope efficiencies
and output powers. There have been a variety of approaches to
improve the outcoupling properties of THz QCLs, but these have
either been optimized for narrowband emission,12,13 have an intrin-
sically limited bandwidth,14,15 or require additional post-processing
and mounting steps.16,17

Here, we use inverse-designed end facet reflectors for precise
control of the mirror losses and output power, and couple the optical
mode to a surface-emitting patch array antenna, all monolithically
integrated on the same photonic chip, as shown in Fig. 1. All the
designed components have been optimized for an octave-spanning
emission spectrum between 2 and 4 THz and improve the output
power and far-field pattern while featuring broadband comb states
simultaneously. The presented devices are based on our recently
developed planarized waveguide platform,11 where the active wave-
guides (with a copper-copper metallic cladding) are embedded in
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FIG. 1. Illustration of the fabricated device: on the front side of a planarized ridge
waveguide is an inverse-designed end facet reflector, which is coupled to a passive
waveguide connecting to a broadband patch array antenna for surface emission. A
spherical plot of the simulated broadband far-field pattern is superimposed on top
of the antenna structure [same as in Fig. 3(b), where the measured emission spec-
trum is included in the far-field simulation]. The emitted light is linearly polarized
(aligned with the ridge waveguide).

a low-loss polymer, Benzocyclobutene (BCB), and an extended top
metallization is defined, which improves the waveguide proper-
ties and enables the fabrication of passive structures on the same
photonic chip.

RESULTS
Inverse-designed end facet reflectors

We first address the limited output powers due to the high
reflectivity of the cleaved end facets of double metal waveguides.18 In
our recent work, we have shown that the planarized waveguide plat-
form enables the reduction of end facet reflectivities by coupling the
active waveguide into a passive waveguide, defined with a metallic
stripe on the top of the surrounding lower refractive index material
(BCB, n = 1.57).11 In the simplest configuration, a flat dry-etched
planarized facet results in a reduced reflectivity of around R = 23%
at a frequency of 3 THz in the passive waveguide. This is already a
remarkable reduction with respect to a cleaved facet value of 70%.

In order to have precise control of the facet reflectivity over
a broad bandwidth, we implemented an inverse design approach
based on adjoint optimization.19 In recent years, inverse design
has emerged as a powerful design and optimization tool in vari-
ous areas and applications in photonics.20 The main advantage of
such an approach is that instead of manual parameter sweeps and
fine-tuning to achieve a high-performance device design, an opti-
mization algorithm is used to adapt the structure in an iterative loop
to maximize the desired figure of merit automatically.

In our specific geometry, we implemented an inverse-design
shape optimization simulation loop, where the outline shape of
the end facet is modified to match the desired reflectivity value.
As the optimization converges to a local optimum, the initial
structure is crucial as well (we used a tapered edge shape). More
details on the parametrization and implementation can be found

FIG. 2. (a)–(c) SEM images of the dry-etched inverse-designed facet reflectors with designed facet reflectivities of 5%, 10%, and 20%, respectively. Subsequently, the
waveguides are planarized with BCB, and an extended top metallization and antenna extractor are deposited. (d) Simulated reflectivities of a cleaved facet, a flat planarized
facet, and the inverse-designed planarized facets, where the simulated reflectivities match well with the target reflectivities.
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in the supplemental material. Due to the symmetric planarized
waveguide structure, only a 2D slice of the structure and an in-
plane (x-y, perpendicular to the growth direction z of the het-
erostructure) propagation simulation are required. In addition, the
adjoint optimization approach features very fast convergence, as
it only requires two simulations of the current structure geome-
try (a forward and a backward propagation simulation) to com-
pute the gradients and update all the geometrical parameters in
a single step. These favorable aspects result in a very efficient
optimization routine that produces optimized designs after only
around 25 iterations, taking less than an hour on a normal desktop
computer.

In Figs. 2(a)–2(c), we show SEM images of fabricated dry-
etched inverse-designed end facets, designed to have a 5%, 10%, and
20% reflectivity over octave-spanning spectra between 2 and 4 THz.
Subsequently, the active waveguides are planarized with a low-loss
polymer BCB, and the top metallization is defined (see Ref. 11 for
details).

A comparison between the simulated reflectivities of cleaved,
flat planarized, and inverse-designed planarized facets is shown in
Fig. 2(d). The facets do not induce any considerable group delay in
dispersion after reflection, which could otherwise be detrimental to
comb formation.

Surface-emitting patch array antenna

After a partial reflection at the planarized end facet, the opti-
cal mode is guided within a passive waveguide and coupled into
a surface-emitting patch array antenna. As the propagating light
wave spreads out into the antenna branches, the individual patches
oscillate in phase and combine into a narrow vertical beam. The
basic design intended for single-mode operation was presented
in Ref. 13.

Here, we developed a broadband patch array antenna, shown in
the optical microscope image in Fig. 3(a). This design has also been
optimized for octave-spanning emission spectra, matching the same
broad frequency range as the reflector structures. First, to reduce
the beam divergence, the antenna emission area was enlarged by
increasing the number of patch elements to (5 × 5). For broadband
emission, the optimal shape, size, and positioning of the individual
antenna elements were found with full-wave numerical simulations
of the surface emission, where a minimal beam divergence and beam
steering with frequency were obtained. In particular, since the light
is coupled into the antenna from one side, the element spacing needs
to be such that the patch elements oscillate in phase and produce a
beam in the vertical direction, which was tuned to a central emission
frequency of 2.9 THz. For a detuned frequency, there is a small phase

FIG. 3. (a) Optical microscope image of the front side of a planarized ridge waveguide, where an inverse-designed facet reflector is coupled via a passive waveguide into a
broadband patch array antenna for surface emission. (b) Broadband far-field simulation, which uses the emission spectrum of the measured device, produces a single-lobed
pattern. (c) Far-field measurement of a broadband device agrees well with the simulation with a FWHM beam width of (17.0○ × 18.5○).
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shift between the elements, which results in a slight tilt of the beam
direction (however, this effect was not significant). The appropriate
element size is chosen to produce a radiative field component, while
the elliptical shape results in a broadband response, i.e., a significant
radiative field component over a broad frequency range. Combining
all these aspects results in an ultra-broadband surface emission in a
narrow beam.

In Fig. 3(b), we show the simulated broadband far-field pattern,
which features a single narrow lobe in the vertical emission direc-
tion. The result was obtained by including the emission spectrum of
the measured device with frequency-dependent far-field simulation
results. Specifically, this was done with a spectrally weighted linear
sum of simulated far-field patterns, as described in more detail in
Ref. 17.

The antenna far-field measurement in Fig. 3(c) agrees well with
the simulations with a full-width half-maximum (FWHM) beam
divergence of (17.0○ × 18.5○). The measurement was performed on
a broadband emission sample using a pyroelectric detector (Gentec-
EO: THZ2I-BL-BNC) mounted on a motorized angular scanning
stage. The laser was driven in the micro-pulse (500-ns-long pulses,
20% duty cycle), macro-pulse mode (30 Hz, 50% duty cycle), where
the emission spectrum was spanning between around 2.3–3.3 THz.

High-power surface emission

With a reduction of the front end facet reflectivity R1, the
mirror losses are increased through the relation

αm = − 1
2L

ln (R1R2), (1)

where L is the waveguide length and R2 is the back mir-
ror reflectivity. On the one hand, together with waveguide losses
αwg, this increases the total losses αtot = αwg + αm with an expected
increase in the lasing threshold. On the other hand, the slope
efficiency21 should be increased, as follows:

dP
dI
= Nphν

e
αm,1

αtot

τeff

τeff + τ2
. (2)

When comparing different devices fabricated using the same active
region, only the αm,1

αtot
ratio is changing.

To evaluate the performance of the inverse-designed end facet
reflectors, we experimentally compare three different front (extract-
ing) facets of devices processed on the same chip. These are a cleaved
facet, a flat planarized facet with the antenna, and a 10% reflectivity
inverse-designed planarized facet with the antenna. The first one has
a high-reflectivity back facet and a total length of 2.8 mm, while both
antenna samples have a cleaved back facet and a length of 2.5 mm.
All the samples have the same active waveguide width of 40 μm to
ensure the same waveguide loss αwg and nearly the same total active
device area (a difference of <5%).

In Fig. 4(a), we plot the measured LJV curves of the three
devices, all characterized under the same operating conditions (a
heat sink temperature of 20 K, 500 ns pulses, and a duty cycle of
20%). The output power was measured by using a large area cali-
brated absolute power meter (Thomas Keating Ltd.), which ensures
the whole THz emission is collected (even in the case of poor

FIG. 4. (a) LJV curves comparison of devices with a cleaved facet, a flat planarized
facet, and a 10% reflectivity inverse-designed facet. While the threshold current
density increases only slightly, the output power and slope efficiency increase sig-
nificantly with planarized facets and an antenna. (b) Calculated front mirror loss for
the different measured facets (the blue line is for a cavity length of 2.5 mm). The
red dots mark the measured slope efficiencies, which follow the same dependence
with a varying front mirror reflectivity.

far-field patterns of cleaved facets). When measuring the THz emis-
sion within a narrower range of spatial angles (typical for spec-
troscopy experiments), the improved collection efficiency due to the
antenna would result in an even more favorable ratio of slope effi-
ciencies. The comparison of calculated and experimental results for
the three devices is summarized in Table I.

TABLE I. Summary of an experimental comparison of three different types of laser
waveguide end facets.

Parameter Cleaved facet Flat facet 10% facet

R1 (%) 70 23 10
Length (mm) 2.8 2.5 2.5
Ithr (mA) 178 195 195
Jthr (A/cm2) 185 195 195
αm,1 (cm−1) 0.64 2.94 4.61
αtot (cm−1) 20.6 23.7 25.3
dP
dI (mW/A) 9 43 64
Pmax (mW) 1.5 9.5 13.5

αm,1 ratio 1 4.6 7.2
dP
dI ratio 1 4.8 7.1
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When replacing the front cleaved facet with a planarized
antenna-coupled facet, the threshold current density Jthr only
increases slightly (from 185 to 195 A/cm2). This suggests that for
such waveguide lengths (L = 2.5 mm and longer), the total losses
are dominated by waveguide losses. Indeed, the waveguide losses
of double metal waveguides are estimated to be in the order of
20 cm−1(due to the overlap with lossy metals, intersubband absorp-
tion, and scattering losses from sidewall roughness), while the com-
puted front mirror losses are below 5 cm−1 for all the considered
types of facets. In such a case, the comparison of slope efficiencies
can be simplified from dP

dI ∝ αm,1
αwg+αm

to dP
dI ∝ αm,1. In Fig. 4(b), we

plot the calculated front mirror loss (blue line) and the measured
slope efficiencies (red dots). As these follow the same dependence
vs the front mirror reflectivity, we are indeed in a regime where
waveguide losses dominate over mirror losses. The measured slope
efficiency of 64 mW/A of the sample with the 10% inverse-designed
facet and the antenna is a factor of 7.1 higher than for the cleaved
facet reference sample, with a measured peak power of 13.5 mW.
We should also note here that while reducing the reflectivity to even
lower values (close to R1 = 0%) is tempting in terms of predicted
slope efficiencies, the quickly increasing mirror losses would start
to increase the laser threshold significantly, eventually preventing
lasing.

Broadband frequency combs

After demonstrating the improved far-field and outcoupling
efficiency properties, we now highlight the broadband frequency
comb performance. In general, the comb locking formation and
spectral bandwidth in QCLs are a result of an interplay of several
effects, such as chromatic dispersion, Kerr nonlinearity with four-
wave mixing, spatial hole burning, gain curvature, and self- and
cross-steepening nonlinearities, as is discussed in more detail in
Refs. 22–24. The results of extensive comb simulations presented in
Refs. 25 and 26 suggest that a reduced end facet reflectivity increases
the cross-steepening nonlinearity due to a larger field discontinu-
ity at the end facet, which could produce broader comb spectra.
The ability to design the end facet reflectivity presented in this work
introduces a new tuning knob for achieving high-performance comb
operation (the optimal facet reflectivity for the broadest bandwidth
will most likely vary between devices, predominantly depending on
the active region properties).

In Fig. 5, we show the measured THz and RF spectra of the 10%
reflectivity inverse-designed facet device from the previous section
(length L = 2.5 mm and width w = 40 μm). The device was oper-
ated in continuous wave (CW) at a heat sink temperature of 30 K.
In panel (a), we show a free-running fundamental comb spanning
around 800 GHz with a single strong RF beatnote at a roundtrip fre-
quency of frep = 15.4 GHz. Free-running harmonic comb states27–29

are observed as well, where the mode spacing is an integer multi-
ple of frep. A free-running second harmonic comb spanning around
750 GHz is shown in panel (b), with a single RF beatnote at 2 frep.
With the changed cavity boundary conditions, the time domain
properties2,30,31 of these comb states are of high interest for future
systematic studies, where the facet reflectivity will be varied and its
impact on comb dynamics will be elucidated, in combination with
simulations of comb formation in Fabry–Pérot THz QCLs.29

FIG. 5. Measured THz and RF spectrum of the 10% reflectivity inverse-designed
facet device in CW at a heat sink temperature of 30 K. (a) Free-running funda-
mental comb spanning 800 GHz and a strong single RF beatnote at the roundtrip
frequency of frep = 15.4 GHz. (b) Free-running second harmonic comb span-
ning 750 GHz and a strong single RF beatnote at 2 frep = 30.8 GHz. (c) Strongly
RF-injected (+32 dBm at source) incoherent state spanning around 1 THz.

By injecting a strong RF signal into the laser cavity, the emis-
sion can be further broadened. Experimentally, we observe two
different regimes. When the injected RF signal is close to the free-
running comb beatnote, we can injection-lock it to stabilize the
comb and also induce some spectral broadening.32,33 To obtain the
broadest emission spectrum, both the RF power is increased signif-
icantly (>20–30 dBm at the source) and the injection frequency is
detuned from the repetition rate (by as much as 100–200 MHz).
This does not produce a coherent injection-locked state but very
broadband emission with an off-resonant RF injection, as shown in
Fig. 5(c), with similar experimental results shown already in Refs.
11 and 34. The incoherent property of the state is apparent from
an asymmetric and decaying interferogram after an FTIR measure-
ment. With such strong RF injection, the induced bias voltage swing
most likely results in the laser periodically switching between the
stable and NDR (unstable) regimes, which results in a significant
spectral broadening. The latter is also related to the specific type of
active region design used, which features a highly diagonal radiative
transition in real space and bistability in the NDR region, as is dis-
cussed in more detail in Refs. 34 and 35. An unlocked (incoherent)
state with a strong RF injection was also predicted in simulations in
Refs. 36 and 37.

CONCLUSION

In conclusion, we have presented a new, high-performance
planarized THz quantum cascade laser geometry where inverse-
designed end facet reflectors coupled to surface-emitting antennas
result in a seven-fold improvement of the slope efficiency. All the
components are optimized for octave-spanning emission spectra,
and the measured far-field patterns of broadband devices feature
a FWHM beam divergence of (17.0○ × 18.5○). The devices oper-
ate as broadband frequency combs spanning 800 GHz, with a peak
power as high as 13.5 mW. Since the end facet reflectors and antenna
are separated by a passive waveguide, we have decoupled the laser
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mirror reflectivities and the outcoupling structure, allowing for
independent control of both aspects.

Moreover, by further reducing the mirror reflectivities and
improving the output beam quality, external cavity38,39 broadband
THz QCLs could be fabricated, where the comb repetition rate
is continuously tunable by an external mirror/grating. In prin-
ciple, a near-zero reflectivity end facet can be fabricated by an
adiabatic tapered transition between the active and passive wave-
guides, facilitating the lasing operation on external cavity modes.
The numerical simulation results of such a structure are shown in
the supplemental material, where a modal reflectivity of below ∼0.3%
is obtained for frequencies between 2 and 4 THz. In contrast to THz
QC-VECSELs,40,41 comb operation should be more easily obtained
as the planarized ridge waveguide can naturally provide both a broad
gain and many longitudinal lasing modes.

It is important to emphasize that the presented device is a gen-
eral layout that can be used with any type of THz QCL active material
to engineer the far-field properties and enhance the outcoupling
efficiency with a planar and monolithic fabrication technology. In
recent years, substantial progress has been made in the field of high-
power and high-temperature devices, both in simulations42–46 and
experiments.4–6 In combination with high-performance epilayers,
such as the ones presented in Refs. 4 and 5, the peak powers of simple
ridge devices at low temperatures could easily go into the Watt-
level range while simultaneously being directed into a narrow beam
due to the antenna. On the other hand, the output power typically
reduces significantly as the temperature is increased. In addition,
in this case, the improved output power and beam properties are
beneficial and could facilitate the development of improved portable
sensing schemes with thermoelectric coolers at temperatures above
200 K.5

Finally, in some cases, the total losses (including the mirror
losses) need to be minimized (e.g., at very low47 or high48 emis-
sion frequencies), while a high-quality beam is still desired. With
our planarized geometry, it is possible to design a facet with high
reflectivity where the remaining fraction of the light is coupled to the
patch array antenna. In the supplemental material, we added simula-
tion studies for a simple approach: a leaky distributed Bragg reflector
(DBR), where a reduced number of periods can be used to tune the
facet reflectivities to 70% and above (a similar DBR structure can
be implemented on the back laser facet to reduce mirror losses and
increase the output power).

SUPPLEMENTARY MATERIAL

More details on the implementation of the inverse design
approach along with the structure parameterization and an exam-
ple optimization run with the simulation outputs (i.e., the figure of
merit, updated geometry, electromagnetic field profiles and the evo-
lution of the parameters) can be found in the supplemental material.
Additionally, simulation studies of structures with near-zero reflec-
tivity for external cavity experiments as well as high reflectivities for
low losses are also shown and discussed.
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