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ABSTRACT

We present mutual optical coupling in terahertz (THz) quantum cascade wire laser arrays that are flip-chip bonded to a dielectric substrate.
The mounting substrate is patterned for individual electrical contacting of each wire laser of the array. The resulting sandwich-like structure
supports wire laser modes with a significant part propagating outside the cavity and mediates the long range coupling. The evanescent field
part of the modes couples to the adjoining ridge, which, in turn, leads to mutual optical injection-locking between them. We demonstrate this
effect for both geometrically similar and dissimilar wire lasers when biased in pulsed operation with temporally overlapping bias pulses.
Finite element simulations confirm our measurement results. By applying time-shifted bias pulses to individual array elements, a controllable
optical injection seeding of the wire cavity is achieved. We observe intensity modification of the laser modes with changing bias pulse overlap
as a result of the injection locking. By choosing both the physical spacing of the laser ridges and the intensity of the seeding laser correctly,
the relative intensities of the favored lasing modes are enhanced up to 95 percent. Understanding the coupling in THz wire laser arrays is
important for future device improvements in terms of higher continuous-wave operating temperatures through better thermal dissipation,
and higher output power and an improved far field due to controlled coupling of their modes.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230401

Wire lasers'” have transversal dimensions smaller than their
emission wavelength, which forces a significant amount of the mode to
propagate outside the laser cavity along the entire resonator length.
Quantum cascade wire lasers (QCWLs) in the THz region are achiev-
able with standard processing techniques,” * harnessing the fact that
quantum cascade lasers (QCLs) in the double-metal configuration
already are subwavelength devices in the vertical direction.”

In wire lasers, a significant fraction of the optical mode intensity
is outside the active waveguide, which can be exploited to modify the
radiation properties of the laser. Controlling and changing the emis-
sion wavelength is advantageous for many applications, including mul-
ticolor sources,” imaging,” and spectroscopy.'’ A number of significant
developments have been achieved by incorporating passive compo-
nents alongside the laser cavity. These include tunability'''* of wire
lasers, mode selection with monolithically integrated selectors,*
antenna-'~ and 7-coupling'® schemes, and coupled arrays.'” In many
of these THz QCWL devices, elaborate device geometries have been
used, enabling surface emission and electrical contacting.

Since the transversal dimension for these lasers around frequen-
cies of 3.9 THz is in the range of 10 um, direct wire-bonding onto the
top metal contact of the laser is challenging, as the diameter of stan-
dard bond-wires is around 25 pm, making it significantly wider than
the laser waveguide width. Planarizing techniques, with a low-loss
polymer,'® >’ have been employed to overcome the difficulties making
electrical contacts. Although the THz radiation losses in the polymer
are relatively small, they are not negligible, thus making the study of
coupling to adjacent devices with a significant spatial separation (sev-
eral tens of micrometers) challenging. Coupled lasers have been dem-
onstrated by various mechanisms, including diffraction wave coupling
in a Talbot cavity,”' y-coupling by connecting two ridges to one single
mode waveguide,””” leaky-wave coupling through laterally propagat-
ing waves,”" mutual antenna coupling via the radiation field,'” 7-cou-
pling through strong lateral field distribution,'® via the common
metallic ground contact of two QCLs for on-chip detection,”” and
evanescent-wave coupling via exponentially decaying fields outside the
high refractive index dielectric cores of the cavities.”®
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In this work, we present coupled THz QCWLs that can be mutu-
ally injection-lock via optical modes of different wire lasers. The array of
double-metal QCWLs is bonded episide-down onto a semi-insulating
GaAs (SI-GaAs) chip for electrical contacting without the need for
bonding pads. We utilize the recently demonstrated episide-down flip-
chip bonding technique used to contact ultrathin double-metal THz
QCL ring lasers.”” Tts advantages include facilitated electrical contacting,
on-chip integration, individual electrical control of each wire laser, and
improved thermal management (see the supplementary material). This
leads to reduced threshold current densities and improved maximum
operating temperatures in continuous-wave operation. The die-bonded
devices have a sandwich-like structure [Fig. 1(a)] creating a waveguide
between the individual laser ridges. It is defined by the SI-GaAs sub-
strate with metallic contacting lines on the bottom and metal (Au) on
the top. The evanescent field component of the guided mode is
extended between the laser cavities and facilitates the coupling of the
simultaneously biased lasers. Finite element simulations show that part
of this extended evanescent field couples to the underlying substrate,
enabling long range coupling. The lasers injection-lock when they are
operated in pulsed operation with temporally overlapping bias pulses.
In the injection-lock configuration, we observe that specific modes are
enhanced while others are attenuated.

The QCWLs are fabricated from a GaAs/AlGaAs heterostructure
active region supporting two lasing transitions at 3.3 and 3.9 THz. The
design is based on the dual-color, three-well, single stack, longitudinal
optical (LO)-phonon depopulation design.” It contains 333 periods and
has a total thickness of 15 um. We process the active region into chiplets
containing seven 1.5 mm long double-metal QCL ridges, with widths of
40/30/20/12/15/25/30 um. Several devices were processed with spacings
increasing from 38 to 150 pum, corresponding roughly to multiples of the
free-space wavelength (76 um). In addition, symmetric chiplets were fab-
ricated with widths of 30/10/10/10/10/10/30 pm and a spacing of 76 um.
The wider ridges provide bonding stability, reference points for measure-
ments, and additional heat sink connections (Fig. 1).

Due to the narrow width of the ridges, direct wire-bonding is not
possible. Therefore, the laser chiplets are bonded episide-down onto a

QC wire laser and supporting
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SI-GaAs chip with predefined Ti/Au (10/500 nm) contact lines with a
sub-micron die bonder. The contact stripes are 6 um wider than the
corresponding wire lasers to facilitate the alignment and bonding. The
nominal alignment accuracy of the die bonding is 1 um. Figure 1(a)
sketches the die-bonding process steps schematically. First, the finished
laser die is cleaved, and the contact lines are defined on the bottom
chip. In the second step, the top and bottom die are aligned with the
help of a microscope and a beam splitter, contained in the die-bonding
machine. Figure 1(b) shows a microscope picture of the aligned chip-
lets. Finally, the top chiplet is lowered onto the bottom chiplet. The
chiplets are pressed together with a bonding force of 10N and then
heated to 380 °C for about 10 min, which fuses the chiplets together.
The episide-down bonded laser ridges are then electrically contacted
via bond-wires, placed on the protruding metal contact lines of the
bottom chip [Fig. 1(c)]. The finished devices are indium soldered to a
copper plate, which is mounted onto the cold finger of a helium flow
cryostat. The radiation is collected by a parabolic mirror and guided
into a Fourier transform infrared spectrometer (FTIR). The measured
spectra have a resolution of 2.25 GHz.

The measurement setup consists of a function generator (FG)
with two time-synchronized channels. It triggers the output pulses
from two identical pulse generators. The timing is controlled via the
FG, which triggers the bias pulses that power the lasers. Precise timing
control (timing jitter < 5ns) allows us to study the influence of the
temporal bias pulse overlap on the inter-element coupling. A sche-
matic of the setup is depicted in Fig. 1(d). The measurements were
conducted in pulsed operation (0.5% duty-cycle at 10kHz) at 5K. For
the 10 um devices, only the duty-cycle was changed to 1% by increas-
ing the repetition rate to 20 kHz. A reference spectrum of each individ-
ual device is measured. The lasers are then biased by the two pulse
generators in time-synchronized operation.

The episide-down bonded wire laser devices are mechanically
robust, and we have been able to bias up to seven electrically connected
devices simultaneously in pulsed operation. Through power-current-
voltage (PIV) characterization (see the supplementary material) of
individual lasers, we observe significant performance improvements,

s00um [ )] Pulse
Generator 1

Pulse
Generator 2

2-channel
FG

FIG. 1. (a) The schematic workflow of the episide-down bonding process. The ultrathin wire QCWLs and the gold contacts on the bottom substrate are aligned and then
bonded. The microscope picture in (b) shows a side view of the aligned chiplets just before the bonding step. The finished wire-bonded device is shown in (c). (d) A schematic
of the measurement setup, featuring a two-channel function generator (FG), two pulse generators, and how they are connected to the lasers. The lasing spectra are measured

with a Fourier transform infrared spectrometer (FTIR).
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resulting in a reduction in threshold current density up to 50% com-
pared to a standard episide-up mounted QCL ridge with the same res-
onator length. The narrowest bonded devices also operate in
continuous-wave mode up to 35 K. This is noteworthy given that this
type of active region, designed to operate at high temperatures, is typi-
cally not capable of continuous-wave operation.

In Fig. 2, we show measured spectra of the 150 um spaced device.
The individual spectra of the 12 and 15 um wide ridges are shown in
cyan and pink, respectively [Figs. 2(a) and 2(b)]. When biasing both
laser ridges simultaneously, the resulting combined spectrum intensi-
ties I p) are not only the sum of the individually measured spectral
intensities Iy + Iz, but also we observe that specific modes are
enhanced, while others are attenuated. We quantify these spectral
changes by calculating injection-induced differential spectra Alyp
[Eq. (1)], which determine the relative changes of the mode intensities
in the combined spectrum compared to the sum of the single spectra
[Figs. 2(c) and 2(d)]. This allows us to qualitatively compare multiple
measured devices,

_ lays
Iy +1p

Alsg 1. (1)

The lasers injection-lock when the bias pulse timing overlaps. In
this case, the simultaneously operating laser elements couple to each
other, and Alsp of Eq. (1) is non-zero. When we introduce a time
delay (t;) between the bias pulse of the seeding laser and the bias pulse
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FIG. 2. The spectral evolution of an injected wire laser pair consisting of a 12 and
15 um wide ridge. The measured lasing spectra of the single ridges at device vol-
tages of 24.3 and 24.5V (cyan and pink, respectively), and the combined spectrum
(blue) is depicted in (a) and (b) for a bias pulse overlap (BPO) of 100%. Injection-
induced differential spectra Alsg (c) and (d) quantify the change of the combined
spectrum vs the sum of the single spectra. The contour plots (€) and (f) detail the
spectral changes for decreasing bias pulse overlap for two injection scenarios by
visualizing the relative spectral differences. In (a), (c), and (e), the 12 um ridge is
the seeding partner vs (b), (d), and (f) where the 15 um ridge is the seed. Red
areas indicate enhanced modes, and blue areas indicate attenuated modes. The
change of the BPO in percent is shown as an inset in (e).
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of the second element, we observe that the affected modes change. For
decreasing bias pulse overlap, previously enhanced modes become
attenuated while attenuated modes experience enhancement. We mea-
sured combined spectra for the time delays indicated in the inset of
Fig. 2(e) (step size 50 ns), with temporal overlap of the bias pulses
given in percent. We calculate the relative intensity change via
injection-induced differential spectra for each case and visualize them
in contour plots [Figs. 2(e) and 2(f)]. As long as the time delay is
smaller than the bias pulse width (z,) 0 < t; < 1), the injection-
locking stays active. We performed measurements where each of the
two lasers works as the seed for the injection-locking; the seeding laser
is the one that is turned on first. When the 12 um wide QCL acts as
the seed (Fig. 2, left), the coupling is stronger than when the 15 um
wide laser seeds (Fig. 2, right).

As soon as the time delay of the bias pulse exceeds the bias pulse
width t; > 1, the measured combined spectrum becomes equal to the
sum of the single spectra, and the cross term of Eq. (1) equals approxi-
mately zero. Small spectral residuals are measured due to electrical
pickups between the biased lasers.

To overcome the asymmetric injection observed in Fig. 2, we
characterize a symmetric sample with five uniform 10um wide
QCWTLs. The 10 um lasers show a reduction of the threshold current
density of 50% compared to episide-up devices, enabling continuous-
wave operation up to 35K. In the injection experiments (Fig. 3), we
observe the same behavior as for the geometrically dissimilar laser
devices. When the bias pulse timing overlaps, the lasers operate in the
injection-lock state. They unlock as soon as the bias pulses have a time
delay larger than the pulse width.

Additionally, coupling is observed when two ridges that are not
direct neighbors are driven in time-synchronized operation. The inset
of Fig. 3(f) shows a 2D cross section of the device with the active lasers
marked in cyan and pink. Even though the lasers are now spaced more
than three free-space wavelengths apart, we still observe injection-
locking [Figs. 3(b), 3(d), and 3(f)] with significant changes in the
injection-induced differential spectrum.

To shed some light on the coupling even over large distances, we
performed measurements for six QCWL arrays with different ridge
distances [Fig. 4(a)]. The lasers with the smallest spacing of 38 um
(0.5%40) show the largest coupling, which decreases exponentially with
increasing laser separation as we expect from evanescent field cou-
pling, reaching a minimum around 50 um separation. Then, it
increases again for spacings larger than the free-space wavelength, as
the substrate assisted coupling via leaky waves is increasing.

Finite element simulations (see the supplementary material) have
been performed to better understand the inter-element coupling
mechanisms. Closely spaced QCWLs with separations between 10 and
40 um couple mostly through their significantly overlapping evanes-
cent field components. For separations larger than 50 um, laser ridges
couple through their common bottom substrate. The leaked radiation
is confined within the dielectric-metal waveguide below the laser
ridges, enabling efficient coupling even over distances larger than the
free space wavelength. The simulation results confirm the distance-
dependent measurement results, which show a coupling minimum at
50 um spacing, visualizing the transition between the two coupling
regimes.

Furthermore, intensity dependent measurements on a device
with 150 um ridge spacing show that an increase in the lasing bias of
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FIG. 3. Spectral evolution of an injection-lock wire laser pair with two 10 um wide
QCWLs. Depicted in (a) are the lasing spectra of the single ridges at device vol-
tages of 22.8 (A) and 23.5V (B) (cyan and pink, respectively) and the combined
spectrum (blue), with the injection-induced differential spectrum Alsg at 100% BPO
in (c). The contour plot in (e) shows the evolution of the spectral changes with
decreasing bias pulse overlap. In this measurement, the lasers are direct neighbors
as shown in the inset in (a). The change of the BPO in percent is shown as an inset
in (e). (b) The individual and combined spectra of two lasers with more than 3%y
spacing, with the active lasers depicted in the inset cross section in cyan and pink,
with devices voltages 21.1 (C) and 22V (B). Coupling still occurs even over this
large distance, with Alsg at 100% BPO depicted in (d) and the corresponding evolu-
tion with decreasing BPO in (f). The active lasers are marked in pink and cyan in
the inset of (b).

the seeding element increases the mode enhancement. The results are
shown in Fig. 4(b). We observe an interaction even when the seeding
laser is only biased at lasing threshold. The optimal coupling point
may not be at maximum lasing intensity but will differ depending on
laser bias, the width of the seeding laser, and the inter-element spacing.
In this case, for a device with 150 um spacing, the maximum interac-
tion is observed at 75% of the maximum intensity of the 12 um seeding
laser and at 50% intensity when the 15 um laser acts as the seed.

In conclusion, we presented episide-down bonded THz QCWL
arrays with individually bias-able elements. The improved thermal
properties of these devices lead to a reduction of threshold current
densities up to 50%, permitting continuous-wave operation up to 35K.
Simultaneously biased QCWLs injection-lock when the bias pulses of
the lasers overlap temporally. This led to a relative intensity enhance-
ment of up to 95% compared to the sum of the intensities of the single
spectra. This comparison is possible since each laser ridge can also be
biased individually, as the bottom contacts of the die-bonded sample
are electrically isolated from each other. Through time delays of the
seeding laser’s bias pulse, the mode enhancement can be moved to dif-
ferent frequencies. Our symmetric devices demonstrated enhanced
coupling strength compared to the asymmetric devices. We demon-
strated optical injection-locking over a distance larger than three times
the free-space wavelength between the locked pair. From the study of
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FIG. 4. (a) Distance-dependent measurements of different devices with increasing
ridge separation from 38 to 150 m. Each distance corresponds to a multiple of the
free-space wavelength x * /o, visualized by the top x-ticks. The coupling is strong
for close-set devices and then attenuates rapidly, as we expect for devices coupling
through their evanescent fields. It then increases again for lasers spaced more than
one free-space wavelength apart due to substrate assisted coupling. (b) Seed inten-
sity dependent measurements for a 150 um spaced device at 100% BPO. Depicted
are the maximum values of the injection-induced differential spectra Alsg at a fre-
quency of 3.93 THz. With increasing lasing intensity of the seeding laser through
larger driving bias, the interaction between the ridges increases. Even when biasing
the seeding laser at lasing threshold, injection-locking is still observed.

the spacing dependence on the coupling strength, we find that the
lasers couple not only through the evanescent field but also through
the “substrate waveguide” formed as part of the die-bonding process.
Coupling was also improved by reducing the lasing intensity of the
seeding laser, which led to an increasing exhaustion of the provided
gain range.

With the advancements demonstrated in this work, the next steps
could involve integrating mode selection into the simple Fabry-Pérot
ridge waveguides, in the form of distributed feedback gratings. This
will enable better control of the emission properties and ensure proper
overlap of the paired lasers’ spectra. Using a different active material
better optimized for low threshold currents may allow us to bias even
more devices simultaneously. Finally, the utilized die-bonding tech-
nique enables many more applications like designing multicolored
THz sources by combining different active materials on the same sub-
strate, integrating the injection-lock QCWLs on chips with other opti-
cal components and enabling the creation of photonic circuits and lab-
on-a-chip set-ups.

See the supplementary material for pulsed and continuous-wave
measurements of the power and voltage vs current (PIV) characteris-
tics of the wire lasers and finite element simulation results.
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