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The term photonic wire laser is now widely used for lasers with transverse dimensions much smaller than the wavelength.
As aresult, a large fraction of the mode propagates outside the solid core. Here, we propose and demonstrate a scheme to form
a coupled cavity by taking advantage of this unique feature of photonic wire lasers. In this scheme, we used quantum cascade
lasers with antenna-coupled third-order distributed feedback grating as the platform. Inspired by the chemistry of hybridiza-
tion, our scheme phase-locks multiple such lasers by x coupling. With the coupled-cavity laser, we demonstrated several per-
formance metrics that are important for various applications in sensing and imaging: a continuous electrical tuning of ~10 GHz
at ~3.8 THz (fractional tuning of ~0.26%), a good level of output power (~-50-90 mW of continuous-wave power) and tight beam

patterns (~10° of beam divergence).

n photonic wire lasers'~, which are characterized as w <« 1 (where

w is the dimension of the cross-section and A is the wavelength),

a large fraction of the mode propagates outside the deep sub-
wavelength core. As a result, the radiation properties of a wire laser
can be efficiently manipulated by perturbing its lateral boundary
condition, both electrically and geometrically. This unique feature
was utilized in a tunable laser whose frequency could be changed
by moving an object placed alongside the wire laser®. Achieving a
tight beam pattern, single-frequency operation, and high output
power at the same time in such lasers is a challenging task due to
the deep subwavelength transverse dimensions. Moreover, in many
applications, electrically tuning the laser frequency is crucial, in
addition to high output power and tight beam pattern. For example,
recent developments in quantum cascade laser (QCL) technology
has enabled NASA to initiate the Galactic/Extragalactic ULDB
Spectroscopic Terahertz Observatory (GUSTO)’ that will measure
emissions from the interstellar medium. Measurement of the neu-
tral oxygen line (O1 at 4.744 THz), which will provide important
information on star formation, is at the heart of this mission®’. The
highest linear velocity of the interstellar medium in the Milky Way'’
is ~250km s™* that will yield a Doppler shift of +-0.08%, correspond-
ing to+4GHz at 4.744THz. Hence, a local oscillator that can be
electrically tuned over ~8 GHz will be essential for mapping the O1
line over the entire Milky Way. Besides the importance for deter-
mining this specific spectral line, the frequency range of 1-5THz
is also rich with spectral fingerprints of many biochemical species.
For instance, low-frequency vibrations of biotin (I) was investigated
in the range 0.8-3.8 THz to better understand the conformational
flexibility responsible for its bioactivity''. Applications in breast
cancer imaging'?, skin cancer imaging", colon cancer imaging",
brain imaging'>', identifying explosives'’, inspecting defects in
airplanes'® and identifying protein structures' have been demon-
strated in the same frequency range. A terahertz (THz) imaging sys-
tem based on a double heterodyne detection scheme” has yielded
a signal-to-noise ratio of 110dB. Such a large signal-to-noise ratio
and the corresponding dynamic range will be useful in enhancing
the imaging capability. In this scheme, the required output power
is ~50mW in continuous-wave (c.w.) operations that is not easily
accessible and was achieved by using bulky far-infrared gas lasers.
Therefore, achieving>8 GHz of electrical frequency tuning, a c.w.

output power >50mW and good beam quality would be of great
interest in various applications.

A significant attempt has been made to improve wire laser per-
formance in the THz range in terms of output power and power
efficiency, beam pattern, and frequency tunability. Recently, up to
1% wall-plug efficiency with ~16mW of c.w. power and single-
frequency operation by using a unidirectional antenna-coupled
third-order distributed feedback grating (ADFB) has been demon-
strated”’. By using a new hybrid grating scheme that uses a super-
position of second- and fourth-order Bragg gratings, peak power
of 170 mW with a slope efficiency of 993 mW A-! is achieved®. In
pulsed mode, peak THz output power up to 830mW at 77K and
1.35W at 6K is achieved using a THz quantum-cascade vertical-
external-cavity surface-emitting laser”. In terms of beam quality,
using the antenna-feedback method in THz QCLs, a single-mode
THz QCL with a beam divergence as small as 4°x4° is demon-
strated”. In terms of frequency tuning, by using piezoelectric actua-
tors and an intra-cryostat cavity, tuning of ~260 GHz at a centre
frequency of 3.3 THz is demonstrated with ~5mW of c.w. power**.
Frequency tuning of a THz quantum cascade wire laser over a broad
range of ~330 GHz is demonstrated with a movable microelectrome-
chanical systems (MEMS) side object (plunger) actuated by force”’
or electrical bias” to manipulate the transverse optical mode. For
pure electrical tuning, it has been demonstrated” that a laser device
based on a coupled cavity, in which two ‘knobs’ can be tuned by
independently biasing the two devices, can achieve electrical tuning
with a good range of ~4 GHz (within 50% of output power variation)
and 0.7mW of c.w. power. In microdisk lasers of small optical vol-
ume, a single whispering-gallery mode can in fact be current-tuned
by ~30GHz through gain pulling”**', although the output power
changed significantly over the entire tuning range. In a recent work,
an electrical tuning method for a THz QCL is developed based on
detuned intersubband absorption in coupled metallic microcavities
and ~4 GHz continuous frequency tuning is achived™.

Thus far, no scheme has been devised to simultaneously achieve
good beam quality, high c.w. output power and broad electrical fre-
quency tuning. Here, we report the combination of all three desired
features. Our scheme to achieve those performance metrics is based
on phase locking of multiple wire lasers so that together they form
a coupled cavity. A robust phase locking requires a strong coupling
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Fig. 1] Full-wave simulations of DFB with and without antenna loop. a, Schematic of simulated fundamental mode and the beam pattern of an ADFB.
Here, A, is the free-space radiation wavelength, A is the grating periodicity and P, is the far-field radiation intensity. b, Comparison between lateral
intermediate zone radiation of a short (with two periods) third-order DFB with and without an antenna loop. €, Mirror loss a,, for a supermode formed in
n-coupled DFBs (without the antenna loop) with a centre-to-centre distance =41, A, %0 (to save space, only one DFB is shown for the 44, configuration).

Superscript ‘s’ represents the symmetric supermode and superscript ‘as’ the asymmetric supermode. d, Mirror loss a,, for a supermode formed in
m-coupled ADFBs with a centre-to-centre distance of =41, A, %0. Simulations in ¢ and d are performed for 10 periods. Here I is the mode confinement

factor and f is the mode frequency.

among the individual lasers so that otherwise-independent oscil-
lators are forced to oscillate in sync, even if they are biased quite
differently. There are five major demonstrated coupling schemes to
phase lock individual laser elements. Laser ridges can be coupled
through exponentially decaying fields outside the high-refractive-
index dielectric core™ (evanescent-wave coupled), through the
Talbot feedback from external reflectors*** (diffraction-wave cou-
pled), by connecting two ridges to one single-mode waveguide®**’
(Ycoupled), through lateral propagating waves™* (leaky-wave
coupled), or through mutual antenna coupling in the far field*. The
evanescent-wave coupled scheme could be possibly used for two
wire lasers with ridge waveguides. However, straight ridge wave-
guides have very divergent beam patterns and low extraction effi-
ciency. Diffraction-wave coupling can also be used for wire lasers.
However, this scheme requires an external component and delicate
alignment. The scheme of Y-coupled ridge waveguides does not
work well with distributed feedback grating (DFB) lasers, as the
strong reflection in a DFB structure limits its facet coupling. Leaky-
wave coupled schemes cannot be used effectively to couple DFB
arrays as the radiation is mostly from radiation apertures and not
from the end facets. For global antenna coupling®, it is unclear if
the phase locking can still be maintained if individual elements are
biased at very different currents, which is required for frequency
tuning at approximately constant optical power.

Here, we present a scheme for phase locking of several (<5)
wire lasers to form a coupled cavity, but with the main focus on
the coupling of two for simplicity and clarity. We chose QCLs with
ADFB as our platform®. ADFBs are a superior platform because
of their tight beam patterns, high power and high wall-plug effi-
ciency. Single-mode operation, high c.w. output power of ~16 mW,
1% wall-plug efficiency and tight beam patterns have already been
demonstrated in this platform®. The schematic of a single ADFB is
shown in Fig. 1a. When a perfect phase-matching condition is met,
the modal index n g = % =3, the radiations from all the antenna
loops are in phase along the DFB structure, resulting in a tight far-
field beam pattern®. An antenna loop increases the radiation (‘mir-
ror’) loss by increasing the effective surface area for the radiation
aperture. At resonance, the phases of the electric field inside the
gaps are the same on both sides of the gap, thus the antenna length
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L should be equal to m XA, where m is a positive integer and A is
the wavelength in the antenna loop.

It should be noted that in an ADFB, the radiation is mostly from
the antenna loop. Owing to negligible facet radiation, Y and dif-
fraction grating coupling schemes are not applicable here. Since
the antenna loop length is determined by the resonance condi-
tion, ADFB pairs are ~A; apart so the evanescent lateral coupling
between the ridges is negligible. Since an ADFB with even only a
few periods produces a tight beam pattern in the longitudinal direc-
tion, far-field coupling through mutual antenna coupling is also not
applicable here as this scheme relies on a very divergent beam pat-
tern from individual lasers. Our simulation shows that the funda-
mental DFB mode is largely confined longitudinally near the centre
portion. This mode localization and negligible radiation from the
facets limit the leaky-wave coupling™.

Through this discussion, it can be inferred that phase locking of
ADFBs requires a new coupling mechanism, which is the 7 coupling
reported in this work. Although the mechanisms are different, the
development of the z-coupling scheme in this work was inspired by
meonjugation in chemistry. For a photonic wire laser, the radiation
from each subwavelength aperture is divergent. A simulated radia-
tion profile of a single-period third-order DFB with (ADFB) and
without an antenna loop is shown in Fig. 1b. It can be observed that
by attaching the antenna loop, not only does the mirror loss increase
but also the lateral field distribution in the intermediate zone (~A) is
significantly enhanced. The quantitative treatment of lateral radia-
tion is shown in Fig. 1b through the integration of the dominant
component of the electric field (here E,). The strong lateral field dis-
tribution opens up the possibility for the zcoupling of two or even
more ADFBs. Since the coupling exists between all in-phase antenna
radiation gaps, this scheme will be far more effective compared with
earlier schemes utilizing the facet radiation. The same cannot be
said for a third-order DFB without the antenna loop. Even though
the beam from the radiating aperture is divergent, there is no strong
coupling to an adjacent gap through z coupling.

Since a strong coupling will reduce the mirror loss a,, for the
coupled cavities*, it can be used to quantify the coupling strength.
As shown in Fig. ¢, a,, for the third-order DFB without the antenna
loop* is not changed significantly as those DFBs are brought close
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Fig. 2 | Experimental verification of z-coupled ADFB. a, Electronic chip for simultaneous independent biasing. b, A fabricated die with 10 pairs of
r-coupled ADFBs. Top: schematic. Bottom: scanning electron microscopy (SEM) image. ¢, Three periods are shown (from a total 35 periods) in the
fabricated z-coupled ADFB. d, Magnified SEM image of the gap between the antenna loops. e, Light-current curves. P, is the maximum c.w. output
power of the z-coupled ADFB. f, Beam pattern of z-coupled ADFB. Here, the laser is located along the z axis in a spherical coordinate system.
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Fig. 3 | Experimental set-up for measuring frequency difference with
kHz resolution. Experimental set-up for heterodyne mixing to measure
a possible frequency difference between z-coupled ADFBs, and later to
measure the frequency tuning with high resolutions (~1kHz). Here /.. is
current bias of the reference laser.

to each other, indicating a negligible z-coupling between the two.
In addition, for very closely spaced cavities the asymmetric mode
has a lower radiation loss and thus it will be the lasing mode, as it
has a quadrupole moment with a lower radiation loss than a dipole
moment. On the other hand, as shown in Fig. 1d, a,, for ADFBs is
significantly reduced as they are brought closer to each other due to
a strong z-coupling of the in-phase aperture fields. We further note
that the cavities are decoupled for distances more than four wave-
lengths, suggesting that the coupling mechanism is not strong in the
far field. Even at the closest distance between the antenna loops,
the two ridges are ~1; apart so evanescent wave coupling between
the ridges is negligible, but a,, is reduced by ~60% indicating a
strong coupling. Also, we cannot characterize this as the leaky-wave
coupling as there is no complex wave vector in the lateral direction
(no lossy guided mode in the lateral direction).

To explain the selectivity between the symmetric and asymmet-
ric modes, we emphasize that the shortest antenna loop length is
Ag at resonance, so that the tip of two parallel antenna arms is “¢
apart from the edge of the gap, producing a 180° phase shift com-
pared with the field in the gap. For an isolated ADFB, the field in the
gap is approximately constant and E,,, % E,,,, and the field near the
tip should be E;,~-E,,, (but smaller in magnitude). Clearly, such
a field distribution is totally compatible with that in the symmet-
ric supermode, resulting in a minimum mode distortion. As can
be seen in Fig. 1d, the mode profile for the symmetric supermode
resembles closely with that in an isolated ADFB. The additional
intracavity coupling reduces the mirror loss from that of an isolated
ADFB. For the asymmetric supermode, however, the field at the
centre line of the two ADFBs is identical to be zero. Thus, when the
two tips are brought together, the field at the tip should also be zero,
which forces the field at the gap edge to be approximately equal
to zero. This field distribution is quite different from an isolated
ADFB, causing a significant mode distortion and consequently a
lower mode confinement factor, as shown in Fig. 1d. The lower con-
finement factor yields a higher mirror loss. In a simplistic view, an
asymmetric mode resembles a higher-order lateral mode in a single
ridge that tends to have a higher lasing threshold. The quantitative
treatment of the mode confinement factor for symmetric and asym-
metric modes is given in Fig. 1d. As shown, the mode confinement
factor for the asymmetric mode is decreased at a smaller distance
between the ADFBs, indicating a higher level of mode distortion.
As a result, the lasing threshold for the symmetric mode becomes
much lower than the asymmetric mode due to its lower mirror loss
and higher mode confinement factor.

Results and discussion

To demonstrate the phase locking in z-coupled ADFBs, we fabri-
cated an array of z-coupled ADFBs. A schematic of the array along
with several geometry parameters are shown in Fig. 2. Each array
has 10 pairs of z-coupled ADFBs. The antenna loop length is varied
from one pair to another to adjust the resonance condition. The dis-
tance between the pairs is designed to be sufficiently large to avoid
inter-pair coupling. Considering the fabrication resolutlon, the gap
between the antenna loops in an ADFB pair is set to 20=2 um. The

m

size of the gap within the antenna loop is 5.5um to ensure a high
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Fig. 5 | Result of a z-coupled ADFB optimized for output power. a, /, =/, c.w. light-current curve and beam pattern (inset). b, Spectra taken with an FTIR

spectrometer on the linear part of the curve in a.

mirror loss a,,. Based on the simulations, ,, for the supermode is
40% of that of a single ADFB and predicted to be 6 cm™" for the
symmetric supermode. The centre frequency of z-coupled ADFBs
in this chip is designed to be around 3 GHz apart from the adjacent
pair (by simply increasing the antenna loop length by ~4%, mono-
tonically decreasing frequency shift can be achieved). The measure-
ment results are shown in Fig. 2e,f. The observed interdependence
of current thresholds and a single-lobe beam pattern is strong
evidence for a symmetric supermode. In particular, no lasing was
observed if one ADFB was unbiased, suggesting a significant loss in
a cold cavity and a strong coupling between the two. When both are
biased, as the bias for one ADFB is increased, the lasing threshold
for the bias of the other ADFB decreased, indicating that the total
gain increased in the coupled cavity.

To measure a possible frequency offset between the two z-coupled
ADFBs, we prepared the experimental set-up shown in Fig. 3. The
reference laser shown in Fig. 3 is turned off for this measurement.
This scheme enabled us to measure the frequency separation up to
20 GHz with ~kHz resolution using a spectrum analyser. In this set-
up, the radiation from z-coupled ADFBs is focused on a Schottky
diode mixer. The horn antenna integrated with the mixer has an
accepting aperture with dimensions ~ 500 um X 500 um. To achieve a
high signal-to-noise ratio on the mixer, two off-axis paraboloid mir-
rors are used to focus the beam onto the horn antenna aperture. The
DC monitor port of the mixer is connected to a lock-in amplifier for
the optical alignment. The radio-frequency port is connected to a
spectrum analyser through a 50-dB low-noise amplifier.

We have observed single-mode operation (without observing
any beatnote up to 20 GHz with kHz resolution) in the entire bias
range shown in Fig. 2e. This indicates that the z-coupling scheme
is strong enough to maintain a robust phase locking throughout the
entire bias range.

The main motivation for phase-locked ADFBs with separate
biases is to achieve frequency tuning with approximately constant
output power. Varying the relative bias of z7-coupled ADFBs changes
the gain profile. Deducing from the Kramers-Kronig relation®,
this variation causes changes in the refractive index that produce a
slight frequency shift. In more technical terms, this is referred to as
the mode-pulling effect, which is produced by the blue-shift of the
underlying gain profile with applied bias, and the associated change
in the refractive index shifts the resonance frequency**’. Based on
this change of refractive index, z-coupled ADFBs can produce con-
tinuous frequency tuning with a greater tuning range than a single
device as they can act like a master-slave oscillator.

Using the same set-up shown in Fig. 3, we used another z-coupled
ADFB on the same die as the reference (we performed a separate
measurement confirming its single-mode operation) that was three
pairs away from the z-coupled ADFB under investigation. The dis-
tant pair was chosen to ensure a sufficient separation of centre fre-
quencies and to avoid possible local heating. To rule out thermal
tuning, the cold stage was stabilized at 30K using a PID tempera-
ture controller. The frequency of the reference and the z-coupled
ADFBs measured by Fourier-transform infrared (FTIR) spectros-
copy and their relative positions on the die are shown in Fig. 4a.
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Fig. 6 | Versatility of the z-coupled scheme for higher numbers of ADFBs. a-c, Spectra, SEM images, L-I-V curves and beam patterns for three z-coupled

ADFBs (a), four z-coupled ADFBs (b) and five z-coupled ADFBs (c).

Figure 4b shows the beat frequency along the current path shown in
Fig. 4c (black line, which was aimed for minimum power variation
and highest dynamic range). Figure 4d shows the output power of
the supermode at corresponding points. We observed ~10 GHz of
frequency tuning with a maximum c.w. output power of ~27 mW;
7 GHz of this frequency change is within 50% power change. Even
though we only included a few points in the graph, we observed a
complete continuous change on the spectral analyser as we changed
the biases along the indicated path. No mode hopping was observed.
It is worth mentioning that since all off-centred z-coupled ADFBs
are tested and proved to be single mode, one can design the cen-
tre frequency of each z-coupled ADFB to be about 10 GHz (for this
gain medium) apart. In this case, by electrically switching between
the 7-coupled ADFBs, a much greater continuous tuning range can
be achieved.
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As shown in Fig. 1d, the supermode in a z-coupled ADFB has
significantly lower mirror loss than the uncoupled counterpart. It

is well known that the output power from a laser is proportional
to - “+m‘x , where «,, is the mirror (radiation) loss and a,, is the
wavgguiﬁe loss”. For a maximum output power, o, ~a,. In our
case, the measured o, ~ 15 cm ™. Therefore, one can design indi-
vidual ADFBs with much higher mirror loss so that the z-coupled
ADFBs have optimum mirror loss for the symmetric supermode.
Here we used another pair of ADFBs and increased the antenna gap
size to 6 um. Simulations show an 8 cm™ mirror loss for the sym-
metric supermode. The measurement results are shown in Fig. 5.
Measurements confirm a single-mode frequency at 3.87 GHz with
~10 GHz of frequency tuning, ~50mW of c.w. power and a high-
quality beam pattern. The wall-plug efficiency was measured to
be 0.71% and the slope efficiency was 263 mW A~. Here, having
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already proved the continuous nature of frequency tuning, we
simply measured the spectra with FTIR spectroscopy.

To demonstrate the versatility of the z-coupled phase-locking
mechanism, we designed and fabricated z-coupled ADFBs with
more than two ADFBs. By coupling more ADFBs, even higher
power levels can be achieved; and, in principle, with more knobs to
turn, a better performance (for example, less power variation over
the entire frequency tuning range) can be achieved. Figure 6 shows
the results for z-coupled 3, 4 and 5 ADFBs with each having 35 peri-
ods and 5.5-um slot gap size. For fabrication and operation simplic-
ity, all the ADFBs were biased together using one bonding pad. The
single-mode spectra and single-lobe beam pattern clearly show that
these ADFBs are phase locked. As the number of ADFBs increased,
the lateral beam pattern became narrower, as expected. The total
current for the coupled ADFBs scales linearly with the number of
ADFBs. However, the output power does not increase linearly since
the mirror loss decreases with an increasing number of coupled
ADFBs. It is worth noting that the effective index for the coupled
array is closer to 3 than individual elements. By increasing the num-
ber of coupled ADFBs, the radiation loss decreases, which increases
the effective modal index and brings it closer to the ideal value for
perfect phase matching (#.,=3). Such phase matching is difficult to
achieve for a high-power single ADFB since it will require a larger
slot gap size that yields n.¢< 3.

In conclusion, we have demonstrated a z-coupled scheme to phase
lock 2, 3, 4 and 5 ADFBs. The coupling mechanism is sufficiently
strong to maintain a robust phase locking at all biases. Tight beam
patterns (~10°x 15°), ~50mW for two z-coupled ADFBs (~90 mW
for 5 m-coupled ADFBs with ~6 %8 half power beam width), and
~10GHz of continuous electrical frequency tuning is demonstrated
at 30 K. With the 20-pins connector shown in Fig. 2a (which is by no
means the upper limit), one can envision to bias 10 pairs of ADFBs
with a frequency separation of ~10 GHz by varying the lengths of
the antenna loops and the periods of the DFB structure. With each
pair of ADFBs tunable by ~10 GHz, the whole chip can be electri-
cally tuned continuously over ~100 GHz. Such broad and continuous
electrical tuning will be highly desirable in sensing and imaging.
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Methods

Finite-element simulations. The simulations were carried out using COMSOL
Multiphysics version 5.3. Material loss was not considered and the relative
permittivity of GaAs was set to be 13. The top and bottom contacts were modelled
as a perfect electric con(fi}lctor. The power confinement factor was calculated in

W dv

the simulations using _a4___

W, dv

in which W, is the electric field energy density,

and A and V refer to the ‘;ctive medium and the calculation domain volumes,
respectively. The dominant electric field component in our structures is normal to
the top and bottom plates and W, is mainly from the z component of the electric
field. The mirror loss was calculated from the imaginary part of the complex eigen

frequency(f,) using a, = 4er§, where ¢ is the speed of light and #, is the real part

of the GaAs refractive index that was set t03.6.

Active gain medium. OWI210H is a three-quantum well GaAs/Al,,;Ga,g;As THz
QCL¥. It has a highly diagonal radiative transition (oscillator strength ~0.2) and
a large injector anti-crossing (~1.7—2.0meV). The 3D carrier concentration is
2.6x10%. Pulse-mode maximum lasing temperature and emission frequency are
~170K and ~ 3.8 THz, respectively. Average doping was verified using secondary
ion mass spectroscopy (SIMS) performed by Evans Analytical Group.

Light-current-voltage and spectrum measurements. For pulsed light-current-
voltage measurements and c.w. measurements, the lasers were operated at a
temperature of 30 K. The relative optical power was measured with a QMC
pyroelectric detector and mechanically chopped at 100 Hz. Spectra were
measured using a Fourier transform infrared spectrometer (FTIR; model

Thermo Nicolet 6700) with an internal deuterated tri-glycine sulfate
(DTGS) detector.

Absolute power measurement. The relative power measured from the
pyroelectric detector was calibrated using a Thomas Keating absolute THz

power meter at a 30 Hz mechanical chopping frequency without any focusing
optics between the laser and the power meter except a high-density polyethylene
window on the cryostat. The laser under test was operated in c.w. at a temperature
of 30K inside a Cryomech Pulse tube cryo refrigerator (model PT 810). The
maximum lasing temperature was 121K for the pulsed and 75K for the c.w.
operations. Power dropped to 50% at 70K for the pulsed mode and 57K for

the c.w. mode.

Beam pattern measurement. Far-field beam patterns were measured with a
pyroelectric detector mounted on a 2D motorized scanning stage that was placed at
10 cm from the lasers scanning between +30° for both directions without any optics
between the laser and the detector. The laser was operated near the peak power in
pulsed mode with 10% duty cycle and electronically chopped at 100 Hz.

Data availability
The data that support the plots within this paper and other finding of this study are
available from the corresponding author upon reasonable request.
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Beam patterns for symmetric and asymmetric modes

To emphasize the importance of mode selectivity between symmetric and asymmetric
supermodes, Figure S1 shows the simulated difference between the far-field beam patterns of
the asymmetric and symmetric supermodes. As expected, the dipole moment cancels out for
an asymmetric mode and the quadrupole beam pattern appears. Without a mechanism to
increase the mode selectivity, the asymmetric mode will be the lasing mode due to a smaller

mirror loss.

Figure S1: Comparison between the far field beam patterns for a, symmetric and b, asymmetric supermode of a
m-coupled ADFBs.



Simulation for semi-infinite multiple 1t-coupled ADFBs

Using perfect electric (for asymmetric mode) and perfect magnetic boundary
conditions (for symmetric mode), a relatively simple but sufficiently accurate simulation for
an infinite number m-coupled ADFBs can be performed (since the dominant field component
is tangent to those planes). By using these boundary conditions, the combined image fields
resemble infinity in the lateral direction. The simulation results are shown in figure S2. There
are 35 periods. Antenna length is set to be 9 um and the antenna loop tips are 5.5-um in
thickness. The power confinement factor is smaller for asymmetric mode indicating a greater
mode distortion from that of an isolated ADFB due to the perfect electric conductor boundary

condition (the image current resembles neighbor ADFBs)
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Figure S2: Comparison between the symmetric and asymmetric modes of an infinite stage m-coupled ADFBs



Comparison with a Fabry-Perot and a single ADFB device

It is informative to compare the tuning range of a t-coupled ADFBs to a single
ADFB. Figure S3 shows the characteristics of a single ADFB with its corresponding bias
tuning range along with a Fabry Perot (FP) device. We can see that the tuning range for a
single ADFB is about 6 GHz. The lower Ji.x in DFB compared to a FP device is a result of
high mirror loss, which causes a higher Jy, and thus a reduced dynamic range in a highly
diagonal structure'. Both ADFB and FP devices are fabricated from the same gain medium.

OWI210H-M4, VB0610 (2.14mm x 150.m) Pulsed performance
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Figure S3: a, Current-Voltage at different temperatures for a FP device b, Light-Current at different
temperatures for a FP device ¢, Light-Current-Voltage for a single ADFB.

m-coupled ADFBs with higher slope efficiency
In the main text, we have used a gain medium with a large Stark shift to achieve
maximum frequency tuning. However, this gain medium has a high lasing current threshold
which reduces its slope efficiency. We also tested a similar gain medium but with a lower
doping so that the lasing threshold decreases. Figure S4 shows the characteristics of 5 -

coupled ADFBs made from this gain medium. 71 mW of CW power with 165 mW/A slope



efficiency is obtained. The Full Half Beam Width (FHBW) of 6°x8° is achieved due to a
perfect phase matching and a higher number of coupled ADFBs. The characteristic of single
ADFB made from this gain medium is well characterized in reference’. More details on both

gain media are given in reference’.
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Figure S4: 5 stages m-coupled ADFBs fabricated on an active medium with lower current threshold (OWI210-
VB605)

m-coupled ADFBs with larger antenna loop tip distance

In a different frequency range, we tried the same idea for 3 m-coupled unidirectional
ADFBs”. The presence of reflector in such design limits how close the antenna loop tips
could be. In one attempt, the distance from antenna loop tips was 10 um. Figure S5 shows the

spectrum from such a device.



/ T~
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4.5 4.6 4.7 4.8
Frequency(THz)

Figure S5: 3 stages m-coupled unidirectional ADFBs at 4.7 THz with 10-um distances between antenna loop
tips

Two peaks in the spectrum with about 20 GHz spacing were observed. We attributed the dual
peaks to the symmetric and asymmetric modes, which are well matched with our simulation
result. As shown in Figurel in the main text, the closer the distance between antenna loop tips
is, the higher selectivity can be achieved between the symmetric and asymmetric modes.
Clearly, at this distance, the selectivity is so low that both modes are lasing.
Extra details for beat-note measurement

The free running beatnote was measured in heterodyne scheme to accurately measure
the frequency tuning range (typical FTIR resolution of ~3 GHz is not sufficient for such
experiment). The Schottky mixer is integrated with a horn antenna and a Bias-Tee box. The
horn antenna aperture size is ~500 um X 500 um. The beam from the m-coupled ADFBs and
the reference laser were focused on the Schottky mixer input RF/LO port (horn antenna
aperture, marked 1 in figure S6). The focusing was achieved using two off-axis paraboloid
mirrors. The IF output port, which contains the beatnote signal between the reference laser
and the m-coupled ADFBs (port 2 marked in figure S6), was connected to a low-noise
amplifier with 50-dB gain. The output of the low-noise amplifier was connected to a
spectrum analyzer. The free running beatnote has a variation range about 50 MHz due to
thermal fluctuation and mechanical vibration. (we did not phase lock the reference laser and

the coupled ADFBs due to a negligible variation relative to the frequency difference ~ GHz).



The resolution bandwidth of spectrum analyzer was set to 1 MHz for high SNR. The video
response monitor port yields the power detected by the mixer. It is worth mentioning that,
due to a very sensitive beam alignment to such a small aperture of the integrated horn
antenna, any instability in far field beam pattern of the lasers can be easily detected. Even
though we did not measure the beam pattern at every bias point, the strong beatnote along the
path provided in Figure 4 in the main text indicates the stability of the far-field beam pattern

at different bias points.

1:Mixer horn anenna RF/
LO input

2: IF output

3: mixer supplied bias

4: Video response monitor

Figure S6: Set-up of heterodyne mixing to measure the frequency tuning range (no connecting wires are shown)

References

1. Bhattacharya, I., Chan, C. & Hu, Q. Effects of stimulated emission on transport in
terahertz quantum cascade lasers based on diagonal designs. Applied Physics Letters
100,011108 (2012).

2. Khalatpour, A., Reno, J. L., Kherani, N. P. & Hu, Q. Unidirectional photonic wire laser.
Nature Photonics 11, 555 (2017).

3. Chan, C. W. I, Albo, A., Hu, Q. & Reno, J. L. Tradeoffs between oscillator strength and
lifetime in terahertz quantum cascade lasers. Applied Physics Letters 109,201104 (2016).






	s41566-018-0307-0
	Phase-locked photonic wire lasers by π coupling

	Results and discussion

	Online content

	Acknowledgements

	Fig. 1 Full-wave simulations of DFB with and without antenna loop.
	Fig. 2 Experimental verification of π-coupled ADFB.
	Fig. 3 Experimental set-up for measuring frequency difference with kHz resolution.
	Fig. 4 Frequency tuning of π-coupled ADFBs.
	Fig. 5 Result of a π-coupled ADFB optimized for output power.
	Fig. 6 Versatility of the π-coupled scheme for higher numbers of ADFBs.


	Supplemental information



