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Unidirectional photonic wire laser

Ali Khalatpour', John L. Reno?, Nazir P. Kherani® and Qing Hu™

Photonic wire lasers are a new genre of lasers that have a
transverse dimension much smaller than the wavelength.
Unidirectional emission is highly desirable as most of the laser
power will be in the desired direction. Owing to their small
lateral dimension relative to the wavelength, however, the
mode mostly propagates outside the solid core. Consequently,
conventional approaches to attach a highly reflective element
to the rear facet, whether a thin film or a distributed Bragg
reflector, are not applicable. Here we propose a simple and effec-
tive technique to achieve unidirectionality. Terahertz quantum-
cascade lasers with distributed feedback (DFB) were chosen as
the platform of the photonic wire lasers. Unidirectionality is
achieved with a power ratio of the forward/backward of
about eight, and the power of the forward-emitting laser is
increased by a factor of 1.8 compared with a reference bidirec-
tional DFB laser. Furthermore, we achieved a wall plug power
efficiency of ~1%.

Unidirectional emission from a ridge laser is highly desirable as
such emission patterns will yield a nearly factor-of-two increase in
the output power in the desired direction. In conventional Fabry-
Perot laser devices, the unidirectional scheme can be easily
implemented by the use of a high-reflectivity (HR) coating or
distributed Bragg reflector attached to the rear facet. For a new
genre of lasers termed photonic wire lasers!3, which are of interests
in applications such as ultrafast optical modulation* and frequency
tuning®”, their cross-section is much smaller than the lasing wave-
length®. As such, a large fraction of the lasing mode propagates
outside the solid core. From the equivalence of displacement
current and conduction current in the generation of electromagnetic
waves, the electric field outside and along the solid core forms a
distributed emitter. If the emission from this distributed emitter dom-
inates that from the facet, then a HR coating of the rear facet will have
a negligible effect on blocking the backward radiation, which results in
a bidirectional emission pattern even with a HR coating. Here we
demonstrate a novel scheme to achieve unidirectional emission from
linear DFB lasers. By strategically placing monolithic reflectors relative
to the DFB grating, we can enhance substantially the wave in the
forward direction and suppress the wave in the backward direction.

It is well known that the radiation pattern of a linear DFB laser is
the product of the array factor (AF) and the element factor (EF). By
nature, the periodicity of the DFB structure makes the AF sym-
metric in both forward and backward directions. Thus, the only
way to achieve an asymmetric unidirectional emission is to design
and implement a highly asymmetric EF. Terahertz quantum
cascade lasers’ in metal-metal waveguides'® with a cross-section
of about 10 um, which is much smaller than the lasing wavelength
of ~80 um, are chosen here as the photonic wire laser platform for
their easier fabrication because of the long wavelengths.
Furthermore, third-order DFB structures (instead of first-order
and even-order DFBs, which are surface emitting) were chosen
because of their tight (bidirectional) beam patterns'!~%. In addition,

although not essential for the demonstration of unidirectionality,
here we also chose the structure of a third-order DFB coupled
with an integrated microstrip antenna for a superior performance
in the slope efficiency and a high wall-plug efficiency (WPE) of
0.57% in the single-mode operation!*!®>. A periodic antenna-
coupled third-order DFB structure, along with the computed sym-
metric bidirectional radiation pattern, is illustrated in Fig. 1. In a
perfectly phase-matched third-order DFB structure, the periodicity
is exactly A,/2, where A, is the free-space wavelength of the laser. The
laser can be modelled as an array of evenly distributed radiators with
a m-phase difference between adjacent radiators, which results in a
tight bidirectional beam pattern'.

The key conceptual development in this work is the deliberate
design of an asymmetric element structure to ‘skew’ the bidirec-
tional EF into a unidirectional one. The schematic and the com-
puted overall emission beam patterns are shown in Fig. 2. In this
scheme, we explicitly take advantage of a unique feature of photonic
wire lasers, that a large portion of the mode propagates outside the
solid core. As in the work in which the lasing frequency of a photo-
nic wire laser can be tuned by accessing and manipulating the mode
from outside the solid core®’, here we place a reflector that can
reflect a large fraction of the lasing mode propagating outside the
solid core. Unidirectionality can be achieved by placing the reflector
at an asymmetric point of the DFB grating. In this scheme, the EF is
the field of a single aperture in the presence of all those passive
reflectors. However, through simulations, we realized that the
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Figure 1 | Distribution of E, (normal to the page; in arbitrary units) of a
third-order DFB laser for the desired mode under a perfect phase-matching
condition (right) and the corresponding far-field radiation pattern (left).
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Figure 2 | Simple model for unidirectional third-order DFB. a, The aperture
field interacts with the closest reflectors, which act as the new EF. b, A simple
model that approximates the aperture field as a point source (yellow)
interacting with adjacent reflectors. The red arrow indicates a reflected wave
that interferes destructively with the radiated field in the backward direction.
The green arrow indicates a reflected wave that interferes constructively
with the radiated field in the forward direction. ¢, Optimum geometry
designed using full wave simulations (the length unit is micrometres).

d, Simulated distribution for E, in arbitrary units (left) and the corresponding
far-field radiation pattern (right).

aperture field mainly interacts with the closest reflectors. So, for a
qualitative understanding based on a simple model, the new EF is
the aperture field in the presence of the two closest reflectors to it.
This is shown in Fig. 2a. Qualitatively, the aperture of the
antenna-coupled DFB structure can be approximated as an omni-
directional source that emits symmetrically in both forward and
backward directions. The reflector at a distance & from the aperture,
when § < A,/8, reflects the aperture field in a way that destructively
interferes with the backward radiation and causes a preferential
radiation in the forward direction. More quantitatively, the
coefficient of the field reflection from vacuum to dielectric is
r=(1-n)/(1+n) for a transverse-electric plane wave and r<0,
which causes a 180° phase shift at the interface. The additional
phase shift, from a round-trip travelling with a distance of § < A,/8,
is <90°, results in a total phase shift of 180° to 270° between the
reflected wave and the backward radiation from the aperture to
yield a destructive interference. Not obvious, but verified through
simulation, there is also a constructive interference in the forward
direction because of double reflections from the closest reflectors
to the aperture (a double negative-reflection coefficient leads to a
positive coefficient). The overall mechanism in our simple model
is shown in Fig. 2b. Based on this qualitative understanding,
three-dimensional (3D) full-wave finite-element quasi-eigenmode
simulations were performed to explore the optimized reflector pos-
ition and length. The simulation is performed on a 35-element
antenna-coupled third-order DFB with the parameters shown in
Fig. 2c. The optimum values were found to be §=8.5 um <1,/8
(=A/4), where A is the grating period of a perfectly phase-matched
third-order DFB and A, ~ 80 pm. The simulation results are shown
in Fig. 2d. A strong asymmetry in the radiation pattern is produced
because of the reflectors. In the numerical simulation, we found
that the reflector length is not a sensitive design parameter, but it
should be longer than the length of the aperture antenna to be

35 ele.ments

Figure 3 | Fabrication and measurement strategy. a, Array of third-order DFB lasers gold-wire bonded to an electronic chip for nearly simultaneous
measurement. b, Photos of the fabricated array of DFB triplets. ¢, The SEM of a DFB device shows three periods. d, Schematic of a triplet with the

corresponding radiation profile (all dimensions are in micrometres).
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Figure 4 | Measurement results for a unidirectional third-order DFB. a, V-/ measurement for the triplet with an antenna length of 9.5 um. b, L-/
measurement. ¢, Frequency spectra of the lasers. The difference in the lasing frequencies is within the instrumental resolution of 3.75 GHz of the FTIR

spectrometer. a.u., arbitrary units.

effective as the size of the reflectors affects the constructive interfer-
ence in the forward direction. A length of 26 um was chosen based
on optimization algorithms in conjunction with a full-wave simu-
lation. The top metal layer on the reflectors has no effect on the uni-
directionality, because the electric field is largely normal to the metal
strip and so produces negligible surface current.

Several arrays of DFB triplets from this design were fabricated to
verify the unidirectionality in the radiation pattern. Each triplet con-
sisted of a DFB with a reflector placed optimally to radiate in the
desired direction (forward radiator), a DFB with a reflector that is
flipped 180° compared with the one that radiates in the forward
direction (backward radiator) and a reference DFB without a reflec-
tor, which should have a symmetric bidirectional radiation pattern.
The short distance among those three lasers (150 um) minimizes
the variation in device performances caused by fabrication fluctu-
ations. The antenna length (denoted as x in Fig. 3) varies from
one triplet to another to achieve the optimum phase-matching con-
dition. The biasing current is provided to the laser array through a
large bonding pad on top of a thin (2,500 A) layer of silicon nitride
as an isolation layer. The array is gold-wire bonded to an electronic
chip, which enables us to switch the bias electronically among the
triplets to provide the same measuring environment. The pulsed
current-voltage (I-V) and light-current (L-I) curves for a DFB
triplet with an antenna length of 9.5 um are shown in Fig. 4a,b.
The spectra measurement shows a single-mode emission for the
triplet at around 3.83 THz. Similar lasing frequency (within 4 GHz)
and I-V characteristics confirm that fabrication fluctuation is negli-
gible from one DFB laser to another. The lasing-threshold current
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densities for the three lasers are also approximately the same,
which indicates that all three structures have a similar radiation
(mirror) loss, ay,. Clearly, the structure designed for forward emis-
sion delivered a much higher power (by a factor of ~8) than that of
the backward structure, which shows a clear unidirectional radiation
pattern. Furthermore, compared with the reference of a bidirec-
tional DFB, a factor of a 1.8 increase in the output power from
the unidirectional laser is obtained, validating the advantage of
unidirectionality, which is the original motivation of this work.
The measured WPE is 0.87%, which is a good improvement over
the previously reported numbers!*'>.

It is well known that power from a laser is proportional to
(o/(a + @) in which a,, is the waveguide loss'®. The lasing
threshold of the lasers is proportional to (a, + &,)/I" in which I'is
the mode-confinement factor. For the maximum output without a
significant increase in the laser threshold, a,, ~ a,. Through 3D
full-wave simulations, we noticed that to add a reflector to the
DFB decreases the mirror loss slightly (by 2-5 cm™), because the
reflectors increase the feedback, which reduces the radiation loss.
Consequently, the parameters for the optimum design of an
antenna-coupled third-order DFB without a reflector are not the
same as those for the optimum design for a unidirectional DFB.
To make a fair comparison of the relative performance, we further
increased the mirror loss for unidirectional DFBs (and increasing
WPE) by aiming for a,,, = 15 cm™", which is the measured waveguide
loss a,, in a similar structure!’. The schematic of the new design
along with the scanning electron microscopy (SEM) images of the
finished laser cavities are shown in Fig. 5a. The higher mirror loss
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Figure 5 | Measurement results for a unidirectional third-order DFB. a, Schematic of the optimum geometry for the unidirectional DFB with an antenna
length of x =10 pum (left) with SEM images (top view) of the finished cavities (right). Notice the gap-shape difference with the extruded gap design in Fig. 3.
All the dimensions are in micrometres. b, V- measurements from the DFBs with x =10 um. ¢, L-/ measurement. d, Frequency spectrum of the lasers.

e, Single-lobe beam pattern measured with a FLIR camera from the forward radiator.

was achieved (from ~11 cm™ to ~15 cm™") by increasing the gap
size between the cavities and placing the antenna at the gap edge.
The measurement results from this design are shown in Fig. 5b-e.
The similar I-V characteristic and close lasing frequency (within
9 GHz) confirm minimal fabrication fluctuations. The maximum
power of a forward radiator with an antenna length of 10 um is
16.1 mW at a bias of V3=13.1V and I3=124 mA. The resultant
WPE is about 1%. The single-lobe beam pattern of the laser
(Fig. 5¢) was confirmed using a FLIR camera'®. Even though
the main purpose of this work is to develop and demonstrate a
conceptually novel scheme of unidirectional photonic wire lasers,
the absolute performance in terms of WPE is also superior
compared with previously reported results from DFB lasers!*!>.

In conclusion, here we present a conceptually novel structure to
achieve unidirectional emission from photonic wire lasers and
demonstrate clear experimental results to validate the concept.
Compared with a conventional bidirectional DFB laser, the
unidirectional laser has yielded a greater output power by a factor
of 1.8, without any additional fabrication steps or/and external
optics. In a structure specifically optimized for the unidirectional
lasers, we also achieved a record WPE~ 1% for DFB lasers at
terahertz frequencies. Clearly, the scheme of unidirectionality can
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be applied to photonic wire lasers at other wavelengths, but the
optimum reflector properties should be determined based on the
fabrication process and material availability in the frequency
range of interest.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Finite element simulations. The simulations were carried out using COMSOL
Multiphysics version 5.3. The details are provided in Supplementary Information.

L-I-V and spectrum measurement. For pulsed L-I-V measurements, the lasers
were operated at 100 kHz with a pulse duration of 1 ps (10% duty cycle) at a
temperature of 15 K. The optical power was measured with a QMC Instruments
pyroelectric detector with an attached Winston cone for optimum collection, and
electronically chopped at 100 Hz. Spectra were measured using a Fourier transform
infrared (FTIR) spectrometer (Thermo Nicolet 6700) with a QMC Instruments
pyroelectric detector as the external detector.

Power measurement. The relative power measured from the pyroelectric detector
was calibrated using a Thomas Keating absolute terahertz power meter at a 30 Hz
electronic 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 at 100 kHz with a pulse duration of 1 ps (10% duty
cycle) at a temperature of 15 K inside a Cryomech Pulse tube cryorefrigerator
(PT 810).

Data availability. The data that support the plots within this paper and other

findings of this study are available from the corresponding author on
reasonable request.
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