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1. Methods
Active region and fabrication

The active region is based on a three-well longitudinal-optical (LO)
phonon depletion design [1] with a designed emission frequency
around 3.9 THz. It was realized with GaAs/Al0.15Ga0.85As
heterostructures, grown by molecular beam epitaxy. The layer
sequence starting from the injector barrier in nanometers is
2.8/8.5/4.5/5/6.4/5/4.5/8.5 (barriers in bold font). The center
6.4 nm of the 16.4 nm well is homogeneously n-doped with a
density of 5.2 × 1016 cm−3 (underlined). The QCL module is
repeated 222 times giving a total thickness of 10 μm. The active
region was fabricated into a double-metal waveguide geometry
with Au waveguide layers for vertical mode confinement, using a
thermo-compression wafer bonding process. The resonators
including the scattering elements were realized by structuring the
top metal layer, acting as a self-aligned etch mask, using a photolithography/lift-off process and a subsequent reactive ion etching
step, removing the active region material around the cavity and in
the scattering elements. All devices were fabricated with a total
cavity diameter of 500 µm in order to obtain a large emission
aperture. The processed devices were mounted on a copper heat
sink with indium and electrically contacted using a wire bonding
technique.
Measurement Setup

The lasers were mounted in a liquid helium cooled flow cryostat
which is attached to a Bruker Vertex 80 Fourier transform

spectrometer with a resolution of 2.25 GHz, collecting laser
emission within an angle of 28°. The emitted radiation is measured
using an integrated pyroelectric deuterated triglycine sulfate
(DTGS) detector. Unless mentioned explicitly, all measurements
were performed at a heat sink temperature of 5 K. For polarization
sensitive measurements, a wire-grid polarizer is placed between
the laser and the spectrometer. All measurements were performed
in pulsed mode operation with a pulse length of 500 ns and a
repetition rate of 80 kHz, modulated with 10 Hz in order to detect
the signal with lock-in techniques. For the far-field measurements
the cryostat is detached from the spectrometer and the emitted
intensity is measured with a DTGS detector which is mounted on a
2D translation stage placed in 65 mm distance to the sample.
Measurements of the absolute power were performed using a
calibrated thermopile detector, mounted inside the cryostat,
without any collimation optics. The obtained values were not
corrected for the collection efficiency.
Device Modelling

A simplified model based on the emission from discrete noninteracting oscillating dipole sources, is used to simulate the
coherent emission from the random laser. Each dipole is located at
the center of the corresponding hole
and has a certain
orientation of the (real-valued) dipole moment in the x,y-plane
and a constant temporal phase . For the calculations presented
in Fig. 3, all dipoles are assumed to be in-phase
= 0. In Fig. S4,
the dipole-phases are chosen randomly in the range − <
<
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. The electric field in the far-field limit (
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where N is the number of holes. If all dipole moments are oriented
in the same direction and have the same temporal phase φn,
= 1.
The results of the 3D finite-element model are obtained by solving
the time-harmonic Maxwell equation for the electric field
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where r is an observation point in the far-field, k is the wavevector
and ω is the angular frequency. The radiant intensity (radiant flux
per unit solid angle) is then given by
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where Sr is the radial component of the Poynting vector and Z is
the impedance of free space.
The near-field net-polarization, important for directional emission,
is quantified by
≔

1

‖

,

=

(∬ ,

( , )
∬,

(S3)

‖ = 1,

) ∙ (∬ ,
( , )∙

( , )

( , )∗ +

)

( ) = 0,

(S4)

where
are regarded as the eigenvalues of the differential
equation and
as the eigenmodes of the system, commonly
referred to as the quasi-bound states. In addition to that outgoing
boundary conditions are imposed by employing a Cartesian
perfectly matched layer (PML). The two metal waveguide layers
(see Fig. 4(a)) were approximated by perfect electric conductors
satisfying × = 0 on the interface, where n is the normal vector
to the surface. The active region was modeled as a dielectric with
effective refractive index
= 3.6. Note that the bonding wire
was not incorporated in our model, due to its minor influence on
the far-field [2].
The calculation of the electric field in the finite sized box confined
by the PML was carried out using the open source library ngsolve,
based on a high order finite element discretization technique, and
the PARDISO LU-solver. The far-field was calculated using the
Stratton-Chu formulas in the far-field limit with the open source
boundary element library BEM++ [3]. We defined the near-field
net-polarization, evaluated on the plane 1 µm above the top of the
laser cavity, as
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with the electric field components in x,y and z direction
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2. Far-Field Statistics

3. Influence of the Number of Modes on the Far-Field

To prove the robustness of the effect of directional emission, we
performed a detailed study on several devices with different hole
configurations and filling fractions. In Fig. S1, the spectra and farfields of two devices with 34% filling fraction and different hole
arrangements are compared, showing different far-field patterns
and spectral characteristics.

In the experiment, the number of lasing modes depends on the
pump strength (applied bias voltage). The far-field of a device is
measured at several bias points, revealing that, according to the
model presented in the main text, the far-field quality is improved
if more modes are lasing, see Fig. S3.

Fig. S1. Comparison of the measured far-fields and spectra of two
random lasers with 34% filling fraction. Due to the different hole
arrangements, different modes and far-field patterns are obtained.

Measurements of multiple devices with different filling fractions
reveal a general trend for the far-field quality to have an optimum
at a filling fraction near 18%, as illustrated in Fig. S2 (see also a
corresponding discussion in the main text).

Fig. S3. Measured far-fields and spectral characteristics at different
bias voltages. The measurements correspond to the device with 18%
filling fraction, presented in Fig. 2 in the main text. The far-fields and
the spectra were recorded at heat sink temperature of 5 K at three
different bias conditions (pump strengths). While the number of
modes is increasing for increasing pump, the far-field quality improves
in terms of less pronounced interference effects.

4. Far-Field Polarization
According to the models presented in the main text an in-phase
near-field net-polarization leads to a linear far-field polarization of
the vertically emitted radiation, see Fig. 3(e). Measurements that
we performed on devices with 34% filling fraction show that each
spectral component of the far-field is mainly linearly polarized, see
Fig. S4.
In Fig. S5a the influence of the near-field phase on the far-field
directivity is shown. It can be seen that even adding a random but
static temporal phase to each dipole emitter preserves the
directional emission. Fig. S5b depicts the degree of linear far-field
polarization (calculated using the Stokes parameters) vs. near-field
net-polarization for in-phase and random-phase dipole emitters,
showing a lower far-field polarization for a random dipole phase.

Fig. S2. Experiments on altogether 12 devices with different hole
arrangements and filling fractions (see different rows) show that the
far-field directionality shows an optimum near 18% filling fraction.
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and the far-field intensity at different polarizer angles
°,
° . The values were obtained for the far-field emission
within 28°, corresponding to the geometry of the measurement setup.
For in-phase dipole emission, a higher degree of linear polarization in
the far-field is obtained.
°

°,

°,
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Fig. S4. Measured polarization of the individual spectral far-field
components. For the measurement a wire grid polarizer is placed in
between the cryostat window and the FTIR spectrometer to analyze
the polarization properties of the far-field emitted perpendicular to the
laser surface. Due to the optical arrangement, mainly the central lobe of
the laser emission is measured. The individual laser modes are mainly
linearly polarized since the signal almost vanishes for the polarizer
arranged parallel to the mode polarization. Moreover, the polarization
is different for the individual modes, implying an unequally oriented
near-field net-polarization, which is in agreement with the dipolemodel and the 3-dimensional calculations, discussed in the main text.

Fig. S5. Influence of the near-field phase on the far-field directivity. (a)
The calculations were performed using the dipole model, discussed in
the main text. The directivity is defined as the radiation emitted within
an angle of 10° in surface direction. The results show a similar behavior
of the directivity, regardless whether the dipoles are chosen to be inphase ( = 0, dashed lines) or if each dipole has a random (but
< (solid lines). (b) Degree of
constant) temporal phase − <
linear polarization vs. the near-field net-polarization for dipoles
emitting in-phase and with random phase (35% filling-fraction). The
values corresponding to the measured modes in Fig. 3(f), and Fig. S4
are indicated by dashed horizontal lines, since the near-field netpolarization cannot be directly determined in the experiment. The
degree of linear polarization is calculated using the Stokes parameters,
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