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ABSTRACT

A terahertz quantum cascade laser has been realized from an isotropic disordered hyperuniform design. Such a system
presents a photonic band-gap although it is characterized by an efficient depletion of the long range order. Hyperuniform
patterns allow greater versatility in engineering band gaps in comparison to standard photonic-crystal materials.
Bidimensional hyperuniform patterns were simulated for hexagonal tiles composed of high refractive index disks merged
in a low dielectric constant polymeric matrix. Based on this design, quantum cascade lasers were fabricated by standard
photolithography, metal evaporation, lift-off and dry-etching techniques in a half-stack bound to continuum active region
emitting around 2.9 THz.
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1 INTRODUCTION

Terahertz (THz) quantum cascade lasers (QCLs) are commonly employed in a huge variety of applications, ranging from
metrology', sensing” and spectroscopy’. Most of these applications require sources with an excellent spatial profile, and a
precise spectral control of the emission profile. Consequently, the research has been focused in the development of
distributed feedback grating (DFB)*’, or alternatively on two-dimensional photonic crystal (PC)®’ designs. While
periodic photonic systems have been thoroughly investigated, research into photonic band gap (PBG) materials has not
been fully exploited to date. Aperiodic photonic systems, such as quasi crystals *°, offer a higher level of complexity,
such as rotation symmetries prohibited by conventional periodic systems, and a larger degree of freedom given by a
richer Fourier spectrum. Even though quasi-crystals lack translational symmetry, they still present long-order range and a
quasiperiodicity. These features can be used for realizing non conventional laser cavities, such as a Penrose lattice
arrangement'’. An alternative concept is the random laser'!, which relies instead on the creation of scattering paths within
a disordered laser active material. Even more intriguing is the possibility of engineering isotropic disorder in a material
where the long-range order is suppressed but still the distribution exhibits a photonic band gap. These PBGs can be tuned
by acting on an order parameter which regulates the distribution properties. The work presented here is based on this
latter approach. In particular, a hyperuniform distribution pattern was investigated, which is characterized by the total
suppression of density fluctuations for long wavelengths'>'*. An active region design emitting at 2.9 THz, was processed
into a disordered hyperuniform distribution of pillars, exhibiting a photonic band gap as large as 18% approaching the
band gap of a conventional PC. The device lases on a localized mode at the lower edge of the band gap, which has been
scaled in order to match the gain profile of the active region, representing the first demonstration of lasing action in such
a disordered structure.

2 THEORETICAL BACKGROUND AND SIMULATIONS

The procedure for the realization of a 2D hyperuniform pattern, according to Ref. [12] is based on a 2D scatterers
distribution wherein the density fluctuations grows more slowly than the sampling window itself. In reciprocal space,
this corresponds to a structure factor S(k) that tends to zero for wavenumbers k that tend to zero. The structure factor
S(k) is defined in Eq. 1:
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S (k)= iexp(ikr,)

i=1
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where N is the total number of scatterers in the distribution and r; the scatterer positions in direct space. The global
properties of the distribution are isotropic while locally the system is anisotropic. Alternatively, a hyperuniform system
can be characterized by an efficient depletion of the long range interactions. In particular, an interesting subclass of
hyperuniform distributions was chosen, which is isotropic, disordered and characterized by a structure factor S(k) exactly
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Figure 1 a) 2D finite element simulations performed with the commercial software Comsol Multiphysics of a hyperuniform
pattern with an order parameter x=0.7 of disks with refractive index n= 3.55 merged in a low dielectric medium with n =
1.58+i*0.0087, simulating the active region and the Cyclotene resin, respectively. The surface represents the Electric-field
of the optical mode while the line corresponds to the far-field normalized, being the deformation proportional to the
intensity. The mode has an eigenfrequency of 2.87 THz, and is the one with the highest Q factor on the lower edge of the
photonic band-gap. b) Q factors and confinement factor I' of the modes supported by this structures.

equal to zero for k lower than a critical value k.. In this case, it is more convenient to define a parameter y which
represents the fraction of wavenumbers k in the Brillouin zone that are set to zero. The distribution is obtained by
depleting a region in the k-space with a total number of M (<N) scatterers and the y parameter is consequently calculated
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as M/N, thus varying between 0 and 1. The higher the  factor the higher the degree of hyperuniformity. For sufficiently
high y the system develops long-range translational order, and the system evolves towards the standard photonic crystal
periodic arrangement. On the other side, for low y values the system does not present a PBG. This peculiarity, the
presence of a PBG which is normally associate to long-range order, in this kind of disordered distribution is counter-
intuitive and it represents one of the most fascinating feature of this approach. The PBG size increases with the level of
hyperuniformity and short-range geometric order (the variance in the link length between a scatterer and its first
neighbors) of the system. The interaction between these two effects with the Mie resonances of the scatterers for optimal
disk radii and links gives rise to the formation of a PBG. The hyperuniform pattern was generated within the first
Brillouin zone of a triangular lattice of disks. This lattice distribution based on high index scatterers in a low index
background was preferred since it yields in conventional PC devices the largest PBG for TM modes, as required
by the selection rules for THz QCLs. A distribution characterized by an order parameter y=0.7 was chosen since it
offers a trade-off between having localized modes and a sufficiently large overlap of the mode with the active region
(AR). The final design consists of a hyperuniform distribution of disks arranged in a hexagonal tile. This pattern was
transferred in a finite element method solver (Comsol Multiphysics v4.2), where the eigenmodes are simulated using the
effective index approximation, in order to simulate the real device, as shown in Fig. 1 a). The 2D hexagonal distribution
consists of disks, with refractive index n of 3.55, diameter of 11.5 pum and a relative distance of ~25 pm. These pillars
are surrounded by a dielectric polymeric matrix, simulating the resin Cyclotene, with n =1.58+i*0.0087.

Figure 2 a) Scanning electron microscope picture (SEM) of the 6.55 um high pillar distribution. The highest Q factor modes
were frequency centered around 2.9 THz in order to match the gain curve of the active region. The 2D pattern was etched
through the active region with a reactive ion etching process by using metal masking; b) detailed picture of the etching
profile. Even though it is possible to observe a re-deposition of the material on the pillar' sides, the sidewalls are nominally
vertical.

The polymer Cyclotene (3022-46 from Dow Company) was chosen as the low refractive index material, because of its
low losses in the terahertz range, good thermal and mechanical properties and its previously successful use in the
fabrication of conventional photonic crystal THz QCLs®. The eigenfrequency analysis reveals the opening of a TM
photonic bandagap as large as 18% of the central frequency, as shown in Fig. 1 b). The modes on the lower edge of the
gap, centered around 2.87 THz, have a maximum of the E-field in the active region pillars, with a confinement factor of
~80%, as shown in Fig. 1 b). The confinement factor is evaluated through the overlap integral I', which is defined as the
integral of the optical mode electric energy density within the active region, normalized to the same integral calculated
over the whole space, as reported in Eq. 2, where ¢ is the dielectric constant;
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Among the many optical modes supported by this structure, the localized ones at the lower border of the band edge
emerge with a higher Q factor >170, as shown in Fig. 1 b). It is assumed that lasing action will take place on these modes
because of the higher Q factor. The modes on the upper edge of the PC gap have a node passing through the pillars, and
therefore a lower overlap integral I" as shown in Fig. 3 b).

3 DEVICE FABRICATION

A 6.55 pum thick active region based on a bound to continuum design and emitting around 2.9 THz has been used for the
device fabrication. It is a repetition of the bound to continuum design reported in Ref. 14 but with only 45 repetitions.
Reactive-ion-etching (RIE) process allowed the fabrication of pillars with vertical sidewall in half stack active region by
using metal mask. The etching of more powerful, full stack active region into pillars with acceptable vertical sidewall
would require the use of a different equipment; an inductive coupled plasma (ICP) RIE. The active region was wafer
bonded using Au-Au thermocompressive bonding on n* GaAs substrate. The hyperuniform pattern of metal (Ti/Au 7/250
nm) disks was transferred on the top surface of the active region through standard lithography, thermal evaporation and
lift-off. This pattern was then etched through the whole active region using a reactive ion etching process, thus realizing
a 3D hyperuniform patterns of pillars. The RIE process used a gas mixture of 4:10 SiCl4:Ar, a pressure of 25 mTorr, a
power of 100 W, temperature of 25° C for a total etching time of 22 minutes. Fig. 2 a) shows the pillars patterns
transferred in the active region and b) a detail of the etching profile. The next critical step was the spinning and
processing of a Cyclotene (BCB) layer to achieve an efficient surface planarization. The BCB layer is spun at 4000 rpm
and then thermally cured up to 265° C for two hours with the final result to completely cover the top of the pillars as
shown in Fig. 3 a). In order to uncover the top of the pillars to allow the top contact metal evaporation, the BCB layer
was etched using a Plasma-Pod RIE machine from JLS Designs, with 75 W power, a mixture (60%-40%) of CHF /O,
and a pressure of 60 sccm for 3 minutes. The pillars head are then exposed as shown in Fig. 3 b). As a final step of
lithography, metal (Ti/Au 10/100 nm) thermal evaporation and lift-off is needed for the realization of the top contact.
The final device is then mounted onto a copper block, and wire bonded.

Figure 3 a) SEM picture of the pillars completely covered after spinning and curing the BCB layer. b) SEM picture of the

pillars' heads exposed after having dry etched the sample with a CHF5/O, mixture in a reactive etching machine. This is a
critical step which is required in order to define a metallic top contact layer and to bias the device.

4 MEASUREMENTS

The lasers were tested on a cold-finger cryostat in pulsed operation mode with a repetition rate of 100 kHz and a duty
cycle of 20%, with the power measurements being taken by a Golay cell and lock-in amplifier. The light was collected
using parabolic mirrors with 7 cm focal length and then focused on the Golay with a second parabolic mirror having
focal length of 10 cm. The electronic transport and power characteristics are compatible with the previous results for this
active region and are shown in Fig. 4 a). The device shows lasing action only up to 35 K, as reported in Fig. 4 b), instead
of the 85 K reported for standard double metal QCL fabricated from this active region operating with 5% duty cycle.
This performance reduction can be attributed to several detrimental factors. The non-ideal circular geometry and size of
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the final pillars, as shown also in Fig. 2 b), is considered to be the principal cause together with the lateral surface
roughness. The discrepancy between real and simulated structures can be attributed to minor imperfections in the
metallic disk geometry during the first lithographic step, which is then propagated in the etching process, such that the
final device did not lase on the maximum of the gain curve. A non uniform top contact evaporation and the wire bonding
are other critical factors which could affect the final performance of the device. The low power emission did not allow
far-field measurements to be taken. Thicker and more powerful active region design could be employed yielding higher
power level. The fabrication of such structures, with typical thickness of ~ 12 um, requires the use of inductive-coupled
RIE, which would also help in improving the quality of the etching, in terms of vertical sidewall profiles and roughness.
However, the aim of this work was to demonstrate lasing in an unconventional cavity design.
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Figure 4 a) Voltage-bias-power characteristic curves of the device for 100 kHz repetition rate, 20% duty cycle, 4 K
temperature. Lasing occurs for bias compatible with the reported curves for this active region. b) The maximum lasing
temperature reported is 35 K.

5  CONCLUSIONS

In conclusion, we have demonstrated the first realization of lasing action in an isotropic, disordered hyperuniform
distribution. This result has been accomplished by realizing a THz QCL based on a pillars distribution etched in a 2.9
THz emitting active region. A protocol for the design of hyperuniform distributions was successfully developed and the
final pattern was investigated and simulated with finite element method analysis. Simulations and measurements confirm
lasing action in localized optical mode located at the bottom of the photonic band gap. This result paves the way to the
realization of lasers based on this concept presenting different degree of hyperuniformity, thus different mode
localization and consequently far-fields and power emissions. This opens the path to non-conventional mode engineering
with respect to conventional PC and quasi-crystal lasers.
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