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Abstract

Random lasers employing multiple scattering and interference processes in highly disordered
media have been studied for several decades. However, it remains a challenge to achieve
broadband multimode random laser with high scattering efficiency, particularly at long
wavelengths. Here, we develop a new class of strongly multimode random lasersin the terahertz
(THZ2) frequency range in which optical feedback is provided by multiple scattering from metal
pillars embedded in a quantum cascade (QC) gain medium. Compared with the dielectric pillars
or air hole approaches used in previous random lasers, metal pillars provide high scattering
efficiency over a broader range of frequencies and with low ohmic losses. Complex emission
spectra are observed with over 25 emission peaks across a 0.4 THz frequency range, limited
primarily by the gain bandwidth of the QC wafer employed. The experimental results are

corroborated by numerical ssmulations which show thelasing modes ar e strongly localized.
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Random lasefs are a special class of laser in which the lasing modes are confined by the multiple
scattering of light from randomly-placed scatterers, rather than by a well-defined oatitg. Such

lasers are host to a number of complex and intriguing physical phenomena such as mode localization
and de-localizatioh’, complex gain competition and mode couplifigand strong light-matter
interaction®. To date, researchers have achieved random lasing in a wide range of random media
including nanocrystalline ZnO powdér§ ceramic', organic composité§ air holes drilled ito
semiconductor membrart@s fibre core$’, and nanoparticles (e.g., TOZnO, GaN, gold/silver
nanoscatterers, and even graphene nanoflakes) dispersed in fluoresckht'8lyls addition to the
fundamental scientific interest, random lasers are highly promising sources of broadband, low spatial
coherence yet high intensity illumination, with promising applications in display lighting, biological

probes®, and optical imagirfd.

Electrically-pumped random lasers based on quantum cascade (QC) heterostructures have recently
been developéd?*. Operating at mid-infrared or terahertz (THz) frequencies, these devices consist of
randomly-distributed air hol&s? or dielectric pillaré®?* fabricated from QC wafers. In particular,

THz quantum cascade lasers (QCLs) consisting of QC pillars embedded in a low-index polymer have
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been shown to exhibit multi-mode emission and strong mode localiZaticey features required for a

low spatial coherence light source. A typical device based on this design exhibited thirteen random
lasing peaks, emitted from a 100t x 1000um area in the frequency range of 3-13.4 THz. The
operating frequency range coincided with a “lower band edge” adjacent to a spectral pseudo-gap,

where modal quality (Q) factors were strongly enhanced. This aspect of the design imposed a

fundamental limit on the frequency bandwidth of the multi-mode random laser.

In this paper, we report on the design and implementation of a new type of electrically-pumped THz
random QCL, in which the structures comprise metal (Au) pillars embedded at random positions in the
QC wafer. Unlike the previous design that used dielectric pillars, metal pillars are able to sustain high
Q factors over a much broader frequency range, extending over several THz above the cutoff
frequency”. At these frequencies, the metal pillars have extremely high scattering efficiencies
(comparable to, or exceeding, thasedielectric pillars with three times the radius; $égure 1b),
allowing for the strong confinement of the random laser modes, whereas the ohmic losses are
essentially negligible. We are thus able to demonstrate > 25 lasing peaks from a ~ 500 um % 500 um
sample: i.e., twice the number of peaks from a quarter of the area compared to our previously-repor
THz random QCE%. These lasing peaks are presently limited to a range of approximately 0.4 THz,
determined by the gain bandwidth of the QC wafer. By using QC wafers with larger gain barfdwidths

it will be possible to achieve ultra- broadband random lasing (~ 1 THz).

There have been a number of studies of metallic photonic crystals comprising metal pillars arranged
in an ordered two-dimensional (2D) lattice. Such structures can produce an exceptionally broa
photonic band gap ranging from zero frequency to a cutoff frequency, usually at GHz szdlei,
with interesting applications for RF-scale waveguides, filters, polarizers, and other @eVices
Bayindur et af® have shown that in disordered lattices of metal pillars, the low-frequency band gap is
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extremely robust against disorder, and the power spectrum is elevated in a broad frequency range above
the gap. However, systematic research on the scattering property of individual metal pillar, optical
cavities and experimental demonstration of photonic active devices with disordered metal pillar lattice

have not been reported yet to the best of our knowledge.

Here, it is found that disordered lattices of metal pillars have excellent optical properties and are
superior to the widely used random structures, e.g. random dielectric pillar structure and random air
hole structure, for the application of THz random ladéigur e 1a shows the simulated 2D transverse-
magnetic (TM) optical power spectrum of a disordered lattice of circular Au pillars embeddetisn Ga
(representing the QC wafer medium). For comparison, we also show simulated results for two other
random structures corresponding to previously reported random QCLs: dielectric pillars (GaAs) in a
benzocyclobutene (BCB) polymer backgrotia@nd air holes in a GaAs backgrotd he structures
each comprise 680 scatterers (Au pillar, dielectric pillar, or aisha@ndomly distributed in a region
of 500 um x 500 um. An identical random placement is used for each structure. The circular scatterers
have different radii R, witlR = 4 um for the Au pillars, andR = 6.4 um for the dielectric pillar and the
air holes. The positions of the scatterers are determined by a random placement algorittim with
same placement constraint used in Ref. 24 to generate short-range order. It is worth to meftti®n that
scatterer position generation method and the scatterer size are optimized for dielectric pillar structure in
the application of multimode localized random lasing around 3 THz range (see Ref. 24 Tanxt| Sl
Figure S1 and Figure S3). The refractive index of GaAs is taken to be 3.60, the refractive index for

BCB is 1.58, and the complex dielectric function of Au is

&, =6, ——5—— (1)



wherew, = 1.37 10 rad/s is the plasma frequeneys 0.15 ps is the Drude scattering time, ane

1 is the high-frequency limit of the dielectric constant; these are standard values bagetameter

fit in the far-infrared frequency rarfdeTo calculate thgpower spectrum2D finite-difference time-
domain (FDTD) simulations were used. In the simulations, randomly distributed multiple dipoles were
used to inject Gaussian pulses into the structure. Time evolutions of the electric field at different
positions were recorded and summed before being Fourier transf8rrtedas focusd on T™M

polarization because QCLs (unlike traditional semiconductor diode lasers) emit with this poldfization

The results inFigure 1la show that the disordered lattice of Au pillars has a spectral gap at low
frequencies. Over a broad range3 THz) above the gap, the spectrum is dominated by numerous
high-Q resonance peaks. It will be shownRigure 2 that the corresponding resonant modes are
strongly localized. Owning to the interplay between Mie resonances and short-range order, the
dielectric pillar structure supports pseudo-gaps at ~ 3.5 THz and ~ 6 THz (not so obvious due to the
weak short-range ordéf) High-Q “bandedgeé resonance peaks with localized modal profiles can only
be found in its spectrum (vertically shifted down by &Qu. for clarity) over a significantly narrower
frequency range lying below the pseudo-gaps. As for the air hole structure, its spectrum (vertically
shifted down by 1D a.u. for clarity) is relatively featureless and the typical resonant modes are
extended, which can be attributed to the poor scattering efficiency of air holes for TM polaffzation
For further discussions of the optical property of the metal pillar and dielectric pillar structures, see Sl

Text, FigureS1-S3.

To unveil the theoretical basis and further outline the advantages of the disordered metal pillar lattice,
Figure 1b compareghe scattering efficiency of individual scatterer in each of the three casAst
pillar in GaAs,a GaAs pillar in BCB, and an air hole mmGaAs background. Here, the scattering
efficiency(Qsco is defined as the dimensionless ratio of the total scattering cross section (which, in 2D,
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has units of length) to the pillar diameter. These numerical results were obtained by partial-wave
analysis(seeM ethods). It can be observetthat the scattering efficiencies of the dielectric pillars vanish

at low frequencies; at higher frequencies, they exhibit a series of broad peaks (the Mie resdhances),
lowest occurring at around 3 THz. By contrast, the scattering efficiencies of the Au pillars diverge a
low frequencies, and decrease with increasing frequency within the plotted range, with pillars of
smaller radius having a higher scattering efficiency. Below around 3 THz, their scattegenets

exceed those of the dielectric pillars. The scattering efficiencies of the air holes are substantially lower

than the other two types of scatterer.

The divergence of the scattering efficiency of metal pillars at low frequencies is consistent with Mie
theory, which states that the scattered far-field profile for a cylindepeffect electrical conductor is
given, to the lowest order of the cylinder radius R?by

T 1 G
ES— o ékr—|7r/4 2
- = 5o\ 2 (INkR)? @)

where r is the distance from the center of the cylindgis Ehe amplitude of the incident wave, and k is
the radiation wavenumber in the background medium. Thus, to the lowest order in R, the scattering
efficiency is

1
kR(In kR)?

2
Q — Osca — ﬂ-_

sca
2

R (3).

This diverges in the limikR «1, similar to the numerical results shownFigure 1b (we emphasize,

however, that the Au pillars are not assumed to be perfect conduckogsiie 1b).

The fact that Au pillars have high scattering efficiency at small radii is advantageous for random
lasing. It allows a strongly-scattering random medium to be achieved with relatively low filling
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fractions (FF) of Au pillars, so that the background QC gain medium occupies a larger relative area.

The transport mean free patltdn be estimately?

1 7R

! :pasca(l—<COSa>): FB Q.x( :( cos))

(4)

t

wherea is the scattering far-field angle for a single scatterer. For the Au pillarrecdf®= 4 um) at a
frequency corresponding to free space wavelength of 100 pm, we estimatéa:bme)tz 0.08¢ by

calculating the scattering far-field intensity distribution of a single Au pillar. This yields a transport
mean free path of £ 46 um for FF = 10%, much shorter than the system size (typical system size is ~

500umin this work), indicating the strong localization property of the random structure.

The optical modes of 2D disordered Au pillar lattices have been studied via finite element method
(FEM) simulations performed using the Comsol Multiphysics package. In these simulations, out-of-
plane radiative losses were not accounted for, only the ohmic losses within the pillars and in-plane
radiative losses from the sample edges. A perfectly matched layer was used to eleflections
from the simulation domain boundaries. The Au pillars have radius R = 4 um, and are randomly
distributed, without overlap, within a 500 um x 500 um region. We have studied several different FFs,
ranging from 6% to 20%, solving for eigenmodes of the open system within the frequency range 2.95
THz — 3.45 THz (the gain width of the actual QCL wafer). To illustrate the intrinsic resonant property

of the random structures, the optical gain was not considered in the calculations.

The results are shown kigure 2. For low-FF structures (e.g. 6%), the typical optical mode extends
over a broad area. With increasing FF, the modes become more confined; for 18% FF, eaish mode
strongly localized to within a few multiples of the mean inter-pillar separation, centered apanran

part of the sample.



To quantify these observatiorisigure 2d plots the mean Q factors, effective modal size and

ohmic loss rate as a function of pillar FF. The modal size is defifféd as

Lo =L [y xixy | /[ 1 cyyanay ] ©)

and serves as an estimate for the localization length scale. The Q factor of each optical mode is

calculatedby Q=w, /2w , wherew, + i is the complex eigenfrequency of the mode. The loss rate is

defined as2w /c, where c is the velocity of light in the medium. All three quantities plotté&dguare

2d are obtained by averaging over the 150 highest-Q eigenmodes within the 2.95 3[#& THz
frequency range, and for five independent sample configurations for each FF. From these results, it ca
be found that the Q factors increase with FF up to around-12686, before subsequently decreasing

This decrease can be attributed to increasing ohmic losses; to show this, the mean ohmic loss within the
structure (again averaged over the 150 highest-Q eigenmodes) is also plotted, which is found to

increase approximately linearly with FF.

The modal size d¢ decreases with FF, indicating that increasing the concentration of scatterers
improves in-plane mad confinement. In the P2 — 16% FF range, where the Q factors are maximum,
we obtain g ~ 60 um, which is approximately twice of the wavelength within the QC medium. For
larger FFs, sub-wavelength confinement could be achieved, at the cost of lower Q factors and a reduced

gain area.

Simulations have also been performed to compare modal Q factors for the present Au pillar design
andaprevious design based on dielectric pillars embedded i*BEBr the former, we take R = 4 pm
and FF = 13.6%, consistent with the discussion above. For the latter, we ehdigdectric (QC

medium) pillar radius R = 6.4 um with the same scatterer positions (thus, FF ~ 35%), so that ¢he high-



“bandedg® modes are aligned with the 2.95 THZ.45 THz gain spectral range. In both cases, the
total sample size is 500 um x 500 um, and eigenmodes with Q < 200 are discarded of which the optical
losses cannot be compensated by the dgagure 3 shows the resulting frequency distribution of the

high-Q modes averaged for five different configurations.

In the dielectric pillar design, a clear bandedge effect around 3.2-T3:#5 THz can be observed
where the mean Q factor and the number of high-Q modes are both significantly peaked. In the Au
pillar design, however, the mean Q factors over the entire frequency range agb as tiie highest
mean Q factors achieved by the dielectric pillar counterpart. Moreover the number of high-Q modes of
the Au pillar design is over 50% larger. It is also observed that for the Au pillar design, theQmea
factors and number of high-Q modes both increase slightly with frequency. This can be attributed to the
higher density of optical states at higher frequencies. These results demonstrate that metal pillars are

advantageous for achieving multi-mode random lasing over a broad frequency range.

In random QCLs witta dielectric pillar design, to optimize the laser performance, the scatterer size
should be carefully chosen to align “bandedge” resonance peak with the gain peak of the laser
mediunt’?*3* (also see S| Text,ifure S1 and Fgure S3). In the present work, there is no such
requirement on the Au pillars owing to the frequency-insensitive scattering efficiendyigsee 1b)
and broadband property (sEgure 1a). As the gain is provided by the background medium (the THz
QCL), it is desirable to maximize the area ratio between the gain medium and the pill&s whil
maintaining the overall scattering strength of the random structure. Therefore, smaller scaitterers w
reasonable FFs are preferred, especially considering that the scattering efficiencynudltbepillars
is higher than that of the larger ones (Begure 1b). In this work, the radius of the Au pilles chosen

to be 4 um; this valuis determined primarily by the difficulty of fabricating pillars with smaller radii.



To fabricate the randomly distributédi pillars, air holes with radii ~4m were etched through the
QCL active region and then deposited $iWAu (200 nm /30 nm /1400 nm) over the device,
including on the side walls and bottom surfaces of the etched voids. As the electric field is unable to
penetrate through the metal layer, each scatterer resembles a cylindrical Au pillar. The ingafating
between the bottom of each Au scatterer and the bottom contact layer is ver{~sb@@linm), so its
influence on the scattering efficiency of the scatterer and the field distributions of the eigenmodes is
negligible. Irregular jagged mesa boundaries were created to minimize specular refectiaghefrom
edges of the sample. The light emitted from within the random cavity is extracted from emission
apertures randomly etched into the top contact metal layer; these small openings have FF = 5% with
radii ~ 2.5 um, and are positioned so that they do not overlap with the scattering pillars.allhe sm
random apertures mainly work as outcouplers. As the scattering efficiency of these openings is very
weak, they exert little influence on the in-plane modal localization, verified by 3D FEM simulations

using Comsol Multiphysicgsee S| Text, igure St and S5).

The THz QCL wafer used in this worls based on a three-well resonant-phonon GaAs/
Al 15Gay g5AS desigﬁs, with gain curve spanning from 2.95 THz to 3.45 THz. As the THz laser adopts
subwavelength double-metal structure in the vertical direction, the optical field in the vertical direction
is uniform. Therefore, 2D simulation results are instructive for the design of 3D real random metallic
structures. A variety of samples were fabricated with metal pillar FFs ranging from 10% to 17%. As a
reference, doublesetal ridge lasers on the same QC wafer, with a size of 2 mm x 106 um, were also
fabricated and characterized. All the devices were driven by a pulser with a repetition rate of 10 kHz

and a pulse width of 500 ns.

Figure 5 shows the light-current-voltage (LIV) curves and emission spectra of a random QCL with a
FF of 12%. The lasing threshold at 9 K is ~ 1.53 kAlcstightly higher than that of a ridge lagér33
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kA/cm?). The highest working temperature is around 95 K and the peak power reaches 0.46 mW
without correcting for light collection efficiency. The power performance is mainly limitechéy t
guantum cascade wafer used, as the highest peak power achieved by the ridge laser is oflfitlh mw.
increasing pumping intensity, the gaipectral center of the QCL experiences a blue’8hifhich is a

typical feature of the three-well resonant-phonon active region design employeariteiteencehe
principal emission peaks also shift towards higher frequen€iggwre 5b shows three complex
emission spectra at different pumping currents, covering the entire dynamic range 3:03.4617Hz,

mainly limited by the gain of the QC material. More than 25 emission peaks can be observed, which is
almost twice of the number of emission peaks for the previously-reported dielectric random structure,
despite the fact that the present devices have only a quarter of thé @maparable emission
performances are also found for the devices with different random metal pillar strysteed Text,

Figure S7). The performance of the laser could be further improved by employing even lower-loss

material, e.g., Cli, to replace the Au as metal pillars and top/bottom contacts in the structure.

In conclusion, we have demonstrated 2D multimode THz random QCLs with metal (Au) pillars for
the first time. Metallic scatterers have previously been utilized in random lasers operating in the visible
frequency rande®!’*"® thanks to the surface-plasmon enhancement of the optical scattering
efficiency and the localized electromagnetic field. However, such scatterers also intsmphifteant
light absorption, which is detrimental for practical laser devices. In the THz frequency range, by
contrast, the metallic ohmic loss is almost negligible. Compared to previously-demonstrated random
QCLs, the present design is notable that the metal pillars praviigh scattering efficiency over a
broad spectral range for TM-polarized THz QCL light. We have observed more than 25 emission
modes in the frequency range 3.05 TH2.45 THz, which is double that observed in previous designs,

and from one quarter of the device area of the previous designs. The emission spectral range is mainly
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limited by the gain bandwidth of the QC wafer. In the future, ultra-broadband random lasing (~ 1 THz)
with low spatial coherence could be demonstrated by moving to QC wafers with larger gain

bandwidth&®.

METHODS

Scattering efficiency calculation. The scattering efficiencis calculated by considering TM wave

scattering from a cylindrically symmetric pillar. The out-of-plane electric fe(d) obeys the wave

equation:
{v%e(r)md,ext(%)ﬂw(r)=o, ©)

wheree(r),.q,» £(r)., are the dielectric constants inside and outside the rod, respectively. We make the

ansatz:y (r)=y,.(r)+w(r) , wherey, (r) <€<“is the incoming wave angr_(r)is the scattered

wave. By solving the above equations with boundary condition matching: B, where R is the

pillar radius, the scattering efficiency can be given by:

O-sca_i 2
Qu="2=—=[ ol ), (7)

_ efiﬁ/4 0 ~ -
)=z 2 (Sa-DeE™, (8)

k3, (aR H, (kR — ady( gR H( kR
kJ..(aR H; (kB — ad,( aR H( kR

Sn= (9)

whereq=/¢,, @/cand k= [¢,, a/c.
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Device Fabrication. To fabricate the THz random QCLs with Au pillars, Ti/Au (25 nm/700 nm) was

first deposited both on top of the QCL structure and onto’atoped GaAs host substrate; this was
followed by Au/Au thermo-compression wafer bonding. The QC wafer was then polished and
selectively wet-etched to remove the substrate down to an etch-stop layer. Through conventional
photolithography, mask defining, and inductively coupled plasma (ICP) dry etching of the active region
with a gas ratio (in SCCM) of Ar/GIBCI;= 10/5/5, the random air holes were etched through the QC
wafer with the intended radius (~ 4 um). Then, an insulation layer of 200 mw&g>deposited by a
process of tetraethyl orthosilicate (TEOS) to cover the bottom and side wall of the air holes. Jhe SiO
on top of the active region was then removed and a thick top contact layer (~ 25 nm/1400 nm Ti/Au)
was sputtered onto the structure, guaranteeing that the random air holes were completely covered by
the metal layer with a minimum thickness of 100 nm. Irregular boundaries of the top contact layer were
formed by photolithography and wet etching of the metal layer. The mesa was formed by ICP with top
contact metal layer as a self-aligned hard mask. Focused ion beam (FIB) etching was Useste fa
random apertures in the top contact metal layer. The etching time was carefully controlled to make sure
that the semiconductor under the metal was not etched significantly. The host substrate was then
thinned to around 180 um and a 15 nm/200 nm Ti/Au layer was deposited as back contact. The samples
were cleaved, indium-soldered onto copper submounts, wire-bonded and finally attached to the

heatsink in a cryostat for measurement.

Device characterization. The fabricated 2D THz random QCLs with Au pillars were characterized
using a FTIR spectrometer (Bruker Vertex 70 series) with a room-temperature deuterated-triglycine
sulfate (DTGS) detector. The scanning resolution was 0:2 @ime devices were driven by a pulser

with a repetition rate of 10 kHz and a pulse width of 500 ns. The devices were mounted in a helium-

gas-stream cryostat for cooling with temperature control.
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Figure 1. Optical power spectra and scattering efficiency analysis of random structures. (a)

Simulated optical power spectra (vertically offset for clarity) of three 2D random structures: Au pillars
embedded in GaAs, GaAs pillars in benzocyclobutene (BCB) polymer, and air holes in GaAs. In three
cases, 680 pillars or holes have identical random placement without scatterer overlapping, in a square
cell of area 500 um x 500 um. The circular scatterers have different radii, i.qiMfor the Au pillars,

and 6.4 um for the dielectric pillars and air holes. Gray dashed line indicates the high-§haceson
frequency range (HQand HQ) of disordered dielectric pillar lattice. (b) The scattering efficiengy Q
(defined as the ratio of scattering cross section to the scatterer diameter) as a function ofyffequenc

individual Au pillars, GaAs pillars, and air holes of various sizes.
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Figure 2. Simulated field distributionsin 2D disordered lattices of Au pillars. (a)-(c) Normalized

field intensity distributions for typical high-Q modes for pillar FF of (a) 6%, (b) 12%, and (c) 18%. The

white circles indicate the Au pillars, which have radiss 4 um and are randomly distributed with no

overlap within a 500 um x 500 um area. A perfectly matched layer was used toteliténeeflection

from the simulation domain boundaries. (d) Mean Q factors, effective modal sizes, and ohmic losses as

a function of pillar FF. These quantities are averaged over the 150 highest-Q modes within the 2.95

THz — 3.45 THz spectral range, for five independent sample configurations per FF.

21



b
(@00 (b) 4
-0-Metallic pillar | -©-Metallic pillar
500 |. B~ Dielectric pillar -B- Dielectric pillar
e o—g " O—o—0 or o
g aof 20 O~y 8 T g /
(o) o O—pn— 0}
B 30+ _e_. ©
(0] g o} /0 —0O
o)) -~ 0—Y—g
o 30r P S
o) —B :
> _ O 20+
L g0 778 B—p—g| < /3
PBG of g—Ho \E|\ PBG of
100k deleetie 101+ B dlel_ectnc
pillal’ pl"ar
/EI
Ol e _m’;'m.].l;l.l.l.lnal—;-b_mﬂ_
27 28 29 30 31 32 33 34 35 36 37 38 27 28 29 30 31 32 33 34 35 36 37 38
Frequency (THz) Frequency (THz)

Figure 3. Frequency distribution of modal Q factors in disordered metal pillar and disordered
dielectric pillar lattices. (a) Mean Q factors (for modes with Q > 200) as a function of frequency. (b)
The number of eigenmodes with Q > 200 as a function of frequency. The frequencies are binned at 0.1
THz intervals. Results are shown for Au pillars in GaAs, with pillar radius R =4 yum and 13.6% FF (red
circles), and GaAs pillars in BCB, with pillar radius 6.4 um and 35% FF (purple squares); in both cases,
the pillars are distributed within a 500 um x 500 um area. The pseudo-gap of the dielectric pillar lattice

is highlighted in gray. The high-Q eigenmode quantities are averaged over five configurations.
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Figure 4. THz random quantum cascade laser (QCL) with metal pillars. (a) Schematic illustration

of the device. (b) Detail of a single pillar scatterer. (c) Scanning electron microscope (SEM) images of
the fabricated device, with (d) detail of a single metal pillar, imaged at an oblique angle) dethil

of metal pillars and emission apertures etched into the top metal contact. It can be seen that the air hole

etched through the QCL active region is completely covered by metal.
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Figure 5. Emission characteristics of a THz random QCL with metal pillars. (a) Light-current-
voltage (LIV) curves at different temperatures and (b) emission spectra at 9 K for different pumping
currents of the THz random QCL. The total structure size is around 515 pm x 515 pm and the FF of the
gold pillars is 12%. The laser is operated in pulsed mode with a repetition rate of 10 kHz and a pulse

width of 500 ns.
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