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Spasers (plasmonic lasers) generate coherent
surface-plasmon-polaritons (SPPs) and could be
realized at subwavelength dimensions in metallic
cavities for applications in nanoscale optics1–4.
Plasmonic cavities are also utilized for terahertz
quantum-cascade lasers (QCLs)5,6, which are the
brightest available solid-state sources of coherent
terahertz radiation. A long standing challenge for
all spasers demonstrated so-far is their poor cou-
pling to far-field radiation. Unlike conventional
lasers that could produce directional beams,
spasers have highly divergent radiation patterns
due to their subwavelength apertures. Here, we
theoretically and experimentally demonstrate
a new technique for implementing distributed-
feedback (DFB) in spasers with Fabry-Pérot
cavities, which is distinct from any other previ-
ously utilized DFB schemes for semiconductor
lasers. The so-termed antenna-feedback scheme
leads to single-mode operation in the spaser and
couples the resonant SPP mode to a highly di-
rectional far-field radiation pattern. The narrow
beam emission is due in part to the cavity acting
like an end-fire phased-array antenna, as well
as due to the large spatial extent of a coherent
single-sided SPP mode that is excited on the
metal film in the spaser’s surrounding medium.
Experimentally, the antenna-feedback method
is implemented for terahertz QCLs, and single-
mode terahertz QCLs with beam divergence
as small as 4◦ × 4◦ are demonstrated, which is
significantly narrower than previously reported
results7,8. Terahertz lasers with narrow-beam
emission will find applications for integrated
as well as standoff terahertz spectroscopy and
sensing. The antenna-feedback scheme is gener-
ally applicable to any spaser with a Fabry-Pérot
cavity irrespective of its operating wavelength,
and could bring plasmonic nanolasers closer to
practical applications.

Metallic cavities (or metallic nanoparticles9) support-
ing SPP modes have been used to realize nanoscale
spasers for potential applications in integrated optics.
Such cavities are also used for terahertz QCLs to achieve
low-threshold and high-temperature performance6. The

most common type of spasers with long-range SPPs,
which include terahertz QCLs, utilize Fabry-Pérot type
cavities in which at least one dimension is longer than
the wavelength inside the dielectric6,10–12. A common
challenge for all such spasers is the poor coupling of SPP
modes in the cavity to free-space radiation, which re-
sults in highly divergent radiation and poor radiative effi-
ciency. Periodic structures with broad-area emission are
therefore used for narrow-beam emission7,8,13,14. How-
ever, Fabry-Pérot cavity structures with subwavelength
apertures are more desirable, especially for electrically
pumped spasers. The antenna-feedback method serves
to couple the guided SPP mode in a spaser’s cavity to a
single-sided SPP mode that can exist in its surrounding
medium by periodic perturbation of the metallic cladding
in the cavity. This leads to excitation of coherent single-
sided SPPs on the metallic cladding of the spaser, which
couple to a narrow-beam in the far-field much like an
end-fire phased-array antenna at the microwave frequen-
cies15.

Single-mode operation in spasers with Fabry-Pérot
cavities could be implemented in a straightforward man-
ner by periodically perturbing the metallic film that
supports the resonant SPP modes. The schematic in
Fig. 1(a) shows an example of a periodic grating in
the top metal cladding for a parallel-plate metallic cav-
ity that could be utilized to implement p-th order DFB
by choosing the appropriate periodicity. Since the SPP
mode has maximum amplitude at the interface of metal
and dielectric active medium, a periodic perturbation in
the metal film could provide strong Bragg diffraction up
to high-orders for the counter-propagating SPP waves
inside the active medium with incident and diffracted
wavevectors ki and kd = −ki respectively, such that

ki = p
2π

Λ
+ kd (1)

where Λ is the grating period, 2π/Λ is the grating
wavevector, and p is an integer (p = 1, 2, 3 . . .) that spec-
ifies the diffraction order. For plane-wave like modes at
frequencies far away from the plasma resonance in metal,
ki ≈ 2πna/λ, where λ is the free-space wavelength corre-
sponding to the SPP mode and na is the effective propa-
gation index in active medium (approximately the same
as refractive index of the medium), the so-called Bragg
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FIG. 1: The antenna-feedback concept for spasers. (a) The general principle of conventional distributed-feedback (DFB)
that could be implemented in a spaser by introducing periodicity in its metallic cladding. A parallel-plate metallic cavity is
illustrated; however, the principle is equally applicable to spaser cavities with a single metal-cladding. (b) If the periodicity
in (a) is implemented by making holes or slits in the metal-cladding, the guided SPP wave diffracts out through the apertures
and generates single-sided SPP waves on the cladding in the surrounding medium. The figure shows phase-mismatch between
successive apertures for SPP waves on either side of the cladding. Coherent single-sided SPP waves in the surrounding medium
cannot therefore be sustained owing to destructive interference with the guided SPP wave inside the cavity, as illustrated in (c).
(d) Principle of an antenna-feedback grating. If the periodicity in the metal film allows the guided SPP mode to diffract outside
the cavity, a grating period could be chosen that leads to the first-order Bragg diffraction in the opposite direction, but in
the surrounding medium rather than inside the active medium itself. Similarly, the single-sided SPP mode in the surrounding
medium undergoes first-order Bragg diffraction to couple with the guided SPP wave in the opposite direction inside the cavity.
(e) The grating in (d) leads to a fixed phase-condition at each aperture between counter propagating SPP waves on the either
side of metal-cladding. First, this leads to significant build up of amplitude in the single-sided SPP wave in the surrounding
medium, as illustrated in (f). Second, emission from each aperture adds constructively to couple to far-field radiation in the
end-fire (z) direction. As argued in the text, both of these aspects lead to narrow far-field emission profile in the x− y plane.

mode with λ = 2naΛ/p is resonantly excited because it is,
by design, the lowest-loss mode in the DFB cavity within
the gain spectrum of the active medium. For terahertz
QCLs with metallic cavities, first-order16 and second-
order17,18 DFBs have been implemented to achieve ro-
bust single-mode operation. However, these conventional
DFB techniques do not achieve directionality of far-field
radiation in both directions. Consequently, 2D photonic-
crystal DFB structures have been utilized for broad-area
(surface) single-mode emission19,20 for which diffraction-
limited beams could be achieved at the expense of large
cavity dimensions.

In contrast to conventional DFB methods in which pe-
riodic gratings couple forward and backward propagat-
ing waves inside the active medium itself, the antenna-
feedback scheme couples a single-sided SPP wave that
travels in the surrounding medium with the SPP wave
traveling inside the active medium as illustrated in
Fig. 1(d). The SPP wave inside the active medium
with incident wavevector ki ≈ 2πna/λ is diffracted in
the opposite direction in the surrounding medium with
wavevector kd ≈ −2πns/λ. For the first-order diffraction
grating (p = 1), equation (1) results in

2πna
λ

=
2π

Λ
− 2πns

λ
(2)

that leads to excitation of a DFB mode with λ =

(na + ns)Λ, which is different from any of the p-th or-
der DFB modes that occur at λ = 2naΛ/p. Hence,
the antenna-feedback mode could always be excited by
just selecting the appropriate grating period Λ such
that the wavelength occurs close to the peak-gain wave-
length in the active-medium. For GaAs/AlGaAs based
terahertz QCLs, na ∼ 3.6, ns = 1, and hence for a
chosen grating-period Λ, the first-order DFB, antenna-
feedback, and second-order DFB modes occur at wave-
lengths 7.2 Λ, 4.6 Λ, and 3.6 Λ respectively. The typical
gain-bandwidth of terahertz QCLs is less than 20% of
the peak-gain wavelength, which suggests that the grat-
ing has to be designed specifically to excite the antenna-
feedback mode.

The antenna-feedback scheme leads to excitation of a
coherent single-sided SPP standing-wave on the metal-
lic cladding of the spaser, which is phased-locked to
the resonant-cavity SPP mode inside the active medium.
Both waves maintain exact same phase relation at each
aperture location, where they exchange electromagnetic
(EM) energy with each other due to diffraction as illus-
trated in Fig. 1(e). The SPP wave in the surrounding
medium is excited due to scattering of EM field at aper-
tures that generates a combination of propagating quasi-
cylindrical waves and SPPs22,23 that propagate along
the surface of the metal-film. The scattered waves thus
generated at each aperture superimpose constructively
in only the end-fire (z) direction owing to the phase-
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FIG. 2: Lasing characteristics of terahertz QCLs with
antenna-feedback. (a) The schematic on left shows the
QCL’s metallic-cavity with antenna-feedback grating imple-
mented in top metal cladding. The active-medium is 10 µm
thick and based on a 3 THz GaAs/Al0.10Ga0.90As QCL de-
sign21. A scanning-electron microscope image of the fabri-
cated QCLs is shown on the right. (b) Experimental light-
current-voltage characteristics of a representative QCL with
antenna-feedback of dimensions 1.4 mm × 100 µm at differ-
ent heat-sink temperatures. The QCL is biased with low
duty-cycle current pulses of 200 ns duration and 100 kHz
repetition rate. Inset shows lasing spectra for different bias
where the spectral linewidth is limited by instrument’s resolu-
tion. (c) Measured spectra for four different antenna-feedback
QCLs with varying grating periods Λ, but similar overall cav-
ity dimensions. The QCLs are biased at a current-density
∼ 440 A/cm2 at 78 K.

condition thus established at each aperture. For coupling
to far-field radiation, the radiation is therefore like that
from an end-fire phased array antenna that produces a
narrow beam in both x and y directions. For terahertz
QCLs, this method is a significant improvement over the
recently developed third-order DFB method for produc-
ing directional beams24 that does not require any specific
design considerations for phase-matching25. A compar-
ison of antenna-feedback with third-order DFB for ter-
ahertz QCL cavities is presented in the supplementary
section S3, where results from finite-element simulations
(FEM) for the cavity eigenmodes are also presented.

Figure 2 shows experimental results from terahertz
QCLs implemented with antenna-feedback gratings. De-
tails about fabrication and measurement methods are

presented in supplementary section S1. Fig. 2(b) shows
representative L-I curves versus heat-sink temperature
for a QCL with Λ = 24 µm. The QCL operated up to a
temperature of 124 K. In comparison, multi-mode Fabry-
Pérot cavity QCLs on the same chip that did not include
longitudinal or lateral absorbing boundaries operated up
to ∼ 140 K. The temperature degradation due to absorb-
ing boundaries is relatively small and similar to previous
reports of DFB terahertz QCLs18. The inset shows mea-
sured spectra at different bias at 78 K. Most QCLs tested
with different grating periods showed robust single-mode
operation except close to peak-bias when a second-mode
was excited for some devices at a shorter-wavelength,
which suggests it is likely due to a higher-order lateral
model being excited due to spatial-hole burning in the
cavity. Peak-power output of ∼ 1.5 mW was detected
from the antenna-feedback QCL. For comparison, a tera-
hertz QCL with third-order DFB and similar dimensions
was also fabricated on the same chip, which operated
up to a similar temperature of ∼ 124 K and emitted
peak-power output of ∼ 0.45 mW (see section S3). The
antenna-feedback gratings lead to greater radiative out-
coupling compared to conventional DFB schemes for ter-
ahertz QCLs, which is discussed further in section S3.

Fig. 2(c) shows spectra measured from four different
terahertz QCLs with antenna-feedback gratings of differ-
ent grating periods Λ. The single-mode spectra scales
linearly with Λ, which is the clearest proof that the feed-
back mechanism works as expected and the lower band-
edge mode is selectively excited in each case. Using
λ = Λ(na + 1) from equation (2), the effective propa-
gation index of the SPP mode in the active medium na
is calculated as 3.6, 3.55, 3.46, and 3.38 for QCLs with
Λ of 21 µm, 22 µm, 23 µm, and 24 µm respectively. The
effective mode-index na decreases because a larger Λ in-
troduces larger sized apertures in the metal film since the
grating duty-cycle was kept same for all devices. Conse-
quently, a greater amount of field couples to the single-
sided SPP mode in air for increasing Λ, thereby reducing
the modal confinement in the active medium that reduces
the propagation index of the guided SPP mode further.

Experimental far-field beam patterns for antenna-
feedback QCLs with varying designed parameters are
shown in Fig. 3. Single-lobed beams in both lateral (x)
and vertical (y) directions were measured for all QCLs.
As shown in Fig. 3(b), the full-width half-maximum
(FWHM) for the QCL with 70 µm width, Λ = 21 µm is
∼ 4◦ × 4◦, which is the narrowest reported beam-profile
from any terahertz QCL to-date. In contrast, previous
schemes for emission in a narrow-beam have resulted in
divergence angles of 6◦ × 11◦ using very long (> 5 mm)
cavities and a phased-matched third-order DFB scheme25

and 7◦× 10◦ using broad-area devices with 2D photonic-
crystals20 for single-mode terahertz QCLs, and 4◦×10◦26

and 12◦ × 16◦27 for multi-mode QCLs using metamate-
rial collimators. Figs. 3(c) and 3(d) show representative
beam patterns from QCLs with wider cavities of 100 µm
width, for the smallest and largest Λ in the range of fab-
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FIG. 3: Far-field radiation-patterns of terahertz QCLs
with antenna-feedback. (a) Schematic showing orientation
of QCLs and definition of angles. The QCLs were operated
at 78 K in pulsed mode and biased at ∼ 440 A/cm2 while
lasing in single-mode. The plots are for QCLs with ∼ 1.4 mm
long cavities and (b) 70 µm width and Λ = 21 µm grating
emitting at ∼ 3.1 THz, (c) 100 µm width and Λ = 21 µm
grating emitting at ∼ 3.1 THz, and (d) 100 µm width and
Λ = 24 µm grating emitting at ∼ 2.9 THz respectively.

ricated devices respectively. The beam divergence is rel-
atively independent of Λ as expected. More importantly,
the measurements show that the wider cavities result in a
slightly broader beam. Such a result is counter-intuitive
because typically a laser emits in a narrower beam as its
cavity’s dimensions are increased due to an increase in
the size of emitting aperture. Such a behavior is unique
for a spaser with antenna-feedback, and is discussed along
with full-wave 3D FEM simulation of the beam pattern
in supplementary section S4. It can be argued that the
size of the beam could be further narrowed by utilizing

narrower cavities for terahertz QCLs, which will be ex-
tremely beneficial to develop cw sources of narrow-beam
coherent terahertz radiation.

In conclusion, we have presented an antenna-feedback
scheme to achieve single-mode operation and a highly
directional far-field radiation pattern from spasers (plas-
monic lasers) with subwavelength apertures and Fabry-
Pérot type cavities. This can be achieved by perforat-
ing the metal film in the spaser with a periodic grating
of holes or slits, which is relatively easy to implement
for fabrication. The uniqueness of the method lies in
the specific value of the grating’s period, which leads to
the spaser’s cavity radiating like an end-fire phased-array
antenna for the excited DFB mode. Additionally, coher-
ent single-sided SPPs are also generated on the metal
film that have a large spatial extent in the surrounding
medium of the spaser’s cavity, which could have impor-
tant implications for applications in integrated plasmon-
ics. Coherent SPPs with large spatial extent could make
it easy to couple SPP waves from the spasers to other
photonic components, and could also potentially be uti-
lized for plasmonic sensing. Experimentally, the scheme
is implemented in terahertz QCLs with metallic cavities.
A beam-divergence angle as small as 4◦ × 4◦ is achieved
for single-mode QCLs, which is significantly narrower
that that achieved with any other previously reported
schemes for terahertz QCLs with periodic photonic struc-
tures. Terahertz QCLs with antenna-feedback could lead
to development of new modalities for terahertz spectro-
scopic sensing and wavelength tunability due to access
of a coherent terahertz SPP wave on top of the QCL’s
cavity, possibilities of sensing and imaging at standoff
distances of few tens of meters, and development of inte-
grated terahertz laser arrays with a broad spectral cover-
age for applications in terahertz absorption spectroscopy.

1 D. J. Bergman and M. I. Stockman, “Surface plasmon am-
plification by stimulated emission of radiation: Quantum
generation of coherent surface plasmons in nanosystems,”
Phys. Rev. Lett., vol. 90, p. 027402, 2003.

2 M. T. Hill and M. C. Gather, “Advances in small lasers,”
Nat. Photon., vol. 8, p. 908, 2014.

3 R. F. Oulton, “Surface plasmon lasers: sources of
nanoscopic light,” Mater. Today, vol. 15, p. 26, 2012.

4 P. Berini and I. D. Leon, “Surface plasmon-polariton am-
plifiers and lasers,” Nat. Photon., vol. 6, p. 16, 2012.
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Ritchie, and V. Tamošinuas, “Surface plasmon photonic
structures in terahertz quantum cascade lasers,” Opt. Ex-
press, vol. 14, p. 5335, 2006.

29 COMSOL 4.4, a finite-element partial differential equation
solver from COMSOL Inc.

Acknowledgments

This work is supported by the U.S. National Science Foundation
under Grant Nos. ECCS 1128562 and ECCS 1351142. It is per-
formed, in part, at the Center for Integrated Nanotechnologies, a
U.S. Department of Energy (DOE), Office of Basic Energy Sciences
user facility. Sandia National Laboratories is a multiprogram lab-
oratory managed and operated by Sandia Corporation, a wholly
owned subsidiary of Lockheed Martin Corporation, for the U.S.
DOE’s National Nuclear Security Administration under contract
DE-AC04-94AL85000.



1

Terahertz spaser radiating in a narrow beam
C. Wu et al.

Supplementary Information

S1. Fabrication and measurement details

The active-medium of the QCLs is based on a three-
well resonant-phonon design with GaAs/Al0.10Ga0.90As
superlattice (design RTRP3W197), which is described
in Ref. 21, and was grown by molecular-beam epitaxy.
The QCL superlattice is 10 µm thick with an average n-
doping of 5.5 × 1015 cm−3, and surrounded by 0.05 µm
and 0.1 µm thick highly-doped GaAs contact layers at
5×1018 cm−3 on either side of the superlattice. Fabrica-
tion of QCLs with parallel-plate metallic cavities followed
a Cu-Cu thermocompression wafer bonding technique
as in Ref. 18 with standard optical contact lithography.
Following wafer-bonding, the 0.1 µm thick highly-doped
GaAs layer (which lies below the top metal cladding af-
ter final fabrication) was selectively left exposed to re-
alize 10 µm wide absorbing boundaries at both longitu-
dinal and lateral edges of the QCL cavity as illustrated
in Fig. 2(a) using positive-resist lithography. The ab-
sorbing boundaries result in a highly lossy propagation
of the SPP modes in those regions28. While the lon-
gitudinal boundaries help in DFB mode discrimination,
the lateral boundaries are useful to eliminate higher or-
der lateral SPP modes by making them more lossy18,19.
Ti/Au metal layers of thickness 25/200 nm were used as
the top metal cladding, using an image-reversal lithogra-
phy mask for implementing gratings in the metal layers.
A third positive-resist lithography step was used to cover
the grating-metal with photoresist to be used as a mask
for wet-etching of ridges in a H2SO4:H2O2:H2O 1:8:80
solution for ∼ 22 minutes. After etching the 10 µm thick
superlattice active region when the bottom metal layer
is exposed, an over-etch of ∼ 1 minute is followed up to
reduce the slope on the sidewalls of the QCL’s cavities
to allow for a more uniform current-density distribution
through the height of the cavity (in y direction). A Ti/Au
contact was used as the backside-metal contact for the fi-
nally fabricated QCL chips to assist in soldering. Before
deposition of backside-metal of the wafer, the substrate
was mechanically polished down to a thickness of 170 µm
to improve heat-sinking.

A cleaved chip consisting of QCLs with antenna-
feedback gratings of different periods along with some
Fabry-Pérot ridge QCLs and third-order DFB QCLs was
then In-soldered on a Cu block, the QCL to be tested was
wire-bonded for electrical biasing, and the Cu block was
mounted on the cold-stage of a liquid Nitrogen vacuum
cryostat for measurements. The emitted optical power
is measured with a deuterated triglycine sulfate pyro-
electric detector (DTGS) pyroelectric detector and cal-
ibrated with a terahertz thermopile powermeter (Scien-
Tech model AC2500H) without any optical component

or cone collecting optic inside the cryostat to improve
collection of radiated power. The spectra were mea-
sured at 78 K in linear-scan mode with a resolution of
0.2 cm−1 (6 GHz) using a Bruker Fourier-transform in-
frared spectrometer (FTIR) under vacuum, with a room-
temperature DTGS detector placed inside the FTIR. Far-
field radiation patterns were measured with a DTGS py-
roelectric cell detector mounted on a computer-controlled
two-axis (x − y plane) moving stage in the end-fire (z)
direction at a distance of 65 mm from the QCLs’ end-
facets. The detector’s size leads to spatial averaging of
the measured beam with a step-size of 1.7◦, which has a
negligible impact on the measured beam-width.

S2. Modeling

Finite-element (FEM) simulations were performed us-
ing a commercially available software29. The eigenmodes
of the DFB cavities are computed using an eigenfre-
quency solver. The loss in absorbing boundaries of the
cavity is implemented using a complex dielectric constant
computed using Drude-model18. The imaginary part of
the computed eigenfrequencies is used to compute the
propagation loss of the resonant-cavity modes in the units
of inverse of length. The active region and the metal lay-
ers are modeled as lossless, in which case, the computed
loss is the sum of loss at absorbing boundaries as well
as that due to radiation (outcoupling). The shapes of
the eigenmodes as well as eigenmode spectrum does not
change if the active region and metal layers are made
lossy. For the 2D simulations (cavities of infinite-width)
the far-field boundaries are modeled as absorbing layers
as described in Ref. 18. For 3D simulations, the in-built
perfectly matched layers in the FEM solver were utilized
to model the far-field boundaries.

S3. Comparison of antenna-feedback with
third-order DFB

A third-order DFB technique was recently shown to
achieve emission in a narrow beam for terahertz QCLs
with Fabry-Pérot cavities24. It can achieve high direc-
tionality for the radiated beam in both directions per-
pendicular to propagation, so long as the effective prop-
agation index of the SPP wave inside the active medium
could be made ∼ 3.0. The so-called phase matching con-
dition is possible for GaAs-based QCLs by cavity engi-
neering25 since the nGaAs ∼ 3.6 is close to 3.0. The
antenna-feedback technique in this work offers similar
outcome as a perfectly matched third-order DFB with
significantly improved directionality as well as better
outcoupling efficiency of the radiated beam from tera-
hertz QCLs. It is to be noted that the antenna-feedback
scheme is automatically phase-matched and hence it
could be utilized for any type of spaser without any re-
strictions on the required index in the active medium.

Figure S1 shows comparison of the eigenmode spec-
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FIG. S1: Comparison between third-order DFB and antenna-feedback schemes for terahertz QCL cavities.
The figure shows SPP eigenmode spectrum and electric-field for the eigenmode with lowest loss calculated by finite-element
simulations of parallel-plate metallic cavities as in Fig. 1, with GaAs as dielectric (na = 3.6) and air as surrounding medium
(ns = 1). Simulations are done in 2-D (i. e. cavities of infinite-width) for 10 µm thick and 1.4 mm long cavities, and metal and
active-layers are considered lossless. Lossy sections are implemented in the cavities at both longitudinal ends of the cavity to
implement absorbing boundaries28, which eliminates reflection of guided SPP modes from the end-facets. A periodic grating
with apertures of (somewhat arbitrary) width 0.2Λ in the top-metal cladding are implemented for DFB. Λ is chosen to excite
the lowest-loss DFB mode at similar frequencies close to ∼ 3 THz. The eigenmode spectrum shows frequencies and loss for
the resonant-cavity modes, which reflects combination of radiation loss and the loss at longitudinal absorbing regions. Fig. (a)
shows results from a third-order DFB grating with Λ = 41.7 µm and (b) shows results from antenna-feedback grating with
Λ = 21.7 µm. Radiation loss occurs through diffraction from apertures, and the amplitude of in-plane electric-field Ez is
indicative of the outcoupling efficiency. The major fraction of EM energy for the resonant modes exists in TM polarized (Ey)
electric-field. A photonic bandgap in the eigenmode spectrum is indicative of DFB effect due to the grating. The antenna-DFB
grating excites a strong single-sided SPP standing-wave on top of the metallic grating (in air) as also illustrated in Fig. 1(f).
Also, the radiative loss for the third-order DFB grating is smaller since the lowest-loss eigenmode has zeros of Ez under the
apertures, which leads to smaller net outcoupling of radiation.
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FIG. S2: Lasing characteristics of a terahertz QCL
with third-order DFB. Light-current characteristics of a
terahertz QCL with third-order DFB with similar cavity di-
mensions and fabrication sequence as the terahertz QCLs with
antenna-feedback for which data is presented in Fig. 2. The
inset shows the measured far-field radiation-pattern with the
same angular definitions as in Fig. 3(a). The QCL emit-
ted predominantly in single-mode at λ = 103.0 µm (ν =
2.91 THz). Measured spectra for the device are not shown.

trum of a terahertz QCL cavity with third-order DFB
versus antenna-feedback gratings computed using a
finite-element solver29. The occurrence of band-gaps in
the spectra is indicative of the DFB effect. In both cases,
the lower-frequency band-edge mode is the lowest-loss
mode by way of DFB action, since the DFB modes result
in a standing-wave being established along the length of
the cavity with an envelope shape that vanishes close to
the longitudinal boundaries (end-facets). For antenna-
feedback grating, a standing-wave for the single-sided
SPP wave is additionally established in air, as can be seen
from the field-plot of the band-edge mode in Fig. S1(b).
In contrast, third-order DFB leads to negligible ampli-
tude of the single-sided SPP wave in air, as mentioned
previously and illustrated schematically in Fig. 1(c). The
absorbing boundaries at the longitudinal ends of the cav-
ity28 increase the relative loss of the modes that are fur-
ther away from the band-edge mode, which helps in mode
discrimination and will lead to excitation of the desired
band-edge mode for single-mode operation of the spaser.
For the band-edge modes in Fig. S1(a) and Fig. S1(b),
a loss of ∼ 5 cm−1 was estimated as a contribution
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FIG. S3: Full-wave 3D simulation to compute far-field radiation pattern of QCL cavities with antenna-feedback.
(a) The modeled geometry for full-wave 3D simulation with the FEM solver29. Parallel-plate metallic terahertz QCL cavities
of 1.4 mm length, 10 µm thickness, varying widths, and a grating period of Λ = 21.7 µm were implemented, which excite
antenna-feedback resonant-cavity modes at ν ∼ 3.1 THz. (b) Simulated far-field radiation pattern of the cavity with 100 µm
width. The FWHM is ∼ 7◦ × 7◦. (c) Far-field radiation pattern of the cavity with 70 µm width. The FWHM is ∼ 6◦ × 5◦.

from the absorbing boundaries. Consequently, the ra-
diative (outcoupling) loss of of the third-order DFB is
∼ 1.7 cm−1 as compared to ∼ 5.6 cm−1 for the antenna-
feedback. The radiative loss of the third-order DFB is
smaller since the band-edge mode has zeros of the radia-
tive field (Ez) being located at each aperture, since the
grating period Λ is integer multiple of half-wavelengths
in the GaAs/AlGaAs active medium (Λ = 3λGaAs/2,
where λGaAs ≡ λ/nGaAs). Such a low-outcoupling effi-
ciency is also existent in surface-emitting terahertz QCLs
with second-order DFB18. For the cavity with antenna-
feedback, the radiative loss is higher because the grating
period is not an integer multiple of half-wavelengths in-
side the active medium (Λ ∼ 0.78λGaAs) that leads to
large amplitudes of the radiative-field (Ez) in alternat-
ing apertures as shown in the figure. As a consequence,
the output power from terahertz QCLs with antenna-
feedback should be greater than that with third-order
DFB gratings, which is an additional advantage of the
antenna-feedback scheme for terahertz QCLs. This was
also verified experimentally as described in the following
paragraph.

Figure S2 shows L-I characteristics of a representative
terahertz QCL with third-order DFB that was fabricated
on the same chip, and with similar dimensions as that of
the antenna-feedback QCLs whose data is reported in
Fig. 2. Using the phase condition λ = 2naΛ/p as deter-
mined from equation (1) for p = 3 (third-order DFB),
an effective-mode index of na = 3.51 is estimated for the
resonant-cavity SPP mode in the active medium of the
cavity. For ideal phase-matching, a mode-index value of
3.0 is required, hence the phased-matching condition is
not satisfied for this QCL. Consequently, the measured
FWHM of the far-field radiation pattern ∼ 12◦ × 16◦

for this QCL is not as good as that for phased-matched
third-order DFB QCLs25. The peak output peak power
for the QCL is ∼ 0.45 mW at 78 K, which is about three
times less than that obtained for the antenna-feedback
QCL with similar dimensions. However, this result is ex-

pected from the radiative losses estimated via 2D FEM
simulations for similar cavity dimensions, which also scale
in a similar manner as shown in Fig. S1. The maximum
operating temperature of this QCL is almost similar to
that of the antenna-feedback QCL, which suggests that
radiative loss is relatively a small fraction of the overall
waveguide loss in both types of DFB QCL cavities. This
also suggests that there is a scope for enhancing radiative
efficiency to increase optical power output without caus-
ing a significant degradation in temperature performance
of terahertz QCLs with antenna-feedback.

S4. Full-wave 3D simulation for radiation-patterns

The narrow-beam emission from spasers with antenna-
feedback is due to a combination of two factors that are
related to the radiative behavior of phased-array anten-
nas. In addition to the array-factor that leads to nar-
rower beams for more number of elements in a phased-
array (i. e. in this case, a longer length of the spaser’s
cavity), the far-field radiation pattern is additionally nar-
rowed owing to an element-factor, which is defined as the
far-field radiation pattern due to an individual emitter of
the phased-array15. The large spatial extent of the single-
sided SPP wave in the surrounding medium results in a
narrower element-factor compared to an omnidirectional
point-source emitter.

As measured experimentally and shown in Fig. 3, the
antenna-feedback terahertz QCL cavities with a narrower
width of 70 µm resulted in a beam with smaller diver-
gence as compared to the 100 µm wide cavity. This
seemingly unique behavior from antenna-feedback QCLs
serves to further validate the concept of the specific feed-
back scheme, in which the cavity radiates like a phased-
array antenna. A narrower cavity causes greater lateral
spread of the single-sided SPP mode (in the x dimension)
in the surrounding medium, especially when the cavity’s
width is sub-wavelength. A single-sided SPP mode with
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a broader cross-section in the x − y plane will lead to
a more directional far-field radiation pattern owing to
a narrower element-factor for the phased-array antenna
structure.

To further validate the experimental results of Fig. 3,
full-wave 3D FEM simulations were carried out for
terahertz QCL cavities with antenna-feedback. Fig-
ure S3 shows the computed far-field radiation patterns
for band-edge DFB mode for terahertz QCL cavities
implemented with antenna-feedback gratings in the top
metal cladding. The in-built perfectly-matched layers
(PMLs) in the FEM solver29 serve as an effective absorb-
ing boundary for computation of the radiation pattern.
The PMLs’ parameters are coarsely adjusted to achieve
minimum reflection at terahertz frequencies and trans-
form the propagating waves to exponentially decaying
waves. The PMLs are placed far enough to avoid interac-
tion with the single-side SPP standing-wave in the near-
field of the cavity. Considering the computer’s memory
limitations, laterally absorbing boundaries are not mod-
eled in the cavity, which does not impact the simulation’s
results since the DFB mode could always be found, even
though it is not the lowest loss mode in the eigenmode

spectrum of the cavity due to other higher order lateral
modes that can have even lower propagation loss. All
metal layers are modeled as perfectly conducting sur-
faces to limit the mesh size in the geometry. In order
to set up a far-field calculation, a far-field domain node
is implemented that is a single closed surface surround-
ing all radiating apertures in the cavity. The distribution
of far EM field is based on the Fourier transform of the
near-field as implemented in the FEM solver. Simulated
3D beam patterns demonstrate single-lobed beams with
narrow divergence for the band-edge mode with antenna-
feedback as shown in the figure. The shape and FWHM
of the computed radiation-pattern is in close agreement
with the experimentally measured beams that are shown
in Fig. 3. The FWHM of simulated beam patterns is
slightly larger than that of the measured results. The
difference are likely due to the relative simplification of
implemented 3D model, which does not account for the
sloped sidewall profile of the ridges and also the fact the
ground plane around the QCL’s cavity is different for
the measured chip as compared to that in the simulated
geometry.


