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Abstract: Broadband horn antennae are presented that efficiently couple
terahertz radiation between sub-wavelength metal-metal waveguides and
free space. Sub-picosecond terahertz pulses were coupled into and out from
sub-wavelength parallel-plate waveguides by using the horn antennae in a
terahertz time-domain spectrometer. Monolithic antennae were fabricated
at the facets of metal-metal terahertz quantum cascade lasers, and laser
action was observed for devices emitting at 1.4 THz, 2.3 THz and 3.2 THz.
A good far-field laser radiation pattern (FWHM less than 11 ◦ ) is obtained
as a result of the significant expansion of the optical mode by the antenna.
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1.

Introduction

Recent years have seen marked improvements in the temperature performance and frequency
range of terahertz quantum cascade lasers (THz QCLs), with the best performance achieved
utilizing metal-metal waveguides [1]. Here, the TM-polarized laser mode is contained vertically within the active region by a parallel-plate waveguide, and lateral mode confinement is
obtained by etching a ridge. While providing good mode overlap with the active region, metalmetal waveguides typically suffer from widely divergent beam patterns [2] owing to the significant diffraction from their facets, which have a sub-wavelength height (∼ 10 µ m compared
to free space wavelengths of ∼ 70 − 250 µ m). The facet reflectivity is also high [3], typically
greater than 70 %, limiting the output power of the laser. A number of solutions to these problems have been proposed, including placing metallic horn antennas on top of the metal-metal
waveguide [4, 5], locating silicon lenses on the facets [6] or engineering the far-field using
third-order distributed feedback gratings [7], 2D photonic bandgap structures [8] or plasmonic
gratings [9]. However, these approaches are typically mechanically unstable, technologically
challenging, and require extra components. In addition some of these solutions only work at
specific frequencies and are unsuitable for broadband radiation coupling.
In this article we report a straightforward and mechanically robust method of coupling terahertz radiation out from and into sub-wavelength metal-metal waveguides, using horn antennae
fabricated ‘on-chip’. Broadband pulses of THz radiation were coupled into sub-wavelength
waveguides using the horn antennae in a THz time-domain spectrometer. Finite-difference
time-domain simulations were employed to elucidate the effects of the antenna structure on the
broadband THz pulse. The demonstrated coupling principle is then applied to active devices by
integrating horn antennae directly inside the metal-metal waveguide of THz QCLs emitting at
different frequencies. Laser action is obtained at 3.2 THz with a narrow far-field beam pattern.
By additionally demonstrating lasers with integrated horn antennae operating at 2.3 THz and
1.4 THz we show that this concept provides a broadband impedance coupling solution for THz
QCLs.
2.

Horn fabrication

Quantum cascade structures were grown by molecular beam epitaxy on Al0.5 Ga0.5 As etch-stop
layers on top of semi-insulating GaAs substrates. Samples were Au-Au thermocompression
wafer-bonded to an n+ GaAs wafer for mechanical support, before the semi-insulating substrate
was polished to a thickness of ∼ 200 µ m. The horn antenna was then defined from the semiinsulating GaAs substrate using standard photolithography and wet etching techniques. The
structure is shown schematically in Fig. 1(a), and an image of a typical device is shown in Fig.
1(b).
The etching of the horn was performed using an H2 SO4 :H2 O2 :H2 O etchant (1:8:1 volume
ratio) for the first half of the horn’s height, before switching to a selective etchant (citric acid
and H2 O2 ) that stops on the Al0.5 Ga0.5 As layer. The horn’s profile was measured with a surface
profilometer [Fig. 1(c)] and flares from 27 ◦ at the base to 48 ◦ at the top of the horn. The
changing slope results from the different etch rate of the two etchants, and helps to expand
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Fig. 1. (a) Schematic cross-section and (b) electron micrograph of a semi-insulating GaAs
horn antenna integrated into a metal-metal terahertz quantum cascade laser. The vertical
axis in (a) is the growth direction and the horizontal is the light propagation direction. The
layers in (a) are, from bottom to top at the right hand side: n+ substrate, gold, n+ GaAs contact, active region, n+ GaAs contact, semi-insulating GaAs horn, gold. (c) Measured profile
of horn. (d) Calculated intensities of low-loss eigenmodes at 3.0 THz at the cross-sections
shown in (a). For cross-section 1, through the active region, the waveguide is 300 µ m wide
and 12 µ m high, and the mode intensity is shown in (i). For cross-section 2, in the flared
part of the horn (where the undoped GaAs is 100 µ m high), eigenmodes are bound to the
top (ii) or bottom (iii) metal. The actual mode will be a combination of the two.

the optical mode quasi-adiabatically from the active region (height h = 12.0 µ m) to a size of
H = 210 µ m. A second photolithography and wet-etching step defined ridges (200-350 µ m
wide), and finally a Ti/Au top contact was deposited on the ridge and the horn. The end facets
were defined by either cleaving along the top of the horn or across the metal-metal ridge, at
position 3 or 1 in Fig. 1(a) respectively. Thus, devices with integrated horn antennae on one or
both facets were produced.
3.

Transmission of pulses of terahertz radiation

In order to test the propagation of terahertz radiation through the waveguide we performed
transmission measurements (using terahertz time-domain spectroscopy [10], or THz-TDS) on
test structures with two horns [Fig. 2(a)]. A 2.0 mm long double-sided horn antenna was fabricated from semi-insulating GaAs, using the sulfuric acid etchant described above. The height
of the horn antennae were H = 300 µ m, and the height of the narrow section was h = 35 µ m.
A reference sample was formed from a 2.0 mm long section of gold-coated n+ GaAs with a
300 µ m air gap. The incident electric field Ey was linearly polarized perpendicular to the plane
of the substrate, as indicated in Fig. 2(a). Measurements were performed in a nitrogen purged
chamber.
The time-domain pulses of terahertz radiation transmitted through the reference and the horn
structure are reported in Fig. 2(b), and their amplitude spectra are shown in Fig. 2(c). In the
time-domain the reference electric field is single-cycle because terahertz pulses can propagate
freely in parallel-plate waveguides in the TEM mode, which exhibits low loss and minimal
group velocity dispersion [11]. In contrast the pulse through the horn antenna exhibits a num-
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Fig. 2. (a) In the transmission measurements terahertz pulses propagated in the x-direction,
and were linearly polarized in the y-direction. The layers are (from bottom to top) copper,
n+ GaAs substrate, gold, semi-insulating GaAs, gold, copper. (b) Measured electric field Ey
transmitted through the reference waveguide (divided by 10) and through the horn antenna
sample (top two lines). Below are FDTD simulations of Ey . (c) Electric field amplitude
spectra of the pulses through the reference and horn antenna. (d) Finite-difference timedomain simulations of Ey at times of 7.0 ps and 21.0 ps after the injection of a single-cycle
pulse into the waveguide at the left facet (regions with positive Ey are red, and negative are
blue). Point S is the source of a secondary wavefront.

ber of cycles, and the amplitude of the transmitted electric-field is about 10 % of the reference across a broad frequency range (0.2 − 2.5 THz, or 1500 − 120 µ m in wavelength). The
change in spectral amplitude around 1.2 THz visible in Fig. 2(c) may originate from the cut-off
frequency of the TM1 mode [11, 12], which is at f = c/2hn = 1.2 THz for h = 35 µ m and
n = 3.6. The ratio λ /h for the lowest frequency (0.2 THz) corresponds to 43 using the vacuum
wavelength (1500 µ m) and 12 using the wavelength in GaAs (418 µ m), illustrating that highly
sub-wavelength coupling is achievable using this scheme, an advantage over diffraction-limited
approaches such as silicon lenses.
In order to understand the origin of the apparent dispersion of the terahertz pulse in the
horn antenna waveguide we performed finite difference time-domain (FDTD) simulations of
the pulse’s propagation through the structure, using the exact dimensions of the waveguide. A
single-cycle pulse with a bandwidth comparable to that of the experiment is injected into the
left facet of the waveguide at zero time. Figure 2(d) indicates the pulse shape 7.0 ps later, when
the positive peak of Ey (red) has almost reached the 35 µ m section. The secondary wavefronts
trailing the pulse are generated by the change in gradient at the start of the horn’s slope (point
S), and arrive later in time due to the extra path length traveled. At a time of 21.0 ps the pulse has
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reached the second horn antenna, and the secondary wavefronts remain visible. Upon coupling
into free-space these create the oscillations visible in the time-domain after the initial pulse [Fig.
2(b)]. This alteration of the phase of the wavefront means that light making one complete roundtrip of the waveguide will not satisfy the phase condition for laser action [13]. The shape of the
simulated pulse is in reasonable agreement with the experiment [Fig. 2(b)]; the differences may
arise from neglecting the roughness of the waveguide and/or the dispersion of the refractive
index in semi-insulating GaAs.
The power reflected at the boundary between the narrow ridge section and the horn antenna
was also estimated from the FDTD simulations. At 1.5 THz the power reflectivity upon propagation from h = 35 µ m to H = 300 µ m section is 15 %. The reflectivity from a waveguide with
h = 12 µ m and H = 200 µ m is 16 % at 1.5 THz, and 33 % at 3.0 THz. These values are much
lower than the typical facet reflectivities between a metal-metal waveguide and free space [3],
where the reflectivity is about 75 % at 3.0 THz and 90 % at 1.5 THz. The reflectivity for the
cleaved facets (GaAs/air) is close to 30 %, as in a single-plasmon waveguide [3].
The propagation of light in the laser waveguides will be modified by the presence of the
two doped contact layers. Figure 1(d) shows 2D simulations at 3.0 THz of the eigenmodes
at different cross-sections through the device [shown in (a)]. The complex refractive index
of the active region and horn was taken to be that of semi-insulating GaAs, measured at room
temperature using THz-TDS to be n = 3.63 + 0.008i. For the doped contact layers the refractive
index was calculated from that of a free electron gas. In the metal-metal waveguide section
[height 12 µ m and width 300 µ m] the mode is tightly confined within the active region, with
laser action on the lowest loss (the TEM) mode, which has an effective index n = 3.78 + 0.024i.
When the height of the semi-insulating GaAs region has reached 100 µ m eigenmodes exist
that are bound to either the active region (n = 3.70 + 0.023i, note the similarity to the singleplasmon waveguide) or the top metal (n = 3.62 + 0.009i). Away from metal-metal section, light
will only be amplified if there is good overlap with the active region, and if the active region
retains the correct electrical bias. The lower refractive index of the mode bound to the top metal
compensates slightly for the phase distortion of the wavefront, discussed above.
4.

Laser emission

The horn antenna devices were characterized in pulsed mode (5 % duty cycle) in a helium flow
cryostat at 10 K, and the emitted light was detected with a calibrated absolute power meter.
Spectra were recorded with a home-built vacuum FTIR with a resolution of 15 GHz. In Fig.
3(a) laser action is reported for a 3.2 THz QCL with a horn antenna integrated onto one facet
(solid line) and with horns on both facets (dashed line). The bandstructure of the active region
was a four quantum well design with a phonon depopulation well [14]. The ridges were 300 µ m
wide and 1.9 mm long, and the total length of each horn section was 550 µ m. Current densities
were calculated using the length of the ridge, i.e. assuming the horn sections do not contribute
to laser action. The threshold current density Jthr increases from 375 Acm−2 for the single horn
antenna to 440 Acm−2 for a double horn antenna, and the maximum output power was over
20 mW in both cases. For a comparable metal-metal ridge waveguide Jthr = 250 Acm−2 and the
maximum power is < 5 mW. The rise in Jthr with an extra horn antenna results from the reduced
reflectivity of the facet (discussed above), raising the mirror losses of the cavity [3].
The spectra shown in Fig. 3(b) indicate that the laser remains single mode from laser threshold to maximum output power, and that the lasing transition does not substantially Stark shift
with voltage. This is a consequence of the shallow ridge etch used (2.0 µ m), which creates a
high loss for the high-order lateral modes of the waveguide. Laser action on different longitudinal modes is not possible because of the wavefront distortion discussed above.
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Fig. 3. (a) Light-current-voltage characteristics at 10 K for a 3.2 THz QCL with an integrated horn antenna on one facet (solid lines) or both facets (dashed lines). (b) Spectra
for the double-sided horn device are shown on a logarithmic scale at laser threshold (solid
line) and at the maximum current (dashed line). (c) and (d) are similar graphs for a 1.4 THz
QCL with a horn antenna on one facet. (e) The spectra at threshold of a 2.3 THz QCL in a
metal-metal waveguide (solid line) and with a single integrated horn (dashed line).

uides in the range 1.34-1.58 THz (a split-injector, bound-to-continuum design [15]) and 2.272.37 THz (a phonon depopulation design rescaled from the 3.2 THz design). The currentvoltage characteristics of the low-frequency QCL with a single horn antenna are reported in
Fig. 3(c), and the spectra measured at threshold and maximum current are shown in Fig. 3(d).
Laser action is obtained from 1.44 THz to 1.56 THz, with a reduced frequency range in comparison to the metal-metal waveguide as a result of the lower facet reflectivity. The laser frequency is widely tunable via the quantum-confined Stark effect as the intersubband transition
is diagonal [15]. The 2.3 THz horn structure also started lasing at a higher frequency than in a
metal-metal waveguide [Fig. 3(e)]. Devices with horn antennae on both facets did not lase. In
a metal-metal waveguide the current density required for emission at 1.44 THz is 360 Acm−2 ,
and for 1.56 THz it is 426 Acm−2 . This is in agreement with the values for the horn device
(376 Acm−2 , 460 Acm−2 ) when the length of the ridge (1.36 mm) is used, indicating that no
current flows in the horn sections.
The angular emission pattern of the 3.2 THz horn antenna laser was measured using a pyroelectric detector mounted on a two-axis rotation stage, and is reported in Fig. 4. The observed
emission pattern is narrow, with a full-width-half-maximum of 11 ◦ in the growth direction (θ )
and 4 ◦ in the plane of the device (ψ ). For this device the extent of the beam in the ψ directions
was controlled by flaring the gold top contact from 300 µ m width on the ridge to 500 µ m on
top of the horn. The emission pattern of the lower frequency lasers was not measured due to
their lower power (0.4 mW for the 1.4 THz design).
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Fig. 4. Far-field emission pattern of a 3.2 THz laser with an integrated horn antenna. The
θ -axis is parallel to the growth direction (y-axis), and the ψ -axis is perpendicular to it, as
indicated in the cartoon in the top left corner, which looks at the horn antenna edge-on. The
cross-sections of the far field emission pattern (top and left sub-plots) show the measured
power (blue lines) and a Gaussian fit (red lines).

5.

Conclusion

In conclusion, horn antennae were fabricated at the ends of metal-metal waveguides by combining wafer bonding with wet etching. Such structures were then integrated on active devices
by realizing metal-metal THz quantum cascade lasers. The horn antennae raised the threshold
for laser action as a result of lowering the facet reflectivity, and produced a good far-field radiation pattern. The narrow beam diameter in comparison to metal-metal waveguides makes
lasers with integrated horn antennae suitable for use in spectroscopy and imaging applications.
In addition, the presented horn antennae may find use in widely tunable external cavity lasers
and broadband THz amplifiers.
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