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Waveguide integration of terahertz quantum cascade lasers (THz
QCLs) is demonstrated at frequencies above 4.7 THz. A precision mi-
cromachining technique, followed by diamond-turning and electroless-
plating has been used to manufacture hollow rectangular waveguides
with integrated diagonal feedhorns. It is shown that surface roughness
at the &~ 1 um level is achieved, enabling outcoupling of radiation in the
4.75-5.05 THz band, with a divergence angle of < 5° along the plane
of the QCLs substrate.

Introduction: THz QCLs are compact, yet powerful semiconductor
sources of radiation in the ~1.2-5-THz band of the electromagnetic
spectrum [1, 2]. These devices have a wide range of potential applica-
tions, including atmospheric and space research [2], owing to their high
emission intensity, narrow intrinsic linewidths, and compact size. How-
ever, integration of THz QCLs with other system components is chal-
lenging, both in terms of near-field coupling to external waveguides, and
far-field quasi-optical coupling to external devices.

The gain medium of a THz QCL consists of a stack of semiconductor
layers, grown using molecular-beam epitaxy (MBE) to a total thickness
of &~ 10 um, and enclosed within a plasmonic waveguide structure. The
electromagnetic mode profile across the laser facet is, therefore, con-
siderably narrower than the ~ 100-um free-space emission wavelength.
This results in a widely divergent and non-Gaussian far-field beam pat-
tern [3], which is challenging to couple into external devices. This can
be mitigated partially, through photonic engineering approaches and cus-
tom assemblies of quasi-optical components (e.g., ref. [4]).

Alternatively, direct (near-field) coupling between components is a
more attractive option for application environments, such as satellite
payloads, in which the system volume, mass and mechanical robust-
ness are key constraints. However, the dimensional tolerances required
for manufacturing waveguides and the coupling interfaces become ex-
tremely challenging as the THz frequency of the source increases.
Nevertheless, some progress has been made. Monolithic semiconduc-
tor fabrication processes have been used to integrate 2.8-THz QCLs
with Schottky mixers [5], and 3.4-THz QCLs with modulators [6]. We
have also previously embedded 3.5-THz QCLs into precision micro-
machined metallic waveguides, which are optically out-coupled to di-
agonal feedhorns [7]. It is though, desirable to extend these approaches
to exploit the highest achievable frequency range of QCLs, up to around
~ 5-THz. For example, 4.7-THz QCLs are required for radiometric ob-
servations of atomic oxygen [9 ]. However, the 34% reduction in wave-
length from 3.5 to 4.7 THz requires a similar improvement in the ma-
chining tolerances to achieve comparable waveguide performance.

In this work, we demonstrate the first such high-frequency waveguide
integration of a QCL, emitting in the 4.7-5.1-THz band. We achieve this
through a combination of precision milling, diamond-turned surface fin-
ishing and electroless gold plating. Compared to standard gold plating,
we have achieved an order-of-magnitude reduction in gold grain size to
~ lum , enabling successful propagation and outcoupling of THz radi-
ation. The following sections describe the fabrication of the QCL and its
waveguide enclosure, and characterisation of its optical and thermal per-
formance.

Device fabrication: The QCL active region was based on a ~ 4.7-THz
GaAs/AlGaAs phonon-enhanced bound-to-continuum design [9], which

Fig. 1 Structure of QCL waveguide module, showing (a) photograph of the
interior of the assembled module, and (b) photograph of the exterior of the
assembled module. Labels show (I) waveguide channels, terminated with
diagonal feedhorns, (II) QCL mounted within recess, (III) SMA connector
and internal bonding point and (IV) mounting point for external temperature
probe
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Fig. 2 Scanning electron micrographs of surface-finishing tests on oxygen-

free copper, using (a) standard gold plating process at 1000x magnification,

and (b) electroless gold-plating and diamond turning process, at 1000x and
10,000x magnification

was grown using molecular-beam epitaxy to a thickness of 12 um. The
device was then processed into a gold—gold double-metal plasmonic
ridge-waveguide configuration, with a transverse ridge width of 60 um,
and with the substrate thickness reduced to 88 pm, using a combination
of wet chemical etching and mechanical lapping processes. The device
was cleaved to a length of 1200 um, and diced using a diamond wafer-
saw, to a chip of width ~ 200 um.

An external waveguide enclosure with diagonal feedhorns was fabri-
cated for the QCL, using a split-block machining approach [10]. This
feedhorn geometry allows strong coupling of radiation into the fun-
damental Gaussian mode, while being much simpler to fabricate than
structures such as corrugated conical feedhorns. A pair of oxygen-free
copper blocks, each with base area of (15 x 15) imm? and a height
of 7.5mm were used to form the enclosure. Rectangular channels with
widths and depths of 170 um and 40 um, respectively were precision
machined into each block, as shown in Figure la using a KERN mill.
The two blocks were aligned using precision dowels, such that they co-
registered to form a complete enclosure, containing a hollow rectangular
waveguide with a cross-sectional area of (170 x 80) um? (Figure 1b).
Although this waveguide is overmoded at 4.7-THz, it eases manufac-
turing difficulty, and provides a useful intermediate step towards a fun-
damental IEEE WM-57 standard waveguide. A diagonal feedhorn with
an across-diagonal aperture of (1.56 x 1.56)-mm? was milled into each
channel with a slant angle of 7.5°. An additional recessed area, with a
1600 um length and 250 um width, was milled into the centre of the
lower channel, to house the QCL.

A set of surface-finishing steps was undertaken to achieve good per-
formance at >4.7-THz. The surface of each block was finished using
a Precitech Nanoform X single-point diamond turning lathe, to achieve
a surface roughness on the scale of ~10 nm. The surfaces of the cop-
per blocks were then finished with a gold electroless plating process,
resulting in a gold grain size on the scale of &~ 1 um. For comparison,
an equivalent electroplating process was found to yield ~ 10 um rough-
ness, as shown in Figure 2. The QCL was solder-mounted into the re-
cessed area and wire-bonded to an integrated electrical SMA connector
via an intermediate thermal-isolation heatsink, prior to final assembly of
the waveguide module.
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Fig. 3 Light—current—voltage measurements of the 4.7-THz waveguide-
integrated QCL at a 2% duty cycle between 10 and 70 K
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Fig. 4 FTIR spectrum of the waveguide-integrated QCL at a range of drive
currents. Normalised spectral intensity is shown on a linear colour-scale

Device characterisation: The QCL was mounted on the cold-finger of
a Janis ST-100 liquid-helium cryostat, and driven using an Agilent
8114A high-current pulse generator (2% duty cycle; 10 kHz repeti-
tion rate). This current pulse train was externally gated using a 167-Hz
square-wave envelope, and the emitted THz radiation was coupled into a
helium-cooled bolometric detector using a pair of off-axis paraboloidal
mirrors. A lock-in amplifier, referenced to the pulse envelope, was used
to record the bolometric signal as a function of QCL drive current, as
shown in Figure 3. A threshold current of 160 mA was observed at low
heatsink temperatures (current density, Ji = 220 A cm~2) and a maxi-
mum operating temperature of 70 K was determined. An estimated peak
output power of ~ 920 uW was inferred from the (uncalibrated) detec-
tor responsivity.

These results are comparable to those obtained from an equivalent
unmounted device grown from the same wafer, and cleaved to a simi-
lar length of 1500 m. This device had a threshold current density of
210 A cm~2 at 10 K, a maximum operating temperature of 80 K and
a peak output power of 1.2 mW. Although there is a slight reduction in
pulsed performance, these comparisons indicate a generally successful
optical integration and outcoupling from the waveguide module.

The emission spectrum of the QCL was recorded using a Bruker
Fourier Transform Infrared (FTIR) spectrometer, at a range of drive cur-
rents, as shown in Figure 4. Multimode emission was observed, with
principal lines seen at 4.749, 4.789 and 5.010 THz.

The potential for operation at high duty cycle (or continuous wave)
was assessed by recording the peak output power of the laser, as a func-
tion of the duty cycle of the power supply, with the QCL operating at a
bias of 250 mA. Figure 5 shows that the emitted THz power decreases
as duty-cycle increases, owing to internal Joule heating within the QCL
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Fig. 5 Output power of the waveguide-integrated QCL as a function of duty
cycle, at a fixed bias of 250 mA. Results are shown for a range of heatsink
temperatures

active region. Nevertheless, emission is achieved up to 90% duty cycle
at 10 K.

The difference between the internal temperature of the QCL active
region Tcr, and the measured heatsink temperature Tjjg can be approxi-
mated by a linear thermal resistance model:

AT = TocL — Tus X IV yRu Y]

where [ is the peak QCL drive current, V' is the voltage dropped across
the laser, y is the duty cycle, and Ry, is the thermal resistance between
the QCL active region and the heat sink.

At low duty cycles, Joule heating is negligible, and therefore Tocr &
Tis.- As such, the low duty-cycle output power in Figure 3 may be used as
a thermometric property, allowing the internal temperature of the QCL
to be inferred at higher duty cycles from Figure 5.

The thermal resistance between the QCL and the heatsink was cal-
culated as 31 K/W, at 10 K heat-sink temperature and at a drive current
of 250 mA. As a result, a d.c. bias on the QCL leads to an inferred
internal temperature of T ~ 90 K, which exceeds the maximum op-
erating temperature of the device. For comparison, the equivalent non-
integrated QCL was able to operate in continuous-wave mode up to a
temperature of 62 K, with a maximum output power of 160 W at low
heatsink temperatures. A thermal resistance of 7 K/W was inferred for
the non-integrated device.

Although the reason for this increased thermal resistance has not been
identified definitively, we believe that the difficulty in obtaining a uni-
form solder coverage within the deep waveguide recess may contribute
to the issue. Improvements in the solder-mounting between the QCL and
the waveguide module, and in the heat-sink design could potentially re-
duce the thermal resistance and enable continuous-wave operation.

Beam profile analysis: The far-field beam divergence was measured
from each feedhorn using a knife-edge technique. The QCL was driven
in pulsed mode at a current of 240 mA with an 8% duty-cycle, and at
a heat-sink temperature of 10 K to obtain maximal output power. The
beam was coupled into a bolometric detector using a pair of paraboloidal
mirrors, as described previously.

A knife edge was placed in the divergent part of the QCL emission,
at a distance of 110 mm from the feedhorn aperture. The calculated
Fraunhofer range was 78 mm for the QCL emission wavelength,
and feedhorn aperture size. The power coupled into the detector was
recorded as the knife edge was scanned progressively through the beam
at 1 mm intervals. This was then differentiated to obtain the profile of
the beam, as shown in Figure 6. Repeated measurements were taken
with the knife edge moving in the directions parallel and perpendicular
to the interface between the two halves of the split-block structure, and
for each feedhorn.

The angles of divergence were 4.5° and 4.9° for the front feedhorn
in the perpendicular and parallel directions respectively, and 6° for the
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Fig. 6 Derivative plots of knife-edge measurements of far-field beam profiles
of integrated 4.7-THz QCL, for the front facet (top) and back facet (bottom)
in the perpendicular plane (lefi) and parallel plane (right) of the waveguide
block

parallel direction of the back feedhorn. These values are somewhat larger
than the analytical value calculated for a uniform field across a square
aperture, 2.9°, indicating that the near field is confined to a narrower re-
gion within the aperture. The larger back-feedhorn divergence is likely to
be a combination of alignment of the QCL within the waveguide and re-
sulting differences in the near-field mode, and experimental uncertainty
in the measurement of the knife-edge distance from the feedhorn.

The perpendicular profile for the back facet showed strong dual-lobed
behaviour and therefore the angle of divergence is poorly defined.

Although a diagonal horn is expected to yield a single-lobed emis-
sion, the split-block geometry induces a conductivity defect in the
perpendicular direction, and hence a phase shift in the near-field. At
>4.7 THz, the size of this defect may be significant enough to result
in a splitting of the far-field pattern, offering a potential explanation for
the observed anomalous pattern.

As QCL emission results from intersubband transitions, the polari-
sation is expected to be linear. However, an ellipticity of R = 1.6 was
determined from a measurement of the front feedhorn using a pair of
Microtech G50 wire-grid polarizers, implying that the waveguide struc-
ture results in some depolarisation of the QCL beam.

Conclusion: We have demonstrated the successful fabrication and inte-
gration of a >4.7-THz QCL into a waveguide cavity—the highest fre-
quency waveguide integrated THz QCL to date. A reduction in surface-
roughness in the external waveguide structure was achieved through
diamond-turning and electro-less plating, enabling pulsed QCL opera-
tion up to 70 K, or up to 90% duty cycle at low temperature. A low
beam divergence was observed, on the scale of <5°, matching the level
achievable with complex facet-patterning techniques. However, the dual-
lobed emission profile may introduce challenges for far-field coupling to
external devices. Future work will be on improvements in thermal man-
agement, and in feedhorn design to achieve single-lobed, continuous-
wave emission.
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