CHALMERS

UNIVERSITY OF TECHNOLOGY

A 3.5-THz, x6-Harmonic, Single-Ended Schottky Diode Mixer for
Frequency Stabilization of Quantum-Cascade Lasers

Downloaded from: https://research.chalmers.se, 2025-12-04 03:16 UTC

Citation for the original published paper (version of record):

Jayasankar, D., Drakinskiy, V., Rothbart, N. et al (2021). A 3.5-THz, x6-Harmonic, Single-Ended
Schottky Diode Mixer for Frequency Stabilization of

Quantum-Cascade Lasers. IEEE Transactions on Terahertz Science and Technology, 11(6): 684-694.
http://dx.doi.org/10.1109/TTHZ.2021.3115730

N.B. When citing this work, cite the original published paper.

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained
for all other uses, in any current or future media, including reprinting/republishing this material for
advertising or promotional purposes, or reuse of any copyrighted component of this work in other
works.

(article starts on next page)



This article has been accepted for publication in IEEE Transactions on Terahertz Science and Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TTHZ.2021.3115730

SUBMITTED TO IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, 2021 1
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Abstract—Efficient and compact frequency converters are
essential for frequency stabilization of terahertz sources. In
this paper, we present a 3.5-THz, x6-harmonic, integrated
Schottky diode mixer operating at room temperature. The
designed frequency converter is based on a single-ended, planar
Schottky diode with a sub-micron anode contact area defined on
a suspended 2-pm ultra-thin GaAs substrate. The dc-grounded
anode pad was combined with the radio frequency E-plane probe,
which resulted in an electrically compact circuit. At 200 MHz
intermediate frequency, a mixer conversion loss of about 59 dB
is measured resulting in a 40 dB signal-to-noise ratio for phase
locking a 3.5-THz quantum-cascade laser. Using a quasi-static
diode model combined with electromagnetic simulations, good
agreement with the measured results was obtained. Harmonic
frequency converters without the need of cryogenic cooling will
help in the realization of highly sensitive space and air-borne
heterodyne receivers.

Index Terms—Frequency converters, frequency stabilization,
harmonic mixers, heterodyne receivers, integrated circuits,
mixer characterization, phase locking, quantum-cascade lasers,
Schottky diodes, terahertz electronics.

I. INTRODUCTION

OLECULAR emission spectroscopy is crucial for space
and atmospheric sciences since it helps us to under-
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stand the stellar evolution, star formation, and cosmic chem-
istry [1]. In particular, the observation of spectral signatures
of molecular species such as the hydroxyl radical OH and
atomic oxygen OI at terahertz (THz) frequencies [2] provides
valuable information about the Earth’s atmosphere and global
climate change. Future space and air-borne missions aiming
at studying the chemical composition of the atmosphere in
the far-infrared or THz spectral region will require reliable,
high-resolution heterodyne receivers preferably operating at
ambient temperatures [3]], [4].

In recent years, quantum-cascade lasers (QCLs) [5]] have
shown unprecedented improvement in performance, thereby
making them ideal candidates for local oscillator (LO) sources
for THz heterodyne receivers [6], [7]. However, QCLs are
susceptible to frequency instabilities. Hence, it is of utmost
importance to stabilize the signal from the QCL to a ref-
erence source to eradicate frequency jitters and to limit the
phase noise. In 2005, Betz er al. [§]] first demonstrated phase
locking of a 3-THz QCL with a far-infrared gas laser using
the intermediate frequency (IF) signal generated by a GaAs
Schottky diode mixer. In 2009, Rabanus et al. [9]] reported
phase locking of a 1.5-THz QCL and the first heterodyne
experiment using a phase-locked QCL as an LO source and
a hot-electron bolometer (HEB) as a mixer, which requires
cryogenic cooling for operation.

Frequency converters that can operate at ambient temper-
atures enable operation for a long lifetime and eliminate
the necessity of bulky cryostats. In 2009, Khosropanah et
al. demonstrated phase locking of a 2.7-THz QCL using a
superlattice mixer [[10]. Later in 2013, Hayton er al. [11]
reported both, frequency and phase, locking of a 3.4-THz QCL
to a x 15-harmonic signal generated by a superlattice harmonic
mixer operating at room temperature. Subsequently, in 2014
they reported phase locking of a 4.7-THz QCL to a superlattice
harmonic mixer, which was cooled to 10 K and resulted in a
beat signal with a signal-to-noise ratio (SNR) of 20 dB [12].

Schottky diode-based harmonic mixers facilitate a broad
IF range as well as a fast response time. Danylov et al
[13]] demonstrated phase locking of a 2.32-THz QCL using
a balanced-Schottky diode x21-harmonic mixer, which ex-
hibited a conversion loss of about 110 dB and an SNR of
25 dB. Nonetheless, with increasing harmonic number, the
SNR of the beat signal becomes degraded, thereby making
it less suitable for applications that demand high sensitivity.
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Therefore, it is desirable to have THz harmonic mixers that
exhibit a low conversion loss and can generate beat signals
with a high SNR for QCL frequency stabilization. Bulcha
et al. designed single-ended Schottky diode harmonic
mixers yielding a conversion loss of 30 dB for fourth-harmonic
mixing.

Motivated by the performance of Schottky diodes at THz
frequencies [15], we have designed and developed a 3.5-
THz, x6-harmonic Schottky diode mixer for QCL frequency
stabilization. The harmonic mixer design as well as the
fabrication of mixer circuits and blocks were carried out at
Chalmers University of Technology, the QCL was fabricated at
Paul-Drude-Institut (PDI), and the mixer characterization was
performed at the German Aerospace Center (DLR). The article
is organized as follows: the design and development of the x6-
harmonic, single-ended Schottky diode mixer are presented in
section II. The mixer characterization setup is described in
section III. Finally, results from the dc measurements and radio
frequency (RF) characterization are presented and discussed in
section IV.

II. METHOD

This section describes the diode modeling, the x6-harmonic
mixer design, the integrated-diode fabrication process, the
mixer housing fabrication, and, finally, the process of the
circuit assembly. First, for the chosen mixer topology, the
diode modeling was carried out to evaluate the diode dc
parameters. Second, a large-signal, harmonic-balance simu-
lation in the circuit analyzer was set up to determine the
diode-embedding impedances at the RF, LO frequency, and
IF. Thereafter, a three-dimensional (3D) electromagnetic (EM)
model of the waveguide and filter sections was designed using
a finite-element method (FEM) solver. Upon optimization,
the overall performance of the harmonic mixer was analyzed
in terms of the RF and LO return losses as well as the
mixer conversion loss L. Later, the designed mixer circuit
was realized on an ultra-thin, semi-insulating GaAs substrate.
Simultaneously, the mixer blocks were manufactured using
a high-speed micrometer precision milling tool. Finally, the
integrated mixer circuit on the GaAs substrate, the quartz

High-pass RF choke LO choke
filter filter filter
~_ [N [N
= == I [ °
RF Schottky @ LO
3.5 THz diode ~600 GHz

Fig. 1. Harmonic-mixer topology. Equivalent circuit of the 3.5-THz, x6-
harmonic, planar, single-ended Schottky diode mixer. Zrr and Zj o are the
embedding impedances of the diode at the RF and LO frequency, respectively.
Optimization of the circuit elements and waveguide split blocks was carried
out to present appropriate embedding impedances to the diode to obtain low
mixer conversion loss.
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Schottky contact

Fig. 2. Single-ended Schottky diode contact. Top: Illustration of the Schottky
contact with the sub-micron anode area (Note: The drawing is not to scale).
Bottom: Scanning electron micrograph of a planar air-bridge Schottky diode
with a contact area S = 0.11 pm?.

carrier substrate, and the printed circuit board (PCB) were
assembled on the E-plane mixer split block.

A. Diode modeling

At 3.5 THz, the estimated losses in the RF rectangular
waveguide WM—64E| are expected to be higher than 1 dB/mm.
Hence, it is of utmost importance to find a compact solution
that takes into account the high-frequency losses and the
narrow-tolerance limit set by the fabrication process. There-
fore, a single-ended topology was chosen to realize the 3.5-
THz, x6-harmonic mixer as illustrated in Fig. [I]

A planar, air-bridged Schottky diode with a sub-micron
anode area was defined on a semi-insulating GaAs substrate
as shown in Fig. 2} A 50-nm-thick epilayer with a doping
concentration of about 6 x 107 cm™> was chosen in order
to operate below the plasma frequency [I7]]. For the initial
mixer design, a quasi-static, equivalent-lumped-circuit diode
model that consists of the diode series resistance (R;), the
zero-bias junction capacitance (Cjo), and a parallel non-linear
current source is applied to the single-ended discrete Schottky
diode. For a Schottky contact with an area of 0.11 pm?,
a series resistance of about 25 ) was calculated using the
analytical model which takes into account the undepleted
epilayer resistance [I7], dc spreading resistance in the buffer
layer [18], and ohmic contact resistance. The effect of self-
heating is not included [19]. In the junction capacitance model,
the first-order fringing effect [20] was included as shown

below [21] ,
ElS Wd0)>
Ci~——(1425(—=2)), 1
! WdO( <\/§ @

where ¢; denotes the relative permittivity of the n-doped GaAs
layer and S the rectangular area of the Schottky contact . The
depletion width Wy at zero bias is assumed to be equal to

'RF waveguide name designation. W’ stands for waveguide, "M’ for
metric, and the number is the waveguide width in pm [T6].
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Embedding impedance
presented to the diode
in the 3D-EM model

Fig. 3. RF embedding impedance. The Smith chart shows the optimum RF
embedding impedance Zgrp indicated by a red dot and the conversion loss
contours (1 dB step) derived from the Z-mixer simulation. The RF embedding
impedance presented to the diode in the EM simulation software in the
frequency range from 3.4 to 3.6 THz is indicated by blue dots and the center
frequency is highlighted by a green dot.

the thickness of the n-doped semiconductor layer. In the ideal-
diode model, an ideality factor n = 1.2, a saturation current
I, = 1fA, and a built-in potential of 0.85V were assumed.

B. Design of the x6-harmonic mixer

The embedding impedances of a Schottky diode with a
sub-micron anode area were evaluated using a large-signal,
harmonic-balance simulation. Using the built-in optimizer in
the circuit simulator, the diode-embedding impedances at the
RF, IF, and LO frequency were varied to provide a low
mixer conversion loss L. The out-of-band frequencies were
terminated by an open circuit (Z-mixer topology) [22], [23]].
The RF optimum diode-embedding impedance of the Z-mixer
is approximately Zgp = (60 + j80) € as shown in Fig.
At the LO and IF the optimum impedances are approximately
Z1o = (150 + 5300) Q and 1000 Q respectively [23]. The
predicted conversion loss L from the ideal Z-mixer circuit
simulation was about 20 dB for a Schottky contact area of
0.11 qu, an LO power = 2 dBm, no dc bias, and the losses
from the mixer circuit were excluded.

Based on the topology illustrated in Fig. [} a 3D-EM model
of the choke filters and matching networks was implemented
using a FEM solver (Ansys HFSS) as shown in Fig. f[a). The
RF waveguide (WM-64), LO waveguide (WM-380) and IF
port were assigned with a waveguide port. A 50-Q2 lumped
port was defined at the Schottky diode junction. To evaluate
the circuit performance accurately, multi-frequency adaptive
meshing was carried out at the RF and LO frequency. When
the solver attains the specified convergence criteria, it contin-
ues to refine the mesh for five consecutive adaptive passes,
which resulted in a total of about 200000 tetrahedrons. To
reduce the computation time, the diagonal horn and the WM-
380 LO access waveguide were excluded. A reduced gold
conductivity of about 2 x 107 S/m was assigned to the metal
strip lines and waveguide walls [24]. The GaAs substrate

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

with a relative permittivity e, = 12.9 and a loss tangent
tan ¢ = 0.001 was used in the EM-simulations [25], [26].
Additional parasitic elements of the diode were included in the
3D-EM model, including high-frequency losses in the contact
mesa due to a limited conductivity of the GaAs buffer layer
of about ¢ = q f1 Npysrer = 1.5 x 10° S/m. Note: A surface
impedance boundary condition was applied to the mesa so
fields are not solved inside.

The incoming THz signal from the QCL is coupled to
the diode using an RF E-plane probe. For maximum RF
energy coupling efficiency to the diode and to present the
optimum embedding impedance at the RF, a diode geometry
optimization and an RF backshort tuning were carried out
as shown in Fig. Ekb). Thereafter, an RF choke filter was
implemented as a high-low impedance line to prevent the
leakage of the RF signal into the LO chain. Fig. @c) shows
the cross section of the RF channel with a 2-pum-thick GaAs
substrate and a 0.5-pm-thick gold metalization layer. The
corner radii in the RF channel arising from the milling process
were taken into account.

The same procedure as described earlier was followed to
present the LO optimum embedding impedance to the diode.
Thereupon, a hammer head filter that prevents the LO signal
to propagate along the IF line was designed. Both, RF and
LO, channel dimensions were carefully varied such that it
only allows the fundamental, quasi-transverse electromagnetic
mode to propagate along the planar circuit. In addition, the
asymmetrical GaAs substrate and the alignment pockets in
the waveguide blocks facilitate a precise alignment of the

LO choke
filter

To diagtonal horn

Iy

impedance-matching circuit

Beamlead for

mechanical
WM-380 support
a)
a
b
RF b
WM-64 choke —
filter
DC RF channel
ground
= a:
| b) c)

Fig. 4. EM model for the 3.5-THz, x6-harmonic Schottky diode mixer. (a)
Full 3D-EM model of the integrated planar Schottky diode realized on a 2-
pm-thick GaAs substrate, which is suspended on an E-plane split block using
beam leads. (b) RF chain consisting of a WM-64 waveguide, dc grounded RF
E-plane probe, Schottky diode contact, and RF choke filter. (¢) Cross section
image of the RF filter channel.
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Q

Fig. 5. 3.5-THz diagonal horn. Top: A polar plot showing the simulated
radiation pattern (H-plane) in red and blue lines shows the 3-dB angular
width. Bottom: Layout of the diagonal horn antenna used for the 3D-EM
model.

GaAs membrane during the circuit assembly process. Upon
optimization of the EM model, the four-port S-parameters
were imported to the circuit simulator, where the model was
analyzed using a large-signal, harmonic-balance simulation
with a standard diode model. Finally, the overall mixer perfor-
mance was evaluated by taking into account the metal losses
in the stripline and waveguide. Based on the ideal-diode model
described in Section[[I-A]and including the 3D-EM model with
parasitic effects as described above, we predict a conversion
loss of about 45 dB at 3.5 THz.

The RF feedhorn is based on a standard diagonal horn
design described by Johansson and Whyborn and was
verified using an FEM solver. A diagonal horn with an aperture
size of 384x384 um?, corresponding to a flare angle of 5.4°
and length 2.05 mm as shown in Fig. [5] resulted in a simulated
directivity of about 23 dBi. Finally, a three-section Chebyshev
impedance transformer was designed to transform the 50-)

IF output to 150 €2, which is close to the practical limit of a
microstrip line on a Rogers 4003B printed circuit board. The
simulated insertion loss was less than 0.3 dB in the frequency
range from 1.5 to 7 GHz.

C. Sensitivity analysis

To check the robustness of the design, a sensitivity analysis
was performed. The relative sensitivity coefficient SZ is de-
fined as the ratio of the relative change in the output to the
relative change in the input variable [28]:

oo _ AL/Lg
T Ax/xg

where AL = L, — Ly denotes the change in the conversion
loss, Lo the nominal conversion loss, Ax the relative variation
of the parameter in study, and x( the nominal value of the
parameter.

In this analysis, the design parameters with narrow-tolerance
limits and with some influence on the mixer conversion loss
were taken into account and are summarized in Table [l The
selected variables were then increased by 10% of their initial
values. The corresponding change in the mixer conversion loss
at 3.5 THz was analyzed and is shown in Fig. [§] Changing
the anode area S will scale the dc current and also the
junction capacitance C';. Among the critical parameters listed
above, an increase of the ideality factor 7 results in a weaker
non-linearity and hence a noticeable difference in the mixer
conversion loss.

@

D. Integrated-diode fabrication process

The integrated mixer circuit was realized on a GaAs
wafer that comprises a 650-pm-thick, semi-insulating, 3-inch
GaAs substrate supporting a 2-um-thick, semi-insulating GaAs
membrane layer sandwiched between two (Al,Ga)As etch stop
layers. The top (Al,Ga)As etch stop layer is followed by a
500-nm-thick, heavily doped n* buffer layer with a doping
concentration of 5 x 10 cm™3 and a 50-nm-thick n-doped
active layer with a doping concentration of 6 x 107 cm™3.
All layers are grown by molecular beam epitaxy.

Electron beam lithography was used to define each pattern.
Firstly, a thin layer of SiOs is deposited on the membrane,
which acts as a protective mask for the active layer during

TABLE I
LIST OF THE CIRCUIT PARAMETERS STUDIED IN THE SENSITIVITY ANALYSIS

RF waveguide width a=2b 64 pm

RF waveguide height b 32 pm

RF backshort I 30 pm

Block RF filter channel width (top) al 30 pm

RF filter channel width (bottom) as 25 pm

RF filter channel height (top) b1 10 pm

RF filter channel height (bottom) b 10 pm

Series resistance R 25 Q

Diode Ideality factor n 1.2

Schottky junction area S 0.11 pm?
GaAs substrate Relative permittivity €s 12.9

Substrate thickness t 2 pm

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 6. Robustness of the 3.5-THz, x6-harmonic Schottky diode mixer. A sensitivity analysis showing the influence of the circuit design and diode model
parameters listed in Table [[}] The following parameters were assigned to the harmonic-balance simulation: RF = 3.5 THz, IF = 5 GHz, LO power = 2 dBm,

RF power = —50 dBm, and no dc bias.

the initial process steps. Secondly, the ohmic and Schottky
contacts were formed by deposition of Pd/Ge/Au/Pd/Au and
Ti/Pt/Au metal layers, respectively. Next, the mesa was formed
by dry etching in a silane based, inductively coupled plasma
(ICP). Thereafter, the air bridge connections are formed by
evaporation of a 500-nm-thick gold layer. In the next step,
diodes are isolated by a combination of selective and non-
selective wet etching through the top (Al,Ga)As etch stop
layer and the GaAs membrane down to the bottom (Al,Ga)As
etch stop layer. Subsequently, the passive circuitry (beam
leads, waveguide probes, and filter structures) are formed by
evaporation of a gold film and followed by a lift-off process.
Fig. [7] shows the integrated-diode mixer circuitry fabricated at
Chalmers University of Technology. Integrated mixer circuits
with three different Schottky contact areas (0.11, 0.14, and
0.17 pm?) in rectangular shape were fabricated.

E. Mixer housing fabrication

The mixer was machined in an E-plane split aluminum
block using a high-speed, micrometer precision CNC milling

EHT= 5.00kV
WD =17.5mm

Signal A= SE2
Mag= 156 X

Date :25 Feb 2021
Time :17:14:14

MC2

Fig. 7. Integrated mixer circuit. Scanning electron micrograph of the 3.5-
THz, x6-harmonic Schottky diode mixer circuit after releasing it from the
supporting GaAs substrate.

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

tool (KERN Evo). Four guide structures were defined on the
top surface of the split block to ensure the precise alignment
of the blocks during the assembly process. Care was taken to
ensure that the milling tool was well aligned in the spindle
using a dial indicator, and the alignment of the block to the
spindle axis was calibrated. The sidewall of the mixer block
that consists of a diagonal horn aperture was slanted by a 10°
angle to redirect the reflected incoming signal.

First, the large features such as the PCB cavity, the quartz
carrier cavity, as well as the LO waveguide and channel
were machined to avoid the risk of leaving the machined
chips inside the smaller features. Then, the RF waveguide
and RF channel were machined using a 20-pym end mill tool
that has a tolerance of £ 2 pm. Thereafter, the RF diagonal
feedhorn was machined using a 45° chamfering milling tool
of 100 pm diameter. To avoid unnecessary reflections caused
due to burrs along the edge of machined features, the mixer
block was cleaned with an acetone and iso-propanol solution

Fig. 8. Mixer assembly. Optical micrograph of the assembled 3.5-THz, x6-
harmonic Schottky mixer showing the RF circuitry and the beam lead punched
into the mixer housing that provides the dc ground.
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Fig. 9. Mixer and LO multiplier chain assembly. Photograph of the assembled
3.5-THz, x6-harmonic mixer and connected with a 600-GHz, x64-active-
frequency multiplier chain.

in an ultrasonic bath, etched in an aluminum bath, and, finally,
sputtered with a 0.5-pum-thick gold layer as shown in Fig. [8]

F. Circuit assembly

The quartz carrier substrate and PCB were mounted using
a thin layer of conductive silver epoxy glue (Epotec-H20E),
which was followed by soldering the IF coaxial connector pin
and wire bonding the substrate interfaces. In the next assembly
step, the membrane circuit was mounted in the E-plane of
the mixer split block and precisely aligned with the aid of a
high-magnification (500x) assembly microscope. Thereafter,
the RF, dc ground, and the IF beam leads were stamped to
the mechanical housing and the IF pad on the quartz carrier
substrate, respectively, using a standard ceramic wedge and
ultrasonic compression bonding. Finally,the top and bottom
half split blocks were aligned using mechanically integrated
alignment guide structures in the housing and tightened with
screws as shown in Fig. 0]

III. MEASUREMENT SETUP

The schematic of the harmonic mixer characterization mea-
surement setup is shown in Fig. [0} The QCL developed and
fabricated at Paul-Drude-Institut is based on a GaAs/AlAs
heterostructure [30]. This materials system allows for THz
QCLs with a relatively high wall-plug efficiency and reduced
cooling power so that operation in a compact Stirling cooler
becomes feasible. For the active region, a hybrid design, which
is preferred for continuous-wave operation, is employed. The
design has been optimized for emission at 3.5 THz with a
sufficient frequency tuning range. The essential parameters are
given in [31]. The resonator is a Fabry-Pérot cavity based on
a single-plasmon waveguide with a length of 826 pm, a width
of 120 pm, and a height of 10 ym. The QCL is placed in a

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 10. Tlustration of the mixer characterization and QCL phase-locking

measurement setup.

compact Stirling cooler (AIM SL400) which facilitates thermal
stabilization using an internal temperature control for the cold
finger inside the cryocooler and a Cernox temperature sensor
mounted closely to the QCL. Typical operating temperature of
the QCL is around 50 K with temperature stability of about
+ 1 mK.

A TPX lens was used to focus the incoming THz signal from
the QCL onto the integrated diagonal horn of the harmonic
mixer. The mixer is pumped by the LO signal generated from
the 600-GHz, x 64-cascaded active multiplier chain. It consists
of a x8 E-band active multiplier (AMC-12-RNHB1) from Mil-
litech (Smiths Interconnect), followed by a high-power isolator
(HMI12-387-69.5-5.0) from HXI, and a cascaded three-stage
frequency multiplier chain design from Omnisys Instruments
based on Chalmers GaAs Schottky membrane diode varactor
doublers for monolithic microwave integrated circuits. The
available output power of the 600-GHz, x64 active frequency
multiplier chain at the waveguide interface was measured using
an Erickson power meter (PM5). A waveguide taper transition
was used to connect the LO multiplier chain and the power
meter, which have WR-l.SEl and WR-10 waveguide interfaces,
respectively. The measured output power from the multiplier
chain is corrected for conductor losses in this transition and
plotted versus frequency as shown in Fig. [I2] The output
power generated by the 600-GHz multiplier chain can be

2WR - Rectangular waveguide, the number is the waveguide width in mils
multiplied by 10. (1 mils = 1/1000 inch).
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== X6-harmonic €
L5 - = 9 Schottky mixer ¥

Fig. 11. Harmonic mixer characterisation setup. Photograph of the 3.5-THz,
X 6-harmonic mixer characterization setup at DLR, Berlin, showing the 3.5-
THz QCL in a cryocooler, x6-harmonic mixer, and 600-GHz LO multiplier
chain. A dc voltage was applied via a bias-tee.

controlled by either detuning the bias of the multiplier stages
or by reducing the input power from the frequency synthesizer.

The 6" harmonic of the LO signal at 3.4424 THz is
combined with the QCL radiation at 3.4426 THz to generate
an IF signal at 200 MHz. A dc voltage is applied to the mixer
via a bias-tee connected to an SMA connector to allow for

Power (dBm)

|
600

|
580
Frequency (GHz)

620

Fig. 12. Power versus frequency. Measured output power from the 600-GHz,
X 64-active frequency multiplier chain. At 573 GHz, the measured output
power is approximately 5.6 dBm.

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

optimization of the IF signal power. The generated output IF
signal is amplified using a low-noise amplifier operating at
room temperature (Miteq AFS4 00100600-1310P-4). Finally,
the amplified IF signal is detected using a spectrum analyzer.
Using a power splitter, part of the signal can be used for
frequency stabilization of the QCL.

IV. RESULTS AND DISCUSSION

Two integrated circuits with Schottky contact areas of 0.11
and 0.14 um? were assembled on mixer modules and char-
acterized, showing similar performance [32]). In this section,
we will present the results of the mixer with a Schottky
contact area of 0.11 yum?. The experimental results are then
compared to large-signal simulations, and finally, a summary
of different state-of-the-art mixers available for the QCL
frequency stabilization is presented.

A. dc measurements

Before the release of the integrated mixer circuit from the
supporting substrate, on-wafer, four-point dc measurements
were performed using an Agilent BI500A semiconductor
device parameter analyzer. The diode parameters such as the
dc series resistance, ideality factor, and saturation current
(Rs = 50 Q, n = 1.24, Iy = 9 fA) were determined by
fitting the measurement data to the diode model as shown in
Fig. [1;3} To model the substrate leakage effect, a shunt resistor
of about 13 G2 was added in parallel to the diode model. The
forward breakdown voltage of the diode is around 1.1 V.

10-3 || —— Measurement

2 —— Ideal-diode model

< 107

=

]

= 107°

Q

(]

s

E 10,12 Rs = 5OQ
I =9 fA

n=124
—15 L L -
10 -1 —-0.5 0 0.5 1

Voltage (V)

Fig. 13. Diode current-voltage characteristic. Comparison of the diode model
and on-wafer dc-measurements of a fabricated x6-harmonic Schottky diode
integrated mixer circuit with a Schottky contact area of 0.11 um?. Extracted
diode parameters are as shown. The measurements were performed with
Kelvin probes at room temperature (dark condition). The applied dc-voltage
was swept from —0.9 to +0.9 V as the maximum current was limited to
1 mA.

B. RF characterization

The characterization of the 3.5-THz, x6-harmonic mixer
was performed using the setup shown in Fig. [[T} The mixer
conversion loss was then determined by taking the difference
between the input RF power and IF output power. Losses in
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Fig. 14. Conversion loss as a function of LO power and bias. (a) Measurement: Conversion loss measured at an IF of 200 MHz, an RF of 3.443 THz, and
for an LO signal at 573.3 GHz. The measured RF power at the mixer interface was about —3 dBm and the available LO power was about 5.6 dBm at 573
GHz. At low LO powers, the measurement is affected by the noise floor of the system, while at higher powers it is limited by the maximum available LO
power. (b) Simulation: Harmonic-balance simulation with an ideal-diode model assigned with parameters extracted from the dc measurements. The contour

step is 3 dB.

the cable as well as connectors and the gain of the low noise
amplifier’s (LNA) were considered.

The absolute power measurement was carried out using a
Thomas Keating power meter at the mixer interface thereby
eliminating the need to de-embed the atmospheric attenuation
at 3.5 THz. The THz beam from the QCL was amplitude
modulated using a mechanical chopper with a frequency
of 15 Hz. A TPX lens was used to focus the beam and
the power meter head was aligned such that the incoming
signal is incident at the Brewster angle. The frequency was
determined with high precision (< 1 MHz) by measuring the
absorption of the QCL radiation guided through an absorption
cell filled with methanol and comparing this spectrum with
a reference spectrum of methanol. The available input RF
power at 3.443 THz was —3 dBm. The IF output power was
read out from the spectrum analyzer. The input synthesizer
frequency was tuned to set the LO frequency as 573.7 GHz,
which resulted in a 200-MHz IF signal as shown in Fig.|16| An
SNR of 40 dB was achieved at an IF of 200 MHz as shown
in Fig. The beat signal was recorded with a resolution
bandwidth (RBW) of about 510 kHz and a video bandwidth
of 10 kHz.

In Fig. [Eka), the measured conversion loss of the mixer
versus available LO pump power and dc bias is illustrated as
a contour plot. The 1-mA current safety limit of the diode
defines the upper limit for the dc bias and LO power. The
noise in the IF power measurement sets an upper limit of the
measurable conversion loss of about 100 dB. A conversion
loss roll-off followed by a valley and null is observed. Strong
features referred to as conversion nulls appearing at specific
bias points for a constant LO power is caused by destructive
interference arising from mixing products [33]]. The conversion
loss saturates at approximately 59 dB for an LO power higher

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 15. Model fit. A vertical cross section from the measurement and

simulation contours presented in Fig. @ Conversion loss plotted versus dc
bias for an LO pump power of about 5.2 dBm. A conversion null feature
arising due to destructive interference is observed at 0.5 V.

than 5 dBm.

To understand the mixer performance, a large-signal simu-
lation was performed, and the results are shown in Fig. [T4|b).
For this simulation, the ideal-diode model described in Sec-
tion [[I-A] was modified to obtain a good agreement with
the measurement results. In addition, a field solution was
generated inside the lossy ohmic contact mesa for an accurate
simulation of induced currents, which resulted in an additional
loss of 5 dB [34]. Finally, by assuming a loss of 8 dB on the RF
side and taking into account a conductor loss of approximately
1 dB in the 11-mm-long LO WM-380 access waveguide in
the mixer, we were able to reproduce the measured results
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TABLE II
STATE-OF-THE-ART MIXERS AVAILABLE FOR PHASE LOCKING OF QCLS
Frequency Technology Harmonic number Conversion loss SNR Resolution Reference
bandwidth
2.32THz Balanced x21 ~110dB 25dB 1kHz [113]
Schottky-diode
mixer
2.69 THz Single-ended x4 30dB [14]
Schottky diode
mixer
2.7THz Superlattice diode x15 15dB 3kHz [10]
mixer
3.4THz Superlattice diode x18 ~80dB 30dB 100 kHz (11
mixer
3.5THz Single-ended X6 59 dB 40 dB 510 kHz This work
Schottky diode
mixer
4.7 THz Cooled (10 K) X 24 20dB 30kHz [12]

superlattice diode
mixer

of conversion loss versus bias for a constant LO power (5.2
dBm) as shown in Fig. Still, we were not able to fully
reproduce the measured conversion loss versus LO power due
to the strong interaction created by the large standing waves
between the mixer and the last LO multiplier stage.

The 8-dB loss on the RF side has several contributors:
optical coupling loss between the QCL beam and the RF
diagonal feed horn [35]], and conductor loss in the waveguide.
However, we believe that a significant part of the discrepancy
between model and measurement could be due to possible
air gaps in the split plane of the mixer block and substrate
loss in the GaAs membrane. At high LO power levels, self-
heating effects will contribute to additional loss due to a
rather high thermal resistance between the Schottky contact
and the waveguide housing. In addition, block fabrication
tolerances could result in a degradation as shown in the
sensitivity analysis in Section For instance, the relative
permittivity of the GaAs membrane is a critical parameter,

RBW = 510 kHz

_20 [L
g
2 0|
8
2
g

_60 L

_80 | | |

150 175 200 225 250

Frequency (MHz)

Fig. 16. Beat signal. The down-converted IF signal generated at 200 MHz
by the 3.5-THz, x6-harmonic, single-ended Schottky diode mixer.
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which is frequency dependent and expected to be slightly
higher at 3.5 THz compared to the low frequency asymptote
of e, = 12.9 [26].

The results presented in this work are summarized along
with other state-of-the-art technologies available for QCL
frequency stabilization in Table Although the presented
3.5-THz, x6-harmonic mixer exhibits a higher conversion loss
than in the model, the SNR of the IF signal is sufficient for
phase locking both 3.5-THz and 4.7 THz QCLs [36].

V. CONCLUSION

In this paper, we have demonstrated a 3.5-THz, x6-
harmonic Schottky diode mixer operating at room temperature
for frequency stabilization of a 3.5-THz QCL. We achieved
a mixer conversion loss of about 59 dB for an IF signal of
200 MHz providing an SNR better than 40 dB which is more
than sufficient to stabilize the QCL to a reference oscillator.
The design can be further improved by making sure that
the mixer performance is immune to the circuit and block
fabrication tolerances especially on the RF side [37]] as well
as reducing the RF waveguide loss. We also observed that it
is essential to optimize the diode geometry [38] in order to
reduce high-frequency losses, which contribute to the spread-
ing series resistance. For the future, thermal management and
the influence of self-heating effects on mixer performance
should be addressed. The results show promising prospect
for the availability of compact, uncooled, and efficient THz
harmonic mixers, which opens up a plethora of opportunities
for building air/space-borne heterodyne receivers with a high
spectral resolution.
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