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Abstract— This work shows the hetero-integration of an
InP resonant tunneling diode (RTD) on a SiGe-BiCMOS
mm-Wave integrated circuit (MMIC) for near-field wireless
fundamental injection locking. We observe injection locking
within a locking range of 26 GHz and a total power during
injection locking of −3.4 dBm. The SiGe-based local oscillator
(LO) is integrated with a frequency doubler and an on-chip patch
antenna that operates between 220 and 247 GHz, providing a
maximum output power of −7 dBm. The LO is near-field coupled
to an InP RTD oscillator integrated into a slot antenna which
reaches a free running maximum output power of −6.2 dBm. The
chip-to-chip integration is carried out through flip-chip bonding.

Index Terms— BiCMOS, flip-chip bonding, hetero-integration,
indium phosphide (InP), injection locking, mm-Wave, mm-
Wave integrated circuit, monolithic microwave integrated circuit
(MMIC), resonant tunneling diode (RTD), silicon-germanium
(SiGe), THz.

I. INTRODUCTION

RESONANT tunneling diode (RTD) oscillators based on
indium phosphide (InP) have been shown to exhibit

oscillation close to 2 THz [1], and the application of these very
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compact devices in diverse scenarios such as wireless broad-
band links, nondestructive quality control and characterization
of plants [2], [3], [4], [5], [6] could be demonstrated.
An integrated oscillator circuit is formed when monolithically
integrating the RTD into an antenna [7]. Spatial combination
in an array was demonstrated with 6 × 6 InP RTD elements
emitting more than 10 mW at 450 GHz [8]. In real-time
mobile applications, electronic beam steering of radiation
emanating the array would be beneficial [9], requiring precise
phase control of individual pixels, which can be achieved
through injection locking [10].

The concept of wireless injection locking and thus control
of the phase of InP RTD oscillators with fundamental and
subharmonic injection signals could already be proven in
early experiments [11], [12], [13]. The subharmonic injection
locking process multiplies the controlling frequency, which is
convenient in the THz range, where transistor-based control
circuits only reach limited operating frequencies. In recent
publications of injection-locked InP RTD THz sources, exter-
nal instruments (THz extenders) were used as a locking source.
Real-world applications require integrated sources, combining
both the THz oscillator and locking signal generation into
a single integrated module, to facilitate the development of
mobile, lightweight systems. In this letter, we demonstrate a
compact hetero-integrated device consisting of an InP RTD
oscillator flip-chip-bonded on top of a free running SiGe-local
oscillator (LO) mm-Wave integrated circuit (MMIC) (see
Section II) exhibiting injection locking (see Section III). The
corresponding concept sketch is shown in Fig. 1. The LO
signal generator is realized in BiCMOS technology as an
injection source that offers high bandwidth and power in the
WR3.4 band [14]. For optimum performance, subharmonic
injection locking via a radiative control signal requires a
two-band antenna fit to the RTD. Here, we use fundamental
injection locking for simplicity and forgo the use of a dual-
band antenna, similar to designs presented in [15].

II. DESIGN AND FABRICATION

A. InP RTD Oscillator

According to Adler [16], phase and frequency deviation of
a locked oscillator from the injection source are described in
steady state by

1ω0

ω0
=

1
2Q

√
Pinj

P0
sin (1φ) (1)
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Fig. 1. Schematic sketch of the hetero-integrated module.

Fig. 2. Simple equivalent circuit of an InP RTD oscillator with an injected
signal represented by a current source Iinj [10].

with the free running angular frequency ω0, the angular
frequency change due to the injection signal 1ω0, injected
power Pinj, power of the free running oscillator P0, the oscil-
lator’s quality factor Q and the phase difference 1φ between
injected and emitted signal. Adler’s equation can be used to
estimate the locking range, which determines the available
instantaneous bandwidth of the injection-locked RTD, and sets
limits to the maximum phase tunability in phased array beam
steering related to 1φ. The maximum locking range depends
not only on the ratio of injected and emitted power but also on
the quality factor. The equivalent circuit of the RTD oscillator
during injection locking is shown in Fig. 2 as a simplified
circuit. Applying Kirchhoff’s first law and nonlinear analysis
of this circuit results in an equation in the form of a Van der
Pol oscillator [17]

ẍ + ϵ
(
x2

− 1
)
ẋ + x = Iinj. (2)

In this second-order differential equation, the nonlinearity
factor ϵ is introduced, depending on the total conductance G,
antenna inductance Lant, and RTD capacitance CRTD as
follows:

ϵ = G

√
Lant

CRTD
. (3)

For a parallel RLC resonator, Q = R
√

C/L , which is the
inverse of ϵ [18]. The relationship between Q and ϵ implies
that increased nonlinearity in oscillators substantially expands
the locking range according to (1) [10]. Therefore, a stronger
nonlinearity is preferred in the oscillator design.

The RTD oscillator chip is realized by monolithic inte-
gration of a double-barrier RTD into a slot antenna with
a slot length of 166 µm and a slot width of 9 µm. The
RTD layer stack is grown by molecular beam epitaxy on a
semi-insulating InP (100) substrate. Fabrication of the device
is carried out in top-down processing using standard optical
lithography, wet and dry etching techniques, and metal lift-
off. Further details on layer stack and technology process are
given in [19] and [20]. The employed layer stack exhibits a

Fig. 3. Micrograph of (a) InP RTD oscillator, (b) BiCMOS MMIC, and
(c) integrated InP/SiGe stack before lens integration. The measurement setup
is shown in (d).

peak current density of 12 mA/µm2 at 0.31 V. A stabilization
resistor of nominally 10 � is formed in the n+-InGaAs mesa.
Plasma-enhanced chemical vapor deposited SiN is employed
as a dielectric material in a metal-insulator–metal (MIM)
capacitor, splitting the dc and RF paths of the oscillator. A slot-
type antenna is chosen here because of its linearly polarized
radiation through the substrate. The polarity aligns with the
emission of the injection source. This allows injection from
the surface side of the InP chip while the primary emission
is transmitted through the substrate. The fabricated oscillator
is depicted in Fig. 3(a). The antenna’s impedance is complex
conjugate impedance matched to the InP RTD. A radiation effi-
ciency of 56 % was extracted from 3-D electromagnetic field
simulation (Empire XPU). The RTD’s small cross-sectional
area of 0.6 µm2 results in low device capacitance. As a result,
when the oscillator is subjected to a large antenna inductance,
it exhibits significant nonlinearity, as indicated by (3). The
value of ϵ, as defined in (3), is approximately 0.8.

B. SiGe-BiCMOS MMIC

The SiGe MMIC provides a stabilized injection locking
signal at the fundamental frequency of the RTD. The SiGe
circuits are based on [21] and were realized in Infineon’s
B11HFC SiGe BiCMOS technology [22]. To generate the sig-
nal, a VCO operating at a subharmonic frequency of 120 GHz
is implemented in Colpitts architecture. Following the VCO,
a push-push frequency doubler generates a high-power output
signal, resulting in an output frequency of 240 GHz. An on-
chip patch antenna [21] is used for near-field coupling of
the SiGe chip’s output signal to the RTD. The pad frame
supports flip-chip mounting of the RTD chip and provides dc
bias feedthrough. For frequency stabilization, an offset phase-
locked loop (PLL) is included. An additional auxiliary VCO at
34 GHz with its own static frequency divider drives an offset
mixer. With this mixed output, an off-chip PLL setup can be
used to generate an output signal stabilized to an external
reference. Fig. 3(b) shows the manufactured MMIC where the
key elements are highlighted.



1280 IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 34, NO. 11, NOVEMBER 2024

Fig. 4. Measured locked frequency versus. LO frequency, and resulting phase
shift of InP RTD, according to (1) (a). Extracted locked power compared to
the available power of the individual components (b).

C. Hetero-Integration Design and Process

The design of the hetero-integrated component includes all
functions for frequency-controlled THz generation and only
needs external bias sources. The design is scalable to many
pixels. Phase control can be easily added by C(V ) tuning of
the RTD (1) and within the SiGe LO. A PCB made from
low-cost FR-4 serves as a chip carrier and control unit. For
hetero-integration, first, gold bumps for the SiGe-InP flip-
chip interconnect are placed onto the SiGe MMIC by forming
balls from bond wire in an F&S Bondtech (53xxBDA) wire
bonder. Thirteen gold bumps are placed onto the pads close to
the patch antenna [see Fig. 3(b)]. Only two pads are needed
for electrical control of the InP RTD. The additional bumps
provide for mechanical stability during the flip-chip bonding
process. Then, the SiGe chip is mounted onto the PCB, affixed
with thermoconductive silver paste, and electrically connected
to the board using wedge-to-wedge wire bonds. Subsequently,
the InP RTD chip is flip-chip mounted onto the SiGe chip
using thermocompression with 60 g/bump force at 120 ◦C
and 300 ◦C at board and chip, respectively, in a precision
chip aligner (Fineplacer sigma, finetech). For good near-field
coupling, the electric field orientation of both antennas should
be in parallel. After compression, the height and diameter
of the bumps amount to 54 and 75 µm, respectively. The
completed InP/SiGe/RF board stack including wire bonds is
shown in the scanning electron microscope image of Fig. 3(c).
The backside of the InP chip faces upward, and the THz
radiation of the integrated slot antenna emanates from this
surface. To enhance the outcoupling efficiency from the InP
substrate, a hyper-hemispherical lens made from high-resistive
float zone silicon with 5 mm diameter and 2.9 mm thickness
is attached. The axis of the Si lens is carefully aligned to the
slot antenna, and fixed in place in an adhesive bonding step
employing an UV cured adhesive in the same chip aligner.

III. INJECTION LOCKING EXPERIMENT

The functionality of the hetero-integrated module is verified
in an injection locking experiment. The module’s output signal
is recorded in a far-field setup shown in Fig. 3(d), which
includes a motorized stage for positioning of the module.
A heterodyne mixer module operating in the WR3.4 band
(WR3.4MixAMC, VDI) is used to downconvert the signal, and
the mixing product is recorded with a phase noise analyzer in

TABLE I
COMPARISON OF INJECTION LOCKED RTD OSCILLATORS

spectrum analysis mode (FSWP50, R&S). During the locking
experiment, we operated the RTD oscillator at a fixed bias of
0.63 V—resulting in free running oscillation at 252 GHz—
and we swept the SiGe-LO frequency between 220 GHz and
247 GHz, as shown in Fig. 4(a). Locking is observed over
nearly the full frequency range of the SiGe MMIC, starting
at 221 GHz. On the right axis, the extracted phase change
according to (1) is also depicted. Since the RTD’s free running
oscillation is above the tuning range of the LO, we could only
observe the lower half of the locking range. In addition, the
SiGe-LO and InP RTD were individually measured without
locking to assess their individual performance, as presented in
Fig. 4(b). In the quasioptic setup, we measured an individual
maximum output power of −7 and −6.2 dBm for the indi-
vidual SiGe-LO and InP RTD, respectively, removing the free
space path loss according to Friis’ formula. The maximum
injected power Pinj,max amounts to −17 dBm, accounting for
a coupling loss of 10 dB. A significant increase in total power
during locked conditions is observable. In the upper tuning
range of the LO, the SiGe LO’s output power weakens,
while in locked conditions, a much higher amount of total
power is recorded, which is contributed by the locked RTD.
The observed locking range is 26 GHz. However, we could
not evaluate the upper end of the locking range due to the
limited bandwidth of the SiGe LO chip. A comparison of our
results with injection locking experiments of RTDs published
in literature is shown in Table I.

IV. CONCLUSION

We presented the proof-of-concept for a highly compact
THz source consisting of an InP RTD oscillator and a SiGe
BiCMOS injection locking source. The InP and BiCMOS
chips were hetero-integrated in a thermocompression flip-chip
bonding process. The assembled stack was mounted on a
control PCB, and a Si lens was added for enhanced radiation
outcoupling. The integrated component could be demonstrated
to operate under fundamental injection locking from 221 to
247 GHz exhibiting a tuning range of 26 GHz.
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