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Abstract: Recent advancements in semiconductor photonic and electronic devices such as Uni-
travelling-carrier photodiodes (UTC-PDs), have played a significant role in the development of
Terahertz communication technology. However, a major challenge that still persists is the limited
output power from a single UTC-PD required for practical transmission distances. To enhance the
output power, we propose and demonstrate a novel Terahertz wave power combining technique
using a photomixer device that comprises of two arrayed UTC-PDs monolithically integrated with
amicrostrip line-based 2 x 1 Wilkinson power combiner and a rectangular patch antenna on a Silicon
Carbide (SiC) substrate at 300 GHz. At photocurrents of 8 mA and 10 mA from the two UTC-PDs,
the device experimentally exhibited a 7.3 dB increase in power relative to the power obtained with
8 mA UTC-PD and a 4.4 dB increase in power relative to the power obtained with 10 mA UTC-PD,
when both UTC-PDs were irradiated. This implies that power can be enhanced by a factor of N2 if
the photocurrent is multiplied by a factor of N. This technology presents a holistic and cutting edge
platform for further power multiplication by further increasing the number of arrayed UTC-PDs.

Keywords: Microstrip line; patch antenna; terahertz wave; uni-travelling carrier photodiode;
Wilkinson power combiner

1. Introduction

Terahertz (THz) waves represent a segment of the electromagnetic (EM) spectrum falling
between microwaves and infrared radiation, spanning the frequency range of 0.1 THz to 10 THz.
These frequencies have garnered significant attention as potential carrier waves for the upcoming
Beyond 5G or 6G cellular networks due to their ultra-large bandwidth, which is deemed essential for
advancing wireless communication [1-6]. The exploration of THz radiation sources has primarily
focused on electronics and photonics-based devices. Notable examples of electronics-based sources
include advanced CMOS-based sources [7-9], heterojunction bipolar transistors (HBTs) [10-12], high
electron mobility transistors (HEMTs) [13-15], resonant tunneling diodes (RTDs) [16,17], and
Schottky barrier diodes (SBD) [18-21]. While these all-electronic sources offer advantages in terms of
flexibility, integration, and cost-effectiveness, they face challenges related to delivering higher power
at higher frequencies [22]. Radio frequency (RF) amplifiers, though capable of partially compensating
for power limitations, introduce drawbacks such as high noise figures and restricted amplifier
bandwidth. In addition to electronics-based sources, photonics-based devices utilizing the
photomixing technique with a uni-travelling carrier photodiode (UTC-PD) have been extensively
investigated. These devices leverage photonics technologies, providing advantages such as
tunability, broad operating bandwidth, and the ability to transmit and manipulate THz signals with
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minimal loss across a wide frequency range [23-25]. However, UTC-PD-based photomixers suffer
from insufficient output power for practical transmission distances. One contributing factor to the
output saturation of UTC-PDs is the space-charge effect in the carrier transport region, exacerbated
by the need to increase bias voltage, leading to heat generation [26-28]. Consequently, there is a
pressing need to develop device structures that reduce space charge and improve heat dissipation.

Various strategies have been proposed to address the power limitations associated with a single
UTC-PD. These include PD epitaxial layer modification and optimization [28,29], monolithic
integration of impedance matching circuits with UTC-PDs [30,31], and power combining. Power
combining, in particular, has been implemented by techniques such as spatial power combining using
planar antenna arrays [32,33], multilayer packaging technology integrating arrayed UTC-PDs with a
rectangular waveguide (WR) power combiner [34], and the use of planar transmission line power
combiners [35]. Additionally, the adoption of high thermal conductivity materials is considered a
viable solution to mitigate thermal issues, given that the poor thermal conductivity of Indium
Phosphide (InP) poses a significant hindrance to achieving higher output power from a single UTC-
PD.

In this article, we present a demonstration of the power combining approach using a 2 by 1
microstrip line-based Wilkinson combiner integrated with a rectangular patch antenna at 300 GHz.
The use of microstrip line (MSL) transmission technology is a suitable method for efficiently
combining large-scale currents because its cascading geometry is simpler compared to other
transmission line types such as a strip line and a coplanar waveguide (CPW). The objective is to
combine photocurrents from two parallel connected UTC-PDs, thereby addressing the power
limitations inherent in conventional single UTC-PDs. Furthermore, the chip was fabricated on silicon
carbide (SiC), chosen for its superior thermal conductivity compared to InP. Heat dissipation
capability is a crucial consideration in the context of RF output power from UTC-PDs, and the use of
heterogeneous substrates with higher thermal conductivity, such as SiC, that has a seven times higher
thermal conductivity than InP, offers a promising solution to this challenge.

2. A Uni-travelling Carrier Photodiode (UTC-PD)

In 1997, NTT Laboratories presented an innovative advancement in photodiode technology with
the introduction of a uni-travelling-carrier photodiode (UTC-PD), that exhibited a superior
operational speed and higher saturation current (wider output linearity), compared to the
conventional PIN photodiode [25]. The distinctive structure of the original UTC-PD featured a
relatively thin p-type absorption layer, where minority carrier electrons were generated, diffused,
and accelerated towards the collection layer. Within the depleted collection layer, electrons exhibited
a near-ballistic velocity, effectively minimizing the contribution of slow hole transport to the
photodiode response. Since its invention, several UTC-PD modifications have been proposed to
enhance their performance by adjusting layer structures. To reduce electron traveling time within the
absorption layer, the incorporation of a quasi-field through band-gap grading and/or doping grading
has proven effective [27,28]. Additionally, strategies such as cliff-like structures have been employed
to optimize the electric field profile and improve electron velocity saturation within the collection
layer [29]. Also, moderate n-type doping in the collection layer has been identified as preferable for
increasing the saturation current [27]. Furthermore, the combination of neutral and depleted
absorption layers has been shown to enhance responsivity without significantly compromising
saturation current or operational speed. Another approach to augment responsivity while preserving
operational speed involves the utilization of external structures to guide input light to the absorption
layer at varying angles, including waveguide structures, refracting facets, or total reflection
structures, and evanescent coupling [36].

Figure 1 illustrates a representative layer structure of the modified UTC-PD, strategically
balancing the trade-off between bandwidth and responsivity through the composite use of UTC and
PIN structures. This structure remains adaptable, with possibilities for further enhancements. In
practical applications, UTC-PDs are normally integrated with either planar antennas such as bow-tie,
slot, and patch antennas, or rectangular waveguides (WRs) integrated with planar CPW to WR
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transition lines. The continuous evolution of UTC-PD technology underscores its significance in the
realm of photodetectors, offering a versatile platform for innovation and improvement, and the
pursuit of optimized UTC-PD designs and functionalities continues to be a focal point in
contemporary research, with potential implications for the ongoing development of advanced
photonic devices.
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Figure 1. Typical UTC-PD band diagram with a modified absorber.

3. Continuous THz Wave Generation by Photomixing with a UTC-PD

Figure 2 depicts the photomixing concept (optical heterodyning) at the UTC-PD to generate a
continuous THz wave.
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Figure 2. UTC-PD-based photomixing configuration.

In a photomixing system, two spatially overlapped laser beams characterized by frequencies (fi
and f2) and phases (¢1 and ¢2), and having identical polarization, are combined, and converted into
an alternating current at the ultra-fast InGaAs UTC-PD with a frequency equivalent to the frequency
difference between the two lightwaves. The electric fields of the two lightwaves (optical beats) can
be expressed as

Eq(D=A T, (1)

EZ (t)=A2e_j(2nf2t+¢2), (2)

where A; and A, are the electric field amplitudes of the two lightwaves. When the optical beats are
coupled to the UTC-PD, the generated photocurrent Ipp(t) is
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where R is the responsivity UTC-PD that corresponds to the current generated per watt of incident
optical power, and N(t) represents the noise effects during optical-to-THz conversion [37]. The
photomixing technique provides a notable advantage of allowing for precise tuning of the output
frequency. This is achieved through the exploitation of the difference in frequency between the two
lasers involved in the process. [38].

4. Device Design and Fabrication

Initially, the UTC-PD epilayers were grown on a semi-insulating (S.I.) InP substrate by metal
organic chemical vapor deposition (MOCVD) at low-pressure. The absorption layer comprises of p-
InGaAs, thin p+InGaAs, and thin undoped InGaAs, while the collection layer consists of thin
undoped InGaAsP, thin undoped InP, thin n+InP, and lightly n-doped InP. The absorption layer has
a total thickness of 0.13-um and an area of 12.5 um? (4-um diameter) while the collection layer
thickness is 0.23-um. The p-InGaAs absorption layer was moderately doped to leverage the
advantages of the self-induced field (self-bias effect) within the absorption layer [39]. To mitigate
current blocking at the interface of the absorption and collection layers, a step-graded band-gap
profile was employed, incorporating an InGaAsP layer with a typical band-gap energy of
approximately 1 eV between the InGaAs absorption and InP collection layers.

Next, the UTC-PD epitaxial wafer, which had an InP substrate, was affixed onto a glass
supporting substrate. The InP substrate was completely removed by mechanochemical polishing as
well as selective chemical etching at the InP/InGaAs interface. Following this, a 10 nm amorphous Si
layer was deposited onto the surface. This substrate was then wafer-bonded to a SiC substrate that
was thinned to 32-pm. The entire process was conducted at room temperature, with a high pressure
of approximately 20 MPa to prevent any potential deterioration of the device characteristics [40].
Ultimately, the glass supporting substrate was detached from the epi-layers, leaving only the UTC-
PD epi-layers on the SiC substrate, maintaining the same layer order as they were grown on the InP
substrate. The UTC-PDs were fabricated with the microstrip line-based Wilkinson combiner,
featuring 50 Q) input lines and a patch antenna on the SiC substrate.

The optimized integrated design details of the 2 x 1 Wilkinson power combiner and the
rectangular microstrip patch antenna using a 3-D full-wave electromagnetic simulator before UTC-
PD integration can be referred to in our previous work reported in [41]. The rectangular microstrip
patch antenna is used because of its low profile thereby easing the fabrication process. It is important
to highlight that although antenna integrated devices have a lower maximum output power
compared to waveguide-output devices, they demonstrate greater suitability as frequencies increase.
This is attributed to their ability to operate without the need for precise metal cutting in small
aperture waveguides and their flexibility to create either a broadband or resonant-type module by
choosing the type of the integrated antenna. The designed monolithic integrated device is illustrated
in Figure 3.
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Figure 3. Device design. (a) Schematic of the monolithically integrated active and passive components
(b) Photo of fabricated device (c) Schematic cross sectional view.

On the 32 um thick SiC substrate with a dielectric constant e-=10, the Wilkinson power combiner
was designed consisting of two 50-() characteristic-impedance input microstrip lines with a width of
30.6 um and 250 pum apart corresponding to the fiber array pitch, and two 70.71 Q) quarter wavelength
transformer lines with a width of 13.3 um. It's worth noting that because of the resistor between the
two input ports, a Wilkinson power combiner offers relatively higher isolation and better matching
between the two ports compared to other combiners such as a T-junction combiner. A Tungsten
Silicon Nitride (WSiN) layer is used to achieve the 100 Q isolation resistance that corresponds to 2Zo
where Zo is the characteristic impedance of the input lines. The resistor does not dissipate power thus
rendering the Wilkinson power combiner to be theoretically lossless. However, in practice, there may
be some losses, although they are typically minimal. A microstrip patch antenna is known to have a
high impedance at its edges and low impedance in its center. The impedance at the edge of the
designed patch antenna is 495 Q and is matched to the 50 Q) line by the inset feed technique with an
inset length of 59 um and a width of 46 pm.

A five-section stepped-impedance low pass filter (LPF) with 110 Q and 25 Q as the highest and
lowest impedance respectively, as well as a radial stub with high impedance lines of 92 Q) were used
as RF chokes in the UTC-PD biasing circuits to avoid RF signal leakage into the DC bias line. The
simulated frequency response of the choke filters, shown in Figure 4, demonstrated that the stepped-
impedance LPF achieves an attenuation of over 10 dB, while the radial stub choke provides
approximately 7.5 dB attenuation at 300 GHz. Moreover, the radial stub also helps to compensate for
the UTC-PD junction capacitance.
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Figure 4. Low pass filter frequency response: (a) Stepped impedance; (b) Radial Stub.

5. Device Characterization

In this section we give a detailed account of the experimental setup and measurements taken to
characterize the device that include the combining coherency of the UTC-PD photocurrents by the
Wilkinson combiner as well as the device output linearity.

5.1. Experimental Setup

The experimental setup for device characterization is shown in Figure 5.

‘ LIA

®1MHZ

LD1

>=—1 EoM = os MLA | | Ji d FmeD

Figure 5. Experimental Setup. LD: Laser Diode. OC: Optical Coupler. EOM: Electro-Optic Modulator.
EDFA: Erbium Doped Fiber Amplifier. OS: Optical Splitter. ODL: Optical Delay Line. MLA: Micro
Lens Array. FMB-D: Fermi-level Managed Barrier Diode. LIA: Lock-In Amplifier.

Two wavelength tunable laser diodes, LD1 and LD2 emitted lightwaves in the 1550 nm band
(193.1 THz and 193.4 THz, respectively) with a power of 10 dBm. They were coupled to generate an
optical beat signal with a frequency difference of 300 GHz using an optical coupler (OC). The optical
beat signal was then intensity modulated at 1 MHz by an electro-optic modulator (EOM). It was then
amplified using an Erbium doped fiber amplifier (EDFA) and split into two optical paths by an optical
splitter (OS). To ensure phase synchronization of the split signal, the length of the two paths were
adjusted using optical delay lines (ODLs). Subsequently, the two lightwaves were directed onto a
micro lens array (MLA) and coupled to the two UTC-PDs which were integrated with a Wilkinson
power combiner and a patch antenna. The 300 GHz wave was radiated vertically and detected using
the Fermi-level managed barrier diode (FMB-D) [42], [43], [44] with two THz lenses with 25 mm
aperture. It is affixed to a mechanically controlled rotation stage at 32 mm away from the device. The
rotation angle is defined as that from the vertical direction to the device. The relative intensity was
measured using a lock-in amplifier (LIA).

5.2. Combined Photocurrent Coherency

We examined the coherent combining of photocurrents from the two UTC-PDs by the Wilkinson
power combiner. To ensure coherent signal combining in a 2 by 1 Wilkinson power combiner, it is
imperative for the phases of the two alternating currents generated at the UTC-PDs that are fed to
the combiner to be identical. This entails aligning the peaks and troughs of the two currents, resulting
in constructive interference and optimal signal combining efficiency. To manipulate the phases of the
two lightwaves traveling through different optical paths, we employed a manually operated optical
delay line (ODL). By adjusting the length of the optical path, we were able to vary the phase of the
alternating currents generated at the UTC-PDs. This enabled us to control the observed interference
pattern when the two alternating currents were combined. In Figure 6, we plotted the power of the
300-GHz wave detected by the FMBD. The resulting graph showed a clear interference pattern with
a period of 1 mm, which corresponds to the expected interference period between two 300-GHz
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alternating currents. Additionally, the fact that the power decreases to zero confirms that the
Wilkinson combiner enables an ideal coherent combining of the two 300 GHz alternating currents
generated at the UTC-PDs.
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Figure 6. Measured power at 300 GHz as a function of optical delay length.

5.3. Output Linearity and Satuartion due to Space Charge Effect

We measured the output linearity at 300 GHz by assessing the output power with respect to the
total photocurrent generated by the two UTC-PDs (Iph1 + Iphz) at a DC bias voltage of -1 V. Prior to the
measurement, the ODL was meticulously tuned to ensure that the device would generate the
maximum output power. To prevent performance degradation or damage to the device,
measurements were conducted up to 21 dBm input optical power that yielded photocurrents of 11.3
mA and 10.9 mA from UTC-PD1 and UTC-PD2, respectively. As illustrated in Figure 7, up to around
10.2 mA and 9.9 mA from the two photodiodes respectively, the results are almost in agreement with
the theoretical definition that the radiated power is proportional to the square of the photocurrent
when we assume that the AC current is proportional to the DC current. The slight discrepancy
potentially arises due to bias dependency in UTC-PDs, causing variations in the actual bias across
the PDs at a fixed external bias voltage as photocurrent changes. It is needful to note that difference
between the photocurrents from the two UTC-PDs at the same optical power is less than 3%. It could
potentially be attributed to the slight misalignments between the two UTC-PDs and the micro lens
array, resulting in slight disparities in the intensity of the lightwave irradiated on each UTC-PD.
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Figure 7. THz Power versus the square of the combined photocurrents.

The output saturation beyond 20 mA total photocurrent from the two UTC-PDs is induced by
carrier space charge effect. This can be described in regard to the critical current density Jma for a
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given voltage (-1 V) that modulates the field profile therein causing a non-linear response and output
saturation. Nonetheless, it is important to note that due to electron velocity overshoot phenomenon,
the field modulation by space charge effect is considerably less in a UTC-PD. Consequently, a UTC-
PD is capable of delivering a substantially greater output saturation level in comparison to a
conventional pin-PD. The electron velocity in the InP UTC-PD collection layer has been reported to
be between 4 x 107 cm/s - 6 x 107 cm/s [28]. Since the absorption area of the UTC-PD used is 12.5 pm?,
the measured peak photocurrent of 10 mA indicates that the critical current density is 80 kA/cm?. This
is in agreement with the theoretical Ju estimated to be between 64 — 96 kA/cm? using

]maxzanVS’ (5)

where the electron charge q=1.6x10"°C, the carrier density n.=10"°cm?, and the electron velocity
ve=4 x 107 - 6 x 107 cm/s [28].

6. Current Combining for Enhanced Radiated THz Power

The UTC-PD is a current source that produces a photocurrent (I) proportional to the intensity of
the incident lightwave and given as

[=l4c+H e (6)

where I4. is the direct current component, I,. is the alternating current (AC) component that
contributes to the THz emission and is given as

I,c=Irp,cos (znfTHzH'(P)/ (7)

where Iry, is the amplitude of the alternating current, fry, and ¢ are the frequency and the initial
phase, respectively [45,46].

If the lightwaves incident on the two UTC-PDs are of the same phase, the Wilkinson combiner
will coherently add the photocurrents from the two UTC-PDs with amplitudes Ity,; and Igy,,. The
radiated power from the antenna will then be

PTHz:(ITHz1+ITHz2)2R/ (8)

where R is the radiation resistance of the antenna.

Based on the analysis above, it can be inferred that when N lightwaves with identical phases are
coupled to N combined UTC-PDs, the resulting output current ideally multiplies by a factor of N,
and the radiated wave intensity from the antenna amplifies by N2. In our specific scenario, we
employed a 2 by 1 Wilkinson power combiner [40] to combine the currents from two UTC-PDs. This
implies that the resultant power radiated from the antenna connected to the combiner would
theoretically be 6 dB higher when two UTC-PDs are irradiated relative to one UTC-PD irradiation.

Figure 8 shows the simulation results of the radiated power for the 2x1 integrated Wilkinson
combiner-antenna device as a function of the angle theta (0) using a 3-D full-wave electromagnetic
simulator (Ansys HFSS) with the two signal sources modelled as current sources alluding to a UTC-
PD. When I1=1 mA, I>= 0 mA, the maximum radiated power is -13 dBm in the upward direction,
whereas it is -9.7 dBm for Ii=1 mA, =0 mA and -7.3 dBm for i=1 mA, =0 mA, which indicates a
3.3 dB and a 5.7 dB increase in radiated power, respectively.
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Figure 8. Simulation results of radiated power for a Wilkinson combiner-fed patch antenna.

We verified the above theoretical assertion with the experimental setup depicted in Figure 5. For
relative radiated power measurement, the minimum detected power at a beamwidth of 60 degrees
from the vertical axis when activating one UTC-PD was defined as a reference (0 dB). Figure 9
illustrates that at around -1 degree, the measured relative peak power was 7.5 dB when UTC-PD1
with a photocurrent of 8 mA was activated and 10.4 dB for UTC-PD2 with a photocurrent of 10 mA.
Then, when we activated both UTC-PDs (18 mA), the relative peak power reached 14.8 dB, indicating
a 7.3 dB increase in power relative to the power obtained with UTC-PD1 (8 mA) and a 4.4 dB increase
in power relative to the power obtained with UTC-PD2 (10 mA). This implies that when the
photocurrent was multiplied by 2.25 times, the radiated power increased by 5 times and when the
photocurrent was multiplied by 1.8 times, the radiated power increased by 2.75 times. Although there
are some losses, these results are largely in agreement with the theory that when the photocurrents
are multiplied by a factor of N, the radiated power will increase by a factor of N2.

16
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Figure 9. Radiated THz power for single and double UTC-PD activation.
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7. Conclusions

A thorough analysis and characterization of a novel device monolithically integrating two UTC-
PDs connected in parallel, a microstrip line-based Wilkinson power combiner and a rectangular patch
antenna on a SiC substrate for enhancement of THz wave power is presented. We have given a
thorough theoretical analysis and an experimental demonstration that if the phases of the
photocurrents fed to the combiner are the same, they will be coherently combined by the Wilkinson
combiner and that if the photocurrent being fed to the antenna is multiplied by a factor of N, the
radiated power will be enhanced by N2. We have further demonstrated that the UTC-PD output
saturation depends on space charge effect that is brought about by a critical charge density that is
about 80 kA/cm? for the device used in this work. This charge density modulates the electric field
profile in the depletion region leading to a nonlinear response and device performance degradation.
It is important to note that the overall effectiveness of the device can be attributed to the excellent
isolation and matching between the input ports of the Wilkinson power combiner, and the patch
antenna efficiency. Moving forward, the objective is to increase the number of UTC-PDs in order to
further increase the radiated output power.
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