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Abstract— Terahertz generation using high-speed photodiodes
has found commercial application in many areas ranging across
spectroscopy, imaging and communications. In this paper we
discuss the optimization of high-speed photodiodes in terms of
bandwidth and output power. We identify some of the main
limitations in the generation of high output power in the Terahertz
frequency band. We present a modelling tool for the numerical
evaluation of antenna coupled uni-travelling carrier photodiodes
and experimental evaluation of the fabricated designs. We also
present a thermal analysis of the photodiodes alongside pulsed
measurements of the output power saturation.

Index Terms—THz photomixing, THz antennas, high-speed
photodiodes, UTC-Photodiodes, Terahertz Radiation

. INTRODUCTION

HE terahertz (THz) region of the electromagnetic spectrum

(0.1-10 TH2z)[1] has been a subject of interest from
researchers due to a large range of potential applications,
ranging from biomedical imaging and pharmaceutical quality
control to next generation high-speed  wireless
communications[2].

However, due to a range of technological challenges in the
generation and detection of THz radiation, fewer
technologically mature solutions are available to fully exploit
this potential. There have been several proposed technological
solutions for generation of THz radiation, for example,
Schottky  diode multiplier chains[3], CMOS based
transistors[4]-[6], Gunn diodes[7], IMPATT diodes, quantum
cascade lasers[8][9], photoconductive switches[10]-[12] and
high-speed photodiodes[13]-[15]. Key THz applications such
as spectroscopy[16], imaging[17][18], metrology[19] and
communications[20] impose differing sets of requirements on
the THz source and detector. For example, THz spectroscopy
and metrology require a wide bandwidth tunable source with a
spectral linewidth narrow enough to resolve spectral features of
interest and a high enough power level to pass through a sample
under test and be detected[21].

For communications and imaging applications there are less
stringent requirements on frequency tuneability of the source,
but a stronger emphasis on the output power level. Of the THz
sources discussed previously, coherent photonics-based sources
can fulfil many of the requirements of tuneability and frequency
stability along with high spectral resolution. One of the areas
where photo-mixing sources underperform is output power
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level, when compared to electronic room temperature sources,
such as Schottky diodes and CMOS sources which generate
milliwatt level power at 300 GHz. In this article we will explore
what the main challenges in generating high output power in
photodiodes are and some potential solutions to overcome this
limitation.

The most widely developed photonics-based source,
particularly for time-domain spectroscopy(TDS)[22], is based
on low temperature grown gallium arsenide (LT-GaAs) which
makes use of femtosecond pulses from a mode locked laser to
generate ultrafast THz pulses. Time-domain spectroscopy
however does have limitations arising from the costs of the
ultra-fast pulsed laser drive systems, which operate at ~800 nm.
The spectral resolution achievable is also limited primarily by
the physical length of the optical delay line[23]. TDS systems
based on 1550 nm pulsed fibre lasers have also been developed
as a commercial solution making use of LT-InGaAs[24] and
InAlIAs/InGaAs heterostructures[25].

Continuous wave (CW) generation of THz radiation can also
be achieved by difference frequency photo-mixing in LT-
GaAs[26]-[29] and LT-InGaAs[30]-[32] or in high-speed
InGaAs photodiodes[33]. In the case of LT-InGaAs and
photodiodes the operating wavelength is within the 1550 nm
telecommunications wavelength band. Operation in the
telecommunications band has the advantage of the availability
of a very wide selection of low cost, off the shelf photonic
components and low loss transmission through standard optical
fibres.

To generate CW THz in a photoconductor or photodiode, two
laser tones are combined to produce a heterodyne beat note at
the difference frequency between the laser tones. Two major
factors influence the frequency response of photodiodes. The
photodiode resistance capacitance (RC) time constant arising
from the product of the junction capacitance and load and series
resistances and a time constant due to the finite transit time of
the photogenerated carriers across the absorption and depletion
region[14]. For p-i-n photodiodes the transit time response is
dominated by low-velocity hole transport.

The Uni-Travelling Carrier photodiode (UTC-PD) photo-
response is dominated by electron transport[14], [15], [34]. In
this device the absorber layer is p doped to a quasi-neutral level
making holes the majority carrier which respond within the
dielectric relaxation time through collective motion. The transit
time response is then primarily limited by the electron transport
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Device Coupling Frequency  Saturated Reference
Type Type (GHz) Power
(dBm)
UTC-PD Probe 100 11.17 [54]
UTC-PD Probe 110 10 [36]
M-UTC- Probe 120 5 [48]
PD
UTC-PD Probe 120 12.3 [55]
TW-UTC- Probe 200 0 [42]
PD
p-i-n-PD Antenna 200 -14.4 [37]
LT-GaAs Probe 252 2.55 [29]
UTC-PD Probe 300 -1.25 [35]
UTC-PD Waveguide 350 -2.68 [51]
TW-UTC- Antenna 457 -8.3 [57]
PD
UTC-PD Antenna 500 -17.7 [56]
p-i-n PD Antenna 500 -19 [37]
UTC-PD Antenna 700 -15.5 [59]
TW-UTC- Antenna 912 -16 [57]
PD
p-i-n PD Antenna 1000 -28.5 [37]
UTC-PD Antenna 1005 -19.63 [60]
UTC-PD Antenna 1250 -24.56 [59]
TW-UTC- Antenna 1500 -33 [42]
PD
UTC-PD Antenna 1500 -29.59 [60]
UTC-PD Antenna 2000 -40 [59]

through the absorption and carrier collection layer[14] where in
the collector layer electrons exhibit a velocity overshoot. In the
absorption layer the electrons travel by drift/diffusion, the
transport speed can be increased through the introduction of a
quasi-field in the absorber by means of a graded doping
profile[14].

While the UTC-PD structure removes the limitations of hole
transport on the frequency response of the diode, a tradeoff still
exists between the transit time through the absorption layer and
optical responsivity. For vertically illuminated photodiodes a
thick absorption layer is required for high responsivity.
However, a thicker absorption layer is detrimental to the transit
time response of the diode[14][34].

Several research directions have emerged to address the
bandwidth responsivity trade-off. One interesting solution is to
create a photonic cavity around a thin absorption region through
the use of a semi-transparent top contact and metallic mirror to
increase the interaction length with the absorbing material[35].
Using this structure output powers of 750 uW at 300 GHz were
recorded with an absorption layer thickness of 150 nm and 3x3
um? active area.

Another approach is to utilize a waveguide integrated
photodiode so that the carrier transport and optical absorption
are now perpendicular to each other. In a waveguide integrated
photodiode[36]-[39] light is evanescently coupled from a
passive optical waveguide to an active absorbing waveguide or
directly injected to the active area. However, care is still needed
to keep the active area of the device small, so the junction
capacitance is low. So called travelling wave photodiodes[40],
[41] distribute the junction capacitance along the length of an
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extended device (50 um in [42] for a Travelling Wave UTC-PD
(TW-UTC-PD)).

The power generation in a travelling wave photodiode is
maximized when the group velocity of the optical signal is
matched to the phase velocity of the generated THz signal[41].
In the case where the rear terminal of the waveguide is left as
an open circuit, interference can occur due to the reflected
backwards propagating waves. This can be reduced by
appropriately terminating the rear terminal with a matched
impedance. UTC-PDs also exhibit higher output saturation
current compared to p-i-n photodiodes[34]. In p-i-n
photodiodes, high optical excitation in the intrinsic absorption
layer leads to an accumulation of carriers in the depletion region
causing the field to collapse; the lower carrier velocity of holes
is the primary source of carrier accumulation resulting in
saturation of the device and compression of the output RF
power. Due to the increased electron velocity in the UTC-PD
collection layer the saturation threshold is increased by an order
of magnitude[43].

For high optical current operation there have been several
demonstrations of high current high output power Modified
UTC-PDs (M-UTC-PD). In these devices a lightly n-doped
layer[44][45] is inserted between the collector and absorber
layers to distort the field in order to compensate for the effects
of accumulated space charge. The reported saturation currents
for 20 um and 25 um diameter photodiodes was 90 mA and 120
mA respectively. Modifications to the absorber region have also
been developed where an undoped InGaAs layer is added to the
absorber region in order to improve the bandwidth responsivity
tradeoff for vertically illuminated devices[46], [47]. Both the
partially depleted absorber and cliff layers were added to
modified waveguide UTC-PDs in [48] with output powers of 5
dBm at 120 GHz being demonstrated and a 3 dB bandwidth of
75 GHz. A waveguide integrated modified UTC-PD was
demonstrated in [49] with a 3 dB bandwidth of 105 GHz for a
24 um?active area. The device utilized an InGaAsP depletion
layer for better evanescent coupling from the integrated
waveguide to the absorber at the expense of a reduced carrier
velocity. The maximum reported output power at 100 GHz for
the devices in [49] was -4.4 dBm at 100 GHz with a
photocurrent of 5.5 mA. The larger active area devices (50 and
35 um?) reported powers of 2 dBm and -0.4 dBm at 100 GHz
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Fig. 1. Comparison of saturated output power for photodiodes from the

literature.

respectively. Thermal failure resulted at the recorded maximum
photocurrent for the smaller active area device.
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demonstrates that despite compensating for space charge
effects, performance degradation due to thermal effects still
plays a significant role for small active area devices with higher
3dB bandwidths. It is not clear for these devices, however, how
much the influence of the reduced saturation velocity in the
collector layer contributed to the lower saturation current.

The electronic circuitry integrated with photodiodes also
plays an important role in maximizing the output power from
photodiodes. UTC-PDs and p-i-n diodes have been integrated
with rectangular waveguide modules[50] and integrated stub
tuning circuits in order to maximize output power[13], [51]-
[54], the integrated resonant stub tuning reaching a saturated
output power of 17 mW at 120 GHz[55].

Photodiodes have also been combined with planar integrated
antenna structures, ranging from broadband bow-tie and log
periodic antennas [37], [42], [56]-[58] to resonant slot
antennas[57], [59], [60]. A comparison of the current state of
the art in terms of saturated output power of p-i-n and UTC
photodiodes is shown in Figure 1 and detailed in Table I.

To increase total output power, arrays of individual
photodiodes can be combined either using an on-chip
waveguide power combiner or an array of integrated antenna
elements. This has been demonstrated through the use of a
Wilkinson power combiner in[61], [62], with a 1x8 bowtie
antenna array integrated with UTC-PDs in [63]. A 1x4 array of
M-UTC-PDs was demonstrated in [64] showing a decreasing
3dB bandwidth as the number of array elements increased. This
was reported as due to the increasing capacitance as more
devices are added to the array. Steering of the emitted THz
beam from a 4x4 array of antennas driven by a 1x4 array of
UTC-PDs was demonstrated in [65]. The photodiode array was
driven by an optical phased array circuit based on silica
waveguides.

In summary we have investigated output power as a common
key factor in applications of THz radiation. There are several
approaches to be taken in order to optimize the generated power
from photodiode sources. A comprehensive review of epitaxial
design is presented in [66]. In this paper we will cover
optimization of impedance matching between the photodiode
and integrated antennas and the effects of high power operation
paying attention to thermal power dissipation[67], an issue that
has been comparatively less explored[68].

Il. DEVICE IMPEDANCE MEASUREMENT AND MODELLING

To achieve maximum power transfer from a source to a load the
impedances of the source and load should be matched. For the
case of a complex source impedance the load impedance should
be equal to the complex conjugate of the source impedance. In
order to assess the coupling efficiency of a photodiode to an
integrated antenna, measurement of the complex impedance of
the photodiode is required. Development of a suitable
impedance model also aids in accurate simulation of the
coupling efficiencies between the photodiode and antenna.

We have previously demonstrated an equivalent circuit
model of the UTC-PD where the layer structure of the
photodiode is accounted for by a series of parallel RC circuits
building on the commonly used simplified circuit that accounts
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only for the device series resistance and junction
capacitance[69], [70]. The additional RC parameters have a
physical significance in the device as they account for the
effects of the spacer layers inserted between the carrier collector
layer and absorption layer to reduce the heterojunction band gap
discontinuity. We have demonstrated in [71] that the simplified
photodiode equivalent circuit is unable to achieve consistent
agreement with the real and imaginary parts of the photodiode
impedance. A schematic of the modified equivalent circuit
model developed in [71] is shown in Figure 2 with the
corresponding photodiode layer structure.

The impedance of the photodiode was measured using a
performance network analyzer (PNA). A one port Si1 reflection
coefficient measurement is carried out to obtain the device
impedance. The circuit parameters are then tuned to fit the
measured data. Some parameters such as the series resistance
can be calculated from the semiconductor layer properties and
the contact resistance of the device.

Knowledge of the impedance of the photodiode and an
appropriate equivalent circuit model enables the numerical
calculation of the absolute radiated power of antenna coupled
devices as demonstrated in [72] and [73]. A narrow band
matching circuit can also be designed using common coplanar
waveguide circuit components such as capacitors and quarter
wave stubs[55].

A full wave 3D model of the UTC-PD was created using CST
Microwave Studio. Each RC parallel circuit from the equivalent
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Fig. 2. a) Equivalent circuit impedance model with corresponding epitaxial
layer structure. b) Equivalent circuit model for device photo response driven
by an ideal current source with a 50 Q load impedance.
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Fig. 3. Si1 a) Magnitude and b) phase for a 3 x 10 pm? active area UTC
photodiode measured up to 67 GHz using an Agilent PNA and from 75-110
GHz using VDI W band VNA extender modules.

circuit model is represented in CST as a block with appropriate
conductivity and relative permittivity.

A 50 Q port is connected across the terminals of the
photodiode model with ideal perfectly conducting wires which
are kept short to avoid the introduction of spurious inductive
reactance. The Si1 reflection coefficient of the full wave model
and equivalent circuit model are shown in Figure 3 alongside
the measured Si1. There is good agreement between the
measured data and model data across both of the measured
frequency bands. Crucially, there is simultaneous agreement
between both the magnitude and phase data, which for the
simplified circuit model was not possible. The frequency photo-
response of the UTC-PDs was measured using an Agilent
Lightwave Component Analyzer (LCA). The maximum output
optical power from the LCA is 6 dBm. The light from the LCA
was coupled into the optical waveguide of the photodiode via a
tapered lensed fibre with a spot size diameter of 2.5 pm. A
polarization controller was placed before the lensed fibre to
maximize the power coupled into the photodiode. The
measured optical power before the lensed fibre was 5.68 dBm.
Figure 4 shows the measured frequency photo-response for a
3x10 and a 3x15 um? UTC-PD.

From the model, the frequency response of the photodiode
can be calculated also including the contributions of the transit
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Fig. 4. S, Measured frequency response for a 3 x 10 um?a) and a 3x15 pm?
b) active area UTC-PD with -2.5 V bias. The model data is calculated using
the RC response equivalent circuit model from Figure 1 and scaled by the
transit time response of the UTC-PD.

time response. An ideal current source is placed in parallel
before the three RC circuits and the input port is terminated with
a 50 Q load resistance as shown in Figure 2 b. The normalized
transit time response is also calculated for a 20 mV quasi-field
in the absorber region following the process detailed in [71].
There is a good agreement between the calculated frequency
photo-response of the photodiodes with the measured results.
The 3 dB roll-off for the 3x10 pm? device is shown to be around
71 GHz from the model data while the 3x15 pum? device is
around 60 GHz. This is due to the larger active area of the 3x15
um? and hence larger junction capacitance. There is good
agreement between the modelled frequency photo-response of
the photodiode and the measured data after applying a
correction for the transit time -3 dB bandwidth of 270 GHz.

Using the full wave model, we can design suitable integrated
planar antennas and estimate the total radiated power when
combined with substrate integrated silicon lenses.

I1l. INTEGRATED ANTENNA DESIGN AND MEASUREMENT

Previous demonstrations of both UTC-PDs and p-i-n PDs
integrated with planar antennas have taken two approaches.
One approach is to make use of broadband antennas such as the
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Fig. 5. Numerically calculated real and imaginary impedance for a 3 x 15 pm?
active area UTC photodiode, log periodic antenna and slot antenna.

logarithmic spiral antenna and log periodic antenna. The other
is to make use of resonant antennas such as the half wave dipole
and slot antenna. The broadband antennas mentioned earlier are
typically described as having a constant real impedance over a
wide frequency range. When considering a driving source such
as the UTC-PD which has been shown to have a complex
impedance with a strongly frequency dependent reactive part,
broadband matching to a constant real antenna impedance is
challenging. For applications such as spectroscopy where a
wide frequency bandwidth is required to span several spectral
lines, selection of an antenna that can deliver enough detectable
power over the THz range is important. For cases where
delivering maximum power over a smaller bandwidth is
required, resonant slot antennas are a suitable solution. While
the UTC-PD is essentially an ideal current source at DC, i.e., it
exhibits a real and very high impedance, the impedance real part
decreases significantly as the frequency of operation increases
and tends to settle on values of the order of 5-10 Q, as shown
in Figure 5 a). Consequently, there is likely to be a large amount
of power not coupled to the antenna due to the substantial
mismatch. To achieve maximum coupling efficiency in these
cases a low impedance antenna conjugate matched to the UTC-
PD should be considered.

Using the full wave model discussed previously, we can
evaluate the coupling efficiency and output power of UTC-PDs
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integrated with planar antennas. The impedance of an antenna
structure mounted on a substrate integrated Silicon lens can also
be numerically calculated. The substrate integrated silicon lens
was pioneered by Rutledge[74] and has been used for both
antenna integrated p-i-n PDs[37][75], UTC-PDs and
photoconductive switches. Until recently the substrate
integrated lens had only been modelled using a geometric optics
approach. We have shown previously in [73], by means of full
wave modelling, that the silicon lens has an impact on the
device impedance and is very sensitive to misalignment of the
device from the centre of the lens.

Two antenna designs have been evaluated, a resonant slot
antenna shown in Figure 6 b) and a planar log periodic (LP)
antenna shown in Figure 6 c). The resonant slot antenna
impedance and UTC-PD impedance from the respective full
wave models are shown in Figure 5. A resonance feature around
250 GHz can be observed where the imaginary part of the
antenna impedance crosses zero and the real part is over 300 Q.
The ripples in the antenna impedance are caused by the silicon
lens which has been shown to act as a resonator due to the high
refractive index of the silicon in contrast with the surrounding
air[73][76]. The resonance effects can be addressed through the
use of a suitable antireflective coating.

As mentioned earlier, resonant antennas driven with a
complex low impedance source result in poor coupling
efficiency due to the large mismatch between the source
impedance and high resistive part of the antenna impedance. In
order to maximize the coupled output power, the antenna
impedance should be as close as possible to the complex
conjugate of the source impedance.

This is the case around 100 GHz where the impedance of the
UTC-PD is 7.5-j20 and the impedance of the antenna is close to
the complex conjugate of this value at 11.93 + j21.37.

The log periodic antenna impedance also has a resonance
feature around 200 GHz. This results in a similar inductive
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Fig. 6. Schematic diagram for antenna integrated UTC-PD output power
measurements and illustrations of the two antenna types evaluated.
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measured up to 500 GHz using a Thomas Keating (TK) power
meter and a Golay Cell (GC). Figure 6 a) shows the
experimental arrangement. Two laser tones were combined
using a 50:50 optical fibre coupler where one of the laser tones
was chopped using a 10 Hz optical chopping frequency. An
Erbium doped fibre amplifier (EDFA) was used after the
coupler. For the unpackaged slot antenna, a responsivity of 0.25
A/W was measured with 50 mW optical input power. The
responsivity is higher than the UTC-PD reported in [77] but
lower than the reported p-i-n PD responsivity. The THz output
power was first recorded using the calibrated TK power meter
up to 300 GHz and from 150-500 GHz using the GC. The
overlap region of 150-200 GHz was used to normalize the GC
power readings.

50.8 mm diameter TPX lenses were used to collimate the THz
beam and focus it onto the power meter. The recorded power
for the resonant slot antenna is shown in Figure 7 alongside the
numerically calculated radiated power adjusted for the transit
time response and the solid angle of the TPX lens. An ideal
current source corresponding to the measured photocurrent of
12.5 mA was used as the source current in the model. There is
a maximum in the output power of 0.5 mW at 100 GHz which
agrees well with the numerical simulations and is higher than
the values reported in [77] for comparable optical input powers,
i.e. 40 mW p-i-n photodiode in [77] vs 50 mW for the UTC-PD.
This corresponds to the point in the impedance model where the
UTC-PD impedance is closest to the complex conjugate of the
antenna impedance as mentioned earlier. A second peak can be
observed at 350 GHz in the numerical results and 330 GHz in
the measured results. This again corresponds to where the
antenna conjugate impedance and UTC-PD impedance are
closer. Packaged versions of the slot antenna and the log
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Frequency (GHz)

Fig. 8. Measured frequency response and dynamic range for the a) 3 x 15 um?
UTC-PD integrated with a resonant slot antenna and b) a 3x15 um? UTC-PD
integrated with a log periodic antenna compared to the full wave model
frequency response.

periodic antenna were measured with a Toptica 1550 nm
InGaAs photoconductor. The responsivity of both devices after
packaging was reduced to 0.105 A/W and 0.09 A/W
respectively. The reduction in responsivity is due to fibre
misalignment from epoxy shrinkage on curing.

The measured frequency response of the slot and log periodic
antennas are shown in Figure 8 a) and b). A peak can be seen
around 130 and 150 GHz for each antenna, corresponding to
the point where the antennas impedance is closest to the
complex conjugate of the UTC-PD impedance. The
corresponding full wave model response agrees well with the
measured data for both antenna integrated devices.

The peak dynamic range[21] of the packaged devices at 130
GHz was 105 dB for the slot antenna device and 85 dB at 150
GHz for the log periodic antenna device. At 500 GHz the
dynamic range was 70 dB for the slot antenna and 56 dB for the
log periodic antenna at 100 ms lock-in amplifier integration
time. These values are higher or comparable to commercially
available 1550 nm CW spectroscopy systems[78].

IV. THERMAL MODELLING

When photodiodes operate at high input optical power, high
photocurrent and high bias voltage, the dissipated heat is high.
Thermal coupling to the ambient environment is poor as the
thermal conductivities of epitaxial layers are relatively low, as
shown in Table Il. This large amount of heat will cause the
temperature to rise inside the absorption and collection layers.
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TABLE Il: THERMAL MODELLING PARAMETERS

Thermal Heat Temperature Change
Layer Material Thickness (um)  Conductivity Capacity ¢0)
(W/m?-K) (J/kg-K)
Passivation SiO4/SizN4 2 1.4/30 680/673
P electrode Ti/Pt/Au 0.075/0.05/0.4 17/72/314 1.9
P contact InGaAsP Q1.3 0.2 7.2 337 11
Absorber InGaAs 0.12 5 300 6.2
Collector InP 0.3 68 310 35
Waveguide InGaAsP Q1.3 0.3 7.2 337 314
N contact InP 0.6 68 310 6.1
Substrate S.I. InP 290 68 310 53.7
Bonding Nitrocellulose 15 0.142 1300 50.5
Layer
Lens Si 3700 142 700 0.87

In the temperature change column of Table Il, the values are
calculated by using the temperature at the top of the layer
subtracting the temperature at the bottom of the layer.

With increasing temperature, lattice thermal vibration
increases and causes increased carrier scattering. Increased
lattice scattering lowers electron mobility[79] and increases the
transit time of electrons passing through the collection layer,
eventually contributing to the RF output power saturating. To
optimise thermal performance of UTC-PDs, knowledge of the
temperature distribution of the device structure and
identification of the heat flow bottlenecks, are needed. The heat
transfer module in COMSOL Multiphysics was used to
simulate the thermal distribution inside the UTC-PD. The
device structure used for thermal modelling is shown in Figure
9. The 3 x 15 um? antenna integrated waveguide UTC-PD is
attached to a hyper-hemispherical Si lens (diameter = 6 mm).

For energy to be conserved, the total power delivered to the
photodiode must be equal to the sum of the output power
delivered by the photodiode, contact heating, and power
dissipated in the photodiode[80], [81], as in equation (1). Popt is
the absorbed optical input power, Ppc is the DC electrical power
supplied to the photodiode, Prr is the radiated RF power from
antenna integrated UTC-PD, P is the joule heat on contacts,
and Pgis is the remaining power to heat the device.

Popt+PDC=PRF+Pcont+Pdis (€Y)

Based on the experimental results for a 3 x 15 um? antenna
integrated UTC-PD, the UTC-PD generates 13.5 mA DC
photocurrent and 60 uW RF power with 64 mW input optical
power and -2V bias voltage. The optical power coupling ratio

- Wire bonding

6 mm Sim

Fig. 9. Schematic diagram of an antenna integrated UTC-PD on a 6 mm Silicon
lens used for thermal modelling.

L.
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is about 45% between the waveguide of UTC-PD and the lensed
fibre (spot size = 2.4 um)[36]. The series resistance of the UTC-
PD was measured as 17 Q. Based on equation (1), the calculated
dissipated power inside a 3 x 15 um? antenna integrated UTC-
PD is 52.5 mW, which was set as the heat source in the thermal
modelling. Besides heat conduction, convection is another type
of heat transfer for UTC-PDs. The surface of heated antenna
UTC-PDs is at higher than ambient room temperature (20 °C)
shown in Figure 10 a), therefore the convective heat flux
between air and the device should be included though the heat
convection effect is very limited because the surface area of
UTC-PDs is very small. Typical convective heat transfer
coefficients for free air convection are in the range of 0.5 - 1000

Surface: Temperature (degC)

a)

5
DIGATE: emperatN

R
Fig. 10. Temperature distribution of antenna integrated UTC-PD (3x15 pum?)
on Si lens, (a) Temperature distribution on the top surface, (b) Temperature
distribution of P ridge cross section.

W/(m?-K), and for forced air convection the value is in the
range of 10 - 1000 W/(m?-K). In this thermal modelling, the air
convective coefficient is set to 5 W/(m?-K) from [82].
Different values of air convective coefficient were applied in
the modelling to see the influence on the temperature
distribution (1, 10, and 20 W/(m?.K)). The impact on the
maximum temperature inside antenna integrated UTC-PDs is
limited, less than 1 °C. The simulated temperature distribution
inside a 3 x 15 um? antenna integrated UTC-PD is shown in
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Fig. 11. Temperature distribution of antenna integrated UTC-PD (3x15 um?)
on Si lens through the central z coordinate of the structure descending from
the top of the device to the adhesion layer in log scale.

Figure 10 b), indicating that a maximum temperature of 181 °C
(454 K) is reached in the absorption layer. From Table Il, there
is 50.5 °C temperature difference across the bonding layer,
between the Semi Insulating (S.1.) InP substrate and the Si lens.
On the top surface of UTC-PD, most of the heat is concentrated
in the P-contact area, and the antenna metal does not contribute
significantly to heat dissipation. The cross-section temperature
distribution suggests that heat gathers inside the P-ridge and
only a small part of the heat dissipates through the InP substrate.

Figure 11 shows the change of temperature along the z-axis
in the centre of the P-ridge, from the top of the device to the Si
lens. The thermal conductivity of the adhesive used to attach
the UTC-PD and Si lens is very low, only 0.142 W/(m-K). The
calculated thermal resistance for this adhesive layer is 499.2
K/W. Adhesives with higher thermal conductivity could be
used in the future, to decrease the thermal resistance of this
layer. The temperature change through the S.1. InP substrate is
53.7 °C. 70% of the temperature change happens within 10 pm
depth beneath the N-contact layer, which has a high thermal
resistance of 3268 K/W. This results in poor heat dissipation
through the InP substrate. Figure 11 shows most of the heat is
blocked in the P-ridge and the temperature is as high as 166.85
°C (440 K) at the top of P-contact. Although the antenna metal
is connected to P-contact, there is very limited heat transferred
from the P-ridge to the bow-tie antenna because of the high
thermal resistance (14642 K/W). Such high thermal resistance
is caused by small cross-section area (only 3 um x 435 nm)
through which the heat is conducted from P-contact to antenna
metal, even though Gold has high thermal conductivity, 314

(o)

Modulator 90:10 Coupler
EDFA —@«—@_{ Power
\ Meter

Oscilloscope

Phetodiode

la Polarization
ser 1 Controller | |

p—
/ 50:50 Coupler \

Laser 2

JUL

Pulse
Generator

Fig. 12. Schematic diagram for pulsed power signal generation and
measurement.
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W/(m-K). The high thermal resistance blocks the heat path and
confines the heat inside the absorption layer. Lowering these
thermal resistances, through appropriate heat sinking design,
would improve the heat dissipation and reduce the maximum
temperature inside antenna integrated UTC-PDs. Replacing the
nitrocellulose bonding layer between the silicon lens and
substrate with a higher thermal conductivity adhesive, as well
as thinning the substrate, could also provide some improvement
to heat dissipation.

V. PULSE POWER MEASUREMENTS

Under high power operation there are two main mechanisms
that limit the output RF power from a photodiode. The first is
the space charge effect caused by an accumulation of carriers in
the depletion layer of photodiodes causing a distortion to the
field profile[83]. Due to the high electron velocity in the
depletion layer the space charge effect is reduced in UTC-PDs
increasing the saturation current by an order of magnitude[43].
The second limiting factor is thermal failure of the device at
high optical input powers. The space charge effect in the
photodiode can be reduced by applying a higher bias, this
comes at the expense of increased joule heating of the device
which can lead to thermal failure.

The effects of self-heating can be mitigated by pulsing the
optical drive signal to the photodiode. Incorporating a Mach-
Zehnder intensity modulator and pulse generator into a standard
optical heterodyne experiment, as shown in Figure 12, allows
for varying pulse duty cycles. The temporal width of the pulse
should be shorter than the heating time of the photodiode. From
the thermal modelling presented in Section IV the internal
heating time of the photodiode is shown in Figure 13. For an
example pulse width of 20 nanoseconds the self-heating of the
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Fig. 13. Internal heating time for a 3x15 um2? UTC-PD based on an 81.1 mW
heat source in the absorber layer.

device would be minimal, around 4 °C. The pulse generator
used was an AIM TTI TGP 300 series. A 20 ns pulse was used
to drive the Mach-Zehnder modulator, which was biased at the
null point. The input optical power was varied using an erbium
doped fibre amplifier (EDFA) with maximum output optical
power of 18 dBm measured before the lensed fibre. The
heterodyne beat frequency was set using two laser diodes, one
fixed laser Rio Orion series at 1553 nm and a tuneable laser
diode set to a 100 GHz difference frequency.
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Fig. 14. Saturated power measurements for the 3x10 um?a) and b) 3x15 um?
UTC-PD with the expected output power delivered to an ideal 50 Q load from
the full wave UTC-PD model.

Two polarization controllers were used to set the laser
polarizations parallel to each other. Another controller was
placed before the modulator to align the polarization of the two
laser tones to the slow axis of the modulator in order to
maximize the extinction ratio. The extinction ratio after
amplification in the EDFA was around 19 dB. At the modulator
null point, the measured RF power at 100 GHz was -41 dBm.
The “off” state power should be subtracted from the RF power
readings when calculating the peak power of output RF pulses.
To account for this, the pulses were measured using an
oscilloscope and a low frequency photodiode via a 90:10 fibre
tap. The device was mounted on a metal block maintained at a
constant temperature of 20 °C using a peltier cooler. The RF
power was extracted from the device with an air coplanar probe
and measured using an Agilent power meter. A flexible W band
waveguide was used in between the probe and power meter
head to reduce mechanical strain. The loss of the waveguide
was measured using a network analyzer and was found to be 3.2
dB at 100 GHz. The photocurrent was recorded using an
Agilent Multi meter connected to the device via a bias tee
integrated with the co-planar probe.

The photodiode was biased at -3 V as the optical power was
increased. The recorded power is shown in Figure 14 with both
CW and pulsed operation modes. CW operation saturates
around 10 mA of measured photocurrent. Applying a 20 ns
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pulse to the photodiode with a 50 % duty cycle increased the
saturation point to a peak photocurrent of around 17 mA.
Reducing the duty cycle to 10 % the peak photocurrent was
around 20 mA. The peak output powers are corrected for the
losses in both the probe and the waveguide. The ideal output
power delivered to a 50 Q load is also calculated using the full
wave model of the UTC-PD integrated with a CPW. There is
good agreement between the measured output powers at 100
GHz and the full wave model results up to the onset of
saturation. For the 3x10 um? the peak output power at 10 %
duty cycle was 3.8 dBm while for the 3x15 pm? device the peak
power was 3.0 dBm. The difference in the two output powers is
a result of the steeper 3dB roll off for the 3x15 um? device
which was measured to be 60 GHz in Section Il compared to 70
GHz for the 3x10 um? device. A clear difference between the
CW power measurements and pulsed power measurements can
be seen, indicating that thermal effects are a strong limiting
factor in the output power of small active area UTC-PDs.

VI. CONCLUSIONS

We have demonstrated an equivalent circuit design tool for the
modelling and evaluation of UTC-PD impedance, which has
been used to design antenna integrated UTC-PDs. The output
response of the antenna integrated UTC-PDs was measured and
compared with the full wave model. Good agreement between
the measured data and model was demonstrated up to 500 GHz
where the lumped element model is expected to lose validity.
Using the model, we have shown that, to maximize the coupling
of output power from the UTC-PD to a load, complex conjugate
impedance matching is needed. We have carried out a thermal
analysis of the UTC-PD and identified that limitations arising
from thermal effects are a key factor in determining the
saturated output power. To improve output power from
photodiodes to compete with electronics-based sources,
optimization of heat dissipation within the device is required
through appropriate heat sinking. We have measured the peak
output power of two sizes of devices with peak output powers
of 3.8 dBm at 100 GHz recorded for a 3x10 um? UTC-PD using
a pulsed optical input. A 4.8 dB increase in the maximum output
power was measured between CW operation and pulsed
operation at a 10 % duty cycle for the 3x10 pm? photodiode,
confirming the results of the thermal modelling that poor
thermal dissipation is a major issue in small active area
photodiodes.
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