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Abstract—High-speed photodiodes are a key element of numer-
ous photonic systems. With the development of potential applica-
tions in the THz range such as sensing, spectroscopy, and wireless
transmission, devices with integrated antenna covering the fre-
quency range from 0.1 to 3 THz will become essential. In this
paper, we discuss the development of uni-traveling carrier photo-
diodes with integrated antennas to address that need. In particular
we develop the key elements to present a simple design tool for
the efficient integration of the device with an antenna. We also
present fabricated device results that show the highest figure of
merit to date for photonic THz emitters. When integrated with
well-matched antennas the devices have achieved record level of
power up to 1 THz compared to other published photomixers. We
also show that these devices can be used as receivers at frequencies
up to 560 GHz with conversion losses of the order of 30 dB.

Index Terms—THz photomixers, THz UTC-

photodiodes, terahertz radiation.

antennas,

1. INTRODUCTION

ECENT work on high-speed photodetectors has shown
Rsigniﬁcant improvements including higher responsivity
[1] through better optical coupling, higher output power [2] and
larger bandwidth [3]. These different developments have been
key for such devices to find application in a set of photonic
systems with ever increasing technical demands. One particu-
lar frequency range where photonic solutions have been at the
forefront of developments is the millimetre wave to THz range
(0.1 THz-10 THz) [4]. In that range, applications such as radar,
sensing and broadband wireless communication require solu-
tions that are both frequency agile and offer large bandwidth,
which photonics is well placed to provide [4]. To meet these
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applications requirements, the development of photomixers that
are efficient and operate at room temperature [4]-[6] is essential.
In this regard two main solutions have emerged; photoconduc-
tive antennas and photodiodes. In terms of efficiency, as emitters
in the THz range, photodiodes have so far offered the best per-
formances, in particular the uni-travelling carrier photodiode
(UTC-PD) [7]-[9] which is a high speed and high output power
photodiode [10]-[17]. The response of the UTC-PD is deter-
mined by the electron transport in the whole structure. This is
an essential difference from the conventional pin PD, where both
electrons and holes contribute to the device response, and the
low-velocity hole-transport limits the performance. In UTCs
electrons exhibit velocity overshoot (3-5 x 107 cm/s) in the
carrier collection layer [7]; in addition, the UTC-PD generates
higher output saturation current due to the reduced space charge
effect in the depletion layer, which also results from the high
electron velocity in the depletion layer [9]. Since its invention in
1997 [7], modified UTC-like structures with a hybrid absorber
have been developed, to optimise the bandwidth and respon-
sivity [9]. All of the structures consist of narrow-gap absorbers
sandwiched by wide-gap p- and n-contact layers. Growth of
phosphorus based UTC structures has also been demonstrated
by Solid Source Molecular Beam Epitaxy [18]. Particular exam-
ples of work to enhance the performances of UTC-PDs include
combining a UTC-PD with travelling wave (TW) design [17]
and optimisation of the structure to further the point of space
charge saturation in modified UTC (MUTC) [2].

One key aspect of developing such devices as emitters or
potentially as receivers is to design and optimise fully the in-
tegration of the device with a planar antenna. Only through
optimised coupling will it be possible to access the full po-
tential of the devices. In this paper, we will discuss the key
elements in designing such antenna systems and the methods
used in fabrication. We will then show the results obtained from
integrated antenna devices both as emitters and receivers show-
ing their outstanding performance, particularly in terms of ef-
ficiency in converting optical power to electrical power, where
their figure of merit (Pry./ prt) is the highest published to
date. These results demonstrate clearly the advantages of the
overall waveguide design for developing efficient photomixers
for THz applications, although there is still scope for work on
the optimisation of both optical coupling and antenna design to
enhance the efficiency of the emitter further.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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II. DEVICE DESIGN AND IMPEDANCE MATCHING

Although UTCs integrated with planar resonant and non-
resonant antennas have been demonstrated previously [17],
[19], this was mostly done using standard bow tie and log
periodic antenna designs with relatively little care being taken
to match the impedance of the device with the antenna over
as large a frequency range as possible. Developing a design
tool for fully matching the antenna to the device is essential if
optimised broadband operation is to be obtained. If one looks
at how millimetre-wave receivers and transmitters were devel-
oped, it would appear that they were traditionally machined
waveguide-based antennas [20]. Corrugated horns were built up
to 300 GHz and dual-mode horns up to 500 GHz [21], [22]. The
travelling wave corner-cube antenna [23], [24], which is an open
structure compatible with whisker contacted Schottky diodes,
was for a long time the only available receiver at frequencies
above 1000 GHz and increasingly optimised versions were
realised [25]-[28]. Machined antennas for sub-millimetre-wave
and THz frequencies are difficult to realise and expensive.
Monolithic receivers based on planar antennas are an attractive
solution for the millimetre and sub-millimetre-wave region
[29]. Microstrip antennas are simple to fabricate, low cost,
lighter and low profile and hence ideal candidates for integration
with photomixers; besides, the planar structure of microstrip
antennas enables easy fabrication of large antenna arrays. How-
ever, microstrip antennas suffer from significant ohmic losses at
sub-millimetre-wave and THz frequencies and exhibit reduced
performance in terms of bandwidth and directivity in compari-
son with standard waveguide horns. The substrate thickness for
microstrip antennas needs to be small, around one hundredth
of the wavelength in free space [30]. At sub-millimetre-wave
and THz frequencies this specification is hard to meet as
substrates are typically electrically thick, resulting in substrate
modes which affect the antenna impedance, radiation efficiency
and radiation pattern. The use of the substrate dielectric lens,
introduced by Rutledge and Muha in 1981 [31], has become a
popular solution to limit substrate modes. As mentioned above,
the design of planar antennas to be integrated with photodiodes
needs careful consideration and can nowadays benefit greatly
from the use of full-wave electromagnetic modelling, even for
structures electrically very large. Simple analytical approaches
can produce misleading results as they can only be carried
out for extremely simplified cases, requiring significant as-
sumptions. An example of such an assumption is considering a
planar antenna on substrate lens as equivalent to an antenna on
a semi-infinite substrate. When a planar antenna on a substrate
lens is studied by means of full-wave modelling, it is found that
a significant part of the electric field is trapped within the lens
by reflections and generates strong standing waves; as already
suggested in [32] the substrate lens may perform more as a
resonator than as a lens. Another concern about substrate lenses
is that the radiation pattern is sensitive to the alignment between
antenna chip and lens and the main lobe can tilt and decrease in
amplitude as a result of misalignment. Both standing waves and
the effect of misalignment are shown in Fig. 1, which displays
the amplitude of the electric field at 350 GHz for a bow-tie an-
tenna on a4 mm silicon lens in a collimating configuration. As a
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Fig. 1. Cross section views through the lens, showing the electric
field amplitude in four cases of increasing misalignment, ie. AY = 0,
AY = 100 um, AY = 200 pm and AY = 300 pm. Reflections and standing
waves inside the lens are visible in all cases.
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Fig. 2. Comparison between the impedance of a bow-tie antenna integrated

with a Si lens (dashed green line) and the impedance of the same antenna on a
semi-infinite substrate (solid red line). The impedance of a UTC studied in [30] is
also plotted (continuous black line). The antenna is designed to realise complex-
conjugate impedance matching with the UTC between 300 and 350 GHz.

result of the sensitivity to misalignment, substrate lenses are not
suitable for integration with arrays since each antenna element
of the array would be significantly misaligned with the lens axis,
resulting in a very poor radiation pattern. The reflections inside
the lens also affects the antenna impedance as shown in Fig. 2.

Both resistance and reactance of the antenna on the silicon
lens oscillate prominently around the ideal values of the antenna
on a semi-infinite substrate, with higher frequencies being af-
fected more significantly. Such an erratic coupling efficiency
with the source (UTC) could be apparent on a system aim-
ing to generate a tuneable high purity RF signal, generated for
instance by heterodyning two phase-locked lasers, since the
signal strength would vary significantly even for small (GHz)
frequency variations.

In general, design and optimisation of radiation pattern, ra-
diation efficiency and impedance of antennas integrated with
photodiodes can greatly benefit from the use of full-wave elec-
tromagnetic modelling. Even simple tasks, such as realising the
bias connections on the antenna, can result in significant effects
on the antenna performance if not carefully modelled.

Research on antenna integrated UTC-PDs is focused on en-
hancing the emitted power and bandwidth. Emitted power and
bandwidth depend on 4 key factors: 1) optical fibre-to-chip cou-
pling efficiency; 2) photodiode bandwidth, optical responsivity
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and saturation power; 3) photodiode-to-antenna coupling effi-
ciency; 4) antenna directivity and radiation efficiency. Point 3
(photodiode-to-antenna coupling efficiency) has not received
much attention in the literature.

If an antenna is driven by an ideal current source (i.e. hav-
ing infinite output impedance) then the antenna radiation resis-
tance (i.e. non-lossy part of the impedance real part) should
simply be chosen to be as high as possible. The UTC can
only be considered as a nearly ideal current source at DC,
but has a finite and complex (i.e. not purely resistive) out-
put impedance at higher frequencies. Therefore, to optimise
the efficiency of power coupling between UTCs and antennas,
complex-conjugate matching needs to be realised. When the
source impedance is real, reflection-less matching with the load
(antenna) is equivalent to maximum transfer of power matching
(i.e. complex-conjugate matching); hence, reducing the reflec-
tion coefficient with respect to a resistance equal to the source
impedance automatically leads to maximising the transfer of
power from the source to the antenna. For these reasons, on the
assumption of driving antennas with a real impedance source,
the antenna bandwidth in terms of impedance can be defined in
terms of reflection coefficient p, or S;; in dB or VSWR (Volt-
age Standing Wave Ratio) with typical specifications requiring
p <02 <=> §;, <—14dB <=> VSWR < 1.5.

The broad band concept for antennas should be defined clearly
and considered carefully when designing antenna integrated
UTCs. Antenna bandwidth has to be defined in terms of both
gain (i.e. directivity and radiation efficiency) and efficiency of
energy coupling from the source. If an antenna impedance is ef-
ficiently matched to its source over a wide frequency range, but
its radiation pattern does not maintain a useful profile all across
the same frequency range, then such an antenna should not be
described as broad band. Antennas like the equiangular spiral
and the toothed log- periodic, often integrated with UTCs, have
been demonstrated to have constant impedance over a broad fre-
quency range [30], [34], [35]. For this reason they can provide
broadband matching to a constant impedance driving source.
When these antennas are driven by UTC-PDs, such a broadband
matching is harder to achieve since the UTC impedance is not
constant, with a strongly frequency dependent reactive compo-
nent. Hence, the antenna impedance broadband properties need
to be considered in conjunction with the complex impedance of
the driving source and, for maximisation of the power coupling
bandwidth, the impedance of the source should be fully taken
into account.

An antenna is defined as resonant at a frequency where its
reactance is zero, for instance a frequency corresponding to a
wavelength double the antenna length for the case of a classical
dipole antenna. Since at such a resonance frequency the antenna
impedance is purely resistive, if the source impedance is also
purely resistive and equal to the antenna resistance, the coupling
efficiency will be very high. The coupling efficiency will decay
quite rapidly as the frequency moves away from the resonance.
This shows that also in the resonant antenna case, the “resonant
antenna” property cannot be fully exploited without taking into
account the impedance of the driving source. As a quantitative
example, the UTCs characterised experimentally and numeri-
cally in [30] exhibited a complex impedance at 100 GHz equal
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Fig. 3. (a) UTC layer structure. (b) New equivalent circuit, showing the re-
lation with the UTC structure. The two spacers have been modelled as two RC
parallel circuits (Ro Cy and R3C'3). The neutral region of the heavily p-doped
120 nm thick absorber only provides a negligible resistive contribution. The
R4 Cy parallel represents the carrier collection layer, while R; takes into ac-
count the resistive effects of doped materials and ohmic contacts. €, and L,
account for parasitic capacitance and inductance respectively.
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Fig. 4. Comparison between measured S /impedance of a 3 x 15 ;Lm2 area
UTC at 0 V bias (dashed blue line), and S;;/impedance obtained from the
circuit which models the proposed effect of spacer layers and conduction band
discontinuities (dotted red line).

to (18 — j57) Q. The power coupled from this UTC to an an-
tenna resonant at 100 GHz, with a purely resistive impedance
of 18 €2, would be smaller, by a factor of 5.5 dB, than the
power coupled to a non-resonant antenna having an impedance
of (18 + j57) Q also containing an inductive reactance. In [36]
it was demonstrated experimentally and numerically that the
maxima of power radiated by a bow-tie antenna integrated with
a UTC were present where complex-conjugate matching was
realised.

Design of optimised antennas for integration with UTCs
would therefore greatly benefit from accurate knowledge of the
complex UTC source impedance so as to achieve maximum ra-
diated power. In [33] an experimental and semi-analytical study
of waveguide UTC impedance up to 110 GHz was presented and
a modified circuit model was introduced (Fig. 3), since it was
found that the classical diode circuit model [37] cannot fully
explain the experimental data, especially in the lower frequency
range where parasitic effects are negligible and cannot be used
to explain the disagreement.

A mathematical explanation was also presented in [33] to
explain why the trend of measured S;;/impedance cannot be
matched by the standard diode circuit model. As shown in
Fig. 4 (UTC grown with gas source MBE —Table I) the modified
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TABLE I
EPITAXIAL STRUCTURED USED IN THIS WORK, [17] MOVPE, [18] SOLID SOURCE MBE, [44] GAS SOURCE MBE

TW-UTC-PD [17]

Solid Source MBE UTC-PD [18]

Integrated UTC-PD [44]

Doping (cm®) Material ~ Function Thick (nm) Doping (cm~2) Material ~ Function Thick (nm) Doping (cm~®) Material Function Thick (nm)
>2.10'8 P"Q; 3  p-contact 200 >1.10"7 Pt Q;3 p-contact 200 pt+ GalnAs p-contact 200
1.5.10'% Pt InGaAs absorber 120 2510 Pt InGaAs absorber 20 pt InP  Ridge layer 1000
w.id- nQ 3 spacer 30 1.10'8 P* InGaAs absorber 30 P gradual InGaAs absorber 120
w.i.d. n InP collection 300 5.10"7 p InGaAs  absorber 30 n Q spacer -
2.10'8 n" Q; 3 Waveguide 300 2.5.10"7 P InGaAs  absorber 30 n Q spacer -
4.10' n InP n contact 600 u.id. uInGaAS  absorber 10 n InP collection 300
- uQ;» Diluted wg 40 w.i.d. uQ 3 spacer 10 n" Q17 Waveguide 300
. u.id. uQq 4 spacer 10 nt InP n contact 600
Fe SI InP substrate - 1.10'6 nInP Collection 300 Fe SIInP  Substrate -

2.5.10'8 n" Q; 3 Waveguide 300

>1.10""  n** InPS ncontact 700

Fe SI InP Substrat -

circuit can provide excellent agreement with measurements and,
as discussed in [33], the same excellent agreement was achieved
for devices of different sizes and under different bias. It is essen-
tial to note that the Sy, is a complex quantity therefore, a model
can only be claimed to be accurate if calculated modulus and
phase simultaneously match measured modulus and phase over
the whole frequency range of interest. In [33] it was shown that
some set of values of the classical diode circuit parameters, can
provide good agreement with the measured S;; modulus but fail
to match the measured S, phase (or equivalently real and imag-
inary part of the impedance). An original approach was shown
in [38] employing a maximum likelihood estimation procedure
for the parameters of the classical diode circuit model. How-
ever, regardless of the procedure employed for estimation of the
parameters, it needs to be demonstrated that the chosen circuit
model can accurately match measured S;; modulus and phase
simultaneously over the frequency range; in [38] the comparison
between calculated and measured S;; phase is not shown and
the comparison with the modulus is shown only up to relatively
low frequencies (15 GHz). If the standard diode circuit model
could provide accurate matching to the measured S;; over the
whole frequency range and fitting its parameters was the scien-
tific problem to solve, then a plethora of commercial software
could be used to fit the parameters, without the need to resort to
complicated statistical procedures.

The physical meaning of the additional elements in the mod-
ified circuit of Fig. 3 has been explained in detail in [33] and
associated with the presence of conduction band discontinuities,
between the narrow bandgap Ing 53Gag 47 As material and large
bandgap InP material, affecting the UTC impedance in the lower
frequency range. The issue concerning the presence of an offset
in the conduction band edge was identified for Heterostructure
Bipolar Transistors (HBT) and has been comprehensively stud-
ied and reported in the literature [39]-[43].

The set of optimised parameter values obtained for the mod-
ified circuit in Fig. 3 is essentially unique. In fact the value of
R; has to be equal to the measured series resistance (through
I-V measurements [44]); the value of R, has to be very large
and only has some influence at extremely low frequency; the
parasitic capacitance and inductance Rp and Lp only count at

Fig.5. a) Bow-tie antenna integrated UTC (Gas source MBE in Table I) with
a ground plane. The photodetector area is 3 x 15 pm? and the antenna-chip
approximate geometrical details are shown in the picture; b) CST model of the
bow-tie antenna with a gold ground plane.

very high frequencies and are excluded from the fitting pro-
cess; the three RC parallel circuit elements left are responsible
for three poles in the complex S;; function and must simul-
taneously shape its modulus and phase from near DC to high
frequency.

Building on this comprehensive study of the UTC impedance,
detailed 3D full-wave modelling was later employed [36] to
extend the knowledge of UTC impedance and photo-response
up to 400 GHz.

The total power emitted by an antenna depends on the
impedance match with the driving source and on the radia-
tion efficiency. The former defines the fraction of power made
available by the source that is accepted by the antenna, while the
latter determines the fraction of power accepted by the antenna
that is coupled into free space. The antenna directivity only de-
scribes the angular distribution of the radiated power. Therefore
the absolute level of power emitted by an antenna over the fre-
quency range can only be calculated and predicted if the source
impedance is also known and the coupling efficiency between
UTC and antenna taken into account.

In [36] it was demonstrated that the knowledge of the UTC
impedance can enable a good prediction of the absolute level of
power radiated over the frequency range by an antenna driven
by the same UTC. To this end the power emitted by an an-
tenna integrated with one of the UTCs (Gas source MBE UTC—
Table I) studied in [33] (Fig. 5) was measured, between 65 GHz
and 185 GHz, and compared to the power calculated with
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Fig. 7. The dash-dot curve is the absolute radiated power calculated with
3D full-wave modelling. The continuous black curve represents the absolute
radiated power measured with a Thomas Keating (TK) power meter; the mea-
surements were not performed above 185 GHz as the detected signal reached
the minimum level detectable by the TK power meter.

full-wave modelling and using the knowledge of the UTC out-
put impedance to take the UTC-to-antenna coupling efficiency
into account. The antenna chip had an unintended gold screen
deposited underneath the InP substrate. The gold screen was not
to operate as a ground plane for the antenna emission, therefore
the whole antenna chip did not represent an optimum design
for radiation with a ground plane and no special performance
was expected from its operation. To reiterate the importance
of full-wave modelling, it is noted that this antenna chip con-
figuration could not be studied by simple analytical methods.
Even the horizontal substrate size strongly affects the operation
and simplifying the analysis by assuming the horizontal chip
size as infinite would change the performance dramatically. The
calculated real and imaginary parts of the antenna impedance
are plotted in Fig. 6 and compared with those measured and
modelled in [33] for the UTC.

A direct comparison between calculated and measured radi-
ated power is shown in Fig. 7 in W on a linear scale. The trends
of measured and calculated power over the frequency range are
clearly correlated and show good agreement. The peaks of mea-
sured power at 74 GHz and 140 GHz correspond to the peaks of
calculated power at 67 GHz and 145 GHz; it is apparent that at
these frequencies complex-conjugate matching is approached.

The small peak of measured power at 105 GHz seems
to correspond to the feature in the calculated power around
115 GHz; we found that both position and prominence of
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this calculated feature are quite sensitive to the chip width
and length which were not known precisely as the chip was
not fabricated at UCL. The measured peak at 74 GHz and
the calculated peak at 67 GHz have very similar magnitude,
i.e.262 yW (—5.8dBm) vs 253 W (—5.9 dBm). The measured
peak at 140 GHz and the calculated peak at 145 GHz have mag-
nitude of 53 W (—12.7 dBm) and 90 W (—10.4 dBm), i.e. dif-
fer by 2.3 dB. The sharp peak calculated at 168 GHz was barely
detected in the measurements, which were not performed above
185 GHz as the detected signal reached the minimum level
detectable by the Thomas Keating (TK) power meter, whose
electrical noise-equivalent power (NEP) equals 5 pW/HzY. It
is worth noting that the calculated peak at 168 GHz is related to
a fast local variation in the antenna impedance, as can be seen
in Fig. 6. At this frequency the antenna impedance real part ex-
hibits a narrow and pronounced dip, which makes it closer to the
UTC impedance real part. In addition the antenna reactance ex-
hibits a rapid increase, becoming slightly inductive as opposed
to the UTC reactance which is slightly capacitive; this allows
the complex-conjugate matching condition to be approached.
Additionally, both the amplitude and position of the calculated
peak at 168 GHz were observed to be noticeably sensitive to the
chip width and length. It is the authors’ opinion that this pro-
nounced local variation of the antenna impedance at 168 GHz,
responsible for the peak of calculated emitted power, is due to a
fortunate combination of effects related to the exact geometrical
details of the model and is barely perceivable in the real antenna
chip, as is the maximum of measured power around 168 GHz.
As a final remark, it is noted that a slower than estimated transit
time limited response, for the UTC integrated with the bow-tie
antenna, could account for the measured emitted power being
more damped at higher frequencies.

The main peaks of radiated power (measured at 74 GHz and
140 GHz and calculated at 67 GHz and 145 GHz) are clearly
located at frequencies where the complex-conjugate matching
is approached. No maximum of radiated power is present at
frequency where the antenna operates as a resonant antenna,
e.g. its reactance is zero.

Following these considerations and bearing in mind the level
of difficulty involved in predicting the accurate trend over the
frequency range of the absolute power radiated by a system in-
volving so many variables, the agreement between experimental
and numerical results shown in Fig. 7 is very satisfactory. An
accurate analysis of the absolute power emitted from an antenna
integrated photodetector had not been demonstrated before. It
is noted that, when the UTC-to-antenna coupling efficiency
was modelled using the classical junction-capacitance/series-
resistance concept, calculated and measured radiated power
were in substantial disagreement.

The literature of RF and microwave antenna engineering
has shown how fundamental the source- to-antenna impedance
match is, to maximise the power radiated by antennas. In the
more recent context of photonic THz emitters based on antenna
integrated photodiodes, this aspect has so far received little at-
tention. An emitter made up of a highly directive and efficient
antenna integrated with a high power photodiode, could still be
unable to radiated high levels of power if the impedance match
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Fig. 8. (a) UTC structure with p metal contact on p-layer and absorber Ridge
with integrated shallow waveguide structure with n contacts. (b) Fabricated 4 x
15 UTC prior to isolation and coupling to antenna.

between source and antenna is ignored, as most of the power
generated by the photodiode could be simply rejected by the an-
tenna. In order to optimise the photodiode-to-antenna coupling
efficiency, knowledge of the source (PD) impedance is neces-
sary; with no knowledge of the source impedance the absolute
power radiated by an antenna cannot be calculated.

The capability of calculating the absolute emitted power cor-
rectly raises the possibility to further increase the power radiated
by antenna integrated photodiodes via optimisation of UTC-to-
antenna impedance match.

III. UTC DEVICE FABRICATION

The devices presented in this work are fabricated from three
different epitaxy campaigns using similar layer structures but
different growth processes (MOVPE, Solid Source MBE, Gas
source MBE) [17], [18], [44]. Their epitaxial structure is shown
in Table I. As can be seen the layer thicknesses are similar with
the exception of the device developed for integration which
includes a ridge layer to be integrated with a laser. All the
devices include a waveguide layer part of the n-contact layer, to
enable edge coupling of the optical input. The losses in that layer
were normal for such quaternary compositions [44]. Further,
the structure described in [17] incorporates a diluted waveguide
design for mode conversion from an optical fibre.

The processing of antenna coupled integrated optical wave-
guide UTC-PDs requires several fabrication steps (Fig. 8(a)). To
adhere as closely as possible to the expected device impedance
and its designed matching to the antenna element, care is re-
quired to ensure that parasitic capacitance (C,), leakage current
and series resistance (R;) are kept within the design tolerances.
The fine device features required are achieved by the dry etch
processing of p-ridge and optical waveguide and mesa structure
by Reactive Ion Etching (RIE).

To ensure acceptable values of Ry of devices with cross-
section as small as 3 pm X 10 pm, the p-contact resistivity
pe(p) must be in the order of 10~% ohm c¢m? or less. To achieve
this, Ti-Pt-Au contacts are sputtered upon the p-layer of the
epitaxial layer with stringent oxide removal processing required
for low contact resistance (Fig. 8(b)).

To create the p-layer (p++Q 1.3 InGaAsP) and absorber
(p-InGaAs) feature, RIE was performed to etch the ridge
structure. Low leakage current is ensured by the application of
reagent treatments for removal of sidewall contamination and
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Fig. 9. Completed Antenna Coupled UTC for transmission at 250 GHz with
4 pm x 15 pm UTC_PD.

oxide growth. RIE is repeated for shallow optical waveguide
etching of the InP collector layer. Ti-Pt-Au contacts are then
deposited upon the waveguide layer followed by rapid thermal
annealing for low resistance ohmic contacts for completion of
the UTC-PD.

However, for the coupling of the comparatively large antenna
structure to the UTC, further processing steps are performed
to remove sources of parasitic capacitance and to insulate the
ridge structure from the metal pathways of the antenna. This
involves the etching of a mesa structure as close as practicable
to the device UTC footprint down to the semi-insulating InP
substrate. For the insulation of the electrical pathways to the
antenna structure, a thermally rugged insulating film of suitable
permittivity is deposited upon the UTC. The insulation layer will
induce some parasitic capacitance due to its higher permittivity
compared to an air bridge but with track features as small as
3 um mechanical support is required. To reduce the parasitic
effect of the large metallic antenna structure between the device
features, the mesa structure area beneath the antenna has been
designed to have the least effect while maintaining the device
performance. Using RIE, via holes with dimensions as small
as 2 pum were etched down to the p and n contacts. Antenna
structures can then be deposited upon the insulation layer for
coupling to the UTC.

Finally the antenna coupled waveguide integrated UTCs
(Fig. 9) are cleaved to produce facets orthogonal to the wave-
guide structure. A typical UTC fabricated by this method have
exhibited leakage current of less than Iy = 1 pAat —1 V re-
verse bias. Responsivity up to 0.2 A/W for a4 x 15 um device
without anti-reflection coating was measured using lens ended
single mode fibre of 2.5 um spot size.

IV. UTC EMITTER PERFORMANCE

Fabricated devices can be tested using optical heterodyne
measurements. THz power is measured using two versions of
photoacoustic power meters; either a Thomas Keating power
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and works from [14], [15], [17], [46], [47].

meter for high power or a Golay Cell for powers below 10 ©W.
The measurements were made at a given bias voltage, although
changing the bias with increasing frequency would help in opti-
mizing the output power. In that regard, the bias was optimized
for frequencies of the order or 100 GHz and as such the best
possible output power at THz frequencies is not represented in
these results. The devices were mounted on a high resistivity
silicon lens and were not actively cooled, thus also limiting
the amount of power that could be achieved before the thermal
destruction of the device.

Different types of integrated antennas were tested; resonant,
bow tie and log periodic. Only the resonant designs made use
of the modelling tools discussed in part II. All broadband de-
signs were planned for frequencies ranging from 100 GHz to
several THz.

THz emission was measured for an optical input power of
40 mW and DC photocurrent of 16 mA at frequencies up to
2.5 THz. The results are summarized in Fig. 10 and compared
to a selection of the best results from UTC PDs integrated with
antenna and photomixers from other groups [3], [45]-[47]. As
can be seen from the broadband emitter we obtain powers rang-
ing to ImW at 100 GHz down to tens of nanowatts at 2.5 THz.
As expected, there is a clear gain in using a resonant matched
system as seen by the gain in power shown from our resonant
structures and the NTT resonant devices [47]. Although these
powers are not the highest obtained from photomixers [46] the
highest power presented in that publication were measured un-
der pulsed conditions, with 150 mW optical power and 2% duty
cycle to avoid thermal damage. The relation with duty cycle and
output power as shown in [46] works as a square of the duty
cycle thus the expected THz power at 100% duty cycle would
be 34 dB less than the results shown in Fig. 10. Considering
this, it is more interesting to look at how efficient the devices
are in converting optical to THz power. This can be done by
analyzing their figure of merit that we can define as the THz
power divided by the optical power squared (Pry ./ prt). This
metric offers the best insight into how efficiently the device con-
vert the light into THz power and take account of the coupling
of light into the device, its quantum efficiency and frequency
response. We present the different published results and our de-
vice figures of merit in Fig. 11. In that case it becomes clear
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that the enhanced device developed in the work offer the best
combination of parameters to efficiently convert light into THz
power. Note that the figure of merit for the work presented in
[46] was calculated by extrapolating the expected THz power
for a 100% duty cycle. The devices at the lower efficiency are
all vertically illuminated demonstrating the clear advantage in
using waveguide design to optimize the coupling of light with
the absorber of the photodetector.

The advantage in using conjugate matched antenna design
can be seen. This clearly shows how key the optimization of
each elements of the device design is. In particular, as discussed
in Section II the coupling to the antenna and the antenna design
could yield large improvement in how efficiently the devices
would operate in the THz range.

V. UTC AS RECEIVERS

As receivers UTC photodiodes offer similar benefits as emit-
ters in their tuneability and potential for integration. UTC pho-
todiodes act as optically pumped mixers that do not require
an external electrical Local Oscillator (LO) as this is gener-
ated internally via optical heterodyne generation. This allows
for a wide tuning range to be achieved limited in bandwidth by
the tuneability of the laser source and the response time of the
photodiode.

The UTC photodiode can act as a mixer through operation
under saturated conditions with strong optical pumping, on the
order of 14-16 dBm. Often this requires the use of optical am-
plification which introduces Amplified Spontaneous Emission
(ASE) noise to the photonic LO signal. This is then converted in
the photodiode and contributes to the noise floor of the optoelec-
tronic mixer and can be mitigated at the expense of tuneability
by using ASE filtering, or improving fibre to chip coupling
resulting in higher responsivity and removing the need for am-
plification.

Studies of the performance of UTC photodiodes as receivers
show that the main limitations are the large conversion losses
encountered ranging from 20 dB to 60 dB, depending on the
device design and epitaxy [17], [18], [44]. Despite this how-
ever high detector sensitivity levels around —120 dBm/Hz at
optimum operating conditions without the use of optical ampli-
fication are predicted [48].
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The first step in using these devices as receivers is to analyse
the optimum point of operation and the mechanism for mixing.
This work was done using the devices described in [44]. For
this study the performance of the UTC was carried out using a
self-heterodyne arrangement where the optical heterodyne for
both the RF and LO signals are provided from the same pair of
lasers with the LO laser 2 tone being shifted by an offset fre-
quency provided by an Acousto-Optic Modulator (Fig. 12(a)).
The optical heterodyne generated RF is mixed with the optical
heterodyne generated LO inside the receiver UTC photodiode,
and the IF extracted, typically through the DC bias lines via an
external bias tee.

The performance of the UTC photodiode as an optoelectronic
mixer is dependent on several operating parameters of the de-
vice; the optical pump power, the reverse bias voltage, and the
incoming RF power. The dependence of the conversion loss on
pump power and bias voltage with a constant RF power is shown
in Fig. 13.

As the optical pump power is increased the optimum reverse
bias point increases, in this case, this is due to an increasing
space charge accumulation in the depletion layer of the device.
This is demonstrated through looking at the compression of the
LO signal at a fixed optical heterodyne spacing and increasing
the optical power.

Fig. 14 shows around 8 dBm of optical pump power is the
point at which saturation occurs at 0 V bias for this device. This
point is shifted as the bias voltage is increased. In other UTC
photodiode designs the space charge effect is also observed, due
to undoped absorber sections of the devices. These regions show
an increase in capacitance as saturation occurs [49], associated

Fig. 13.
voltage for input RF 53.04 GHz and LO 53 GHz.
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Fig. 14.  Optical Heterodyne LO Signal at 53 GHz increasing the optical pump
power for increasing reverse bias voltages with no applied RF input.

with an accumulation of carriers in this region. As the input
optical pump signal is modulated by the optical heterodyne, the
resulting capacitance is time varying at the frequency of the
optical heterodyne. This nonlinear element is proposed as
the mechanism for observed harmonics in p-i-n photodiodes in
[50] and was proposed to also be the main mixing mechanism
in UTC-PDs [49], [51].

Under optimum operating conditions the lowest conversion
loss observed was 60 dB in this particular device (Using gas
source MBE growth-Table I). The SNR measured was 35 dB
(Fig. 15) where the main source of noise was signal spontaneous
associated with the amplified photonic pump signal.

To further the study of the devices integrated with antenna the
setup was extended (Fig. 12(b)) enabling measurement across
the THz range. In that setup the devices were mounted on high
resistivity silicon lenses. The beam was collimated through
parabolic mirror and the distance between each devices was
26 cm. The IF was measured with an electrical spectrum ana-
lyzer. Note that the distance from the lenses to the mirror and
the angle of the mirrors were used to fully optimize coupling
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between the devices. This was done at each frequency point
has the beam shape changes with frequency.The device used in
this measurement was slightly different [17] (TW-UCT-PD in
Table I) and did offer lower conversion losses of —30 dB [52].
The device chosen was integrated with a bow-tie antenna. The
emitter side was driven with a 2 mA photocurrent and 10 mW
optical power while the receiver side was working at 16 mA
photocurrent and 80 mW optical power provided from an er-
bium doped fibre amplifier. The measurement was possible up
to 564 GHz where we reached the noise floor of the system
(Fig. 16). Interestingly the conversion loss remained stable at
around 30 dB across the frequency range (Fig. 17) and similar
performance is expected at higher frequencies.

As discussed in [48], the main limitation in terms of detector
sensitivity is the noise contribution by the optical amplification
used to achieve saturation. Potential mitigations to this would
be reducing the overall footprint of the device; the results dis-
cussed in this paper utilize a 3 x 15 ym?> UTC photodiode.
Lower saturation powers observed for smaller area photodiodes,
coupled with an increase in responsivity through improved fibre
to chip coupling such as an integrated mode converter wave-
guide, would also reduce the need for optical amplification. In
this case, the main noise limitation would be shot noise [48].

8500111

Conversion Loss (dB)

@ .t...
[ BN =

°
30 ° ° 0y _* e o

0 200 400 600
Frequency (GHz)

Fig. 17.  Conversion loss on the UTC-PD optoelectronically pumped mixer
across the detected frequency range.

VI. CONCLUSION

We have defined the design parameters to optimise waveguide
coupled UTC-PDs integrated with planar antennas. In particu-
lar, we outline the importance of determining the impedance of
the UTC-PD across the frequency range. Device performance
was measured and showed high saturation power across the
frequency range up to 2.5 THz, comparable with other simi-
lar sources. As expected from the design, the resonant antenna
integrated devices offered better performance. Further to the
outstanding emitter performance, it was demonstrated that the
waveguide integrated devices were the most efficient photomix-
ers currently developed in the THz range. We also demonstrated
the use of the antenna integrated UTC-PDs as receivers. In that
case one could observe that optimum mixing occurs at satu-
ration indicating that time varying capacitance and modulated
carrier velocity are the likely cause of mixing [50], [51]. This
was used to demonstrate for the first time their capacity to be
used as detectors for frequencies up to 560 GHz. Although the
efficiency of the device is the highest reported to date, there are
still possible improvements to be achieved with further design of
the optical coupling element with the possible integration with
plasmonic techniques which have shown interesting improve-
ments in device performance [46]. Future work will include
further optimisation of the integrated antennas using the design
methodology described in this paper.
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