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Abstract—We present a review of our latest work on Uni-
Travelling Carrier Photodiodes for high efficiency THz emission. 
The detectors’ waveguide structure allows for both higher 
responsivity and saturation power thus achieving the highest 
published THz figure of merit (PTHz/Popt

2) up to 1.5 THz for such 
devices. We also discuss new material development using solid 
source MBE and the possibility of monolithic integration within a 
photonic heterodyne source. 
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I.  INTRODUCTION 

Frequencies in the Terahertz (THz) region are of growing 
interest for applications in security, biology, medicine and 
communications [1]. Continuous wave (CW) THz sources have 
been demonstrated for different parts of the band offering 
various levels of power and efficiency [2]. One of the most 
promising techniques for tuneable, CW THz sources is Optical 
Heterodyne Generation (OHG) in Ultra-Fast Photodetectors 
[3]. The key element for OHG-based systems is an high-
bandwidth photodetector to generate the THz signal. The Uni-
Travelling Carrier Photodiode (UTC-PD) has demonstrated a 
high 3-dB bandwidth together with improved output power 
capabilities [4]. Nevertheless, as most of the THz frequency 
span is located well beyond the 3-dB bandwidth of most 
photodiodes, the importance of the high frequency roll-off 
becomes critical for efficient THz generation. Travelling-Wave 
photodiodes (TW-PDs) can offer a substantial enhancement at 
high frequencies with a roll-off approaching the 20 dB/decade 
theoretical limit [5]. Here we present the integration of these 
two independently demonstrated photodetection schemes into a 
single device, the Travelling-Wave Uni-Travelling Carrier 
photodiode (TW-UTC-PD). We report record levels of output 
power and THz figure of merit (PTHz/Popt

2 in W-1). Novel 
materials growth using advanced Molecular Beam Epitaxy 
(MBE) technology and the development of a platform for 
monolithic integration of these devices with tuneable lasers 
towards a fully integrated OHG source are also discussed. 

II. THE TW-UTC-PD CONCEPT 

To achieve high conversion efficiency in photomixing 
devices, one should maximise the generated output power and 

minimise the required optical input power. The concept of 
UTC-PDs was originally proposed as a means of enhancing the 
transit-time that in photodetectors with a p-i-n epitaxial 
structure is limited by the slow hole transport. In the case of a 
UTC-PD, light is absorbed in the p-doped layer and only faster 
electrons drift through the depletion layer. To achieve fast 
speed of operation, absorption layers must generally be kept 
thinner than p-i-n PDs resulting in a significantly lower 
responsivity. This limitation can be overcome by using a 
waveguide-fed, edge-coupled configuration. This is also 
compatible with a Travelling Wave (TW) design that can offer 
a substantial improvement in performance at frequencies above 
the 3-dB bandwidth. To independently design the active mesa 
structures and the coupling waveguide, the device 
demonstrated in our work uses tapered mode-conversion 
waveguides [4], [5]. In such a structure, the TW electrodes can 
be designed in order to optimize the extrinsic frequency 
response of the device. For this design the objective was 
velocity matching and as such this would not be a true 
travelling wave design. However with such design a roll-off 
that is substantially less than 40 dB/decade could be achieved 
making these devices suitable for efficient THz generation.  

III.  THZ EMISSION 

Devices with diluted optical input waveguides achieved 
responsivities up to 0.53 A/W. TW-UTC-PDs integrated with 
Coplanar Waveguides (Fig. 1(a), 1(d)) have demonstrated a  
3-dB bandwidth of up to 108 GHz and record power levels of 
2.4 mW at 150 GHz and 1 mW at 200 GHz at a maximum DC 
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Fig. 1.  Images of fabricated TW-UTC-PDs: (a) coplanar waveguide, (b) bow-
tie, (c) log-periodic, (d) cleaved chip with coplanar waveguide electrodes [5].  



photocurrent of 23 mA [5]. TW-UTC-PDs were also 
integrated with broadband antennas such as a Bow-Tie 
antenna (BTA) and a Log-Periodic antenna (LPA) shown in 
Fig. 1(b) and Fig. 1(c) respectively. Two 3×25 µm2 TW-UTC-
PDs, one with a LPA and one with a BTA showed the highest 
radiated THz power. Power measurements were taken from 
102 GHz up to 1.53 THz using an OHG system based on 
widely tunable SG-DBR lasers. The results are shown in Fig. 
2. Record power levels from a broadband photomixer of up to 
5 µW at 1 THz have been achieved with an input optical 
power of only 40 mW. It is noteworthy that these optical 
power levels are readily available from Semiconductor Optical 
Amplifiers (SOAs). To quantify the optical-to-THz conversion 
efficiency, the THz figure of merit can be used. From Fig. 3, it 
can be observed that as well as record power in the range of 
measurements, record THz figures of merit were achieved 
from the BTA-integrated device with 0.003 W-1 at 1.02 THz 
and 0.00035 W-1 at 1.53 THz.  

IV.   NOVEL MATERIAL GROWTH USING MBE 

Recently, TW-UTC-PD structures were grown using our 
solid source MBE facility. To investigate the quality of the 
material, simple vertically-illuminated test UTC-PDs were 
fabricated with a 20 µm diameter optical window. To the best 
of our knowledge, these are the first UTC-PDs grown on an 
InP substrate with a non-Al structure by solid source MBE. 
The total delivered power from the test structures at 10 GHz, 
as a function of the optical power, for various levels of applied 
reverse bias voltage is plotted in Fig. 4.  

V. MONOLITHICALLY INTEGRATED OHG SYSTEMS 

Apart from the superior THz efficiency, another important 
aspect of the TW-UTC-PD photomixer technology is the 
compatibility with integration platforms. Current InP PIC 
technologies use photodetectors that have limited bandwidth 
and low saturation currents. Recently, TW-UTC-PD layers 
were grown on top of MQW epitaxy and were fabricated using 
technology that will allow monolithic integration with tunable 
lasers. Despite the increased series resistance caused by 1-µm 
thick cap layers for waveguiding, the fabricated devices 
demonstrated a 3-dB bandwidth of 110 GHz and an output 
power at 120 GHz of more than 1 mW [6]. In addition, PICs 
with dual photodetectors and MMI couplers were fabricated. 
The motivation for including a second photodetector on the 
chip, which will feed an external mixer with a local oscillator, 
arises from the hybrid integration of phase locking electronics 
to minimise loop delay. In the passive sections, losses of 2.6 
dB/mm were measured. In the final PICs these photodetectors 
will be integrated with tunable lasers, amplifiers and 
modulators to form photomixing millimeter-wave transmitter 
for wireless communications. However, this technology can 
exhibit a generic approach for monolithic integration of high-
saturation current photodetectors with a 3-dB bandwidth of 
more than 100 GHz in InP PICs used in optical 
communications receivers. 
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Fig. 4.  Total power delivered from MBE-grown InGaAsP UTC-PD as a 
function of optical input power for various levels of applied reverse bias.  

 
Fig. 3.  Comparison between state-of-the-art Terahertz figure of merit from 
various photomixing sources [5].  

 
Fig. 2.  THz output power from log-periodic (red) and bow-tie (blue) heat 
sink-mounted antenna-integrated devices measured with a Thomas Keating 
power meter and a Golay cell [5].  


