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ABSTRACT

A continuous wave (CW) terahertz source emitting in a broad frequency range (1-5THz) is promising towards
achieving a compact, high power, finely tunable, room temperature terahertz generation system which will be of
immense significance towards the realisation of terahertz applications in spectroscopy, communication, sensing,
and imaging among others. We have demonstrated a tunable continuous-wave Quantum Dot external cavity laser
emitting at two frequencies for continuous wave terahertz emission in a Quantum dot Photoconductive Antenna
(PCA). The external cavity QD Laser has been characterised with tunability of 152nm and a tuning range from
1143nm -1295.8nm that lies within the THz difference frequency for the generation of THz radiation from QD
based PCAs.

Keywords: Terahertz emitters, Terahertz radiation, Quantum dots, Continuous wave operation, Photoconductive
antennas

1. INTRODUCTION

A tunable compact continuous wave terahertz source is immensely desirable for various applications such as
spectroscopy due to its high spectral resolution and for the realisation of compact and low-cost systems over
pulsed terahertz system. The implementation of optical heterodyne down conversion in a photoconductive antenna
and Terahertz quantum cascade lasers are the most widely used methods of generating continuous wave terahertz
radiation. However, the required cryogenic cooling in THz quantum cascade lasers makes achieving a compact-
room temperature terahertz source difficult to achieve. The use of dual wavelengths at a terahertz difference
frequency in a Photoconductive antenna has been long used for generating continuous wave terahertz radiation
[1-4]. The rise of semiconductor lasers and the appreciable properties of quantum dot gain media in semiconductor
lasers has paved the way for widely tunable high power semiconductor lasers, moreover, the external cavity diode
lasers provides narrow-linewidth that is suitable for CW terahertz emission. CW THz signals can be generated
using semiconductor materials with sub-picosecond carrier lifetimes optically pumped by a beat signal composed
of two distinct narrow line width signals a few nanometres apart [5].

1.1 Two-Colour Lasers for Continuous wave Terahertz

Two-colour titanium-sapphire lasers have been explored due to their high spectral purity and tunability. Brown et
al in 1993 incorporated 2 etalons in Ti:Sa lasers to realise a 2 colour laser [1]. However, Ti:Sa Lasers are
expensive, complex and have a large footprint that makes them impractical for realisation of compact terahertz
source [6]. Shortly after the first demonstration of THz photomixing; diode lasers have been discussed as an
alternative pumping source for the photomixers [6]. However, they had power and linewidth limitations; however,
the advancement in fabrication techniques has allowed for high power narrow linewidth diode lasers that are
suitable for THz generation in PCAs. As demonstrated by E.U. Rafailov et al the use of QDs as the gain medium
of the laser has enabled stable low threshold high power, stable laser system for THz generation [7]. Additionally
the deployment of an External Cavity Diode Laser (ECDL) allows for wide tunability and narrow linewidth for
tunable broad range THz emission.
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1.2 Quantum dot materials properties and growth

Quantum dots are three dimensionally confined quantum structure that possess the ability to have tailored
electronic structure with discrete energy levels and highly configurable properties which earned them the name
“’designer atoms’’[18]. They have been identified and investigated as potential candidates for lasers [19], detectors
[20], single electron transistors, quantum computers [21] and for the interest of this research as PCA material for
THz generation [17][22][4][23].

Achieving high quality dislocation-free Quantum dots has been primarily implemented by Molecular beam
epitaxy which is a thin film epitaxial growth technique invented by Arthur Cho from Bell laboratories in 1968.
Under high vacuum with different groups of atoms supplied a high thermal velocity molecular beam is formed
which is made incident on a heated substrate surface to carry out MBE [22]. The QD laser and the QD material
in the Photoconductive antenna for the purpose of this research was grown by MBE in the Strantski-Krastanow
mode. Frank-van der Merwe Growth — The FM growth mode utilises a layer-by-layer growth mode routinely used
for growth of Quantum well structures.

Strantski-Krastanow Growth is a hybrid of FM and Volmer weber growth modes. For moderate lattice mismatch,
the growth is initiated layer by layer and the increase in the thickness of the epilayer accumulates strain due to
lattice mismatch. At a critical thickness of the 2D layer, the strain is release to form small islands with the addition
of epitaxial material the small islands will grow until desired [7].

1.3 Quantum Dot Lasers

The first realisation of semiconductor laser was in 1962 by groups in the United States and the then Soviet Union
[8]. Dingle and Henry in 1976 proposed the idea of exploiting quantum effects in semiconductor lasers for
achieving wavelength tunability and lower lasing threshold after making calculations that shows the advantages
of using Quantum wells as the active layer in the lasers by capitalising on the change in density of states [9].
However, for over two decades lasers capitalising on structures with carrier confinement in two or three
dimensions (i.e. quantum wire and quantum dot respectively) lacked practical realisation when compared to one
dimensionally confined Quantum well lasers[10].

Over the years advances in epitaxial growth methods such as MBE has paved the way for sophisticated and highly
controllable semiconductor lasers with many desirable properties as in Quantum dots [11]. The earliest
demonstration of LDs that utilises a QD-based gain medium was in 1994 by Ledentsov et al [12] and Kirstaedter
et al [13] with properties superior to quantum well lasers and reduced temperature sensitivity. A major design
goal at the time was to improve the gain and lasing threshold alongside the reduction of the limiting thermal
rollover effects reported in LDs by Ledentsov et al.[12].

Nader et al demonstrated a two-colour emission Quantum dot laser with an 8 THz difference frequency as potential
compact CW THz source [14]. Naftaly et al demonstrated a two-colour Ti:Sapphire laser with Fabry-perot etalon
for CW terahertz generation and hence reducing the footprint of the THz source [15] thereby demonstrating that
a quantum dot laser with smaller footprint than the Ti;sapphire enables a more compact THz source. A tunable
terahertz beat signal from 1 to 2.21 THz was demonstrated by Jiao et al from an InAs/InP Quantum dot
modelocked laser combined with external cavity of two fibre Bragg gratings, the dual modes are phase correlated
and the generated THz have less phase noise [16]. The design in this experiment owes to the work of Ksenia et
al and Leyman et al where they demonstrated an external cavity Quantum dot laser for an ultra-compact , room
temperature, tunable terahertz generation [4] [17]. Figure 1 shows a semiconductor laser utilising quantum dots
in the gain media for high power, low threshold stable operation. A similar laser structure described in the
exsperimental set-up section was used with two diffraction gratings to achieve stable two-colour operation for the
generation of continuous wave THz radiation.
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Figure 1. A schematic of a semiconductor laser utilizing Quantum dots as gain media.
1.4 Quantum dots in PCAs

The principle of operation of Photoconductive antennas relies on the generation of photocurrent and the movement
of charge carriers. The THz signal generation layout in the experimental set-up as shown in figure 3; the two
beams from the pump external cavity diode laser are focused on the gap of the photoconductive antenna placed
between biased electrodes and is absorbed by the semiconductor, optical to terahertz conversion occurs from a
generation of photocurrent that is modulated by the beat frequency from the two beams and radiated from the
antennaas THz [17]. The quantum dos are integrated in the PCA for enhancement of the terahertz output as shown
in the depiction in figure 2.

E.U.Rafailov et al demonstrated an active layer of InAs quantum dot on GaAs, efficient emission of both pulsed
and continuous wave THz signals with significant optical to THz conversion at <850nm and <1300nm [22]. The
Quantum dot based THz PCA shown by Leyman et al and Ksenia et al was capable of being pumped at higher
than 1W optical mean power which is about 50 times higher than a conventional LT GaAs based PCA [4][24]. It
also exhibits high carrier mobility and ultra-short photo carrier lifetime.

Figure 2. A depiction of a photoconductive antenna utilizing quantum dots for THz emission enhancement.
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2. EXPERIMENTAL SETUP

Figure 3 shows the layout of the system as implemented by [4], The QD structure used for the laser was grown
on GaAs substrate and consists of 10 non-identical layers of InAs Quantum dots grown by molecular beam epitaxy
in the Strantski-Krastanow mode The laser has a 5um wide and 4mm long waveguide angled at 5° with respect to
the normal of the back facet. Both laser facets have conventional anti-reflective (AR) coatings with total estimated
reflectivity of 1072 for the front facet and less than 10~ for the angled facet.

The experimental set-up is based on an external cavity diode laser with simultaneous two-wavelength operation
achieved using a beam splitter and two littrow gratings in each arm, wavelength scanning is achieved by rotating
the diffraction gratings to be diffracted back along the incident beam. The laser was tested in single arm operation
as shown in Figure 4 with a tunability of 152nm achieved under an operation current of 1.7A and temperature
controlled at 20° by a Thermoelectric cooler. Thereafter the laser was tested in the double grating quasi-littrow
configuration, the tunability was made possibly across the 152nm tunable bandwidth of the laser by changing the
incidence angle of both gratings shown on figure 3.The optical beat of the two beams is incident on a
photoconductive gap of a Photoconductive antenna and terahertz radiation is obtained from optical heterodyne
down conversion (Photomixing).

——N

Figure 3. shows the set-up configuration for the generation of tunable continuous wave terahertz generation.

3. RESULTS

The graph below shows the tunability of the ECDL which lies within the THz frequency range for the generation
of tunable continuous wave THz radiation. Stable dual-wavelength operation from the two laser arms was
achieved across the range of 1143 -1295nm obtained wavelengths. The stable operation of the laser is significant
for the efficient generation of terahertz radiation. The peak power of the laser is obtained at 1220nm as 247mW.
We have previously reported in the work of [4] etal 0.6nW at 0.83THz from 1157.4nm and 1161.nm pump beams
(mention antenna properties). However, the large photoconductive gap of (50um between the electrodes) was
considered a hindrance towards generation of THz over 1 THz. The results from this work demonstrates the
feasibility of a tunable compact room temperature Continuous wave terahertz source and emissions at over 1 THz
using smaller photoconductive gap. The Quantum dot PCA used by Ksenia et al was capable of being pumped at
over 1 W which is up to 50 times more than the conventional low temperature grown GaAs.
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Output Power (mW) vs Wavelength (nm) of QD EC Laser- Single arm operation

300
250
o® %0
I ..o
200
150

100 Q@

Optical Power (mW)
@

50

0 © Q@
1120 1140 1160 1180 1200 1220 1240 1260 1280 1300 1320
Wavelength (nm)

Figure 4: shows the tunability and output power operation of the laser in single arm operation.

CONCLUSION

The integration of quantum dot structures in lasers has enabled the development of lasers with the suitable
requirements for the generation of continuous wave terahertz. We have demonstrated the appreciable properties
of quantum dots towards realising a tunable, compact, room temperature continuous wave terahertz source. We
have previously reported terahertz generation from quantum dot enhanced PCAs pumped by Quantum dot laser
and propose the implementation of various quantum dot PCA design such as smaller photoconductive gap for the
optimisation of the terahertz output.
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