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This project is aimed to demonstrate terahertz (THz)
radiation based on epitaxial material and technology
of semiconductor quantum dots (QDs). The narrow-band
and frequency-tunable THz radiation are proposed to
be implemented by combining multi-wavelength lasing
emissions of external-cavity diode lasers and
nonlinear optical mechanism of phtomixing or
difference frequency generation.
The chirped multilayer QD active region consists of
10 layers of self-assembled InAs QDs which are capped
by In0.15Ga0. 85As strain reducing layers of varying
thickness. Three chirped wavelengths of longer,
medium, and shorter wavelength range are grown
interlaced with different stacking numbers. The wafer
1s patterned by wet etching into ridge waveguides and
cleaved into laser bars with different cavity
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lengths. To suppress internal Fabry-Perot emissions
and facilitate external grating selection of lasing
wavelength, the front facets are deposited with
broadband multilayer anti-reflection coating, while
the rear facets are deposited with high-reflection
distributed Bragg reflector coating.

First, the chirp-stacked multilayer QD lasers are
arranged in Littrow external-cavity configuration.
The single-wavelength tuning range of 150 nm, from
1143 nm to 1293 nm, is achieved under low operation
current of 90 mA. Then, multi-wavelength lasers are
achieved by using the Fourier-Transform external-
cavity configuration; equivalently, special V-like
slit 1s incorporated in the modified Littman
configuration. We have therefore achieved dual-,
triple- and quadruple-wavelength lasing emissions for
potential application of coarse wavelength-division
multiplexing. Finally, the dual-wavelength external-
cavity QD lasers are incident on the photoconductive
antenna for photomixing. The modulated THz signals
are therefore detected by the Golay cell. We still
have to subtract the thermal background from the
environment and the detector in order to make sure
the modulated signal is indeed the THz radiation.

Quantum Dot Lasers, Tunable Lasers, External Cavity
Lasers, Terahertz Emitters
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This project is aimed to demonstrate
terahertz (THz) radiation based on epitaxial
material and technology of semiconductor
quantum dots (QDs). The narrow-band and
frequency-tunable THz radiation are proposed to
be implemented by combining multi-wavelength
lasing emissions of external-cavity diode lasers
and nonlinear optical mechanism of phtomixing

or difference frequency generation.

The chirped multilayer QD active region
consists of 10 layers of self-assembled InAs QDs
strain
Three

chirped wavelengths of longer, medium, and

which are capped by Ing;sGaggsAs

reducing layers of varying thickness.

shorter wavelength range are grown interlaced
with different stacking numbers. The wafer is
patterned by wet etching into ridge waveguides
and cleaved into laser bars with different cavity
To

emissions and facilitate external grating selection

lengths. suppress internal Fabry-Perot

of lasing wavelength, the front facets are
with broadband

anti-reflection coating, while the rear facets are

deposited multilayer



deposited with high-reflection distributed Bragg

reflector coating.

First, the chirp-stacked multilayer QD
lasers are arranged in Littrow external-cavity
configuration. The single-wavelength tuning
range of 150 nm, from 1143 nm to 1293 nm, is
achieved under low operation current of 90 mA.
Then, multi-wavelength lasers are achieved by
using the Fourier-Transform external-cavity
configuration; equivalently, special V-like slit is
modified

configuration. We have therefore achieved dual-,

incorporated in  the Littman

triple- and  quadruple-wavelength  lasing
emissions for potential application of coarse
wavelength-division multiplexing. Finally, the
dual-wavelength external-cavity QD lasers are
incident on the photoconductive antenna for
photomixing. The modulated THz signals are
therefore detected by the Golay cell. We still
have to subtract the thermal background from the
environment and the detector in order to make
sure the modulated signal is indeed the THz

radiation.
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Tunable multi-wavelength quantum dot external-cavity lasers
Chen-Hung Pai and Gray Lin"
Department of Electronics Engineering and Institute of Electronics,
National Chiao Tung University, 1001 University Road, Hsinchu 300-10, Taiwan

ABSTRACT

The chirped multilayer quantum-dot (QD) gain media are arranged in Fourier-transform external-cavity laser (FT-ECL)
configuration. Novel slit designs select 2, 3, and 4 different wavelengths that are diffracted from the grating for optical
feedback. Therefore, the dual-, triple- and quadruple-wavelength ECLs are demonstrated in this study. The resulted
multi-wavelength lasing emissions are achieved under injected current of 100 mA (or 1.33 kA/cm?) with signal to
amplified spontaneous emission (ASE) ratio over 20 dB. Around peak-gain wavelength of 12xx-nm range, the adjacent
wavelength separation is over 50 nm for dual-wavelength lasing, up to 13 nm for triple-wavelength lasing, and about 4-5
nm for quadruple-wavelength lasing emissions. To further extend the wavelength separation for dual-wavelength lasing
emissions, another modified scheme with two separate external mirrors are adopted and the achieved maximum value is
about 126 nm in wavelength separation or over 25 THz in frequency difference. The terahertz (THz) generation by
photomixing of dual-wavelength ECLs is also discussed in this study.

Keywords: tunable lasers, external-cavity lasers, quantum-dot lasers, semiconductor lasers

1. INTRODUCTION

External-cavity lasers (ECLS) incorporated with semiconductor gain media are promising for novel light sources. The
widely tunable and multi-wavelength feature of ECLs has great potentials for coarse wavelength-division multiplexing
(CWDM) in fiber-optic communications. Moreover, photomixng of multi-wavelength ECLs [1] has made possible the
compact, cost-effective, and tunable THz generation in many applications such as spectroscopy, medical imaging, and
security. To achieve simultaneously multi-wavelength lasing with semiconductor lasers, the common approaches are
utilizing single laser with physically separated gain media for each wavelength [2] or multiple lasers in the external
cavity [3]. However, these approaches require elaborate fabrication and packaging procedures which lead to larger
dimension of the external cavity system.

The largest wavelength separation of dual-wavelength operation with quantum-well (QW) gain medium has been
achieved by Huang et al. in grating-coupled external cavity [4]. Nevertheless, ECLs with QW gain medium require very
high injection current density (typically more than 10kA/cm?) to populate carriers to higher energy state for broadband
tuning. Consequently, QD gain medium is a better choice since it can fulfill both low injection current density and broad
spectral-tuning requirements [5-8]. Furthermore, low injection current density is also beneficial for cost and power
consumption issues.

In this work, chirped multilayer QD structure of 1.3um wavelength range [9] is incorporated in two modified schemes of
Littman ECL configuration. In the first configuration, dual-, triple-, and quadruple-wavelength lasing emissions as well
as their continuous tuning are demonstrated at record low injection current density of 1.33 kA/cm?. Then in the second
configuration, the maximum wavelength separation of 126 nm is achieved for dual-wavelength ECL by independent
control of the optical feedback. Finally, we discuss the laser characteristics of dual-wavelength ECLs as well as their
terahertz (THZz) generation by photomixing.

2. EXPERIMENTAL DETAILS

The QD laser structure is grown by molecular beam epitaxy on Si-doped GaAs substrate. The active region consists of
10 layers of self-assembled InAs QDs which are capped by Ing;5GaggsAS layers of varying thickness and spaced by
GaAs of 33 nm. Three chirped wavelengths of longer, medium, and shorter wavelength range, with stacking numbers of
4, 3 and 3 layers, are designed with InGaAs layer thickness of 4, 3 and 1.5 nm, respectively. The detailed layer structure
can be found in [9]. The wafer is processed into ridge waveguides of 5-um width. As-cleaved laser bars are then

Nonlinear Optics and Applications VII, edited by Mario Bertolotti, Joseph Haus, Alexei M. Zheltikov,
Proc. of SPIE Vol. 8772, 87720V - © 2013 SPIE - CCC code: 0277-786X/13/$18 - doi: 10.1117/12.2017500

Proc. of SPIE Vol. 8772 87720V-1



passivated with broadband anti-reflection coating (R < 1%) in the front facets as well as high-reflection distributed Bragg
reflector coating (R > 99%) in the rear facets.

Figure 1 shows the light-current-voltage (L-1-V) characteristics of solitary AR/HR coated QD laser with 1.5 mm in cavity
length. The lasing wavelength of as-cleaved QD lasers is 1260 nm; however, it moves to shorter wavelength 1180 nm
after AR/HR coating due to the increased mirror loss. In addition, the threshold current dramatically increases from
20mA to 100mA.
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Figure 1. L-1-V characteristics of solitary AR/HR coated QD laser with 5-um width and 1.5-mm length.

The AR/HR coated QD lasers are investigated in the Fourier-transform external-cavity laser (FT-ECL) configuration, i.e.
the first modified scheme of Littman configuration by insertion of Fourier lens and slit in the first-order diffracted path
[3]. Figure 2 shows the experimental setup. A collimating lens is utilized to collect the divergent light from the front
mirror facet. The optical feedback is provided by first-order diffraction light which is diffracted from an external grating
and then collected by a lens focused onto an external mirror. To select the multi-wavelength lasing emissions, a V-like
slit is designed and put between Fourier lens and external mirror. The external grating is with groove density of 1200
lines/mm and blazed at wavelength of 1.0 um. To tune the center wavelength or change the wavelength separation, one
can move the V-like slit vertically or horizontally. The zeroth-order diffracted light is coupled via a multimode optical
fiber into an optical spectrum analyzer.
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Figure 2. Experimental setup of tunable FT-ECL configuration.
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Concerned to two-color ECLs, several concept schemes are proposed in the literature [10]. In above modification scheme,
increasing the adjacent wavelength separation means increased spatial separation of selected wavelengths, which is
limited by the slit design. However, the two separate wavelengths may be too far away to make nonzero incidence to the
end mirror, and results in poor optical feedback. Therefore, the second modification scheme of Littman configuration,
termed double-Littman ECL, is adopted and shown in Figure 3. Only two separate end mirrors are utilized for
independent control of optical feedback. Since neither Fourier lens nor slit aperture is introduced, it is hard to get small
wavelength separation due to the large physical dimension of end mirrors. The maximum wavelength separation
achieved in this work is demonstrated by this scheme.

Collimating Lens 0SA
Grating
=
1
HR AR JUL =
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Mirrors

Figure 3. Experimental setup of double-Littman ECL configuration.

3. RESULTS AND DISSICUSIONS
3.1 Multi-wavelength FT-ECLs

Figure 4 shows the dual-wavelength tuning spectra under injection current of 100 mA at heatsink temperature of 20 °C.
The signal to ASE ratio is in the range of 20 to 40 dB. The wavelength separation over 86 nm or frequency difference of
17 THz (not shown) can be achieved in FT-ECL configuration and it is limited by our design of slit separation. To
further increase the wavelength separation may render the nonzero incidence of two selected wavelengths. Therefore,
single end mirror should be replaced with two end mirrors or the second modification scheme of double-Littman ECL
should be adopted.
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Figure 4. The dual-wavelength lasing spectrum in FT-ECL configuration.

Proc. of SPIE Vol. 8772 87720V-3



Figure 5 shows the triple- and quadruple-wavelength lasing emissions. Continuously triple-wavelength tuning is obtained
by utilizing the lower part of V-like slit as shown in Figure 2. The slit design can operate as a switch from two
wavelengths to three wavelengths. The maximum adjacent wavelength separation is 13 nm and the signal to ASE ratio is
also larger than 20 dB. With different slit design, the quadruple-wavelength lasing emissions is demonstrated and shown
in Figure 5(b). The adjacent wavelength separation is about 4 nm; however, the intensities of four wavelengths vary in a
large range. This phenomenon results from uneven optical feedbacks between these four wavelengths.

60 — .(a). — 0 (b)

40

N
o

r
(=}

Intensity (a.u.)
o
Intensity (a.u.)

A
o

- M L i L M L i L M -70 5 1 L L 1
610210 1220 1230 1240 1250 1260 1200 1210 1220 1230 1240 1250 1260
Wavelength (nm) Wavelength (nm)

Figure 5. The spectrum of (a) triple-wavelength lasing emission (b) quadruple-wavelength lasing emission in FT-ECL
configuration.

3.2 Double-Littman ECLs

Since the wavelength separation in FT-ECL configuration is limited by the slit, the double-Littman ECL configuration is
adopted to achieve dual-wavelength lasing emission. Figure 6 shows the dual-wavelength lasing spectrum measured in
double-Littman ECL configuration. The maximum wavelength separation or frequency difference is about 126 nm or
over 25 THz. This result is in reasonable agreement with our maximum tuning range of 132 nm (from 1148 nm to 1281
nm) in conventional Littman configuration. The signal to ASE ratio is over 20 dB even at maximum wavelength
separation as shown in Figure 6.
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Figure 6. The dual-wavelength lasing spectrum in double-Littman ECL configuration.
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The optical intensity distribution between the two wavelengths is an interesting issue in dual-wavelength lasing
emissions. Matus et al. have theoretically analyzed the dynamics of various two-color ECL configurations by studying
their time dependence of optical intensity distribution [11]. Here we present the static L-I-V characteristics of dual-
wavelength lasing emissions in double-Littman ECL configuration. We first generate dual-wavelength lasing emissions
of equal intensities with wavelength separation of 46 nm (1169nm and 1215nm) and then collect the total optical power
of zeroth-order diffracted light. As shown in Figure 7, the current dependence of optical power seems to exhibit certain
oscillating periodicity which needs further investigation.
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Figure 7. The L-1-V characteristics of dual-wavelength in double-Littman ECL configuration.

3.3 THz generation

Multi-wavelength ECLs are promising for THz generation by photomixing of multi-wavelength lasing emissions. Matus
et al. have identified and characterized five two-color lasing regimes of coherent, semicoherent, multimode, chaotic, and
multimode chaotic operation by numerical simulation of several two-color ECL configurations [11]. They have
concluded that the two-color coherent laser regime should be the most attractive one for THz signal generation [11] and
later demonstrated experimentally in FT-ECL configuration [14]. Moreover, direct THz emission out of dual-wavelength
ECLs is investigated by Wang et al. [13] and Hoffmann et al. [14]. Figure 8 shows our photomixing setup for THz
generation. The dual-wavelength lasing emissions is monitored by OSA and focused onto a biased photoconductive
antenna (PCA). An aspheric focusing Si lens is mounted on the back side to collect wide-angel emission THz wave
radiating from the PCA. The focused THz wave is then detected by the bolometer. Since the bolometer cannot
discriminate the emitted THz signal from any other far infrared radiation (e.g. heat radiation) from the laser diode [12],
we are going to confirm it by Fourier Transform Infrared Spectrometer (FTIR) of Bruker IFS 66v/S.
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Figure 8. The photomixing setup for generating THz radiation with FT-ECL.

4. SUMMARY

Tunable multi-wavelength light emitters based on InAs/InGaAs/GaAs QDs are demonstrated in this study. The chirped
multilayer QD gain media are arranged in FT-ECL configuration, i.e. the first modified scheme with Fourier lens and slit
introduced in the first-order diffracted path. Novel slit designs with 2, 3, and 4 slit apertures select different wavelengths
that are diffracted from the grating for optical feedback. Therefore, the dual-, triple- and quadruple-wavelength ECLs are
implemented for promising applications, such as wavelength-division multiplexing (WDM) in fiber-optic
communications and THz light sources generation by difference-frequency generation (DFG) mechanism.

The resulted multi-wavelength lasing emissions are achieved under injected current of 100 mA (or 1.33 kA/cm2).
Around peak-gain wavelength of 12xx-nm range, the adjacent wavelength separation is over 50 nm for dual-wavelength
lasing, up to 13 nm for triple-wavelength lasing, and about 4-5 nm for quadruple-wavelength lasing emissions. The
maximum wavelength separation is limited by our slit design while the minimum wavelength separation is determined
by the slit width. Moreover, the signal to ASE ratio is over 20 dB. Application of coarse-WDM or even dense-WDM can
be benefited from further optimization.

To further extend the wavelength separation for dual-wavelength lasing emissions, the second modified scheme of
double-Litman ECL configuration with two separate external mirrors are adopted and the maximum achieved value is
about 126 nm in wavelength separation or over 25 THz in frequency difference. The terahertz (THz) generation by
photomixing of dual-wavelength ECLSs is also discussed in this study.
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answer questions concerning their papers. Attendees are required to wear their
conference registration badges to the poster sessions. Poster authors: view poster
presentation guidelines and set-up instructions on page 6, and at
http://spie.org/x30951.xml.

Determination of the uncertainty for phase noise delivered by an
optoelectronic based system, Patrice Salzenstein, Ekaterina Pavlyuchenko, Ctr.
National de la Recherche Scientifique (France) ..................... [8772-42]

Semiclassical model of lasing in nanowires, Vladimir G Bordo, Univ of Southern
Denmark (Denmark). . . . ..ot [8772-44]

Polarization properties of vector solitons generated by modulation instability
in circularly birefringent fibers, Evgeny A. Kuzin, Instituto Nacional de Astrofisica,
Optica y Electrénica (Mexico); Ariel Flores Rosas, Univ. de Guanajuato (Mexico);
Balder-Arturo Villagomez-Bernabe, Josue-Israel Peralta-Hernandez, Nikolai A.
Korneev, Baldemar Ibarra-Escamilla, Instituto Nacional de Astrofisica, Optica

y Electrénica (Mexico); Manuel Duran-Sanchez, Univ. Tecnolégica de Puebla
(Mexico); Andres Gonzalez-Garcia, Instituto Tecnologico Superior de Guanajuato,
(Mexico); Olivier J. Pottiez, Ctr. de Investigaciones en Optica, A.C.

(MBXICO) . « v vttt e e e e e e e e [8772-45]

Two-photon excited fluorescence with thermal light, Andreas Jechow, Univ.
Potsdam (Germany) and Giriffith Univ. (Australia); Henning Kurzke, Michael
Seefeldt, Axel Heuer, Ralf Menzel, Univ. Potsdam (Germany) . ......... [8772-46]

Compact blue light source by single-pass second harmonic generation of
DBR tapered laser radiation, Junhee Park, Tai-Young Kang, Han-Young Lee,
Korea Electronics Technology Institute (Korea, Republicof) ........... [8772-47]

Frequency doubling of 1560nm laser with single-pass, double-pass and
cascaded PPMgO:LN crystals and frequency locking to Rb D2 line, Junmin
Wang, Shanlong Guo, Yashuai Han, Baodong Yang, Jun He, Shanxi Univ.

(CNINA) .« ottt e [8772-48]

Highly nonlinear tellurite fiber with engineered chromatic dispersion for
broadband optical parametric amplification, Edmund P. Samuel, Tong H. Tuan,
Koji Asano, Takenobu Suzuki, Yasutake Ohishi, Toyota Technological Institute
(PN .« ot e [8772-49]

Second order optical nonlinear processes as tools to probe anomalies inside
high confinement microcavities, Marc Collette, Normand Beaudoin, Serge
Gauvin, Univ. de Moncton (Canada). . .................. ... ou... [8772-50]

All-optical switching using a power tunable junction formed by interacting
nematicons, Johannes Rebling, Aix-Marseille Univ. (France); Yana V. Izdebskaya,
Anton S. Desyatnikov, The Australian National Univ. (Australia); Gaetano Assanto,
Univ. degli Studi di Roma Tre (ltaly); Yuri S. Kivshar, The Australian National Univ.
(Australia). . . ..o [8772-51]

Experimental investigation of high power picosecond 1.06 m pulse
propagation in Bragg fibers, Michal Jelinek, Vaclav Kube?ek, Helena Jelinkova,
Czech Technical Univ. in Prague (Czech Republic); Vlastimil Mat?jec, Ivan Ka?ik,
Ond?ej Podrazk?, Institute of Photonics and Electronics of the ASCR, v.v.i. (Czech
Republic) . . ..o [8772-52]
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GRay Lin
螢光標示


SPIE European Conference on Optics and Optoelectronics
(SPIE EOO 2013)
April 15 - 18, 2013, Prague, Czech Republic

Prague, March 6, 2013
Assoc. Prof. Kuo-Jui, Gray, LIN
National Chiao Tung University
Department of Electronic Engineering
No. 1001, University Road
Hinschu City 300-10
Taiwan

Date of birth: 13 April 1972

Nationality: Taiwan, Republic of China

Number of the passport: 300914205

Issue date of the passport: 05/02/2010

Expiry date of the passport: 05/02/2020

Duration of the stay in the Czech Republic: April 14 — 18, 2013
Accommodation: EuroAgentur Hotel Downtown, April 14 — 18, 2013

Dear Prof. Lin,

As you have been informed, the ,SPIE European Conference on Optics and Optoelectronics” will
be held April 15 — 18, 2013 in Prague, Czech Republic.

Knowing of your interest and achievements in this field, we would like to invite you cordially to attend
the conference and to present there your contribution titled

Tunable multiwavelength quantum dot external-cavity lasers.

We hope that you will find participation at the conference useful for your professional specialization.
Nevertheless, we have to inform you that this invitation cannot grant any financial support of your stay at this
event.

Looking forward to meeting you in Prague,
Kind regards

-".’/.-‘ C ~ s
Ml leee o/ 7 P1ce o
Helena Lonekova
SPIE EOO 2013 Registration Office

SPIE EOO 2013 Registration Office
Conference Partners s.r.o.
Rumunska 12, 120 00 Prague 2, Czech Republic
Phone: + 420 608 408 708, + 420 224 262 109, Fax: + 420 222 521 138
E-mail: conference@conference.cz
Webpage: www.conference.cz/spieEQ02013
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