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Abstract

Angle modulation techniques enable analogue optical transmission systems to be realised which
have dynamic ranges in excess of those possible with conventional intensity modulation direct
detection (IMDD) links. Tunable semiconductor lasers are essential components for links
employing optical frequency modulation (OFM) for enhanced dynamic range or dense wavelength
division multiplex (DWDM) for multi-channel capability. They are also key components in many
advanced sensor systems. Existing lasers use the forward bias carrier injection effect (CIE) to
achieve tuning. Whilst this is a convenient technique for wavelength setting it suffers from severe
limitations when fast tuning or modulation of the laser frequency is required. At low modulation
frequencies the response is dominated by thermal effects, leading to a decrease in emission
frequency with increasing current, whereas at high frequencies the response is dominated by
plasma and band filling effects giving an increase in frequency with increasing current. The
resulting overall frequency response typically varies by more than an order of magnitude from 0-
1GHz accompanied by phase variations of up to n radians. Equalising such a response, even over
a restricted frequency range, requires complex networks that have to be optimised for the particular
laser and its operating conditions. Improved uniformity of response has been obtained in multi-
electrode distributed feedback (DFB) lasers by carefully adjusting the distribution of current
between sections. but the high frequency response tends to be limited by carrier lifetime in the
section biased below wransparency to about 1GHz.

In earlier work we demonstrated, for the first time, a novel semiconductor laser tuning technique
using the refractive index change in reverse biased multiple quantum well (MQW) PIN structures.
The technique was used in an external cavity laser system to demonstrate a tuning response that
was uniform to within £1.6dB from 30 kHz to 1.3 GHz, the upper frequency limit being set by the
parasitic capacitance of the tuning element. This laser has been used as the source in an optical FM
link demonstrator.

External cavity lasers are mechanically sensitive and unsuitable for use in production systems; the
tuning speed is also limited by round-trip time effects in the necessarily long optical cavity. A
logical development is therefore to integrate the laser gain section and tuning element
monolithically. The objective of work under this Special Contract is to develop fabrication
techniques for a monolithically integrated reverse bias tuned semiconductor laser and to assess its
performance. In this report we describe the work carried out in the first year of the Contract.
Specific technical accomplishments in this first year include the design of the MQW laser and
tuning element structure, the development of fabrication techniques for successful realisation of a
two-section ridge guide laser, the fabrication of two section ridge guide lasers capable of room
temperature CW operation and having CW threshold currents as low as 25 mA and output powers
greater than 10 mW, the achievement of single longitudinal mode (SLM) operation and the detailed
assessment of laser operation.



1. Introduction and Historical Review

Tunable lasers are essential components in advanced optical communication systems, includin g
multi-channel systems for multiple antenna remoting and CATV distribution’, and in dense
wavelength division multiplex (DWDM) optical networks®* which are likely to become the fourth
generation of optical fibre communication systems.” Compared to the first generation system which
employed 850 nm semiconductor lasers, the second generation system which used 1.3 pm laser,
and the third generation system which is based on the 1.55 pum laser, the coherent optical
communication system offers better transmission quality and much higher information dcnsity.6‘7
In this system, the tunable laser is the key device.® In the early stage of coherent optical
communication system research, gas lasers were used to demonstrate the basic principles of system
operation.’ Considering their size and reliability, it is almost impossible to operate such a system
outside a laboratory environment. Of the source technologies available currently, the semiconductor
laser is the most promising one, due to its small size, mechanical stability and potential for volume
manufacture. Development of high performance tunable semiconductor lasers is thus of much
interest. The purpose of this project is to study and develop a new kind of tunable laser to meet
some key requirements of coherent systems.

In spite of the variety of coherent communication schemes proposed,lo'14 some common
requirements are put forward for tunable lasers. A good tunable laser for such systems should be
single mode with narrow spectral linewidth, fast modulation response speed and uniform
frequency modulation response. Depending on the coherent system adopted, different specific
performance parameters are required. For use in wavelength/frequency division multiplexing, a
large tuning range is desirable( several 1000’s GHz), although the range could be the combination
of a series of large separated discontinuous tuning bands each with a small range of continuous
tuning. On the other hand, for optical frequency modulation (OFM) applications only a few
gigahertz tuning range is demanded, but fast tuning speed, continuous tuning range and flat
frequency modulation response become the critical requirements.

In our earlier work, a novel semiconductor laser tuning technique using refractive index change by
the quantum-confined Stark effect (QCSE) in reverse biased multi quantum well (MQW) p-i-n

1516 The technique was used in an external cavity

structures was demonstrated for the first time.
laser system, and the frequency modulation response(FMR) was found to be uniform to within +
1.6 dB from 30kHz-1.3GHz with the upper frequency limit set by the parasitic parameters of the
device, not the tuning mechanism itself.'® The advantages of fast tuning speed and uniform FM
response are highly attractive for OFM and similar applications. As external cavity lasers are
mechanically sensitive and unsuitable for use in practical systems, a logical progression is to

develop a monolithically integrated tunable laser utilising the same principles.

Most of the early tunable semiconductor lasers were associated with the attempts to achieve single
longitudinal mode and narrow linewidth operation of semiconductor lasers, which at that time



normally operated in multiple longitudinal modes, and the reduction of linewidth was limited by the
intrinsic nature of spontaneous emission noise and relatively high cavity loss."” "’ By increasing the
laser cavity length via either using a long laser chip or extending the cavity with a passive medium
such as air, an optical fibre or a passive waveguide, the linewidth can be reduced. The latter
external cavity devices also provided mode selectivity or mode shift to allow single longitudinal
mode (SLM) operation with tunability of wavelength/frequency.

In this report, a historical review of tunable lasers will be presented; the principles, design and
fabrication processes of the reverse biased, monolithically integrated two section tunable laser will
be described, the experimental results so far will be given and, finally, further research work will
be outlined.

I.1. Tunable external cavity lasers

There are three main approaches to external cavity tunable semiconductor lasers; the grating
external cavity laser, the electro-optic birefringent external cavity laser and the acoustic-optic
external cavity laser.

1.1.1. Grating external cavity tunable laser

The grating external cavity tunable laser, as shown in Fig.1.1, was first introduced by Edmonds
and Smith in 1970.%° In their experiment, the oscillation of the internal modes was prevented by an
anti-reflection (AR) coated facet on one of the two cleaved surfaces in the Fabry-Perot cavity
semiconductor laser. The actual resonator was formed by the external grating and the other facet of
the semiconductor laser. By rotating the grating, the diffraction wavelength coupled into the
semiconductor cavity through the AR coated facet was changed, therefore changing the oscillation
wavelength in the composite cavity, and wavelength tuning was obtained. Note that as the tuning
involved only the selection of the oscillation modes defined by the resonator of the semiconductor
facet/external grating cavity, the tuning certainly was discontinuous. Due to the long external
cavity and the mode selectivity of the grating, the device had a small mode spacing, single
longitudinal mode operation and small linewidth.

In another similar experiment carried out by Thomas®', there was no AR coating on the
semiconductor laser facets, therefore the internal oscillation modes of the semiconductor laser were
selected by the external grating. The tuning was discontinuous and with larger mode spacing
because of the shorter semiconductor cavity than the above experiment.
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Fig. 1. 1 Grating external cavity laser.

In both experiments, the grating acted as a mode selecting, rather than mode shifting, element so
that only discontinuous tuning is available. In order to achieve continuous tuning, mode shifting
mechanisms or optical length change in the cavity must be introduced.

Based on this idea, a continuous tuning device was developed,22 which incorporated grating
rotation round its own centre axis Y and the grating lateral translation along X axis as shown in
Fig.1.1. The translation along X axis changed the resonator length, therefore changed the optical
length. and the oscillating wavelength was continuously shifted accordingly. By carefully
mechanical design, it is possible to match the continuous mode shifting caused by optical length
changing and the discontinuous mode selection caused by grating rotation, to achieve a large range
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of continuous tuning.

Another approach to the long external cavity tunable laser employed an external pnsm and graded-
index (GRIN) rod lens™ combined with one facet AR coated semiconductor lasers,”** as shown
in Fig.1.3. This technique enabled coarse wavelength adjustment of a buried heterostructure single
mode laser over a range of 40 nm through lateral displacement of the GRIN rod lens relative to the
laser chip so changing the oscillating mode coupled into the laser by selecting the refraction
wavelength from prism grating. Fine tuning of around 6 GHz/mm could be achieved by slight
variations in the separation between the laser facet and the GRIN rod lens end face which chan ged
the oscillator cavity length
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Fig. 1. 2 External cavity laser using GRIN-rod lens.

The advantages of this grating external cavity laser are that the tuning range could be very large.
Tuning ranges of over 105nm in GaAs/AlGaAs*® and 160nm in InGaAsP/InP*’ quantum well



lasers with external grating cavities have been demonstrated. Also the spectral linewidth could be
very narrow (< 1MHz)*** due to the long optical cavity, and the single longitudinal mode
operation is easily realised by the mode selectivity of the grating. The principle disadvantages of
these mechanically tuned devices are their mechanical instability and the need for precise adjustment
as the long optical cavity provides very small mode spacing, together with their low
switching/response speed (typically 1ms) due to the dependence on mechanical movement of
tuning elements. They are obviously difficult to use in a practical system. However, they are quite
useful in testing more advanced tuning schemes or in laboratory environments.

Much higher tuning speed can be achieved by using electro-optic or acousto-optic devices as the
tuning elemeent.

1.1.2. Electro-optic birefringent external cavity laser

Faster tuning speed could be achieved by using an electro-optic(EO) birefringent filter cavity
instead of a grating as the tuning element,’*>? as shown in Fig.1.3. The EO filter is usually a
LiNbOx:Ti single mode strip waveguide made on a LiNbO; substrate, and consists of an electrically
tunable TE-TM mode converter and a polarisation filter. The centre frequency of the device can be
tuned by biasing the TE-TM mode converter, therefore selectin g the oscillation mode of the laser.
Continuous tuning can be realised by varying the bias to the polarisation filter.*® With this scheme,
linewidth < 60kHz, discrete tuning over 7nm, with continuous tuning of more than 1GHz, and
tuning speeds up to 250 MHz were achieved.> Due to the short response time of the EO crystal,
the tuning speed can potentially be very high.“‘32 The main disadvantage of this external cavity
laser is its incompatibility with semiconductor materials, therefore precluding monolithic
integration. and the very large ( >100 V) drive voltage needed for wide tuning range.
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Fig. 1. 3 Electro-optic tunable laser.

1.1.3. Acousto-optic (AO) external cavity laser

Another alternative method for achieving fast tuning in external cavity laser uses acousto-optic
(AO) filters.”"** The basic configuration is shown as Fig.1.4. A radio frequency (RF) signal is
applied to the AO filter. The applied RF signal in the crystal causes an acoustic wave to be set up
within it. torming a phase grating.35 The period of the phase grating can be changed by changing
the frequency of RF signal applied to the AO filter. This phase grating selects the oscillation mode
in the cavity. The centre frequency of the device can be changed by simply changing the signal
frequency to the AO filter. If several RF signals with different frequencies are applied to the filter at




the same time, mult1ple gxatmgs can be created in the filter, allowing simultaneous lasing at several
discrete wavclcn ;_,thes * In this system, centre wavelength may be shifted due to the modulation
on AO filter.® To overcome this drawback, two AO filters with the same driving frequency can be
used in the cavity, to achieve stable mode oscillation. Discrete tuning of 83 nm by varying the
duvmg frequency between 69.4 and 74.6 MHz for a 1.3 pum laser, with a switching time of 3
ms.” and 35 nm tuning range for a 0.85 um laser with switching time of 10 ns have been
reported.”’

7 /7//////////////4
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Fig. 1.4  Acoustic-optic external cavity laser.

The main disadvantage is that the configuration is incapable of achieving continuous tuning. Also,
i is difficult to achieve single mode operation, and the tuning speed is intrinsically limited by the
AO elements.

In conclusion, the advantages of external cavity tunable lasers are the very wide discontinuous
tuning range. almost as wide as the gain bandwidth, and the very narrow linewidth. The
disadvantages are the mechanical instability and the necessity for very precise optical alignment.
AR coating with very low residual reflectivity on one facet of the semiconductor is generally
required for stable continuous tuning operation. Wide range continuous tuning is very difficult.
High speed tuning (> 1GHz) may be possible for the EO external czivity scheme. The cavity round-
wip frequency of the laser light, typically from hundreds of MHz to several GHz, defines the
ulumate limit of the switching time.

1.2. Monolithic semiconductor tunable laser

Monolithic tunable lasers generally consist of two or more sections made on a single semiconductor
substrate. Since they requires no external cavity, they are much smaller than the external devices.
In addition to their small size, they have many other advantages, such as their mechanical stability,
fast switching time, suitability for industrialised product environment and removed requirement for
opucal alignment.

For all types of monolithic tunable lasers, the wavelength tuning is achieved by changing the
refractive index in the gain (active) or/and modulation (passive) section. One of the simplest ways
to do this is to utilise the refractive index thermal effect of the semiconductor materials, by
changing the temperature in the cavity to tune the emitting wavelength of the laser.”® Since the
thermal relaxation time is a slow process, the tuning speed is limited to a few MHz. Since the




tunability, tuning speed and output power stability of monolithic lasers based on thermal tuning
mechanisms are much poorer than for other tuning mechanisms, we will put our emphasis on other
monolithic tunable lasers.

The very successful and well developed method of achieving refractive index change is by
changing the injection currents into the gain or/and the modulation section. Due to the free-carrier
absorption (named the plasma effect) and the carrier induced absorption edge shift (named the band
filling effect), the change in injection current changes the refractive index of the cavity.40 Since
injected carrier relaxation and recombination are faster processes than thermal changes, the tuning
speed of this method is generally limited by the recombination process in material pumped below
transparency.

Some types of carrier injection tuned lasers can give a nominally flat frequency modulation (FM)
response within a certain frequency range“, that is the FM modulation response is nearly a
constant until the cut-off frequency which is usually determined by the injection carrier lifetime.
Due to the thermal effect caused by current injection at low frequency (<IMHz), and the photon-
carrier interaction and carrier modulation effects, the FM modulation response can only be
maintained uniform over a limited frequency range.39

Monolithic tunable lasers can be classified into four types: (1) multi-segment Fabry-Perot
structures; (2) Distributed Bragg reflector (DBR) structures; (3) Distributed feedback (DFB)
structures and (4) Twin-guide (TG) structures. In the followed sections, we will review the
progress in these areas.

1.2.1. Monolithic tunable lasers based on multi-segment Fabry-Perot structure
The CalllCS[ developed monolithic tunable laser was based on two segment Fabr y-Perot (FP)
structure.” as shown in Fig.1.5(a). It consisted of two electrically isolated sections; the modulator
section and gain section. The gain section had a tapered active layer. The two sections shared a
single waveguide layer. The tuning principle is simple: when a semiconductor material is placed in
an electric ﬁcld due to the mixture of the linear electro-optic (LEO) effect™ and the Franz- -Keldysh
(FK) effect™ in the bulk semiconductor, the refractive index will change with the applied field. In
order to have large electric field range, the modulation section was designed to be reverse biased.
Both of the effects only introduce very small changes in refractive index (less than 0.3%),”# % 5o
that the tuning range is rather limited. However, because of the nature of the field induced effect,
the tumns speed. which is not limited by any carrier life time or thermal equilibrium, could be very
fast.* Obv tously. the optical length change introduced by the refractive index change will produce
continuous tuning. A 15GHz continuous tuning range was obtained with this device.
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Fig. 1.5 Two-segment Fabry-Perot tunable lasers.

Another two segment, single cavity Fabry-Perot tunable laser, which was similar in structure, but
quite different in tuning principle, was proposed,“‘48 as shown in Fig.1.5(b). The difference was
that the modulator section was forward biased so that tuning was achieved by carrier-induced
refractive index Cllal]g€.40'49'50 This effect produced less than 1% refractive index change
(proportional to carrier density), but still larger than that produced by LEO or FK effects in
GaAs/AlGaAs material system. Continuous tuning was achievable. Since the maximum relative
change of carrier density in the tuning section was limited when the gain section was lasing and the
photon field was distributed in the whole single cavity, the tuning range was small (~ 0.8 nm).
However, by carefully choosing the injection current ratio, it is possible to have a constant power
output over the tuning range. The tuning speed was decided by the injection carrier life-time (~ns
scale). which is slower than that of the field induced effect.

An unusual design.51 which asymmetrically inserted two different quantum wells in the active layer
to broaden its gain spectrum, achieved the large quasi-continuous tuning range of 22 nm by non-
homogeneous current injection into the two sections.

In order to achieve large tuning range, a different two segment FP cavity laser was (iev<°,loped.52’53
As shown in Fig.1.6.. it consisted of two normal FP cavity lasers mounted closely on the same
heat sink. The active layers are self-aligned and very closely coupled to form a two-cavity
resonator. The gap between the two cleaved facet was less than 5 wm, and it acted to separate the
two sections electrically. All facets were crystallographic mirror-flat and were parallel to each other,
therefore, this device was called the cleaved-coupled-cavity laser or C’ laser. In this structure, the
gain and modulator sections had separate waveguides and hence the modulator acts as a mode
selection element. Tuning was achieved by changing the current injection into the modulator to
change the coincident mode of the two FP cavities. It obviously was a discrete tuning scheme. A
tuning range of 30 nm (1.3 pm laser) and switching time ~2ns, with linewidth 8 MHz and a
claimed flat FM response up to 150 MHz was 1'<°,pom3d.5'1
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Fig. 1.6 Cleaved-coupled-cavity (C3 ) laser.

In principle, by combining the above single cavity and separate cavity structures, continuous tuning
over a large range should be possible. For example, a two segment single cavity as the gain and
mode shift section combines with a separate mode selecting cavity.54 However, because the optical
length change will affect the coupling between the two cavities, the trade-off has to be made
between wavelength stability, power output stability and tuning range. The co-ordination needed
between mode shifting and mode selecting to achieve smooth continuous tuning over large range is
also very difficult. Quasi-continuous tuning over a large range is more realistic.

1.2.2. DBR based monolithic tunable lasers
The most successful monolithic tunable lasers are based on DBR or DFB structures,56 and

3719 The tuning principle behind

enormous effort has been devoted to these over the past decade.
DBR or DFB lasers is simple.65 The operating wavelength of such a laser is determined by the
Bragg wavelength 1, which is related to the etched Bragg period L by l,= 2n. L/m, where n, is the
effect mode index and m the diffraction order of the Bragg grating.55 Even though the grating
period L is fixed during device fabrication, the lasing wavelength could be changed by changing
the mode index n. , which can be done by varying the injection current into the grating region. In
general. n, decreases with increasing carrier density, resulting in a shift of Bragg wavelength and
hence the lasing wavelength shifts toward shorter wavelengths.

Phase
Bragg tuning .4n¢rol Gain Gain Bragg tuning

RN 11

Active layer

Three sections DBR Two sections DBR

Fig. 1.7 Multi-section tunable DBR laser.

ST The three section tunable DBR

There are many schemes used to design tunable DBR lasers.
laser” ® shown in Fig.1.7 has the widest continuous tuning range of any monolithic tunable laser.
It consists of three sections refered to as the active (gain) section, the phase-control section and the
Bragg tuning section. The three sections are optically coupled through a single waveguide, but
electrically isolated from one another to allow independent current injection. The Bragg section

serves as a mode selecting element which changes the Bragg wavelength of the cavity discretely




though carrier-induced refractive index change, and the phase-control section serve as the mode
shift element to change the mode phase continuously.65 The maximum discrete tuning range is
determined by the maximum change in the refractive index of the Bragg section, which is less than
1%. The tuning limit also results from the limited available variation range of the carrier density
owing to light-generated carriers. Since the refractive index increases with tcmperatu1'«3,67'68 the
temperature increasing effect that accompanies the increase in tuning current partly cancels the
effective refractive index decrease caused by the injected current increase. Another factor limiting
the tuning range is the output power reduction resulting from the increase in free-carrier absorption
loss that accompanies an increase in the tuning current. This is the reason that the tuning range is
smaller at higher output power.

With this three-section DBR structure, continuous tuning over more than 6 nm was achieved,69 10
nm quasi-continuous tuning at 5 mw output has also been reported57 in which the resonant mode
was selected by changing the DBR section current and the narrow range tuning was done by
changing the phase-control current in the vicinity of the mode.

It is possible to extend the tuning range by reverse biasing the Bragg section. A tuning range of 22
nm was obtained by changing the current from -120 mA to 120 mA where the negative current
corresponds to reverse biasing. The physical mechanism behind the reverse biasing tuning is local
heating effect. Since refractive index increases with an increase in temperature, the lasing
wavelength shifts toward to the red side, just in contrast with the blue shift caused by the forward
biasing. therefore, extending the whole tuning range. A disadvantage of the thermal tuning is that
the switching time is very slow (~ 100 ps) comparing with the forward biasing case (~ 1 ns).

Two-section DBR structures, which have no phase-control section, have also been reporte:d.”'73
However. the continuous tuning is restricted to within a longitudinal mode space, that is less than

-c 72 . . . . 73
Inm for 1.55 um lasers.”” An 11.6 nm discrete tuning range has been obtained for this structure.
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Fig. 1. 8 Schematic structure of super structure grating (SSG) DBR laser.
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Recently. a new type of Bragg reflector DBR tunable laser has been proposed, 7 the super

structure grating (SSG) DBR laser.”* Shown in Fig.1.8 is the basic structure of this laser. It
. - . . . . 74

consists of an active section, front SSG-DBR section and rear SSG-DBR section,  a phase-control

10



section can be inserted between the active and the rear SSG-DBR section in some structures. > The
SSG consist of a periodically chirped grating with a long period of L,, and within each chirped
grating, the grating pitch is linearly chirped from L, to Ly, , resulting in periodic multiple reflection
peaks in the SSG reflection spectrum. Most of the reflection peaks exist in the range between 1, (=
2n.L,) and 1, (=2n.Ly), which could be a very wide range. The front and rear SSG-DBR are
designed to have small difference in the chirped grating period L, allowing the laser to oscillate at
the wavelength where the reflection peaks of the two reflectors coincide with each other by
adjusting the injection current in the two sections. The oscillation wavelength is broadly tuned by
shifting the coincident peaks even if the change of the refractive index is small. Tuning ranges as
wide as 80 nm for a 1.55 pm laser, with single longitudinal mode operation and about 10 MHz
linewidth, have been achieved with this structure,”* and 105 nm tuning range with single
longitudinal mode operation was obtained for multi-phase-shift SSG-DBR laser.” Obviously, the
tuning is discrete or quasi-continuous, but is nonetheless useful for wavelength division
multiplexed communication systems.

For DBR structure tunable lasers, the linewidth becomes a few times wider than when there is no
tuning current injected,” normally 10 to several 10s of MHz. The reason is partially due to the
increase in free-carrier absorption losses in the tuning sections. The frequency/wavelength
switching time is basically limited by the injection carrier life time in the tuning sections. For the
1.55 pm three-section DBR laser, 200 Mbit/s frequency switching between two channels separated
by 2.11nm has been carried out.”® A claimed ‘flat’ FM response up to a few hundred MHz was
obtained when the phase-control or the DBR section current was modulated.”> The FM efficiency
was several GHz/mA which is larger than that of a normal DFB structure laser.

1.2.3. DFB based monolithic tunable lasers

Tunable DFB lasers can be classified into two types: multi-electrode DFB lasers
controllable DFB lasers.*™ In a phase-controllable DFB laser, there is no Bragg reflector in the
phase control section. As shown in Fig.1.9 is a typical 2- or 3-electrode DFB laser. The tuning
principle is almost the same to tunable DBR laser except that the Bragg reflector is distributed over

63.77-81
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Fig. 1.9 Multi-electrode tunable DFB laser.
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the whole cavity, so that a change in carrier density in one or more sections will change reflected
light phase from grating pitches, the reflectivity of the grating, the gain distribution in the whole
cavity and the central wavelength of the Bragg reflector, resulting in a change in threshold
condition and therefore operating wavelength. Therefore, in DFB structures, the mode shifting and
mode selecting function is naturally combined, and the lasing wavelength is tuned by changing the
gain distribution or the threshold condition which can be done by changing the injection current
ratio.” With an asymmetric DFB structure as shown in Fig.1.9(a), the optical field is higher in the
region near the AR coated facet, resulting in a non-uniform carrier density distribution along the
cavity. If the current ratio I;/I, is changed, carrier density and gain distribution as well as threshold
condition are changed, and the lasing wavelength is tuned.”® An interesting configuration for a
three-electrode DFB laser is with the two outer electrodes electrically connected to a common
current supply whilst the central electrode was supplied with another current.®! This device
displayed a 2 nm continuous tuning and more specially, a spectral linewidth of only 500kHz. Since
the carrier injection variation in the cavity influences the gain distribution and the central frequency
of the filter when the lasing frequency is tuned, it is normally difficult to maintain constant optical
output for this type of DFB tunable lasers ® Fig.1.10 is a typical 2- or 3-electrode phase
controllable DFB laser, that allows almost independent control of lasing wavelength and output
power and is quite similar to the DBR structure case. In some newly developed designs which

5.86 87 . . .
B¥* or SSG structures®’ as the tuning mechanisms, continuous

utilised the chirped grating DF
. ~ R6 - . . . . o .
tuning of 5.5um™ and discrete tuning of 86nm’’ were achieved, which were quite similar to the

results obtained by DBR structures with similar configurations.

Phase control

Phase control

l

AT AT AR

B v Active

Waveguide

a

Fig.1.10 Phase controlable DFB tunable laser

For a 1.55 um two-electrode DFB laser, continuous tuning ranges of 3.3 nm and 1.9 nm were
achieved under 1 and 5 mW output power, respectively.77 For a three-electrode DFB laser,

79.80 . .
but 2 nm tuning in some design

normally the continuous tuning ranges were smaller than 1 nm,
8 . .
was also reported. ' For phase controllable DFB lasers. continuous tuning of 1.2 nm centred at

1.54% pum and 0.9 nm at 1.55 umx3 have been reported.
Spectral linewidth of the tunable DFB laser is generally 10 MHz to 15 MHz." Carefully designed

structures were reported to have linewidth narrower than 4 MHz over the whole Inm tuning
29 < . 81
range. ® S00kHz linewidth was also reported.” These values are narrower than those of tunable
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DBR lasers. This is probably because, for a multi-electrode DFB laser, there is no increase in
absorption loss when the injection current increases.

The tuning switching time is determined by the carrier life time. A switching time of <lns was
obtained when the laser was tuned over a 1.7nm range.88 For a multi-electrode DFB laser, the
switching time would be expected to be shorter than that of a tunable DBR laser because, due to the
stimulated emission in the gain cavity, the carrier life time is shorter. A claimed ‘flat’ FM response
up to several hundred MHz has been reported for both multi-electrode’’ and phase controllable
DFB laser.™ FM efficiency of 1GHz/mA with ‘flat’ EM response up to 1GHz” and 0.67GHz/mA
modulation efficiency with ‘flat’ FM response up to 4GHZ" were also obtained.

1.2.4. Twin-guide tunable laser

As seen above, the tunable DBR lasers usually have low output power due to the carrier absorption
loss in the long tuning sections and the DFB tunable laser is hard to tune over a wide frequency
range with constant output power and linewidth. In order to achieve independent control over
lasing and tuning operation, a twin-guide (TG) structure was proposed, and tunable twin-guide
(TTG) lasers were realised.**® In this structure, as shown in Fig.1.11, the gain and tuning are
carried out in two separate layers. The two layers are electrically isolated to enable independent
current and bias operation in both layers, but are optically coupled transversely to form a twin-
guide cavity. The effective refractive index of the cavity can be changed by changing only the
injection current in the tuning layer, without disturbing the carrier density or the gain distribution in
the active layer. Therefore, the output power can be maintained constant while the lasing frequency

18 tuned.
+Vy

/- tuning layer

Waveguide < :

\ active layer
+Vg

Fig. 1.11 Twin-guide tunable DFB laser.

This device exhibits a strictly continuous tuning with no mode jumps or other wavelength
ambiguities.” Continuous tuning ranges of over 10nm at 1.55um have been reported,gz by both
forward biasing (thermal tuning) and reverse biasing (electronic tuning) the tuning region. Over a
tuning range of 9.2nm, with output power above ImW, a spectral linewidth below 30MHz was
also achieved.”” With a coupled grating—assistéd filter structure,” discrete tuning as wide as 57nm
was also reported. Output power as high as 10mW, with continuous tuning of 1.2nm in a 1.55um
TTG laser was also obtained.”® The spectral linewidth of this devices is normally broadened (about
10~60MHz) while tuning the trequency due to the different mechanisms,” **'*' but with specially
designed structures, such as the complimentary twin-active-guide (CTAG) laser, the linewidth
could be maintained at a constant (~ 10MHz) over a certain tuning range (~2nm).97 A very narrow
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linewidth (0.5~9MHz) TTG laser was also achieved.'®!

In conclusion, the monolithic tunable lasers developed so far are all based on the refractive index
change by a certain kind of physical mechanism. Thermal, electric field or current induced effects
are all demonstrated to be usable mechanisms in achieving refractive index changes, and among
them, field and carrier density induced effects are the more attractive ones due to their faster
response. The ficld induced effects, mainly LEO and FK effects, offer small refractive index
change (<0.3%), but potentially fast tuning speed. A tunable laser based on field induced LEO and
FK effects with FP cavity has achieved 15 GHz continuous tuning. Carrier density induced
refractive index change is the most widely studied and extensively used mechanism in all different
configurations of monolithic tunable lasers as it can provide nearly 1% refractive index change,
which is much larger than that by field induced LEO or FK effects. According to their waveguide
or cavity forms, monolithic tunable laser may be classified into FP, DBR, DFB and TG lasers.
Generally, multi-segment FP has small continuous tuning range or relative large but discrete
tuning, and it is easy to achieve stable power output. DBR lasers give the largest tuning range,
good tunability and stable but low output power, due to the high absorption loss in relatively long
tuning sections. DFB lasers give higher output power and good tuning range, but it is difficult to
maintain constant power output. Its tuning performance is also more complicated. TTG lasers
which provide independent control of output power and tuning and offer the best combination of
tunability and power operation, is the best monolithic tunable laser developed so far. By using very
complicated chirped grating or SSG structures, the tuning range can be extended further to over
100nm. The tuning speed of the tunable laser based on carrier induced effect is limited by the
carrier life time which is around several ns, and the tuning range is generally limited by the
available refractive index change. Due to the injection current thermal effect, the FM response of
the tunable laser tuned by carrier injection is not flat at low frequencies (<I1MHz), and it is also
never strictly flat when modulation frequency is higher than IMHz because of photon-carrier
interaction and carrier modulation effects. For tunable lasers based on Bragg grating reflectors, the
fabrication processing is quite complicated, as the fabrication of Bragg grating reflector and re-
growth processes are needed.

1.3. Tuning technique based on quantum-confined Stark effect
(QCSE)

So far most of the electronic tuning mechanisms are based on carrier induced refractive index
change. The refractive index change due to this effect is limited and normally less than 1%.% For
coherent systems. tunable lasers based on this effect suffer from the drawback of rigorously non-
tlat FM response due to thermal effects. Field induced tuning, due to its independence of thermal or
cawrier influence, results in much faster tuning speeds and, more importantly, provides a possible
method of achieving rigorously flat FM response. Unfortunately, the possible tuning range
provided by LEO or FK effects is very small. In order to have wider tuning range, larger refractive
index change mechanisms are required. With the rapid development of semiconductor ultrathin
layered (~100A) structure growth technology, many new phenomena related to the dimensionally
confined quantum mechanical nature of a quantum well (QW) or a multi-quantum well (MQW)
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structure have been discovered.'® Among them, the quantum-confined Stark effect (QCSE), which
changes the optical properties of the QWs when electric fields are applied perpendicular to the QW
layers, displays field-induced refractive index changes much larger (as large as 4%) than that due to
carrier injection. This effect obviously has important applications in tunable lasers.

1.3.1. Quantum-confined Stark effect (QCSE)

Since the enormous progress in semiconductor growth technology, mainly in metal-organic
chemical vapour deposition (MOCVD) and molecular beam epitaxy (MBE), the idea of growing
very thin layered semiconductor structures became realistic. As the high quality QW structures can

. o 102
be grown successfully, much interest was attracted to study in this area.
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Fig.1.12 Optical absorption spectrun shows the exciton peaks
variation with clectric field in a QW structure material.

Normal bulk semiconductors show an absorption spectrum near their band gap energy that is
relatively smooth and featureless at room temperature. QWs, such as AlGaAs/GaAs/AlGaAs, on
the other hand. show a clear series of steps or peaks, as shown in Fig.1.12. These steps result
from the fact that electrons and holes are confined in the GaAs quantum well by AlGaAs barriers,
and then a series of bound states in the QW are produced. The steps or peaks correspond to the
different wransitions between the bound states in the valence band and conductive band. For each
confined state of electron and hole, the lowest-energy electron-hole pair state is the exciton, in
which the electron and hole orbit around one another just like a hydrogen atom. The strength of an
optical transition is generally proportional to the wavefunction overlap of the electron and hole, and
in the case of an exciton, this is larger because they are in a tighter orbit around each other, hence
the stronger absorption peak. Excitonic effects in the QWS are particularly large because the overlap
of wavefunctions between electron and hole has to be larger by being confined inside the QW. This
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effect is so large that the exciton peak can be seen even at room temperature. — Many non-linear

. . . . 103,104
optical effects are associated with these exciton peaks.'®"'

The most interesting effect among
them is the QCSE.'**'% One of the most important consequences of this effect is that the sharp
optical absorption edge near the band gap energy can be shifted, by a perpendicularly applied
electric field, to lower energy without destroying the sharp exciton absorption peaks.'””'% This
contrasts strongly with the behaviour of bulk materials, in which the exciton peaks are all but
unresolvable at room temperature, and are destroyed with moderate fields, and the remaining
absorption changes correspond to a broadening of the absorption edge. This field effect in bulk

materials is often referred to as the Franz-Keldysh effect.**

The physics of the QCSE is relatively well understood.'®!'%"" The reason for the persistence of
the exciton peaks is that the barriers of the QW structure prevent the electron and hole from being
separated by the field, which prevents lifetime broadening of the exciton resonance. The shift of the
exciton resonance with field is simply equivalent to the Stark shift that would happen in a strongly
confined hydrogen atom. This is the reason the effect was titled as QCSE. The relationship
between the QCSE and the Franz-Keldysh effect is now understood.''*'"" The absorption does
become somewhat weaker as the absorption edge shifts to lower energy under the field because the
electron-hole overlap is reduced by the electron and hole being pulled to opposite sides of the well.

There is in fact another effect based on QW structure. When the barrier thickness is small enough
that the quantum wave in one well can penetrate the thin barrier and couple with the quantum wave
in a neighbouring well (resonant tunnelling). a coupled QW structure!!? results. The superlattice
(SL) structure is a stack of many such coupled MQW structure!'3, The excitonic characteristics of
the SL structure, in our context, is quite similar to that of a non-coupled MQW structure,!'4 and its
field effect which is called the Wannier-Stark effect,!!5 is also similar to QCSE.

One of the important result of the QCSE is that we obtain a new and strong electroabsorption
mechanism in semiconductors. The changes in absorption are so large that it is possible to make
optical modulators that are only micrometres thick and whose transmission can be changed by more
than a factor of 2 with voltages ~5 to 10V. Indeed, based on QCSE, some non-linear optical

. -12 . . .
devices have already been demonstrated.''*"*® Because of QCSE, large field-induced refractive

121-124

index changes are possible, which provide new possibilities for monolithic tunable lasers.

Theoretically, the switching time of the field-induced effect is limited only by the lattice
thermalisation and relaxation time of the structural materials, which is normally less than IOps.125
Therefore. a tunable laser based on QCSE should have much higher tuning speed than that based
on carrier life-time limited effects together with a flat FM response.

1.3.2. Tunable laser based on QCSE
A few tunable lasers based on QCSE have been demonstrated.”'*'?® Both external cavityl“6 and
integrated monolithic twin-guide DFB laser'*® schemes were adopted.
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The external cavity tunable laser using QCSE demonstrated by our group is the earliest experiment
to use QCSE in tunable lasers."® Fig.1.13. is the schematic diagram of this device. The tuning
element is a normal incident MQW p-i-n diode grown by MOVPE (metal-organic vapour phase
epitaxy), which allows large reverse bias to be applied across the intrinsic i-MQW layers so

MQW . .
Reflector Q Antireflection

Substrate
N
: Metal Contact
X\: Antireflection
R Coating
MQW Tuning GRIN Lens Laser Diode
Element

Fig. 1.12 External cavity tunable laser by using QCSE.

achieving a large variation of electric field. By varying the reverse bias in this tuning element, the
refractive index in the tuning region is changed due to the QCSE, therefore continuous tuning (with
AR coated laser) or discrete tuning (with no AR coated laser) is achievable. By using this set-up,
discrete tuning of 600 GHz with a reverse bias change of 6V15 and continuous tuning of more than
2GHz for a reverse bias change of 5V16 were obtained. In the continuous tuning experiment, more
than 2GHz tuning range corresponding to a refractive index change of about 3% was confirmed. 16
Good linearity between tuned frequency shift and the reverse bias and less than 0.3dB output
power change were observed over a tuning range of 1.5GHz.16 A uniform FM response within
3dB from 20kHz up to 1.2GHz was obtained. The response cut-off at high frequency was not
caused by QCSE mechanism itself, but by the parasitic parameters of the device. By reducing these
parasitics a tuning element response extending to 20GHz and flat FM response for this system up
to 6GHz were predicted.16 A response limit in excess of SOGHz for an integrated monolithic
tunable laser using QCSE was also predicted. '

C . . . 2
T. Wolf er al have demonstrated a tunable twin-guide laser using QCSE.'*® The structure of the
monolithic TTG laser is shown in Fig.1.14.
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Fig. 1.14 Schematical cross section of QCSE-TTG laser with ridge waveguide structure.

The device is grown by a two step MOVPE process. After the first MOVPE growth the DFB
grating on the top layer was etched and then a second MOVPE overgrowth process was performed.
In order to achieve best tunability, careful design was adapted to make the gain region emit at
wavelength 1555nm and the MQW tuning region have a photoluminescence peak at 1380nm to
enable a ~100meV energy difference between the photon energy and the absorption edge in the
MQW layer. For a 600um long device, when a 3V reverse bias was applied to the tuning layer,
optical output power dropped from 5 mW to 3 mW, correspondingly, threshold current increased

from 94mA to 104mA. For an 800um cavity device, the best output power of 10mW and linewidth
3.7MHz were achieved. It was found that the absorption in the MQW structure increases with
electric field. and this effect corresponded to the increase in threshold current at higher field. A
tuning range of about 15 GHz with reverse bias variation from 0~3V has been demonstrated. At
lower bias (<1.5V). the frequency shift is dominated by the refractive index change with bias, but
at higher bias. due to the increased absorption, the frequency shift with bias tends to be saturated.
A flat FM response with 7GHz/V efficiency up to 2GHz and with a 3dB modulation bandwidth of
1GHz was obtained. The advantage of this device is its independent controllability of gain and
tuning regions. in both electrical control and structure optimisation. The disadvantage is also
obvious: in addition to the requirement for re-growth processing and the complicated fabrication,
the separating layer needed at the middle of the waveguide reduces the optical field coupling, thus
reduces the tuning sensitivity.

Based on the Wannier-Stark effect of SL structure, J. Langanay er al realised a tunable laser based
on a DBR structure!?. In the device, the active region is five QWs of 8 nm-thick InGaAsP 1%
strained separated by a 10 nm-thick InGaAsP unstrained barrier, and the tuning region, i.e. the
phase conuol and Bragg sections consists of 15 6.6 nm thick InGaAs quantum wells separated by
2.6 nm InP barriers. The two regions are butt-jointed by three steps gas source MBE growth. The
FM and AM -3dB cut-off frequency is 350MHz when the device is forward biased, while it
reaches 4GHz when it is reverse biased to 2.6 V. The FM response efficiency is 3.1 0.7 A/V, and
the response is not tlat due to non-optimised design.

In conclusion. QCSE proved to be able to provided larger refractive index changes than those due
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to carrier induced effects, and more importantly, the potential tuning speed using field induced
QCSE is much faster, with the advantage of providing rigorously flat FM response, therefore it
provides a more advanced mechanism for tunable laser control. Two pioneering experiments using
QCSE as the tuning mechanism, based on external cavity configurations and TTG structure
respectively, demonstrated the potential of the approach. Much further work is needed to realise a
practical laser with flat FM response.

1.4 Conclusion

In this chapter, we have reviewed the tuning methods and tunable laser devices developed so far in
both external cavity and monolithically integrated tunable laser systems. In the external cavity
configurations, external grating cavity lasers provided the widest tuning range (160nm), but the
lowest tuning speed. High speed tuning (>1GHz) may be possible for the EO external tuning
scheme, but its continuous tuning range was very limited and large tuning voltages are required. In
general, external cavity tuning schemes are not suitable for use in a practical system as they are too
sensitive to mechanical vibration and normally require precise adjustment.

The monolithic tunable laser configurations, are based on four basic types of cavity forms, referred
to as FP, DBR, DFB and TG cavities. Except for one reported two segment FP cavity tunable laser
in which the field induced LEO and FK effects were used as the tuning mechanism,* all the other
tuning configurations used the carrier induced refractive index changes as the tuning mechanism
with less than 1% available refractive index change. This mechanism limited the possible tuning
range and its switching speed was limited by the carrier recombination process or carrier life time.
[tis also unable to provide rigorously flat FM response. Monolithic tunable lasers based on Bragg
grating reflectors all required re-growth processing and quite complicated fabrication processing
which certainly results in high cost and low productivity.

The field induced QCSE in MQW semiconductor structures was found to have the possibility of
providing as much as 4% refractive index change. Due to the fast nature of the field-induced
effect. the potential wning speed is very high (~50GHz). It also has the advantage of providing
rigorously flat FM response. Two reported tunable lasers using QCSE as the tuning mechanism
were based on external cavity 1316 and TTG structures'*® respectively, and one reported DBR
tunable laser based on butt-joint configuration using SL Wannier-Stark effect as the tuning
mechanism,!'*7 achieved promising results and displayed very good prospects for future
development.
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2. Device Principles and Design

Introduction

As we reviewed above, using QCSE as the tuning mechanism in a monolithic tunable laser is very
attractive and some quite encouraging experimental results have been obtained from a few
pioneering tunable laser device experiments. As there are still so many aspects left to be explored in
this area, a more systematic study is required. Our objective therefore is firstly to design and
fabricate a monolithic semiconductor laser using the QCSE tuning mechanism, having a flat FM
response suitable for use in OFM and related systems and secondly from an evaluation of its
performance design structures suitable for ultra-fast tuning.

2.1. Laser tuning principles and the tuning by QCSE

As discussed in Section 1, laser tuning is achieved by changing the effective length of the optical
path within the optical resonator. We present the principle here in more detail.

2.1.1 Laser tuning principle

We consider the case of a FP resonator which consist of two cleaved facets and a uniform cavity
with refractive index n, as shown in Fig.2.1. In almost all monolithic tunable lasers, the change of
optical path length is achieved by changing the refractive index of the whole cavity or part of the

n+ An
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Fig.2.1 The tuning principles of a FP cavity.

cavity. Let us consider a general and simple case where part of the cavity (with length Lt as the
tuning part) is used as the tuning section, and the other part (with length Lg as the gain part)
retaining a constant refractive index n, thus corresponding to the case of two-section FP tunable
laser. When the laser is tuned, the refractive index in the tuning section is shifted by Dn. In a
tunable laser. the lasing condition is firstly, that the optical gain in the cavity should at least
balance the cavity loss, i.e. the transparency condition, and secondly, the allowed oscillation
wavelength should satisfy the standing wave condition, that is the optical path length is equal to an
integer number of half wavelengths, or

nLg + (n+An)Lt = mA2 2.1
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where m is an integer and referred to as the mode number. From above, we see when An changes,
m or A also changes to follow it. If m remains unchanged, A can follow the change of An
continuously, until the optical path change AnL=A/2, and the oscillation occurs at (m+1) mode.
This is the mode jumping case. When tuning is continuous with no mode jumping (m keeps
constant) before tuning

nLg + nl, = mAy/2 (2.2)

After refractive index changes An,

nL, + (n+An)L, = mA/2 (2.3)
The wavelength shift = AA=A;-Ag=AoAnL/n(L+Ly) (2.4)

\\\\\\\\\\\\\\\

Cladding layer

Optical field

Fig.2.2 Schematic diagram shows the confinement factor I".

For more practical case, the physical dimensions of the cavity are finite in both transverse and
lateral directions, and the changes of the refractive index generally only happen within the active
region as the carriers are confined within it, but the optical field is extended beyond this region.
Therefore. the refractive index change in this region affects the cavity refractive index through
confinement factor I which represents the fraction of optical energy confined within the active
region, as shown by Fig.2.2. The effective refractive index change An should be substituted by
['An, in (2.1) through (2.4), where An, is the refractive index change in active layer, and we have

AX=X;-Ao=AolAn, Lyn(L+Ly) (2.5)
Ah/ho=TAn, L/n(Lg+Ly) (2.6)
The allowed optical path change before mode jumping is

[An, Li< Ay 2.7)

m=2n(L +L)/Ao (2.8)
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S M=o S 20(Lg+LY) 2.9)

is the maximum tuning range before mode jumping. It is approximately the mode spacing if the
refractive index variation with wavelength is neglected. For a 850 nm laser with n=3.6 and cavity
length 500 pm, the maximum continuous tuning range is 0.2nm.

The variation of refractive index can be realised by carrier injection or by field induced QCSE. The
refractive index change due to carrier induced effect is less sensitive to wavelength,!? therefore,
tuning is smooth in a relatively wide range. For field induced QCSE, which is we are interested in,
it is necessary to check its tuning property in more details.

2.1.2. Wavelength tuning by QCSE

Fig.2.3 is the calculated absorption and refractive index change due to QCSE for an 8nm QW
structure. From the curve, it is seen that corresponding to the absorption peak at a certain electric
field, there is a negative maximum refractive index change. Both the absorption and refractive
index change are seen to be a sensitive function of wavelength. For operation close to the exciton
absorption peak the refractive index change is accompanied by a large change in absorption. In a
monolithic tunable laser, if the tuning section shares the same cavity with gain section, the large
absorption and the large variation of absorption with field mean that the lasing threshold condition
may be changed during tuning, this is in general not desirable.

Alternatively. there is a relatively smooth positive refractive index change with wavelength at the
red side of the exciton peak where the absorption is also small, which seems quite suitable for use
tn a tunable laser even though the refractive index change is smaller. This is the wavelength region
of interest for our laser.

2.2. Device design
In order to develop a monolithic QCSE tuned laser, the following questions must be answered.

1. What laser structure should be chosen?

2. How should the tuning section be incorporated with the gain section, with provision for reverse
bias?

3. How will tuning be achieved?

2.2.1. The choice of laser structure

There are some essential requirements for a laser used in a coherent system, such as stable mode
behaviour and power output, single longitudinal mode and narrow linewidth. For different
coherent systems. the specific requirements for these parameters are somewhat dependent on the
modulation used (i.e. amplitude shift keying or ASK, frequency shift keying or FSK, or phase
shift keving . PSK). the coherent detection mechanism (i.e. heterodyne or homodyne) and the
electrical demodulation technique (synchronous or nonsynchronous)3. For most applications, laser
linewidth less than 10MHz is essential, * and ideally less than 1 MHz. Single longitudinal mode
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working is very important and is the essential requirement for use in a coherent system. Mode
suppression ratio (MSR) generally should be 20 dB or better.

As all lasers developed so far are based on essentially three types of structure: Fabry-Perot, DBR
and DFB, it is necessary to compare the mode behaviour of the lasers based on these structures.
Since the aim of our study is to investigate the prospect of fast tunable lasers with flat FM response
by using QCSE as the tuning mechanism, it will be more practical if we choose the simplest
structure which gives reasonable mode suppression and linewidth to enable our investigation to be
carried out. Therefore, it is also necessary to look into the processing difficulties for each of the
structure.

(1) Mode behaviour comparison of FP, DBR and DFB

Spectral linewidth is associated with the lasing process. It is a fundamental consequence of the
spontaneous emission process due to its random nature. Each spontaneously emitted photon
changes the optical phase by a random amount. This phase noise affects the phase of the optical
field. A change in phase leads to an associated frequency shift. In addition random spontaneous
emission and intensity noise cause fluctuation in carrier populations, which leads not only to the
change of optical gain, but also the refractive index. These changes also lead to lasing frequency
shift. Therefore, physically, spontaneous emission and carrier population fluctuation decide the
linewidth of a laser. The linewidth of a single longitudinal mode under CW operation is a
manifestation of phase fluctuations occurring inside a laser. Theoretically, the FWHM linewidth of
an optical spectrum f for a single mode laser can be written as:>®

s . .
Vilhveon, G

o, + (l+a?
ry— (@ +a,) (1+a”)

¥= @1
where V' is the group velocity (ratio of photon flux to photon density), 4v is the photon energy at
the main mode. 7, is the spontaneous emission factor, G is the gain, P is light output, «; is the

internal waveguide loss per unit length, o, is the mirror loss per unit length and o is the linewidth

enhancement factor. which is defined as:"*
o 5 on/oN
==Ky —————
¢ 0G/ON (2.2)

the ratio of refractive index change with carrier density to differential gain change with carrier
density, where Ky is the vacuum wave number (=2r/A). It is dependent upon material composition,
device structure and operating wavelength. For MQW structure lasers, o is smaller than that in
double heterostructure laser, ° resulting several times smaller linewidth.”'® Therefore, we should
cerainly use an MQW structure as the active layer, which is completely compatible with the
requirement of QCSE. As the effective mirror loss per unit length decreases when the cavity length
increases. extending cavity also reduces the linewidth. This is the reason that external cavity laser
has smaller linewidth. It is also seen that the linewidth is inversely proportional to the output
power.
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The influence of structural differences on linewidth is mainly reflected by the structural dependence
of spontaneous emission factor ny, cavity loss o+, and the linewidth enhancement factor c.
For FP cavity laeels the internal loss o; mainly comes from free carrier absorption and the layer
interface scdtteunz~ " and the mirror loss is due to the radiation escaping from FP cavity because of
the finite facet reflectivity. For DBR structure, beside the same cavity loss mechanisms, two
additional loss mechanisms may increase the total cavity loss: (i) scattering loss due to grating
imperfection and ( ii ) coupling loss between active and passive (grating) region. ® For DFB
structures, similar cavity loss mechanisms to DBR structures exist, except that the coupling loss is
substituted by radiation loss from periodic structures which happens due to higher order Bragg
diffraction.""* We can see, for the cavity loss, FP structure is lower than either DBR and DFB
structure, and because coupling loss is larger than grating imperfection or radiation loss, DBR
structure suffers the biggest cavity loss. On the other hand, for a FP laser, the feedback is provided
by facet reflection whose magnitude remains the same for all longitudinal modes. The only mode
discrimination in such a laser is provided by the gain spectrum itself. Generally, the gain spectrum
is much wider than the longitudinal mode spacing. It is quite different for DBR or DFB lasers
where the feedback is strongly wavelength-dependent, resulting in a much narrower cavity gain
spectrum compared to the FP structure. Due to this stronger mode discrimination mechanism in
DBR and DFB structures, the mode suppression ratio (MSR) of DBR or DFB lasers is larger than
that for FP lasers. Since the spontaneous emission factor is related to gain spectrum, FP cavity has
larger ng, than DBR or DFB cavity laser due to its broader gain spectrum. 15 As a total effect, there
is no obvious big difference among the three structures if we consider only linewidth. The narrow
linewidth is totally dependent on specific device structure, and may be quite different even with the
same structure or from the same wafer. For example, due to the sensitivity of DFB laser
performance not only to the facet reflectivity but also to the grating phases at the facets, many laser

L. . . . . . . 16
characteristics. including linewidth, vary from device to device .

Experimentally. much progress has been achieved in the fabricating techniques il obtaining smaller
linewidth of FP. DBR and DFB lasers. Table 2.1 list some typical results reported for these lasers.

Table 2.1 The best results achieved with FP DBR and DFB lasers

Cavity Laser structure Linewidth MSR Output power | Reference

F-P MQW ridee waveguide ~2.5 MHz 10 mW [17]
Metal cladding MQW 2~-4 MHz 220 dB 20~10 mW {18]

ndee wavesuide
DBR MQW ridee waveguide ~3.2 MHz 230 dB 1.5 mW [19]
MQW ndee waveguide ~560 kHz [20]
MQW ~743 kHz 240 B [21]
DFB MQW nidee waveguide ~1 MHz >40 dB 20~-30 mW [22
Extended cavity ~170 kHz [23]
MQW nidee wavesuide ~270 kHz 230 dB 13.5mW [24)
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From these results, we can see very narrow linewidth has been achieved by using DFB or DBR
cavities. This is mainly because most of the effort has been concentrated on the DBR and DFB
laser in the latest decade due to their more advanced performance over FP lasers in practical
applications, but it is also quite possible to reduce the linewidth of FP cavity laser further through
improving structure design and epitaxy growth techniques. The main advantage of DBR and DFB
laser are their high MSR and stable mode behaviour.

(i1) Fabrication of FP DBR and DFB lasers

The FP cavity laser is very simple in fabrication. It requires only one step of epitaxy growth and
several simple processing steps which are completely compatible with general semiconductor
processing, no difficult process steps are involved. In contrast, DBR or DFB cavity lasers require
the fabrication of a Bragg grating which is crucial to the laser performance and can be done only by
electronic beam lithography or holographic technique, and at least two steps of epitaxy growth
which is normally difficult to achieve with good quality, making their fabrication very difficult.
The use of re-growth processes in epitaxy increases the difficulty in obtaining good quality MQW
structures. In order to avoid our study being blocked by poor re-growth quality or the difficult of
grating fabrication, we chose an FP cavity for our laser structure in the first stage of the study.
Upon the success of the fast tuning study, the methods and conclusions can be easily transferred to
more advanced DBR or DFB cavity laser structures.

The ridge waveguide structure is the most popular laser structure no matter what the cavity
. . . L . . 2526

formation due to its simple fabrication processing and good lasing performance. We chose also
the ridge waveguide as our laser structure.

Although most optical communication systems nowadays use 1.3 and 1.55m laser systems, based
on InP semiconductor, as a generalised research, we decided to use more general and popular
GaAs semiconductor for our study. It also offers convenient interface wuth GaAs monolithic
microwave integrated circuits (MMICs) This means the our lasing wavelength is around 850 nm.

In conclusion, cavity formation (FP, DBR or DFB) has no direct important affect on laser spectral
linewidth. even though very narrow linewidth has been achieved by DFB and DBR lasers. For FP
cavity laser, linewidth less than 10 MHz and MSR 20 dB, which are the basic requirements for our
study, are readily achievable. FP cavity ridge waveguide laser is the simplest one in fabrication
processing and provides us with the highest possibility to achieve a good performance laser and
enable us carry out the fast tuning study on it. As a consequences, we chose GaAs based FP cavity
nidge waveguide laser structure as our laser structure in our study.

2.2.2. The incorporation of gain and tuning sections

There are at least three methods of combining gain and tuning sections in a tunable laser: single
cavity. multi-section configuration; separate but coupled cavity, multi-section as in C" laser and the
last. twin-guide configuration. Since in cleaved-coupled cavity configuration, the tuning section

33




can only function as a mode selection element, it is not of interest. We mainly consider single
cavity and twin guide cavity configurations.

(1) The tuning comparison of single cavity and twin guide cavity

As we pointed out in Section 1, the advantage of the twin-guide tunable laser is that it allows
independent control of tuning and lasing performance and avoids the output power variation which
is normally associated with single cavity tunable lasers. Fig.2.4 shows the optical field distribution
along the transverse (perpendicular to the p-n Junction plane) direction for these two
configurations. The continuous wavelength shift before mode jumping is : AA=T" AnAoL/(L,+L)n
for the single cavity case, and AA=I'An)¢/n for the twin guide case. The confinement factors in
the two cases correspond respectively to the shadowed area in Fig.2.4. Obviously, due to the
existence of the thick central isolation layer the confinement factor in the twin guide cavity is quite
small compared to that of the single cavity. Considering the factor of Ly/(L,+Ly), we can conclude
that as far as tuning efficiency is concerned, the twin-guide cavity has no advantage over the single
cavity configuration. Moreover, there is more freedom to control the tuning range through change
in the factor of Li/(L,+L,), even though the very strong wavelength dependence of QCSE limits the
possible tuning range. On the other hand, the twin-guide cavity normally requires re-growth and
more complicated fabrication processing which is undesirable, therefore the single cavity, two-
section configuration is more suitable for our study.
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Fig.2.4  The tuning comparison of single cavity and twin-guide schemes.

(i1) Isolation method between sections

In order to achieve a large electric field within the MQW layer, the tuning section must be reverse
biased. Therefore, it is important to adopt a proper method to achieve good isolation between the
gain and tuning sections. One of the most simple methods is by using ion implantation, as shown
in Fig.2.5.
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Fig.2.5 lon implantation to achieve isolation between gain and
tuning section.

Proton bombardment i is found to raise the resistivity of GaAs significantly due to ion induced
defect traps the carrier.” Many other ions, such as O%, F*, B, N*, are all found to transfer the
implanted region into semi-insulating. o Among them, H" and O" are the most suitable candidates
for our purpose. The ion implanted region usually has very high optical absorption, which is not
desired for our study. However, upon a proper annealing after implantation, the absorption
increase of the implanted region could be annealed out completely in the case of proton
bombardment. ** and nearly completely annealed out (>90%) in the case of O implantation. The
difference of H" and O" implantation is that in an H* implanted sample, optical absorption
reduction upon annealing is achieved at the expense of reduced resistivity, but in an O" implanted
sample, the resistivity reducing with the reduction upon annealing is quite gradual, and reaches a
saturation value since in O" implanted isolation both ion induced defect and oxygen doping effects
occur.” " instead of onl y 1on induced defect effect in the proton bombarded case.

The advantage of H' implantation is its large projected range, that is , even under low implanting
energy. the H” can still have large penetration depth.

Therefore. we keep both schemes as candidates for ion implanting isolation in our study.

In conclusion. a single cavity ridge guide with multi-section configuration is the structure we have
chosen for our tunable laser study, and ion implantation is a convenient method to achieve good
150lation between the forward biased gain section and the reverse biased tuning section. H' and O
are the potential candidates we have chosen to realise the implantation isolation.

2.2.3. Tuning by using QCSE and the band gap shift

As we discussed in Section 2.1.2, the refractive index change due to QCSE is very sensitive to the
operating wavelength. As shown in Fig.2.3, the wavelength corresponding to maximum refractive
index change for a certain electric field deviation corresponds to the maximum absorption. This
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means, when the tuning section is tuned, the output power, even the threshold condition is also
changed, which is certainly not what we desired. Fortunately, when the gain section reaches
threshold condition, the high carrier density results in band gap reduction, *' and the lasing
wavelength is about 10nm longer than the exciton peak. This means by sharing the single cavity,
the tuning section is working at a longer wavelength where the absorption may be small, but the
refractive index change is also smaller. In order to optimise both lasing and tuning performance, it
s necessary to find some way to shift the exciton peak to higher energy in order to achieve lowest
absorption loss and reasonable refractive index change.

There are several methods for doing this. Impurity induced band gap disordering by thermal
diffusion of impurity species * or by ion implantation into the active layer 7133 are examples of
these methods. ** Impurity-free vacancy 3336 diffusion (IFVD) is the most widely used and more
convenient method for most applications. In this approach, an insulator film of StF, is deposited
over the region where no band gap shifting is required, and then SiO, is deposited over the whole
wafer. After high temperature (900 C) and short time (30 seconds) annealing, the region covered
by only SiO; obtains obvious blue shift which is proportional to the annealing temperature and
time, and the region covered first by SrF, and then by SiO; only shows very small band gap shift.
The physical reason behind this is the Ga out-diffusion into the SiO, capping layer and Al in the
nearby barrier has a good possibility of diffusing to the QW to occupy the Ga vacancy, therefore
the well depth and width reduces resulting in exciton peak shifts to higher energy.

From the above analysis, we have seen that the IFVD technique is a suitable method to achieve
blue shift in the tuning section, which could be an important technique needed in our study.

2.3 Conclusion

In this Section, we have presented the essential tuning principles for tunable lasers and the use of
QCSE as the tuning mechanism. It is seen that for QCSE, the tuning performance is very
wavelength dependent. The linewidth and MSR of FP, DBR and DFB cavity laser were compared
and analysed. Despite the good linewidth and MSR achieved for DBR and DFB lasers, in order to
concentrate our study on fast reverse biased tuning itself and avoid the difficult fabrication of DBR
and DFB laser, we choose an FP cavity laser as the basis of our tunable laser study. Compared to
DBR or DEB laser. the FP laser is comparable in linewidth, and can readily achieve MSR >20dB.
A ridge waveguide laser structure is chosen to be our laser structure. The single cavity, two-section
tunable laser configuration is a suitable system for our study. Ion implantation is to be used as the
isolation method between the forward biased gain section and the reverse biased tuning section.
[FVD technique is the most suitable technique to achieve required blue shifts in the tuning section.
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3. Device Fabrication Processing

Introduction

Firstly, a successful monolithic tunable laser relies totally on a successful single longitudinal
mode, narrow linewidth and CW working laser. The epitaxial growth quality, especially the
MQW layer quality, is the key factor affecting the laser performance. It is proved by many
researchers that MOCVD (or equivalently MOVPE) technology can provide the best epitaxial
growth for laser applications, therefore, we have chosen atmosphere MOVPE as the epitaxial
growth technique for our laser structure. The epitaxial structure is shown in Fig.3.1a, the whole
structure is grown between 600-700 °C by MOVPE at III-V Semiconductor Facility in Sheffield.
The active layer consists of five 6.9 nm QWs separated by 10 nm thick Alg3Gag7As barriers,
and sandwiched between two 100 nm Alg3Gag 7As guiding layers, which form the core of the
waveguide. The cladding layer consists of two 1 um AlGaAs layers. After growth, the wafer is
checked by photoluminescence. A PL peak of 838 nm is found at room temperature, which
corresponds to the MQW exciton peak.

0.5um, p+ GaAs, 8E18:Zn

1um, p Al Ga As, 1.3-1.5€18: C
Al=0.58

50 nm, p- Al Ga As, 1E17: C Al=0.31

Al=0.31

well= i-GaAs, 6.9nm

QW exciton 838 nm
barrier= i-Al Ga As,
Al=0.31, 10nm

NS well

S0 nm, i- Al Ga As Al=0.31
50 nm, n- Al Ga As, 1E17: Si Al=0.31
1um, n- Al Ga As, 1.5E17:Si Al=0.58

0.2 um, n+ AlGaAs, 1~2E18: Si; Graded Al= 010 0.58

0.3 um, n+ GaAs, 1E18: Si

(100) N+ GaAs Substrate.

Fig. 3.1a Wafer structure for laser fabrication grown by MOVPE

After the MOVPE growth, the wafer is processed by the optimised processing, which is the
subject of this chapter.

It is proved that ridge waveguide lasers can give very good lasing performance.! Due to its

processing simplicity and good controllability, we have chosen the ridge waveguide structure as
our laser structure. Fig.3.1b is the main procedures for processing the 5 um ridge waveguide
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Fabry-Perot laser diode. The whole fabrication process consists of eleven steps which can be

summarised as follows:

Define crystal Define metal
orientation of contact on E(tjcf;to define
the wafer ridge &
y
Substrate Open PECVD
thinnine < window < deposit
° on Si0O2 Si02
Backside Annealin Final metalisation
metalisation g J “"| on top contact
Laser diode Wafer
assembling | scribing

Fig. 3.1b The main procedures of ridge waveguide laser diode.

1. Define crystal orientation: cutting the wafer into smaller pieces to reveal clear crystal
orientation, and photolithography to make marks on wafers as a reference for the followed
masks alignment.

2. Define metal contact on ridge: lithography and metal(Cr/Au) lift-off to define ridge contact
along crystal direction. The contact (3 wm in width) also serves as the first Ohmic contact
metal layer.

3. Etch to define ridge: lithography and acid etch to reveal Spm wide ridge and 10 pm wide
troughs in each side.

4. PECVD deposit SiO:: insulator film between contact metal and semiconductor.

3. Open window on SiO:: lithography to open 3um wide line window for second layer
metalisation on the top of the first metal layer.

6. Substrate thinning: lap down the backside of the wafer by polishing to required thickness.

". Back side metalisation: perform metal deposition on the back of n-substrate, generally
NI/GeAwAu.

8. Annealing: make metal-semiconductor alloy at around 420 °C to achieve Ohmic contact.

9. Final metalisation on the top contact: Ti/Au metals deposition and lift-off as the 2nd layer
metal contact on the top of the ridge.

10. Wafer scribing: scribe and fracture wafer into laser bars and finally, laser dice.

[1. Laser diode assembling: mount laser chip on suitable heat sink and bond it by ultrasonic
bonding.
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3.1. Define crystal orientation

3.1.1. Wafer preparation

Generally, the wafer is cut into smaller pieces for processing. As laser diodes require perfect
facets, great attention should be draw to the cutting of the wafer. Use of a diamond knife with a
good tip to scribe a short line near the edge of the wafer, and letting it fracture along its own
crystal structure by using a middle soft mat and bar, should generally give a perfect lateral face
which is perpendicular to the wafer mirror surface.

3.1.2. Water cleaning
The following general cleaning procedures are listed as a standard cleaning processing for II[-V
semiconductor materials.

1. Immerse the wafer in TCE(trico, or trichloroethylene) which is contained in a clean beaker, and
place the beaker on a hot plate(~150 0C) for heating. Let it boil for 5 minutes, and then place it
into an ultrasonic water bath for 5 minutes to remove all possible grease away. Change the
solvent with fresh TCE, and place in the ultrasonic water bath for another 2 minutes, then

2. Change solvent with acetone, ultrasonic for 5 minutes, and repeat this procedure once more to
clean TCE. v o

. Change the solvent with methanol to remove acetone, twice.

- Use IPA for final cleaning, and then blow dry in N».

- Place wafer into a 140 °C oven for 10 minutes to drive off all solvent. Remove from oven to

allow it to cool.

da Lo

D

3.1.3. Define crystal orientation

The aim is to make marks on the wafer by using photolithography and wet etch. This is for the
convenience of mask alignment in the later steps, and more importantly, to guarantee that the
final facets of the laser diode will be perfect crystal surfaces along the crystal structure and
perpendicular to the ridge of the waveguide.

I. Spin photoresist on wafer: coat the cleaned wafers with Shipley S1818 or S1813 positive
photoresist, spin at a speed 5000rpm for 30 seconds.

- Soft bake: place wafers on 100 °C hot plate for 1 minute, or in 100 °C oven for 20 minutes.

- Align and expose: using marks mask (Mask 3 of laser masks set as shown in appendix of this
chapter). Place the wafer on the stage of mask aligner, carefully adjust the long axis direction of
the wafer to the long-axis direction of the patterned mask(Fig.3.2), and expose for 5 seconds.

+. Develop: immerse in 351(Shipley developer):DI water=1:3.5 developer for about 30 seconds

tor developing. and rinse in DI water to clean developer completely. N, blow dry.

3. Hard bake: place wafers on 115 9C hot plate for | minute as the hard bake. Allow it to cool.

6. Pattern etch: immerse wafers in etchant H,S0O4: H,0, H,0=1:10:10 for 30 seconds, rinse in

large amount DI water, and blow dry in Nj.

L) 1o

- Remove resist and clean: use acetone—methanol—IPA to remove photoresist and clean
wafers.
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Fig.3.2 Aligning marks along long crystal axis of the wafer.

The marks should be left on the wafer with a depth of 1~2 pum. They serve as the reference for
further mask alignment.

3.2. Define metal contact on ridge
By using lithography, Cr/Au metals deposition and metal lift-off, define a 3 {m wide metal

contact hine on the wafer.

L. Photolithography: after many experiments, we finally arrived at the following procedure which
1s quite successful in giving us very nice overhanging photoresist profile to fulfil the
requirement of metal lift-off.

spin BPRS-150 positive tone photoresist, 4000rpm, 20
seconds.

soft bake on hot plate, 90 °C, 1 minute.

re-spin S1813, 4000rpm, 20 seconds.

soft bake again on hot plate, 85 9C, Iminute

use ridge mask (Mask 11), align the marks on mask to the

marks on wafer, and expose 4 seconds.

soak in chlorobenzene for 4~5 minutes and blow dry in N,
develop for about 60 seconds. in developer and rinse in DI water
blow dry by N,

The function of soaking in chlorobenzene is to harden the outermost surface region of the resist2-
*. Due to diftusion of chlorobenzene into the resist, the region contaminated by chlorobenzene
will have slower developing speed comparing to the normal resist which chlorobenzene did not
reach. The final resist will have an undercut(overhanging) or vertical profile, as shown in Fig.3.3a.
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GaAs Wafer

Fig.3.3a. The possible photoresist profile after llthography a is fair and b is good
for metal lift-off, while c is not good as metal covers the entire area of the photoresist.

2. HCI etch: dip the wafers in HCL:DI=1:1 etchant for 30 seconds to remove the outermost
surface layer of GaAs in order to make sure of the Cr/Au contact to the real and fresh p*-
GaAs cap layer. Rinse in DI water and blow dry in N».

3. Mount wafers on microscope slides by using wax and hotplate or vacuum grease and place
them into the vacuum chamber. Pump down the vacuum to P< 4x 10-6 mbar.

4. Metal deposition: evaporate Cr first, 10~12 nm; then Au , 200 nm

Fig.3.3b. SEM piéturéé show the photoresist profiles for metal lift-off.

3. Metal lift-off: remove glass slides from vacuum chamber and immerse in acetone. If the cross
profile of the photoresist has an overhanging or nearly vertical structure after lithography, as
shown in Fig.3.3b, the unwanted metal should be able to leave the wafer easily and a fine metal
feature will be left, otherwise, lift-off will not be successful. Using most suitable photoresist,
processing conditions and developer to achieve a proper resist profile before perform
metalisation.

6. Clean wafers: standard cleaning procedures as described above to clean wafers.

The watfer should now be patterned as show in Fig.3.4.
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Fig. 3.4. 3um Cr/Au contact above the ridge waveguide.

3.3. Define ridge

By lithography and acid etching, define a 5 um ridge by etching 10 um wide troughs on each side
of the ridge. One must carefully control the etch depth as it will be crucial for the laser diode
performance. Anisotropic and slower etchant are preferred for the purpose of a vertical side wall
and a controllable of etch depth. The proper etch depth is crucial in the mode behaviour of ridge
waveguide laser, as for this weak index guided laser, lateral mode confinement is determined by
the proper depth of the trough.! 0.2 ~ 0.4 um above the core guiding (inner cladding) layer is the
most ideal depth. The steps are:

1.

[VE I S

Lithography: use resist S1818 and trough etch mask (Mask 4), to open the window for trough
etch . Other conditions are the same as in 3.1.3.

- Hard bake: 115 9C hot plate for 1 minute, allow to cool.
. Etch: There are two methods to perform etching. One is wet chemical etching by using HpSOy4:

H>0, :H,O =1:8:80 etchant, check the etching depth regularly by using an accurate step
measuring instrument during etching until the required depth is obtained. The other is reactive
ton etching(RIE) which employs plasma CF4 or SiCly to react with III-V materials. The first
method can give accurate etch depth and is a quick and simple process whilst the second can
give a vertical sidewall but it is difficult to control the required etch depth and is a very time
consuming processing.

- Remove resist by acetone and clean by standard cleaning procedures.

The final ridge is 5 pm wide and the bottom of the troughs should be 0.2~0.4um above the inner
cladding laver, as shown in Fig.3.5.
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Fig. 3.5. The cross section view after ridge define by wet etching.

3.4. Deposit PECVD SiO,
By plasma enhanced chemical vapour deposition(PECVD), deposit SiO, (or Si3Ny) as the
insulator film between metal layer and semiconductor.

I. Place wafers into PD80 PECVD films depositing systen.
2. Deposit condition: Pressure 200 mtorr
SiHs 10 sccm
N, 35scem
N,O 70 sccm
Temperature 300 °C
Duration 10 minutes
RF power 18 W
The final thickness of SiO; should be around 200 nm, as shown in Fig.3.6.

Cia ‘ ~— SiO2

W
lh p-GaAs cap layer
2!

p-AlGaAs cladding
' layer; Al=0.6

inner AlGaAs cladding layers; Al=0.3

QW active layers
inner AlGaAs cladding layers; Al=0.3

GaAs Substrate

Fig. 3.6. The cross section view after SiO2 deposition by PECVD.

3.5. Open window on SiO,
Open 3 um wide line windows above the ridge metal contact for the second layer metalisation, as
shown in Fig.3.7.
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L. Lithography: S1818 resist, 3um ridge mask (Mask 11), other conditions are the same as in
3.1.3.
2. Hard bake: 115 °C hot plate for 1 minute, allow to cool.
3. SiO; etching: immerse in buffered HF until SiO, is etched away completely, roughly 2
minutes. Rinse in large amount DI water and blow dry in N,.
4. Rinse in acetone and blow dry in N,.
——» 3um .1—

T e ~— Si02
[x] p-GaAs cap layer

p-AlGaAs cladding
layer; Al=0.6

inner AlGaAs cladding layers; Al=0.3
QW active layers
inner AlGaAs cladding layers; Al=0.3

GaAs Substrate

Fig.3.7. The cross section profile after open 3um window on SiQ, |

3.6. Thinning substrate
Lap down the substrate to required thickness by polishing.

L. Mount the wafers face down on coverslips using wax and hotplate, make sure the wafer is
parallel to the coverslip, and then mount coverslips on polishing head.
- Thin to about 80 um by using 1000 grade carborundum.

L) 1

- Remove coverslips from polisher and clean them by hot TCE — cool TCE — acetone —
methanol and IPA, blow dry in Nj.

3.7. N-type substrate metalisation
Deposit Ni/GeAw/Au metals to backside of the wafer for Ohmic contact.

L. Mount coverslips on microscope slides by using wax and hotplate or other methods.
2. Place slides into vacuum chamber, and pump down to P<4x10-6 mbar.
3. Deposit first metal layer Ni:  10nm;
second GeAu alloy: 100nm;
last Au layer: 200nm;
4. Remove slides from vacuum chamber and dismount coverslips from the microscope slides and
waters from the coverslips.
3. Use standard cleaning procedures to clean wafers. As the wafer is very thin, every precaution
should be taken to avoid damaging the wafers.
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3.8. Annealing

Place cleaned wafers into a 420 °C alloying furnace , anneal for 2 minutes in forming gas(10% H,
and 90% N,), and then move the wafers out of the furnace. At this temperature, metal-
semiconductor(Cr-GaAs and Ni-GaAs) will form a very thin alloy layer with lowered band gap
and surface barrier in the near surface layerS with low resistivity to serve as the Ohmic contact.
The hydrogen in the forming gas will help to reduce the surface dangling bond and surface state
density, improving the electrical properties of the contact.

3.9. Final metalisation on top contact
Lithography, metals deposition and metal lift-off to form the 2nd metal layer on the p+ top
contact. ’ ‘

L. Mount the wafers face-up on coverslips using photoresist, make sure the wafer is parallel to
the coverslip.

2. Lithography: as described in 3.2, using final metalisation mask (Mask 8) to define metal lift-off
pattern on wafer.

4. Mount coverslips on microscope slides by using wax and hotplate or photoresist.

5. Place slides into vacuum chamber, and pump down to P<4x10-6 mbar.

6. Deposit first metal layer  Ti: 40nm;

second metal Au: 200nm;

7. Remove glass slides from the vacuum chamber and immerse in acetone for metal lift-off, The
wafers should also be floated off the coverslips. Rinse wafers in acetone-methanol-IPA and
blow dry in N».

The wafer now has the structure as shown in Fig.3.8a, Fig.3.8b is the SEM picture of a laser
diode.

a — Ti/Au

o[RS e~ Si02

3 p-GaAs cap layer

p-AlGaAs cladding i'™S
layer; Al=0.6

inner AlGaAs cladding layers; Al=0.3
QW active layers
inner AlGaAs cladding layers; Al=0.3

GaAs Substrate

\\\\\\\\\\\\\\\\\\\\\\\\\\\.\\.
i L £ ya Z 2 Fava

Ni/GeAu/Au
/

Fig. 3.8a. The cross section profile after final metalisation on top contact.
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Fig.3.8b. The SEM picture of a ridge waveguide two section laser diode,

3.10. Wafer scribing
Using a good diamond knife and scribing machine, to Separate wafers into laser bars. The
important points are(Fig.3.9):

I. According to required cavity length, in the direction normal to the waveguide, cut short trace
near the edge of the wafer, and then fracture along its crystal structure. This method should
reveal perfect facets perpendicular to the waveguide. Never cut the wafer all the way down
across its whole area, as the knife tip will definitely damage the facet if the tip touches the
ndge.

- Carefully place the laser bar on stick film and place the film back to scriber, and scribe all the
way down along the waveguide direction in order to get separate laser diodes, but the cutting
point should be far from the waveguide.

to

Ridge waveguide
laser stripes
/ \ \ Diamond knife

7 \ v\ N —— « cutting trace
Il

M

/]

L] —

ttttett

(==
[=
E

->
-
-
o

Fig. 3.9. The scribing method is shown for cutting wafer into laser bars and dice.
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3.11. Laser diode assembling

Generally, a heat sink is used as the packaging base for mounting laser diodes. The heat sink
should be coated with gold for good electric conductivity and long lift-time. Indium is used as the
bonding material between the laser chip and the base of the heat sink.

w

. Clean sub-mount: use hot TCE—cool TCE—acetone—methanol, plus ultrasonic, to clean the

sub-mount(heat sink).

. Place heat sink on 150 °C hotplate, and put several 0.005” indium balls on the base of heat

sink. Let the indium melt, then add some flux to keep a good shape of melted indium.

. Using fine tip tweezers, by NOT touching the waveguide facets of the laser diode, pick up a

laser chip carefully and place it at the top of the melted indium.

. Carefully adjust the chip position on the heat sink. One of the facets should be about 10 um

trom the edge of the heat sink, and should be parallel with the edge, as shown in Fig.3.10.

laser die ~10um
J . laser die
Y T e * J
'\ .\ .\ '\f /\ ~ \'U\/
NI IELI Y Cr/Au
A e, . . R 5 ] N :-.’ ]
- i - %D . metal layer é insulatorﬂ m kinsulatortr
'\j‘:". /\'D ‘(-)‘-’ 24 g PR
~ 3 9, 83
N33 a2
N *g o .
2 3 . = or Au coated heat sink
_\!\.“\;\:’\ Hﬁa[ Slnk AR
Top view Cross section view

Fig. 3.10. The diagram shown laser die mounting.

. Remove the heat sink out of the hot plate and allow it to cool. Use the ultrasonic bonding

machine to bond Au wire between the top metal contact of the laser chip and the isolated
conducting pad of the heat sink.

. Carefully bond the connecting wire to the conducting pad of the heat sink by iron solder.

Up to now. the processing for laser diode is finished. The Laser diode is ready for electrical and

optical tests.

3.12. conclusion

We have presented the laser diode processing method in detail. Apart from good quality of
epitaxial growth, wafer processing is also crucial to the performance of a laser diode. Among
them, successful metal lift-off, good Ohmic contact and perfect waveguide facets are especially
important.
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Appendix: Laser Fabrication Masks

Marks Mask: Mask 3
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Ridge Mask: Mask 11
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Trough Etch Mask:

L}

Mask 4
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L
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4. Experimental Results
Introduction

For a successful monolithic tunable laser, the first thing is that the device should work as a desired
laser. Qur first aim was to achieve a CW working, single longitudinal mode ridge waveguide laser
with reasonable linewidth.

We have successfully fabricated room temperature CW working lasers in the first few processing
runs. In this chapter, we present some test and measurement results we obtained so far. Further
tests and measurements are currently underway, whose results will be presented later.

The results we have obtained are mainly related to the electrical and optical performance of our
laser diodes, which is an indication of epitaxial growth quality, device design and fabrication
processing problems.

4.1. Electrical characteristics

A laser diode is basically a normal semiconductor p-n junction device with large forward current,
which is very likely to cause the device temperature to rise. The lasing emission activity is very
sensitive to temperature (higher temperature results in higher non-radiation recombination, higher
threshold current and lower internal quantum efficiency) and temperature variation (due to thermal
effect of refractive index, emission mode and wavelength changes accordingly), a good Ohmic
contact device is very important for the laser diodes.

4.1.1. Ohmic contact of the device

For our device, the n-type doping is silicon in the substrate. The most commonly and successfully
used contact metals are Ni/AuGe (alloy of 88% Au and 12% Ge, first layer AuGe and second layer
Ni) system.! In order to have a smoother interface, better surface morphology and stronger
adherent to the GaAs surface,? we use Au/Ni/AuGe/Ni for our n-type metalisation. For the p-type
Zn doping GaAs cap layer, Au/Zn or Pb/Zn are the commonly used metals for contact,? but due to
the high vapour pressure of Zn which can contaminate vacuum systems and its high diffusivity
which can penetrate the contact layer and degrade the active region, we have chosen alternatively
Au/Cr and Au/Ti as the contact metals, which are also proved to have low contact resistivity to p-
type GaAs* and are suitable for use in laser diodes.5

(1) Method used for contact resistance measurement

We use the ransmission line method (TLM)® to measure the contact resistance of our device. It is a
simple and widely used method. In this particular approach, a linear array of contacts is fabricated
with various spacing between them, as shown in Fig.4.1a. The resistance is measured as a
tunction of the gap spacing (Fig.4.1b), and extrapolation of the resistance to zero gap spacing
gives a value equal to 2Rc , or, the total measured resistance Rt=2Rc (two contacts) + Rb (bulk

55




|
ﬁ

resistance of the material), and R= p#/A, where p is the average resistivity of the semiconductor
layer and A is its cross sectioned area perpendicular to ¢ . When £ = 0, Rt=2Rc .
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Fig. 4.1 TLM to measure contact resistance.

(11). Contact resistance measurement results
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Fig. 4.2 Contact resistance measured by TLM.

Fig.4.2 is a typical experimental result for contact to p-GaAs by using this method. Each contact
resistance data is obtained by I-V measurement, as show in Fig.4.3, also shown in the inset is the
typical [-V curve which is obviously ohmic in nature. From our measurement, the typical specific
contact resistance is about 2X10-4 Q.cm? for our device, compared to 10-6 Q.cm? specific contact
resistance, which is the normally achievable and widely reported value in literature?, what we
obtained is certainly not the ideal. Indeed, we occasionally observed non-Q contact I-V curves
during TLM measurements. Some investigation for better metalisation is planned for the next step.
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Fig.4.3 The measurement arrangement for contact resistance.
Inset shows the typical I-V curve.

4.1.2. Current-voltage (I-V) characteristics

An ideal p-n junction is important for the good performance of a laser diode. Under forward bias,
the I-V characteristics of an ideal laser diode is dominated by carrier diffusion and recombination
processes. but for a practical device, due to inevitable contact resistance and series resistance, the
[-V characteristics is dominated by the Ohmic nature (linear relation between current and voltage)
instead of exponential characteristics at high injection current. The slope at the high current
injection region is a good estimate of the contact and series resistance of the device. Under reverse
bias, the leakage current is very small until the break down voltage, but for a non-ideal diode, the
leakage current increases with the reverse bias due to the imperfect p-n junction and surface
leakage. For a laser diode, a totally “soft” reverse biased I-V curve means the exiting of serious
current leakage such that an important part of the current may also be consumed due to this leakage
even under forward bias, which means the desired carrier confinement in the active layer is
seriously degraded and the diode may fail to lase.

Fig.4.4 is the experimental arrangement for I-V characterisation. Fig.4.5 shows the typical I-V
characteristics of our laser diode and the I-V curve of a commercial laser diode made by BNR
which has quite similar epitaxy structure to our device except lower Al composition in its cladding
and barrier layers’. They both are mounted and bonded under the same conditions. From the
comparison we see quite similar characteristics, and the turning point in our device is at higher
voltage. which is partly due to higher Al composition in our structure, and partly due to the non-
wdeal contact. From the obviously different slopes of these two curves, we conclude that the total
resistance in our device is larger than that of the BNR laser. Fig.4.6 shows the I-V curves for
extimating the contact and series resistance and its value from the slope. Indeed, our device shows
larger resistance, which confirms that a further improvement in our device contact is necessary.
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Fig.4.4 1-V measurement set-up.

4.2. Optical characteristics

For a laser diode, the most important characteristic is its optical performance, such as optical
power-driving current (L-I) characteristics, spectrum and the linewidth. From these
measurements, we obtain information about the cavity loss, mode behaviour in the designed
waveguide and more generally, the quality of the epitaxial growth and the fabrication process. All
this information is important for modification and improvement to the design and fabrication
process.

The measurements are performed at room temperature, and the laser is run in CW operation. The
laser sub-mount is placed on a Peltier cooler/heater with an embedded thermistor inside it to
enable its temperature to be controlled by a electronic controller. All lasers are the natural crystal
facet with no AR or reflective coating.

-
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Fig.4.5 Measured I-V curve and comparison to BNR laser.
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Fig.4.6 Estimating total resistance from the slopes at high

current injection region of measured I-V curves.

4.2.1. The measurement of L-I curve
Fig.4.7 is the measurement arrangement for -1 characteristics. The measurement is carried out
under CW operation and at room temperature and the laser diode sub-mount is temperature
controlled at around 18 °C. Fig.4.8 shows typical results of this measurement. The threshold
current is approximately 25 mA for the 300-500 pm cavity lasers.
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Laser current
source

]

Temp. control

Large area PD

Optical power
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Fig.4.7. Schematic diagram for L - I measurement.
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Fig.4.8 CW operation light power output versus current curves for some lasers.

The slope efficiency is approximately 0.1-0.2 mW/mA, and the maximum output power per facet
is 10 mW which is lower than normally reported results from literature.”8 We realise this is due to
the high contact resistance which is confirmed by electrical measurement, and the high cavity loss
which is confirmed by independent analysis performed on the same epitaxy wafer by Sheffield.
Their test and measurement on the quality of the epitaxy growth confirms that due to oxygen
contamination during growth, the oxygen concentration in the epitaxial layer is higher than
allowed, resulting in a large non-radiation centre in the MQW active layer, therefore, reducing the
internal quantum efficiency and increasing the cavity loss. Further improving the epitaxial growth
quality is planned, including to degas the reactor chamber and change the MOVPE source. Upon
completion of improvements, our laser should have higher internal quantum efficiency and lower
loss. Much higher output power should be achievable.

4.2.2. Spectrum characteristics

Some important information, such as lasing wavelength, mode behaviour and side mode
suppression , could be obtained from laser spectrum analysis. Fig. 4.9 is the arrangement for
spectrum measurement. Caution has been made to avoid the optical feedback from different optical
elements. Fig.4.10 is the typical spectrum under different driving currents. When current is higher
than 1.5l . the spectrum becomes single mode dominated with mode suppression ratio (MSR)
larger than [3dB. After I > 44mA, the MSR remains at almost 20dB with no mode jumping up to
=56 mA. The wide single mode working current range is certainly not too bad in comparison with
some reported results with a similar laser structure.® Since in our study, the purpose is not to
achieve a high value of MSR, the 20 dB side mode suppression is reasonably good for our study
on reverse bias twning. Further improvement is possible through improving internal quantum
efficiency. therefore increasing the central mode power.
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Fig.4.9 Schematic diagram for optical spectrum measurement.
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4.2.3. Linewidth measurement

Apart from optical spectrum, laser emission linewidth is also an important parameter of concern.
Fig.4.11 is the schematic diagram for our delayed self-homodyne linewidth measuring system. 10.11
Fig.4.12 is the measured result for I=45 mA. The linewidth of over 70MHz, compared to about
2.5MHz measured from a BNR laser which has a similar structure but with one facet AR coated,
is a clear indication that there exists a large internal loss mechanism . Indeed, the maximum output
power of our laser is about five times lower than that of the BNR laser. On improving the
epitaxial growth and our fabrication process, reducing the linewidth to below 20 MHz should not
be too difficult, and will fulfil our requirement for carrying out our study on reverse biased tuning.

Laser . Optical
curren y
i fibre
Fibre
source
Loolator coupler 3dB coupler ( (0)
0 — -
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H H kA
- _f j‘f_f'ﬂ Polarisation
* controler g
Spectrum analyser o
Temp. 100Hz-1.5GHz 8
control %
)
Plotter | <o
(E SSSLens
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Wide band
amplifier

!

Fig.4.11 Schematic diagram of delayed self-homodyne linewidth
measurement for laer diodes.
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Fig.4.12. The linewidth measurement result.
Dashed line is the Lorenzian curve fitting result.

In conclusion, our experimental results show that we have successfully fabricated CW working,
single longitudinal mode MQW lasers, making our attempt to study two section, reverse biased
tunable lasers by using QCSE as the tuning mechanism become a reality. Large contact resistance,
poor internal quantum efficiency and large cavity loss are found from these measurements. With
further improvement on structure growth, contact and other fabrication techniques, further
improvement on the laser performance, including increase of MSR and decrease of linewidth,
should be possible.
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5. Further Work
Introduction

In the first year of work we have successfully designed and fabricated a two contact ridge guide
MQW laser capable of room temperature CW operation in a single longitudinal mode, with the
excellent threshold current of about 25 mA. This provides a firm foundation for the remainder of
our programme on QCSE tuned semiconductor lasers. Our further work is conveniently divided
into:(1) Device processing and device design development; (2) Device and material characterisation;
(3) Ion implantation to achieve isolation;(4) Tuning section band gap shift; and (5) Further tuning
consideration.

5.1 Device Processing and Device Design Development

Throughout this first year of the work the importance of suitable contacting processes to avoid
thermal artefacts obscuring CW device behaviour has been emphasised. We aim to carry out a
more systematic study of contacting processes to determine an optimum metallisation scheme for
our requirements.

Some modification of the mask set will be necessary in order to reduce parasitic capacitance and
thus increase the cut-off frequency, if the ultimate limits of the tuning technique are to be explored.
Both air bridge and polyimide techniques will be considered for this purpose. Isolation between
gain and tuning sections using guard contact techniques will also be considered.

5.2 Device and Material Characterisation

More characterisation of laser diodes and later, tunable lasers will be carried out including quantum
efficiency. near and far field pattern, isolation effects, IFVD blue shift, tuning response and speed,
optical FM spectrum and dynamic side-mode suppression. In the second year of the work we
expect to make the first measurements of QCSE tuning in the monolithic structure.

Device characterisation will be supported by QCSE material characterisation, including the
fabrication of normal incidence structures for detailed material assessment.

5.3 Ion Implantation for Electrical Isolation

The first experimental run of the process is already under way. This experiment is in collaboration

with the EPSRC Jon Implantation Centre at the University of Surrey. We choose O* and RTA
annealing as the method for electrical isolation in this experiment. Proton bombardment is also
going to be used in a comparitive study of electrical and optical characteristics. Measurement on the
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isolation resistivity and the optical loss in the implanted region will be completed in the second year
of our work.

5.4 Band Gap Shift in Tuning Section

The IFVD technique is going to be used as the method to optimise the exciton wavelength in the
tuning section. This will involve a collaboration with the EPSRC III-V Semiconductor Facility at
the University of Sheffield. Combined with the experimental measurement of tuning
characteristics, we will determine the operation wavelength and the corresponding refractive index
change in the tuning section. Photo-luminescence (PL) will be used as the tool to check the band
gap shift resulting from RTA processing of the capped areas, before laser fabrication.

5.5 Further Consideration of Tuning using QCSE

The large absorption at the wavelength of maximum refractive index change is a disadvantage of
the QCSE tuning mechanism. There is a possible method to tailor this characteristics through band

gap engineering, to achieve large refractive index change and maintain lower absorption. L2 1t will
be interesting to investigate the possibility of applying this technique to our laser structures.

5.6 Conclusion

In this report we have chosen that QCSE is a highly attractive tuning technique for semiconductor
lasers, offering flat FM frequency response into the millimetre-wave region, in relatively simple
laser structures. In the first year of this project, supported under the Special Contract, we have met
our stated goals of designing and fabricating a monolithic semiconductor laser capable of
demonstrating the technique and have demonstrated room temperature CW single mode operation
of the laser.

We now go forward to explore isolation and IFVD quantum well modification techniques
techniques leading to demonstration of the reverse bias tuning characteristics of the device.
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