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Fast tuneable InGaAsP DBR laser using
guantum confined Stark effect induced
refractive index change

Marianna Pantouvaki, Cyril. C. Renaud, Paul Canndiidhael J. Robertson, Russell Gwilliam
and Alwyn J. Seeds

Abstract— We report a monolithically integrated InGaAsP
DBR ridge waveguide laser that uses the quantum céined Stark
effect (QCSE) to achieve fast tuning response. Théaser
incorporates three sections, a forward biased gairsection, a
reverse biased phase section and a reverse biaseBRDtuning
section. The laser behaviour is modelled using tramission
matrix equations and tuning over ~8 nm is predictd. Devices
were fabricated using post-growth shallow ion implatation to
reduce the loss in the phase and DBR sections byamum well
intermixing. The lasing wavelength was measured wiai varying
the reverse bias of the phase and DBR sections hetrange 0 V to
<-2.5V. Tuning was non-continuous over a ~ 7 nmawvelength
range, with a side-mode suppression ratio of ~ 2@d Coupled
cavity effects due to the fabrication method usedntroduced
discontinuities in tuning. The frequency modulation (FM)
response was measured to be uniform within £ 2 dBver the
frequency range 10 MHz to 10 GHz, indicating that ining times
of 100 ps are possible.

Index Terms— Tuneable semiconductor lasers, quantum
confined Stark effect, quantum well intermixing (QW), laser
tuning, integrated optics, ion implantation.

|. INTRODUCTION

uneable lasers attract interest for future waveleng

Tdivision multiplexed (WDM) optical networks because
the potential to reduce the spares inventory, aszesystem
flexibility and reduce system cost. Wide tuningges and fast
tuning are desirable for a variety of applicatisosh as optical
packet switching, remote dynamic bandwidth allaoati
optical frequency modulation (FM) or rapid link tesation

upon network failure [1-3], thereby increasing thetwork
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flexibility and resource utilisation.

Conventional tuneable lasers utilise current igectin
multiple sections to induce refractive index changethe laser
cavity and tune the lasing wavelength. DistributBchgg
reflectors (DBRs) are typically used to provideefing of the
laser cavity modes and select one mode from thetrgpe, as
they offer larger tuning ranges relative to disitésl feedback
lasers. Devices incorporating more complex multiplaing
sections (e.g. periodically sampled grating elesjestich as
the sampled-grating DBR laser (SG-DBR) [4], the esup
structure grating DBR laser (SSG-DBR) [5], and ghnating-
assisted codirectional coupler with sampled reflec{ GCSR)
[6, 7] have demonstrated wide tuning ranges (>mp and
high unwanted mode suppression. However, the tusjregd
of lasers based on current injection depends oncénger
density changes required to obtain tuning andriged by the
carrier lifetime in the passive (non-amplifying)ciens. Wide
tuning ranges require large current changes in phssive
sections, resulting in increased switching timeartipularly
when switching occurs due to a change from highote
current [8, 9]. Tuning times of several nanosecam@stypical
for such lasers [9-12]. Another consequence of ldrge
current changes required for wide wavelength tumarge is
heating of the device. Thermal effects cause sigimf
wavelength drifts of microsecond timescales, whican
degrade system performance [13, 14].

An alternative way to induce refractive index chesign the
laser cavity is by applying a reverse bias to theng sections
and utilising field effects such as the Franz-KsldyFK) and
the Quantum Confined Stark Effect (QCSE). Thesectsfare
based on the absorption edge change in the presdénae
electric field, which affects the complex dielectdonstant of
the semiconductor material at wavelengths closthéoband-
gap. The FK effect relates to bulk material, WRIESE occurs
in structures containing quantum wells. Switchirging these
effects is not limited by the carrier lifetime, bity the
capacitance of the device, making the techniquenjsing for
faster switching times. In addition, the lower amibaf current
in the laser cavity has the potential to reducenthé effects
associated with high current, and the accomparpioplems
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Fig. 1. Schematic of the QCSE-tuned laser.
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Fig. 2. Absorption spectra for the QW structur€&iof. 6 with electric field.

absorption measurements. The device fabricationgqaagtum

Wavelength tuning based on the FK effect has beavell intermixing process are described in SectibnSection

demonstrated within 500 ps across 2.5 nm waveleragibe,
in a butt-jointed structure realised by selectiveazepitaxy re-
growth [15]. Although an improved design utilisiagsuper-
structure grating was proposed to increase thengurange,
the low refractive index changes induced by thedffi€ct (in
bulk material) ultimately limit the tuning range 011 nm [16].
Using the QCSE is a more promising approach du¢hé¢o
sharper excitonic absorption peak in quantum wellcsures
that results in higher refractive index changeshim material.
QCSE tuning was initially demonstrated in an exikgavity
laser [17], and later in a tuneable twin-guide DEBer
structure with InGaAsP bulk active region and sefaMQW
tuning section [18], and in a butt-joined DBR lasdgth an
MQW tuning region realised during separate growtdps
[19], resulting in FM responses of <5 GHz. In [20}e
demonstrated an integrated two-section GaAs/AlG&ssr
cavity without DBR that was tuned utilising the GEESn this
paper we present a monolithically integrated tleeetion
InGaAsP QCSE-tuned DBR laser structure. Reverse ibia
applied to both the DBR and the phase section®mtral the
lasing wavelength, with constant current on then gaction.
The active and passive sections use the same lmwjtipntum
well (MQW) material, while the absorption in the spwve
sections has been reduced via quantum well intérgix
(QWI). QWI based on ion implantation is applied eaft
complete growth of the structure. The technique tiees
advantage that only one epitaxial re-growth is ireguafter
the formation of the DBR, maintaining the simpiicibf the
fabrication process. Using this device, non-comtirgituning is
demonstrated over ~ 7 nm by varying the reverseftian 0 V
to -2.5V, with a side-mode suppression ratio (SHMSR
~ 20 dB, and tuning times < 3 ns limited by thevidg source
used. FM frequency response measurements indidete
wavelength switching speeds of 100 ps are possiltle this
device. Significant improvements in the tuning mngnd
SMSR can be accomplished by changing the DBR design
The remainder of the paper is organised as follose
QCSE tuning is modelled in Section Il using experital

IV describes static and dynamic measurements orQMSE
DBR laser. Conclusions from the work are presented
Section V.

Il. QCSE-TUNED LASERTHEORY

The schematic of the QCSE-tuned DBR laser is shiown
Fig. 1. The device comprises an active sectionghatides the
gain, and two passive sections, namely the phat¢hanDBR.
The three sections are electrically isolated ardivitiually
biased. A constant current is applied to the acseetion,
while the phase and DBR sections are reverse biaHeel
waveguide region includes an MQW structure thaiisimon
for all sections but is quantum well intermixedtire passive
sections to reduce the loss. The grating sectian periodic
DBR structure, formed on an InGaAsP layer above the
waveguide region. Details on the device structure a
fabrication are given in Section .

A. QCSE refractive index changes

When a voltage is applied perpendicular to a psirncture
with an MQW, the energy band-gap is tited and the
wavefunctions of the electrons and holes in thdsvesk pulled
apart, causing the exciton absorption peaks teshiftland the
exciton oscillator strength to reduce. This is fQaantum
Confined Stark Effect [21]. The refractive indexaolges that
accompany the absorption changes can be used tify rtival
light path in a multi-section tuneable laser, tgnithe
wavelength of the output light. Fig. 2 shows theiateon of
the absorption spectrum of an intermixed, straiafmed
INGaAsP MQW laser structure such as that described
Section Ill. The absorption spectrum was calculafieoh
photocurrent measurements under the effect ofeatril field,
twith light incident normal to the wafer, using tbguation

_ 1 n (- hc 1, )

1 - (),
enk, 1-R) A

a

m

d

wherea,(A) is the material absorption, d is the thickness of
the quantum wells, h is Planck’s constant, ¢ is ¢heed of
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Fig. 3. Refractive index change due to electetdfderived from data of Fig. ~ sections 1 and 2 and are given by
2. The changes quoted are with reference to thoefisdd case. a ( 1 V)

Bra(AV) = Zn, (AV) -1 (11),

light in vacuum, J, is the photocurrent, e is the electron
charge,n is the quantum efficiency, wherg= 0.9 was used,
Py is the incident optical power, R is the refle¢ivof the
air-semiconductor interface aids the wavelength.

The absorption changes observed with increasingitoaig
of reverse bias result in refractive index chandmed can be
calculated by the Kramers-Kronig equation [22]:

2 ]
An, (1,E) = 2 P Aan(ALE) 4y ), o .
277 U where Rn and Ry are the effective indices at 0 V bias of
the two segments that comprise the DBR. The wagtien

where E is the electric field, P is the Cauchy @pal value N ) -
of the integral, and\a,, and Any, are the material absorption _dependence of the refractive indices is calculatedescribed

and refractive index changes respectively relative zero n |[24]' T he char?ge O; the effec_t|ve refraftlve e with
electric field, both depending on the electric diednd the voltage Is qpproxmate asny(V) = A_nZ(V) = FowAnn(V), _
wavelength. Fig. 3 presents the refractive indexange where An,, is calculated from equation (2) and absorption

spectrum 4n,) calculated from (2) using the absorption€asurements. In equations (5)-(8), the reflegtiand

spectra of Fig. 2. Though, there is a wide specarje where tran_smlssmn coefficients of the interface betwdba two

QCSE-induced refractive index changes could be ,uteir sections are

amplitude varies with wavelength. Significant refiee index = M2 =M anqt =+/1-r2 (13)

changes are observed at longer wavelengths thaaxttien n, +n;

absorption peak. For this spectral range the abeargnd

absorption changes due to QCSE are lower. A dewitie

intermixed passive sections can take advantagdisfas its

exciton absorption peak will be blue shifted. latthase, lasing A Teun Tew|_ . n
A [ } - 14)

occurs at wavelengths longer than that of the emcit © Teor Toom P

absorption peak of the passive sections. Furthermas

absorption changes due to QCSE will remain smatiing of and the reflectivity of the DBR can be calculatednf

the lasing wavelength is possible without sufferilagge Ts o

- = 15).
variations of the laser output power. bR T T (15)

wherea(A) = ow0m Fowis the confinement factor of the
QWs, and f(A,V) and B(A,V) are the effective indices of the
dielectric sections of length,;Land L, that constitute the
grating. The wavelength and voltage dependencehe$et
effective indices can be written as

Ny, (A,V) =Ny, (A) + ANy, (A, V) (12),

The transmission matrix of a DBR of N periods, liert
given by

B. Tuning mechanism Fig. 4 shows the wavelength tuning\g) of the central
The wavelength tuning due to refractive index clearig the wavelength of the DBRAG) with applied voltage on the DBR
DBR section can be calculated using the transmissiatrix —section, calculated as described above. The waytélénning
theory [23]. The transmission matrix for a singéxipd of the is given byAAg = Ag(V) - Age, Wherehgo andAg(V) are the
DBR, comprising the two sections of lengthg and L, as wavelength of the DBR at 0 V and at voltage V, eespely.

shown in Fig. 1, is In Fig. 4,A\g is calculated for different positions of the DBR
Tors  Tei central wavelength relatively to the MQW excitonvetength.
T, = T T ). This is expressed BiAco = Aco - Aex that is the difference

between the DBR central wavelength at OA&gf and the
where wavelength of the exciton absorption peakd. dAgo= 0 nm
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of the fabricated QCSE DBR laser are shown in BigThe
wafer was grown by metal-organic vapour phase xpita
(MOVPE) on a semi-insulating InP substrate. The egande

" 25 0

the exciton peak, etc. The QCSE wavelength depeederiegion incorporates eight 7 nm-wide compressiveipirsed

suggests that the tuning of the DBR mirraA§) depends on
dAgo, because of the variations of the refractive incleanges
with wavelength. However, Fig. 4 shows that > 6 (amd up
to ~ 8 nm) tuning is possible across ~ 30 nm withgtructure
used in this work, indicating that tuning range30>nm could
be achieved if the device design was modified tdude
multiple tuning sections (e.g. SG-DBR).

Having calculated the reflectivity and the phase¢hef DBR
section, the tuning of the lasing wavelength du¢ht phase
section can be found from

AA,, (AnALA +An; Ly +ANnpg, Leff.DBR)

A (nALA+nPLP * Npgr Leff,DBR)

(16),

m

whereAn is the lasing wavelength of the modg, n- and
Npgr are the effective refractive indices of the agtihe phase
and the DBR sections respectively;, land L are the length of
the active and the phase sections, agghdr is the effective
length of the DBR, which is given by

_1dgy A2

ef DBR ~ 17,
’ 2 dA 2mng

wheredf is the phase of the DBR reflectivity, as showFim
1. For constant current applied to the active sactind
constant voltage on the DBR, this can be written as

A Ang L,

m

Am (nALA +nPLP +nDBRLa‘f,DBR)

(18).

Fig. 5 shows the mode tuning due to the phaseosect
calculated from (18). It was found that changing thhase
from O V to -3 V fine tunes the laser wavelength<ay nm.

I1l. DEVICE DESCRIPTION

A. Epitaxial structure
The structure, the schematic cross-section ang pitbure

INGaAsP }y= 1.65um) quantum wells and seven 14 nm-wide
tensile strained InGaAsP\¢= 1.3um) barriers, sandwiched
between two InGaAsP.{= 1.3um) waveguide layers. Above
the waveguide region, a 170 nm-InP spacer layeraaBd nm
InGaAsP f4=1.3um) grating layer, both p-doped, were
grown. The growth was interrupted at this stage arfulst-
order grating was formed on the InGaAsP layer m dnea
required for the DBR section. The structure waspletad by
the overgrowth of a 1.4m p-InP layer, a 0.2m p-InGaAs
contact layer, a 0.pm InP implantation buffer layer and a final
0.1um InGaAs implantation buffer layer. Following grdwt
the tuning sections were quantum well intermixeghgison
implantation, as described in the next section.

B. Post-growth Quantum Well Intermixing

In the QCSE DBR laser the gain and the passivéossct
utilise the same MQW area. As a consequence, tharation
peak of the passive sections is close to the lasagelength,
introducing significant loss. To reduce the absorpt
experienced by the light generated in the activaise and
transmitted through the tuning sections, we usest-gmwth
guantum well intermixing (QWI) to blue-shift therimhgap of
the passive sections. In QWI, partial mixing of giements of

p-contact
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Fig. 6. Wafer structure, schematic cross-sectimhtap picture of the QCSE
DBR laser. The top InP and InGaAs implantation iay& grey) are removed
after intermixing and before further processing.
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the wells with those of the barriers can incredse énergy
band-gap of the wells and blue-shift the photolesaence
peak. The shift depends on the extent of intermjxivhich can
be varied by changing different parameters of te¢hod used.
The advantage of post-growth QWI compared to Seé¢catea
epitaxy re-growth is that it is less complex to,ysarticularly
when the passive sections incorporate QWs, whitaiit also
be used to create multiple band-gap detunings enstme
wafer in a single QWI step [25].

There are a few techniques that have been usedhteva
QWI, such as impurity-free vacancy disordering (I5\[25-
28], impurity-induced disordering (IID) [29], laseduced
disordering [30], and ion implantation [31-34]. tiis paper
we apply shallow ion implantation of" Hons followed by
thermal annealing [31, 32]. In contrast to high rgpe
implantation, shallow implantation introduces dé&featbove the
cladding, which are then diffused into the quantuefls during
annealing. If a sacrificial implantation buffer dayis used, the
implantation energy can be chosen so that thestoysin this
layer, which can be removed after annealing, legvine
material free of implanted ions. Compared
implantation, shallow implantation can therefore intan
better material crystalline quality. In the pasistmethod was
used to intermix partially grown structures, white remaining
p-doped top layers were over-grown after interngixiand
removing the implantation buffer
[32, 34]. This was done to prevent diffusion of fheopants

When implantation is used for QWI, the band-gapdieg
can be varied by changing the implantation enetigsy,dose,
the annealing time or temperature. In particulzztdasing the
annealing temperature enhances the intermixing, diso
increases the risk for Zn diffusion. Varying thetenal of the
top buffer layer provides yet another parameterbfand-gap
detuning control, because the types of defectsrgisin the
material during implantation depend on the material
composition itself. Increased bandgap blue-shittsehbeen
reported using an InGaAs cap layer, compared tm@rcap,
below the Si@ layer in IFVD [27, 28]. In order to investigate
this in the case of shallow implantation and tecethe final
conditions for the QCSE-tuned Ilasers, we performed
calibration runs using only the InP or both the &S and InP
implantation buffer layers of the structure of Fig.To prevent
Zn diffusion and blue-shifting in the active seati@nnealing
was performed at 658G temperature.

Samples from the wafer structure described in tesipus
section were cleaved and the InGaAs cap layer erm®ved
from half of them, using selective wet etching. Taén section

to deepf both types of samples was then covered withré0i0,

deposited using plasma-enhanced chemical vapowsitiem
(PECVD) to prevent intermixing of the area. The gl were
subsequently implanted with” Rons at 100 keV energy and
200°C temperature, at dose 8xi@mZ. After implantation,

layer annealing was performed at 880for various times. During

rapid thermal annealing, a clean polished InP satestwas

into the laser active region during thermal anngaland hence used as the proximity cap. A comparison of theceféd the

performance degradation. In this paper we useoshaitbn
implantation followed by rapid thermal annealingé&(C to
blue-shift the passive sections after completiorgafwth of
the full structure. The method uses implantatiofiebuayers
of different material composition to vary the degref
intermixing and can be applied to achieve multipdend-gap
detunings on the sample during the same QWI step.

(c)

/\ \
Mw/ (®)
7\

]

\

Photoluminescence Intensity (A.U.)

1350 14100 14'50 15|00 15|50 16|00 1650
wavelength (nm)

Fig. 7. Room temperature photoluminescence spafteaimplantation and
annealing at 65C for 5 min, from (a) the unimplanted laser secti@) the
passive sections with an InP cap and c) the passitons with an InGaAs
cap.

top layer composition was also performed. An exangslthe
photoluminescence shift of two passive sectionk WiP only
and InP plus a small InGaAs caps, both anneale®d6rs at
650°C, is shown in Fig. 7. The photoluminescence ofitttive
section after the QWI process is also shown forgarison. It
was found that, for the same QWI conditions, themas with
the InGaAs cap resulted in higher band-gap detuninthe
implanted material, while in both cases, the photihnescence
shift of the unimplanted gain section was negl@ibtig. 8(a)
shows in more detail the band-gap detuning for $snpith
an InP or InGaAs cap as a function of annealing.tifthere
have been a number of theories on how intermixahgs place
in InGaAsP, and band gap detuning has been asdidbéuke
interdiffusion of both group Il and group V defedl7, 28,
33]. Fig. 8(b) shows the damage induced by imptamavith
only the InP and with both the InGaAs and InP imfa&ion
layers on top of the basic laser structure. Theulgion was
performed using TRIM [35], which does not accouwnt High-
temperature implantation effects, but neverthelgises an
insight of the damage produced during implantat&lithough
with the InGaAs cap the peak of the distributiordefects is
further away from the active region, the numbecatulated
defects generated in this case is almost doublegreismed by
the larger detuning measured (Fig. 8(a)).

After the calibration runs for the QWI process, pkas with
the InGaAs cap that would be processed into QCSEetu
lasers were covered with PECVD $jOmplanted using the
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same conditions as above and annealed &t06%0 90 s. In
this way, the photoluminescence peak of the passedons
was blue-shifted by ~ 37 nm compared to the gaiticsg in
the final devices. Following fabrication, the saesgplwere
cleaved to form devices with 1 mm long gain se¢tbrOum
long phase section and 16 long DBR section. The output
light from each facet was measured as a functiccugent in
the gain section, for a non-intermixed and an inbezd device
and is shown in Fig. 9. For these measurementspahsive
sections were kept at 0 V bias. Significant reaurctf the loss
experienced by light output from the DBR facet sserved
after QWI. A somewhat higher annealing time cowdult in
even lower loss. The lasing threshold was onlyhsiig
increased after QWI, while mode hopping was obskwith
increasing current in both cases, due to changdiseiraser
cavity phase with increasing current.
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Fig. 9. Laser output power versus gain currerttfploa) a QCSE DBR laser
that has not been intermixed, and b) a QW interdhQESE DBR laser.
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C. Device fabrication

After growth and intermixing, the wafer was pro@esito
ridge waveguide lasers, with three sections, tle ¢z phase,
and the DBR mirror. Both the p-and n-contacts wermed
on top of the wafer, while bridges on silicon oxside were
used to connect the p-contact to the bonding padeduce
the device capacitance. The measured capacitatibe dévice
was ~ 200 fF/ 10@m. A more detailed description of the
fabrication procedure can be found in [36].

To use the QCSE as the tuning mechanism, the @Eirabke
the DBR sections need to be reverse biased, whdlegain
section is forward biased. In a monolithically artated device,
where the three sections have a common intringiome good
electrical isolation between the sections is neagsdn this
work, electrical isolation between the sections was
accomplished by removing the top p-InGaAs and pdoftact
layers from a 3(um wide gap between different sections. This
resulted in ~15® resistance between neighbouring p-
contacts with the gain section unbiased. Highertamin
resistance is possible by using ion implantatid].[Neither of
the facets was anti-reflection coated for the tequiesented in
this paper.

IV. LASERRESULTS

A. Satic measurements

For the tuning measurements of the QCSE DBR ldker,
bias current of the gain section was kept at 150 wiile the
reverse bias was varied from 0 V to - 2.5 V onB&R, and
from OV to -1V on the phase section. Fig. 10stitates an
example of the spectra measured at the outputeofXGSE
DBR laser. The variation of the peak output poveerdil the
lasing wavelengths measured was < 6 dB, while M8 of
the laser was ~20dB, resulting in nontrivial mode
competiton. A DBR mirror with stronger filtering
characteristic would be desirable. The spectra bixhi
modulation of the side modes with period that agreell with
the 170um length of the phase section (dotted line in E®).
This modulation is attributed to a secondary cattgt is
formed between the two isolation gaps, one sepgrdtie
phase section from the DBR mirror and the secord/dsn
the phase and the gain sections, resulting in slecgmminima
in the spectrum, that do not allow for continuousirg

Vpgr=-0.5V
V= 0.7V |

e

Voge=-1.7V
Y, =-0.05V
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Fig. 10. Examples of the measured output spethadashed line on the first
figure represents the spectrum of a iidlong cavity.
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between the laser modes. This is due to the debpoéthe p-
doped layers performed in order to electricallylat® the
sections, which modified sufficiently the effectivefractive
index along a distance of 3n, to result in the formation of a
secondary cavity.

In Fig. 11(a), the lasing wavelength is plottedsusr DBR
voltage, while the phase voltage is shown in breEck&he
phase voltage was varied to optimise the SMSR. ddteed
line in Fig. 11(a) shows an exemplary tuning regirhigh
SMSR while both the grating and phase current weamged.
One can note the discontinuities in the tuning méuch are
mainly due to lateral mode jump and the coupledtyaffects
referred to above. In general, the lasing waveleigmoving
towards shorter wavelengths across ~ 7 nm rangbeadBR
voltage reduces. The tuning range is comparablethto
calculated value of ~8 nm.

The tuning to shorter wavelength, as expected ftben
calculation shown in fig.4, with reducing DBR vggis also
shown in Fig. 11(b), where examples of wavelengtiing for
fixed phase bias are plotted. Note that for thimsneement
several mode jumps where observed across the tuamge
and the point given are only the one with a goodSEBMAs
expected from the modelling the amount of QCSEniyicioes
not evolve linearly with the applied voltage (Fid.(b)). Again
it agrees well with Fig. 4, for the case that thBRDcentral
wavelength is positioned at ~ 40 nm longer waveleriban
the exciton peak dgo= 40 nm), which is the closest
approximation to the final device. From Fig. Syits expected
that the fine tuning induced by the phase sectidinresgult in
shorter output wavelength when the voltage is reduc
However, from a given voltage, we observed the sppo
effect (Fig. 11(b)), that the fine phase tuning watucing a
total shift towards longer wavelength. It was fouhdt this is
not due to leakage current. Alternatively, we beli¢hat the
main reason for this to occur is that reducingpthase voltage
red-shifts the absorption peak towards the wavéteryy
interest, resulting in an increase of absorptiorthia phase
section. This in turn reduces the light input te BPBR, which
causes a decrease of the photocurrent in the DBERose
Lower photocurrent corresponds to reduced absaorpicd

7

Exp. 1: Riseffall
time measurement

Square pulse
generator

QCSE-laser

Fast
photodetector

Tunable filter
(0.5nm or 2nm BW)

Frequency
Synthesiser
40GHz

Fig. 12. Experimental configuration for dynamicasarements. The QCSE
DBR laser was driven using the square pulse gerefat the switching
measurements and the sinusoidal frequency gendoattine FM response
measurement.
refractive index changes in the DBR section. Thisnd
competes with the increase in absorption in the DB&to the
decrease of the DBR voltage, resulting in coarsendu
towards shorter and fine tuning towards longer \leaggh.

B. Dynamic measurements

Dynamic characterisation of the QCSE DBR laser was
carried out using the configuration of Fig. 12. Twiods of
experiments were performed, the first using a stelage
pulse to measure the switching speed between taiagla
wavelengths, while the second was a small sigmaissidal
frequency response measurement. During both expetsn
the phase section was kept at fixed reverse biasmplify the
measurement, while the DBR section tuning voltagas w
applied through a coplanar probe with a 65 GHz ‘.

In the first experiment, the DBR section was drivsing a
step voltage pulse, between values of the reveiee that
corresponded to two different lasing wavelengthaces the
phase voltage was not varied simultaneously with DiBR
reverse bias, only a limited range of switching @lemgths,
having good SMSR, were measured. The resultingcalpti
pulse output from the QCSE DBR laser passed thramgh
optical filter of 0.5 nm bandwidth and the rise dall times
were measured on a sampling oscilloscope with &89
photodiode. As rise or fall time, we refer to timed required

g

time (us)
Fig. 13. Oscilloscope traces showing laser oufmwer when switching
from wavelength.; and wavelength,.
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Fig. 14. a) Input square voltage pulse used faiching measurements and b)
detail of laser output power at wavelength

for transition between 10 % and 90 % power at tbsirdd laser behaviour was modelled using transmissionrimat
wavelength. Fig. 13 shows the waveforms observad afo equations predicting nonlinear tuning behaviour anduasi-
switching pulse of s duration. For this measurement, theontinuous tuning range of ~ 8 nm with the absorppieak of
voltage on the phase section was kept at ~ -0.n& the the tuning sections blue-shifted relatively to tlesing
voltage on the DBR was varied between 0.5V an@ V1. wavelength. Post-growth quantum well intermixingsdsh on
resulting in wavelengths, = 1561.2 nm and, = 1559.8 nm shallow implantation was used to blue-shift theoapson peak
respectively. When the optical power at wavelengtivas off, wavelength of the tuning sections and reduce tks. Itn a
lasing at the second wavelengthwas being switched on. The non-optimised device exhibiting coupled cavity effe non-

response is seen to be free of thermal overhangil®ef the

leading and faling edges of the driving voltagelspuwith

corresponding optical power changes are shown dn 14

Although the rise and fall times of the voltage seukource
were approximately 800 ps, there was an overshbeto2 V

of the voltage pulse before it was stabilised &t new state
within ~ 3.5 ns, as shown in Fig. 14(a). This okert was
sufficient to cause the lasing wavelength to switaltside the
bandwidth of the filter used in this measurementttsat the

correct voltage was only achieved after ~ 3 ns. ther fall

time, the voltage merely needs to change suffiyigot tune

the laser out of the filter bandwidth, resultingaiimuch more
rapid fall time for the detected optical power.ciin be seen
that the laser changes wavelength within 1 ns efdbrrect

voltage being reached.

The second experiment performed for dynami
characterisation of the device was a frequency tatido
frequency response measurement. In this case,etheedvas
driven by a sinusoidal frequency generator witteakpto-peak
voltage 1V at frequencies up to 40 GHz. The peakdak
value and the DC bias on the DBR section were chose
keep the laser operation within a continuous tuniegion
while retaining the largest possible range of wawgih
scanned. The optical signal from the QCSE tunedr lass
transmitted through a 2 nm bandwidth optical filfer FM
slope detection. During this measurement, the pkaston
was kept at OV bias. The measured response isrsliow
Fig. 15. A frequency modulation 3 dB bandwidth & GHz
was measured, suggesting that a switching spe@@®ps is
possible with this device.

V. CONCLUSION

A monolithically integrated InGaAsP DBR laser using4l

QCSE as the tuning mechanism has been demonstittted.

continuous tuning across ~ 7 nm was demonstratesh vile
DBR voltage was varied from OV to -2.5V, with © dB
SMSR and < 6 dB variation of the output power. Slniig
times < 3 ns were measured, limited by the switchpulse
rise-time, while FM frequency response measuremarggest
that 100 ps switching times would be possible vgitith a
device.

Several improvements can be made to this devickiding
using implantation to isolate neighbouring sectioasd
suppress coupled cavity effects responsible foringun
discontinuities, improving the mirror design toriesase SMSR,
aligning the lasing wavelength range with the wangth range
of minimum absorption change in the passive sestitm
reduce power fluctuations and varying separatedybdnd-gap
detuning of the passive sections to reduce tuning tb
gariations of the photocurrent in the phase sectiénally,
considerable refractive index changes were measaoeiks a
~ 30 nm spectral range with this device, suggestirg a
design utilising multiple tuning sections could used to offer
wide tuning range.
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