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ABSTRACT

We present a new approach to achieve tunabilityaoh.55 pum vertical cavity surface emitting laseiC8EL).

Tunability is achieved thanks to an electro-optideéx modulator. This electro-optic material corssist a n-PDLC
phase layer introduced inside the VCSEL cavity. DN-E comprises nematic liquid crystal dispersed ipadymer

material. This first VCSEL exhibits a 10 nm tunirapge and an excellent side-mode suppression higjieer than 20
dB over the whole spectral range. The device iméat by a conventional InP-based active region aitlepitaxial and
a dielectric Bragg mirror. The n-PDLC layer lengtlgse to 6 um, is in agreement with a tunablerlasg@ssion without
mode-hopping. Another decisive advantage, comptretdechanical solutions, is the tuning response tivhich is

close to a few 10 ps to scan the full spectral eamgaking this device appropriate for some accessark functions.
Voltage values are the main limiting factor, 170lt§chave been required to obtain 10 nm tunabilityt material

engineering is in progress to improve this poine Wesented a first version of the device opticpliynped, the next
version will be electrically pumped as requireddacess network applications targeted here.

Keywords: Tunable VCSEL, Polymer Dispersed Liquigstal, Optical pumping, Distributed Bragg Reflect&lectro-
optical modulation

1. INTRODUCTION

Long-wavelength vertical cavity surface emittingdes (VCSEL) operating at 1.3 pm and 1.5 pm haee k&tensively
studied during the last decade. Their circular spatial single-mode beam provides very efficieheficoupling and
very attractive light sources for telecommunicatidrhey also offer other advantages like wafer mgstbefore
packaging or fabrication in array configuration,liveeiited for low cost front end equipments of figuPassive Optical
Networks (PON). In order to increase communicattapacities of the embedded fibers, advanced VCStfitts a
tunable emission have been investigdtethese kinds of devices make them suitable for Vesgth division
multiplexing (WDM) applications in metro and locatcess networks (MAN and LAN). Various solutionséddeen
achieved such as microelectro-mechanical systenEBM®) VCSEI*® and fiber Fabry-Perot surface emitting laser
(FFPSEL)! These vertical cavity tunable lasers exhibits psimy performances according to the optical
communication demand. Nevertheless, the FFPSELsneethplex mechanical alignments, although exhipitrery
large wavelength tuning time, making them too expanor not sufficiently reliable. Electrically aptically pumped
VCSELs combined with MEMS technology offer an idealution for mode-hop free and wide wavelengttirigri®
However, this solution requires a complex procegsind is limited by their fragility. Furthermore, BMS technology
exhibit a relatively low switching speed which dege of the MEMS structure size (few mg)An other way to obtain

a wide VCSEL bandwidth is to use a liquid crystalam electro-optic material placed inside the gdvithe liquid
crystal (LC) solution allows to obtain a large esfive index variation, but the tuning speed isfaster than a
millisecond and it also suffers from polarizatiogpeéndence due to the birefringence of the nemaic L
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Many works demonstrated the advantages of nana¥mlgispersive liquid crystal (n-PDLC) comparedhwiulk LC

or usual PDLC:™ This material is polarization insensitive and pdev fast tuning speed which are interesting
properties for a VCSEL. Thus, in this paper, weoréthe first tunable VCSEL operating in the C-bdnaded on such a
material. The device is easy to fabricate and roliise VCSEL comprises a conventional InP baseideceégion and
an InP/InGaAsP bottom Bragg reflector. This halitais combined with a Si@TiO, front dielectric Bragg reflector
and the electro-optic phase modulator in ordewte tthe laser emission wavelength. This opticalljnped VCSEL
requires less than 170V to achieve a 10 nm tunglaiid presents a laser emission at room-temperanuoer pulsed-
operation.

2. TUNABLE VCSEL FABRICATION

2.1. Growth of the half-cavity

The first step to obtain the tunable VCSEL is thewgh of a half cavity with a gas source molecllaam epitaxy (GS-
MBE). This half cavity is grown in a single run,mprising InP/InGaAsP DBR and a periodic gain actegion (Fig.
1). The cavity has an optical length of three hedfre periods which contains three sets of sevditdatatched
InGaAs/InGaAsP Quantum Wells (QW). Each multi-QWAQW) is located at an antinode of the standing wive
modal gain improvement. The thicknesses of the snaild barriers are 8 nm and 10 nm, respectivelgh Bat is
surrounded by @g layers and InP layers (@ is a quaternary alloy §RGayASy 430565 €MItting at a 1.18 pm
wavelength). The Qg layers thicknesses which surrounds each MQW atiened to obtain an homogenous optical
absorption of the pump power. This design allowsdgach an homogenous carrier distribution for e@il. The
growth of the bottom DBR is achieved with InP and,§semiconductor materials which are used as lowagh
refractive index, respectively. The bottom DBR b&tVCSEL is formed by 40 periods resulting in aotietical
reflectivity from cavity of 99% (Fig. 1). The thioksses of each quarter-wavelength allow to matehrélsonant
wavelength of the bottom mirror with the maximuntiogl gain of the QWs at 1.56 um. The high periaonber
needed to reach this reflectivity implies to cohtt® InP and Qs layers thicknesses with an accuracy within 1%. As
illustrated in Fig. 1, the low refractive index teen these two materials implies for our DBR a aarispectral
bandwidth. However, a calculated reflectance véligder than 98.5% can be hoped inside a spectradom greater
than 30 nm centered around the resonant wavelerigtie DBR. Thus, despite this low refractive indthe spectral
window of the bottom DBR is in agreement with thaibg range targeted here.
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Figure 1: Schematic cross-section of the tunal®®hC VCSEL. Figure 2: Measured reflectivity for thieldctric DBR
deposited on glass substrate (thick line). Simdlagdlectivity
for semiconductor DBR (thin line).

2.2.Device assembling

A dielectric mirror is deposited on a glass sulistegith an electron-beam evaporation system inrai@ebtain a front
mirror as illustrated in Fig. 1. The use of dietectmaterials for long wavelength VCSEL allows tbtain a high



reflectivity with a small number of periods® Here, we used silicon dioxide (SiOand titanium dioxide (Ti§)
material. The high index difference ah = 0.8 between these two materials allows to reaotflectivity of 99.5% at
1.55 um with only 8.5 periods. Fig 2 depicts theamged reflectivity of the DBR for a normal inciden As it is
illustrated, the spectral bandwidth is larger tiia@ semiconductor DBR and layers thicknesses used@imized to
minimize the reflectivity around 6% at 1.064 pmfde the realization of this dielectric DBR, a ttlgemi-transparent
electrode (ITO: Indium Tin Oxide) layer is depoditen the glass substrate in order to apply thetrédefield on the
phase layer. The second electrode consists in a@0gold layer on the back of the InP substrate AP substrate and
the epitaxial layers are N-doped. Consequentlyptbgr part of the electric field is applied on tih®DLC phase layer
and the dielectric DBR. Fig. 1 shows the final dewivhere the half cavity and the front mirror ai@é¢d together thank
to micrometric spacers. These micrometric spadéa ao obtain an air gap of 6 um between the kalfity and the
dielectric DBR with an accuracy to within 2%.

2.3.n-PDLC formation

At this stage, a device is realized but the eleopic material is not introduced inside the devithus, the air-gap is
filled with a mixture comprising nematic LC and Wable monomer. LC and the monomer were mixe®Bwt%
ratio. In order to realize photopolymerization-icéd phase separation (PIPS) procgske mixture is UV cured
through the Bragg mirror with strong UV illuminatioh = 365 nm - 350 mW/cf at room temperature (RT).
Consequently, LC droplets are formed with a simselto 100 nm. This size is much smaller than theelength of the
light used in optical-fiber communication systefkerefore, the light is only slightly scatteredthg droplets and the
phase layer behaves as a pure refractive index latodu Previously, the air-gap was measured to bant
corresponding to an optical length ¢f. @ he tuning layer and active region thicknessesewehosen in order to reach
high enough gain for laser emission and a relatilae tuning range.

3. N-PDLC INDEX MODULATOR DESCRIPTION

3.1.Refractive index variation

As we have seen, the tunable part of the devicsistsnof a suspension of LC droplets in a host omadiThe LC
directors axes within a droplet are determined ey ILC interaction at the droplet boundary and ithisrefore vary
nearly random from droplet to droplet in the abgeotan external electric field E (Fig 3). As shoinrFig. 3, with an
applied field along z, LC directors align parabielE, causing index increase along z, whergasd ry decrease. For a
propagation vector k parallel to E, an incidenbtigees an index variation and the device opeeatespure polarisation
insensitive variable phase delay.
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Figure 3: Schematic representation of the n-PDLCGer@tbehaviour with and without an electric field.

For E and k collinear, the fraction of LC molecuidgned to the electric field can be estimated. usdenote, c the

weight fraction of LC in the celj,_ the fraction of LC molecules aligned to E, ang, the weight fraction of polymer,
it is possible to express the average index asnatiin of the applied voltage by the following pbemenological
expressiort?

ﬁ(E)z)(LC)(AL (E) Elh0 +XLC (1_XAL (E))ﬁLC +XPOLnPOL (1)
with npo, the polymer refractive index arfg| . the average index of the randomly oriented LC litspgiven by:
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where LC birefringence ordinary index and extraoady index are denoted, and n. respectively. The average
refraction index (for normally incident light) dfi¢ n-PDLC cell then changes with respect to théagel by an amount
of:

ANy (E) = XicAa (E)(ﬁLC - no) ®3)
Thus, the applied bias voltage orients the dropléts respect to the induced electric field andates a refractive index
decrease.

3.2.n-PDLC absorption

n-PDLC exploits electro-optic properties of LC dietp. This approach is an interesting way to reakztunable
VCSEL because enabling more robust and compacti@authan with intra-cavity air gap modulation. wiver,
optical losses of a such material must be weak usecat is placed in a low gain high finesse VCSHyvity.
Furthermore, a large fraction of the intensitydedted in the n-PDLC layer since its optical lenigtfour times higher
than the VCSEL active region. Thus, n-PDLC optiteéses is a crucial parameter which implies impurta
consequences on the lasing characteristics olttebte VCSEL. Losses, such as scattering by thedroflets must be
minimized. The LC droplets diameter is dependarthefUV power used during PIPS process and have éstamated
close to 100 nm in our case. Optical losses clos5t cmi' at 1.55 pm have been measured for specific samples
comprising a n-PDLC layer sandwiched between twasglsubstrate. These optical losses are observed @G
droplets are randomly oriented without the appiasabf the electric field.

3.3. Switching speed and driving voltage

n-PDLCs based-on LC droplets diameters close to rifiOwith respect to telecommunication wavelengttes aso
interesting because exhibiting faster responsestitmen bulk LC. The switching speed is relatech&odroplet size, and
it improves as the droplet size is reduced. Inrestt electro-optic forces needed to switch LC Brigpare consequently
much higher. Thus, the driving voltage is also dejaat of the droplet size, and can be expressé&t as:

C

V, =— 4

d \/B ( )
where C is a constant and D is the droplet sizghhbltage is required to switch LC directors (2@V/um) in such a
structure and this value is limited by the dielecbreakdown voltage. A decrease in droplet siziices the response
time but requires higher voltages to compensaténitrease of elastic energy due strength in sutf@csdaries. But if
an increase in droplet size decreases voltagesliices the speed and introduces scattering |oBsissis the common
trade-off for such a material. If n-PDLC is polation insensitive and exhibits fast response tiihesquires high
voltage values which limit its use in practice. Hower, various applications have been proposed ukisgmaterial,
such as for instance tunable Fabry-Perot ffiter tunable focus microlers.

4. EXPERIMENTAL SET-UP

The photopumping experiment consists in focusingsar beam with a microscope objective on the tapomof the
VCSEL with a spot area of 200 {inThe laser emission is collected back by the saljective and transmitted through
a beam splitter. The signal is injected in a lacgee diameter optical fiber connected to a spectamalyzer. The
photopumping of the active region is realized tputsed Q-switched YAG laser at a 1.064 um wavelenghis laser
produces 1 ns-long pulses at a repetition rate .6f ld1z. The pump beam propagates through an atiegua
arrangement which allows pump power variations.r@ction of the incident beam is transmitted throtigh beam
splitter in order to determine the average pumpgrdyehind the microscope objective.
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Figure 4: The schematic of experimental set-up.

5. EXPERIMENTAL RESULTS

5.1.Laser characterization and tunability

The average signal emitted by the VCSEL versuateeage power of the pump for no applied voltagé¢hem-PDLC
layer is reported in Fig. 5. A laser emission hasrbobserved at RT with an emission wavelength.58 um. This
emission wavelength is in agreement with the marinayptical gain of the QWs and with the resonantel@ngth of
the bottom DBR. As it can been seen in Fig. 5, alierage threshold power is close to 1 uW. Theifmadf the
incident pump radiation absorbed in the activeaedias been estimated using a transfer matrix bawetel of the
VCSEL structure. At the pump wavelength the striectias a low reflectance but a fraction of thedant is not
absorbed by the active region. Thus, we assumetiaid0% of the incident pump power radiationdtually absorbed
in the active region. In these conditions, the agerpump power of 1 uW corresponds to a threshmlitepdensity of
about 30 kW.cii. This threshold value is high but it can be expdi by optical losses which are higher than the one
expected. As mentioned above, the UV power usethglRIPS process is a crucial parameter. The dizbeolC
droplets is dependant of the used UV power. Inoase, a part of the incident UV power is absorbethb SiQ/TiO,
dielectric Bragg mirror. Consequently the sizeh#f £ C droplets is probably higher than 100 nm whinplies optical
losses higher than 15 émBut optical losses inside the electro-optic laigenot the only one factor. The experimental
reflectance of the bottom DBR is may be lower ttf@none calculated and presented above.
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Figure 5: Average power emitted by the VCSEL vsaherage pump power.



Fig. 6 shows emission spectra under constant dgticaping at different tuning voltage values. As tpplied voltage
between the top and bottom DBRs is increased fram1¥0 V, the VCSEL wavelength is tuned from 1860. 1551.8
nm. The increase of the applied voltage on the VIC&Huces the refractive index of the n-PDLC laged therefore
shifts the laser emission to shorter wavelengthgimng range of 9.8 nm is then demonstrated witlagplied voltage
close to 170V. All the spectra presented in Fidpae been recorded for a pump power level equahtand a half
time higher than the threshold pump power valu®\at As illustrated in Fig. 6, we notice the gooagle mode
operation of the VCSEL with side-modes which aijeated at more than 20dB for the whole tuning rafgee free
spectral range (FSR) which have been calculatéarger than 50 nm which is highly compatible witte tobserved
tuning range of 10 nm. Consequently, the FSR icserfit to eliminate mode hopping during wavelentything.
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Figure 6: Wavelength shift for different tuning tage. Tuning  Figure 7: Emission wavelength and output powehefWCSEL
voltage are indicated above each peak, in volts. as a function of the applied voltage. The solidveus the
simulated wavelength variation for low tuning vgia

The Fig. 7 depicts the wavelength tunable rangduastion of the voltage applied on the VCSEL stmet The
wavelength decreases with a sigmoid behaviour wiodtage increases and approaches saturation atcdi0V. The
tunability efficiency which can be defined as:
dA
eff = (5)
dv

wherel is the emission wavelength and V the applied geltas maximum in the middle of the sigmoid curvel &
equal to 0.16 nm/V. The saturation tendency whictuecs at high voltage means that the LC droplet®ime almost
completely aligned in the direction of the electii®ld and the maximum index variation is reach€dnsidering our
VCSEL structure, simulations based on transfer imnatlculations revealed that a 10 nm corresponds tefractive
index variation ofAn,, = 1.5.10%. This maximum refractive index variation can beressed a¥

[én

An, . = Xo N (6)

3

where ¥, is the fraction of LC in the polymegn equals here to 0.2 is the birefringence of LC. gkding to our

tunable range, the fraction of LC is 0.2. This amtcation is lower than the one used to realizersBDLC material.

This is because a portion of the LC material isaliged in the polymer matrix and cannot be reoeémven in the high

voltage regime. Thus, the effective LC concentrati® smaller than the one expected. For weak velttge laser
emission wavelength can be predicted with the fisieecfollowing expression:

An=q []]E|2 @)

where E is the electric field applied on the n-PDin&terial (V/um) ana a constant of proportionality function of LC
droplets size and density. As it can be seen inipus work:® for low tuning voltage, a good agreement is oledin



between our experimental data and the laser pealelersgth calculated from this quadratic dependeotyhe
refractive index with the electric field. The outgpower vs the laser emission wavelength is reptedein Fig. 7. As
the applied voltage between the top and bottom DBiRcreased from 0 to 170V, the VCSEL output poimereases
of 3dB. This variation of the emitted power candxplained by the decrease of losses related torb@lets scattering
during the wavelength tuning. Experiments have begmied out with specific samples comprising aDi-E layer
embedded between two glass substrate. A dependdnyPDLC optical losses with the applied voltagevdn been
revealed. When LC droplets are randomly orienteel scattering losses inside the phase layer anehtban when the
voltage is maximum and almost of the LC droplets aligned with the applied electric field. Consetlye the
estimated pump power threshold which have beenrrdated in the above section is the highest wherthedl LC
droplets directors are randomly oriented withoutage applied on the VCSEL.

5.2.PDL measurement

Another important factor is the polarization depamidioss (PDL). Because the polarization orientatib the emitted
mode can change and the LC directors reorient fascion of the applied voltage, it is necessaryéoify that the
modulator does not impact significantly the polatian state, resulting in possible gain mismatoth wavelength drift.
Randomly oriented LC droplets potentially prevealapization dependence because the droplets arkkesrtan 100
nm, which is much smaller than the 1.55 um wavedlengurthermore, without electric field applied thmis electro-
optic material, LC droplets are randomly orientsal,a medium containing such droplets apparentlpines optically
isotropic to light in the infrared region. This lotpesis has been verified with the use of sampegpcising a n-PDLC
layer sandwiched between two glass substrate coweith ITO layers. UV power used during PIPS precaad n-
PDLC layer thickness are the same than the onesfas¢he VCSEL fabrication. Measurements have hmgried out
using Agilent 8509B Polarimeter. PDL introduced te n-PDLC as a function of various applied voltage
corresponding to various directors orientationserted in Fig. 6. For all the applied voltageganthe PDL remains
low, below 0.22 dB and the results presented ptesijoon our tunable VCSEL are in agreement with #rialysis.
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Figure 8: Polarization dependant loss as a funafdhe applied voltage.

5.3. Tuning speed measurement

The VCSEL tuning response time is basically reldatethe electro-optic dynamics. Electro-optic resgmin N-PDLC
are as fast as anchoring forces are strong (iamlets are small). Typical switching responses@j fis are obtained
with our material choice and LC concentration, d¢fiere enabling wavelength shift over the whole eargowever, as
seen on Figure 7 only a limited voltage range clms®0 V is needed to scan 90% of the wavelengtiygaThe
response time of the transition between the noieghploltage and the steady states is greatly retuteen applying a
large voltage pulse during a short laps of timempto apply a steady state voltagd.hese pre-orientation pulses can be
used to speed up significantly the material withdamnages. For instance, by using the addressirenscpresented in
Fig 9, it is possible to speed up significantly thevice. Short pre-pulses of 25 us are used talwite LC rapidly,
before applying the voltage value correspondinghi chosen wavelength to be addressed and soofagnbther
wavelength valueAs it can be seen in Fig. 9, wavelengths can bedum less than 30us, and the response time, éor th
considered voltage range, is not a function of skéected wavelength. Observation has been madeblsoss/
measuring the intensity variation at 633 nm dusdattering which depends on the proportion of aeer.C droplets



directors in our n-PDLC layer. As it was expecttth response time is speeded up by the high voltaiye of the
short pulse. Typical response times of 10 to 15esexpected with such a material choice and asitdigescheme,
making this solution advantageous compared to nmeclasolutions.
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Figure 9: Applied voltage and the measured resptmseof n-PDLC material.

6. CONCLUSION

In conclusion, we demonstrated the first laser simisfor a wavelength tunable 1.55 pm VCSEL in Wwhiavelength
tuning is obtained via an electric field inducedewr modulation of a n-PDLC layer. First charactiagns have shown
a tuning range equal to 10 nm under 170V applidthge. This preliminary demonstration has beenead with an
optical pumping. The device is easy to realize dndnot need complex processing as in MEMS VCSELe Th
preliminary switching times measurements shown éimgt wavelength can be selected in less than 3Thesuse of a
more efficient bottom DBR and smaller LC dropleil improve pump power near the threshold in orttedevelop an
electrically pumped VCSEL. Finally, the high voleaggalue can be reduced by employing and introduding
electrodes with low optical losses inside the gawtose to the n-PDLC layer.
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