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1 Introduction

Recently, micro-optical and microelectromechanicakch-
nologieshavebeenhighlighted.Becauseof their potential
for batch processingand inexpensivereplication, these
technologiesare mergingto createa new andbroaderclass
of micro-optoelectromechanicdMOEM) devices.

The developmentof commercialdevicessuch as tor-
sionalmirrors, laserscannersgptical shuttersand dynamic
micromirror displays will benefit from this new
technology*

Thegoalof this paperis to studythe useof micromirrors
in a switchableoptomechanicabkystem.For that purpose,
we built a compactpulsedfiber laserwith a microelectro-
mechanicalMEM) element(torsionalmicromirror or ver-
tical mirror) actingasoneof thetwo reflectorsof the cavity
and as the switching element.To generatea pulse in a
conventionalQ-switchedfiber laser,a modulator(acousto-
optic, electro-opticor mechanicgl mustbe introducedinto
the cavity 2 In our configurationno additionalelementsare
needed;the modulatoris the reflectoritself, thus we can
build an all fiber laserwith a closedand compactcavity.
Moreover,it hasthe potential of integrationin a compact
microsystem.

2 Fiber Laser

Figurel showsthe setupof the pulsedfiber laser.Thefiber
laseris basedon a 120 mm long Nd®" dopedfiber. The
cavity consistsof the switchablemicromirror (torsionalor
vertica) describedin Section3 and a Bragg grating with
48% reflectivity and 0.1 nm bandwidthat 1071 nm, which
is still inside the fluorescencespectrumof neodymiumin
silica. The laserfiber is splicedto a wavelengthdivision
multiplexing (WDM) coupler,enablingusto usethe Bragg
grating as an output reflector, while pumping throughiit.
Thepumpsourceis a 150mW GaAlAs laserdiodeemitting
at 810 nm. For this configurationand with the torsional
micromirror, we measurec laserthresholdof 3 mw anda
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slope efficiency of 19% (seeFig. 2). Theseresultsarein
good agreementvith the valuescommonlyreportedin the
literature®

3 Micromechanical Mirrors

Two types of micromechanicalmirrors were fabricated.
The first is a torsionalmirror and the secondis a vertical
mirror.

The torsionalmicromirror hasan areaof 50 X 70 unm?
and is fabricatedby polysilicon surfacemicromachiningd'
The rectangulamirror hasa torsionalsuspensiorbeamin
the middle andtwo electrodegaddressandlanding placed
underneathFig. 3). The torsional micromirror is covered
with 0.2 um of aluminum to improve its reflectivity to
typically 75%. When a voltage of 35 V is appliedto the
addresselectrode the electrically groundedmirror rotates
by an angleof 2.6 degand hits the landing electrode . The
SEM of Fig. 3(b) showssucha mirror, which is one ele-
mentof an arrayof 20 X 20 torsionalmicromirrors.

The vertical mirror hasan areaof 75 X 100um? (Fig.
4). It is fabricatedby deepanisotropicreactiveion etching®
The vertical mirror movesalongthe optical axis driven by
two combactuatorsThe displacemenof the mirror is typi-
cally 5 um with anappliedvoltageof 40 V andfrequencies
up to 60 kHz. The vertical micromirror is coveredwith 0.2
um of aluminum to improve its reflectivity, which was
measuredo be 65%. The SEM of Fig. 4 showssucha
mirror with its two comb actuatorsand the U-groove for
receivingthe fiber.

4 Results

Experimentally the fiber is first placedcloseto the mirror
with aslight air gap.Then,the micromirrorsareactuatecht
frequenciesup to 60 kHz to producea modulationof the
resonatotossesFinally, we adjustthefiber-mirrordistance
and alignmentto optimize the outputsignal of the pulsed
laser. In such a configuration,we were able to achieve
pulsesup to 200mW, which is about100timeshigherthan
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Fig. 1 Schematic diagram of the pulsed fiber laser system.
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Fig. 2 Measured characteristics of the cavity: output power versus
absorbed pump power. The laser threshold is Py,=3 mW and the
slope efficiency is 19%.

the continuousemission Figure5(a) showsa typical output
train obtainedwith the torsionalmirror at 20 kHz modula-
tion. If the mirror is operatedat lower frequenciesye ob-
servemultiple pulses.Figure 5(b) showssuchpulsessepa-
rated by 25 us and obtained with the torsional mirror
modulatedat 7 kHz. Thesemultiple pulsesare thoughtto
be generatedby the mechanicalrelaxationoscillations of
the mirror, as describecby Jaecklinetal® Figure 6 shows
theresultsobtainedwith the verticalmirror. For arepetition
rate of f=16kHz, a single pulse per switching period is
obtained.The enlargedview in Fig. 6(b) of oneindividual
pulseindicatesa pulse width of 2 us with a superposed
modulationof about350 ns period.

Both typesof mirrors give typically similar pulsesNev-
erthelessthe vertical mirror systemshoweda betterstabil-
ity comparedvith thetorsionalmicromirrorsystem.Thisis
dueto the integrationof the fiber holderandthe mirror on
the samechip makingthe whole systemmore compact.

5 Simulations

To investigatethe behaviorof our device,we simulatedthe
genc;ratecpulses by using the rate equationsof the fiber
lase

dN N
E—Pp—T—N(t)‘r](t)O’C (1)
and

dy Q N()
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whereP,, is the pump density,N(t) is the populationin-
version, 7 is the fluorescentlifetime, #(t) is the photon
density, o the transition cross section, c is the speedof
light, B(t) is the resonatorlossesand () is the diffraction
limited solid angle of the fundamentalmode. With the
pump wavelength \,=810nm, the diameter ¢
=2.8um of the core,the lengthl,e,= 120mm of thefiber
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Fig. 3 (a) Schematic drawing of the cross section of the micromirror
and (b) top view scanning electron micrograph (SEM) of a torsional
micromirror without metallization.

Fig. 4 Top view (SEM) of the vertical mirror with the comb actuators
and the fiber (dashed drawn) in the U-groove.
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Fig. 5 (a) Pulse train obtained with the torsional mirror for repetition
rate f=20 kHz and pump power P=15.8 mW and (b) multiple-pulse
train obtained with the torsional mirror for repetition rate f=7 kHz
and pump power P=15.8 mW.

andthe measuredcoupledpower P ,~10mW, we get for

the volume of the cavity V~7.4x10 " cm® and for the
pumpdensityP,= P¢,\ ,/hcV~5.5x 10?2 cm™3. With the
emissionwavelengthh = 1071nm, the refractiveindex n

=1.5 andthe areaof the core A=6x 108 cn? we get for

the diffraction limited solid angleof the fundamentamode
Q=\2/n?A=0.08sr. We measuredhe fluorescencespec-
trum and,with the Fuchtbauer-Ladenbemethod® we ob-
tained for the emissioncrosssectiono~1.4x 10" 2%cn?.

Thevalue 7~=500us for the fluorescentifetime wasdeter-
mined by measuringthe frequencytransfer function be-
tweenpumplight andfluorescence.

With the mirror in the on position,we measured laser
thresholdpump power of Py~3 mW (Fig. 2). The losses
Bin canbe estimatedrom the averagereflectivity R of the
two mirrors and the fiber length | s, Of the laserthrough
the relation

—InR
€)

Bin=——
fiber
With R=65% and | g,.,=120mm we get 8yp,=3 m L. The

correspondingpopulation inversion Ny, is then obtained
from
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Fig. 6 (a) Pulse train obtained with the vertical mirror for repetition
rate f=16 kHz and (b) enlarged view of an individual pulse.

—

Bin=Nyo. (4)

The initial populationinversion N; for a given coupled
pump power P, with the mirror in the off-position, is
relatedto Ny, by

Ni l:>cpl

Ll 5
Ne~ Pu ©®

For Pgy~10mW and with o=1.4x10"*cn? we get fi-
nally Nyp,=3x10%cm 2 andN;=8x10%¥cm 3,

Egs.(1) and(2) cannow be solvednumerically.Figure
7 showsthe populationinversionN(t) andthe photonden-
sity #(t) during oneswitchingperiod.We assumehatthe
lossesareswitchedlinearly from theinitial high to thefinal
low value (ﬁinitialz NiO': 11m™?! and Bminzﬁlh:‘?’ m_l)
with different rise times: 5 us for Fig. 7(a) and 2 us for
Fig. 7(b).

The typical width of the simulatedpeakis 40 ns. The
relaxationtime is typically T,q=320ns for 5 us switch-
ing time [Fig. 7(a)] and 200 ns for 2 us switching time
[Fig. 7(b)]. If we considerFig. 7(b), we canseethatreduc-
ing the switching time from 5 to 2 us leadsto a reduced
numberof peakswhich arealsohigher.Thus,if we wantto
getonegiantandnarrowpulse(onereal Q-switchedpulse,
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Fig. 7 Simulation of pulses with B=11m™" and B ,=3m"
where the rise times of the quality factor are (a) 5 us and (b) 2 us.

we requireshorterswitchingtimes, of the orderof 100 ns.
The numericalsimulationsalso showedthat the spontane-
ous emissionterms N(t)/7 in Egs. (1) and (2) cannotbe
neglectedn this regime.The expectedpeak power of the
pulsecanbe calculatedfrom
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With  7puse= 1.6X10°cm ™3 [from Fig. 7(a)], we gt
Ppuise~500mW. The measured/alue of the period of re-
laxation oscillations,which is 350 ns[Fig. 6(b)] andis in
good agreementwith that obtained from the simulation
shownin Fig. 7(b), which is 320 ns.

6 Conclusions

We demonstratedh pulsedfiber laserusing two different
typesof micromechanicammirrors, a torsionalmicromirror
and a vertical mirror. To generataeal Q-switching pulses
(single giant pulseswith narrow widths), we should have
shorter switching times. Neverthelessthe technologyfor
the fabricationof the mirrors is compatiblewith the fabri-
cationof othermicro-opticalelementssuchasmicrolenses,
fan-outandfan-in elements which enableghe realization

of compactmicrosystemsArrays of pulsedlaserscan be
combinedwith arraysof micro-optical elementsto form
highly parallel optical networks.
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