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Abstract

We apply a travelling wave model to the simulatidnthe amplification of laser
pulses generated by Q-switched or mode-locked iloig&d-Bragg reflector
lasers. The power amplifier monolithically integrsa ridge-waveguide section
acting as pre-amplifier and a flared gain-regionphfier. The diffraction
limited and spectral-narrow band pulses injectedoirthe pre-amplifier have
durations between 10 ps and 100 ps and a peak pdviygpical 1 W. After the
amplifier, the pulses reach a peak power of severs of Watts preserving the
spatial, spectral and temporal properties of thrutirpulse. We report results
obtained by a numerical solution of the travelliugve equations and compare
them with experimental investigations. The peak @ew obtained
experimentally are in good agreement with the théoal predictions. The
performance of the power amplifier is evaluatectbgsidering the dependence
of the pulse energy as a function of different dexand material parameters.

1 Introduction

During recent years, picosecond laser sources floavel many applications in fields such as
material processing, remote sensing, and fluorescepectroscopy [1-3]. Optical pulses in
the picosecond range can be generated with dieg#esldy mode-locking, Q-switching, and
gain switching [4]. The pulse energies of severaldreds of pJ and peak powers up to 1 W
emitted from these diode lasers are often not@afft for many applications.

Higher pulse energies can be obtained by amplificadf the pulses with master-oscillator
power-amplifier (MOPA) systems [3], [5]-[10]. Mogtlthe power amplifier is operated in
continuous-wave mode. This leads to the generatibmmplified spontaneous emission
(ASE) [8], [10]. Especially if the amplifier is seed with optical pulses with repetition rates
in the MHz range most of the emitted power congs&SE.

In a recent paper [5], an experimental setup wasgmted where the power amplifier is
driven with short electrical pulses of high ampléuto reduce the ASE between the pulses
independently from the repetition frequency. Stoptical pulses with a high peak power of

50 W and a pulse energy larger than 4 nJ were reddtaiThese values exceeded the values
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presented in [6], [8]-[10] for single-stage semidoator based setups like in [5]. Compared to
some two-stage setups [3], [7], higher pulse ersrgiith less complexity of the experimental
assembly were reached. Most of the experimentak wantioned above including [5] lack a
comparison with theoretical results.

Different theoretical models for studying the prgaton of picosecond pulses in optical
amplifiers have been proposed in the literaturemisroscopic model based on spatially
resolved Maxwell-Bloch—Langevin equations takingpimccount many-body interactions,
energy transfer between the carrier and phonorsygsand the spatio—temporal interplay of
stimulated and amplified spontaneous emission wasepted in [11]. Although it was
applied to the investigation of various short tagesemiconductor optical amplifiers for
picosecond pulse amplification, due to the extrgnteige numerical effort a computation of
input-output characteristics and a systematic patanstudy was not carried out.

A time domain model based on the travelling waveagigns for the simulation of the
picosecond pulse amplification in flared amplifigras presented in [12] and [13]. The model
includes the effects of gain saturation, finiterghandwidth, self-phase modulation, index
dispersion, carrier heating, carrier diffusion ardombination and is capable to investigate
the propagation of sub-picosecond pulses. Howevegmparison with experimental results
was not given.

An analysis of the amplification characteristicspafosecond Gaussian pulses in non-tapered
and tapered amplifiers was performed in [14] based numerical solution of rate equations.
It has been shown that in contrast to the conveatimon-tapered amplifiers, the tapered
structure can provide nearly distortionless anygaiiion for input pulses with high energy
levels. However, effects like diffraction and siléusing can not be handled by the model
due to the simplifications involved.

Analytical solutions and a systematic way to cardtrapproximate solutions for the gain-
recovery dynamics of semiconductor optical amphfizvere given in [15]. The analytical
results show excellent agreement with those obdanuenerically.

The purpose of the present paper is to investigate theoretically and experimentally the
characteristics of the amplification of picosecopdises in tapered amplifiers and to
determine the parameters and geometrical desighecAmplifier for optimum performance.
The paper is structured as followShe device structure and mathematical model are
presentedn Section 2. The pulse propagation within the devs described in Section 3. In
Section 4 we present results obtained by numesicalilations based on the travelling wave
model and compare them with experimental data.i@ed@ deals with the influence of
material and device parameters on the pulse prdpagdVe summarize the main results of
the paper in Section 6.

2. Experimental setup and theor etical model
The experimental setup is shown schematically op Ei Optical pulses generated by Q-

switching of a three-section distributed Braggeetibr (DBR) laser acting as master oscillator
(MO) are injected into a two-section tapered semic@tor power amplifier (PA).



The DBR laser consists of an active gain sectiosatarable absorber section (SAB) and a
DBR section as described in [5]. The lengths ofdbetions are dain=1 mm, lsag = 0.5 mm
and Lbgr = 0.5 mm. The laser has a ridge waveguide (RW)dtaral optical confinement
with a ridge width of 5 um. The vertical layer stiwre consists of an active region with two
InGaAs quantum wells (QWSs) extending over all sediand an AlGaAs based waveguide
with a core width of 4.8 um. The second order Brggging with a period of 329 nm has a
coupling coefficient of about 40 ¢hleading to an effective reflectivity of the Brageating

of Rpgr~90% with a spectral width of 0.7 nm.

Q-switching is realized by injecting short elecatipulses into the SAB section of the three-
section DBR laser so that this section becomescalpti transparent. These pulses are
generated with an Agilent 81134A pulse pattern geoe and amplified with an emitter
coupled logic (ECL) based electrical circuit deyedd in-house. The current pulse amplitude
is about 500 mA and the pulse full width at haltxmaum (FWHM) is 730 ps. The repetition
rate is 20 MHz.

The tapered PA consists of a 1 mm long index-gupledmplifier (PRE) and a 3 or 5 mm
long gain-guided tapered power amplifier (TAP). BRE section having a RW with a ridge
width of 5 um acts like a mode filter and shapesdptical pulse, whereas the TAP amplifies
the light pulse. The input currents to both sedioan be individually controlled. The layer
structure of the PA is similar to that of the mastscillator. The active region comprises two
QWs.

Q-switched laserdiode A/2 semiconductor tapered amplifier

DBRJSA gain
<([ C>
1:C PRE TAP
IO

4 §
0.5 il:: T T <:2?'|::

DC DC
ECL 250mA 300mA

; ;
pulse pattern generator | trigger divider and pulse generator
f = 20MHz, T = 730ps ) divide 16, T <10.5ns

Figure 1. Scheme of the experimental setup showhegoptical coupling between master
oscillator and power amplifier and the electricahoections.

Whereas the PRE section is driven with a constantnt (DC), the TAP is driven by a
powerful ECL based electrical circuit describedUgro et al. [16]. It provides short current
pulses with a peak current up to 20 A. The pulseegeor HP8133A generates the necessary
pulses with durations between 2 and 10.5 ns atbiarirepetition rates. The electrical
coupling between the two pulse generators ensutesi@mated time correlation between the
current pulses injected into the MO and PA and ksaihe possibility to adjust the delay time



between the pulses which is an important parantetrmining the pulsed characteristics of
the MOPA system.

The optical pulses emitted by the DBR laser arénsated with an aspheric lens with a focal
length of 3.1 mm, passed through a two stagedapsolator and focused into the RW of the
preamplifier of the PA with a second 3.1 mm asphlems.

The simulation of the propagation of the opticdlspun the PA along thedirection is based
on a numerical solution of the travelling wave matkscribed in [17] and [18]. The traveling
wave equations for complex, slowly varying ampli#adf the forwardi® and backwards

propagating optical fields|¢* f + |u” [: local photon density) are coupled to the ordinary

differential equations for the complex slowly vamyi amplitudesp® of the induced
polarization and to the parabolic diffusion equatior real excess carrier densiy
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The functionJ(x,z,t)in Eq. (3) describes the injected current densiythat

lopa = _U J(X,zt)ydxdz Jp= _U J x z} dxc

(x,2JPRA (x 3 TAP

are the injection currents into the PRE and TARspaf the device, respectively. Whereas
Iprais kept constant in timérap is switched on periodically only within the relagly short
time intervalsftc, t+T] mod(Tper). Here,t¢ is the initial moment of the current stépjs the
duration of this step andipe is the periodicity of the current switching. Inetlsequel we
neglect the injection current induced heating e#fesinceT is typically only a few ns an@er
is by a few orders larger thdn
The optical fields satisfy the reflecting boundagnditions at both facets of the lasers0
and
z =L:

u"(x0,t)= [ ()u” (% 0,t)+ a(x 1),
u(x L)=r(xu(x L9, 5) (

where the complex functica(x,t) represents an optical pulse injected into the Réuiph the
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PRE facet. In the simulations below we assume timgseted pulses to be Gaussian:
a(x,t):\/( Ny Aoj In16 E, &t e‘(t‘tp)z'”‘"/v\«2 a4
Gd hG ) 7w vy

They are characterized by the temporal FWMM temporal pulse peak positidg lateral
FWHM w, and pulse enerdsi, or related pulse peak power, , =2VIn2/m E, /w,.

Factorsg, h andcy used in the formulas above denote the electrorgeh#he Planck constant
and the speed of light in vacuum, respectively. ez and values of all other parameters
used above are given in Table 1. We should metiiahwe simulated amplifiers having two
or three QWSs. A more detailed explanation of allapaeters can be found in, e.g., [18]. For
the numerical solution, we discretized the modelagigns by a splitting scheme, where the
optical diffraction and carrier diffusion alongethateral positiox are resolved by means of a
fast Fourier transform, while the remaining couphggerbolic system ia andt is integrated
along the characteristics+ zn,/ ¢ = cons using a finite difference method. Finally, we

mention that the model has been validated by a eosgn with experimental results in
previous papers [18-21].

3. Pulse propagation

We begin by considering what will happen if a Gaussnput pulse is injected into the
amplifier. As mentioned above, the main purpose¢hef PRE section is to shape the lateral
pulse profile. In what follows we analyze the imipatwy of the input pulse with some fixed
w; andEj, on its amplification within the PRE section. Figsr2 (a) and (b) show the lateral
profiles of the field intensities at the le#=Q) and right =1 mm) edge of the PRE section,
respectively.

o @ pz=am [ ==l 4 He) ]
g 10} -—-3umfio b - — .. 3um
S — - 4um - = 4um
= A IR Sum a\ ..... Sum 3F T
= ‘ /
— st st \ 12 ]
5)
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@) .
Q O 0 1 1 1 0 1 o S}Lm 1 1]

-5 0 5 -200 -100 0 100 200
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Figure 2. Lateral profiles of the normalized fietdensities at (a): the left side of the PRE
(z=0), (b): the right side of the PRE=(L mm) and (c): the right side of the TAP (z=4 nfo)
different valueswy of the injected pulses. The grey shading showdaditetion of the narrow
PRE waveguide. A 2 QW 4 mm device was simulatee. fidld distributions are taken at the
momentt,+Lng/co. All other parameters are as in Table 1.
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One can see that independently on the initial #tsrdth w all the fields have approximately
the same lateral width determined by the widthhef index-guiding PRE section. We note
also, that the pulses witli=1 um are less amplified within the PRE, wheregs3 um is an
optimal lateral width of the injected pulses. Thgetal profiles of the fields emitted by the PA
(panel (c)), however, are similar in all considecades. This is due to the gain saturation at
the high current injections in the TAP part of giulated device.

Fig. 3 shows calculated snapshots of the full faiktribution in the 4 mm device during the
propagation of a 10 ps long Gaussian pulse (seerd-if}). The time difference between
snapshots is 10 ps. In the first picture the leg@itige of the injected pulse is just entering the
TAP section.

W/um?

(b)

0 1 2 3 4 0 1 2 3 4

> 7 [ mm ]

Figure 3. Simulated snapshots of the intensityridistion in the X,2 plane of the forward
propagating field in a 2 QW 4 mm long device. Tingected pulse is characterized by
w=10ps,Ex=10 pJ. The field distributions are taken at themants (a)1,+10 ps, (b)1,+20
ps, (c):1p+30 ps, and (d),+40 ps. All other parameters are as in Table 1.

Here, large field intensity is only present withitre narrow preamplifier part of the device.
The next panels correspond to the later times whenleading and trailing edges of the
injected pulse are travelling through the TAP. Finahe last panel corresponds to the time
when the trailing edge of the injected pulse isilegithe amplifier. Typical temporal traces of
the emitted field intensity, as well as lateralfpes of the near fields and corresponding far
fields at three selected time instants are showhign 4 for three input pulses of different
durationw; and energ\Ei,. Thick symbols on the pulse time traces in paagliffdicate the
time instants used to draw the near field distidng (panel (b)) and far fields (c). Black
bullets in (a) as well as solid curves in (b) am) ¢orrespond to the time moment
to=t,+Lng/Co, WhereLng/cyis the time the pulse needs to travel through thelifier. Thus the
emitted pulse would have its peak @if the device had been transparent (i.e. no dagnpin
amplification). The emitted pulse peak, howeveGuos earlier, what can be clearly seen in
the middle and lower parts of panel (a). This i® da the strong amplification of the

6



relatively long leading edge of the pulses. Dutimg process the gain in the TAP is depleted,
and, therefore, the amplification of the trailirdge of the pulses is less pronounced.
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Figure 4. Representation of the optical pulses dieglin a 2 QW 4 mm device. (a): the time
traces of the emitted field intensity. Thick synmbatdicate three time instangst;, to, and
totts. (b) and (c): the near and the far field profitédghese three time instants. From top to
bottom parameters\, Ei,, t1) are (10 ps, 10 pJ, 15 ps), (50 ps, 50 pJ, 7ams$)100 ps, 100
pJ, 150 ps). All other parameters are as in Table 1

4. Comparison of theory and experiments

So far we have considered different aspects ofeppispagation through the device. In this
Section we focus on a comparison of numerical aipeérmental results.

A typical time trace of optical pulses injectedoinhe 2 QW 6 mm long PA is given in Fig.
5(a). The experimental pulse (black curve) is ditbyy a Gaussian (red curve) with=70 ps
and Ej;=60 pJ. However, the pulses in the experiments rgéee by the DBR laser are
slightly asymmetric and have a significant trailedge, which remains pronounced after the
pulse transmission through the PA: compare thexaletind experimental curves in panel (b)
of the same figure. The pulsed injection curidggs is taken to be rectangular wil=2.5 ns
duration as in experiments. Fig. 5(b) shows a figant increase of output energy by a factor
of 60 both in experiments and theory.
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Figure 5. Measured and simulated power traces Jofirjgected and (b): amplified optical
pulses in a 2 QW 6 mm long optical amplifieire = 13.7 mA. The other parameters are as in
Table 1.

In the next step, we analyze the dependence otibatgergy on input energy. Fig. 6 shows an
example of this dependence for a 2 QW amplifiethwat length of 6 mm. The squares
connected by a solid line were obtained by the migale simulations. This Figure
demonstrates that the theoretical results areasechgreement with the experimental data,
which are indicated by bullets. The experimentaveueveals a slightly weaker saturation
behavior than the simulated one. The discrepancyddoe overcome by an adjustment of,
e.g., the differential modal gain.
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Figure 6. Comparison between the calculated (cuawmel) measured (bullets) dependence of
the output on input energy in 2 QW 6mm long am@tifirre =13.7 mA. All other parameters
are as in Table 1.



Next we consider the dependence of optical pulspliication on the delay between the
beginning of the bias curretitand the injected optical pulse peak montgnThe results of
our experiments and the numerical calculationssaremarized in Fig. 7. The duration of the
injection currenfT=10 ns while the periodicit¥er of the subsequent current injections was
several tens or even hundreds of nanoseconds.alpparent that when an optical pulse is
injected within a time window for which the TAP rams unbiased, only some negligible
pulse emission from the TAP facet is observed. Alsnote that the carrier dynamics is
relatively slow and once the injection currépdp is switched on the TAP section can reach
the optimal amplifying conditions only after sommtial time delay of 1.5-2 ns. It is clear,
that optical pulses propagating through the dewceing this initial interval are less
amplified. In the experiment, the peak power insesaup to the end of the current pulse and
doesn’t drop to the zero immediately afterwardscltgould be caused by a deviation of the
experimental current pulse from a rectangular shape

— 30 -(a‘ P P2 %0 90 9 9 9 9 d __
g ® 5
— 20} 1=
—

o )
Z 10f 18
= =Y

O I 0-@

024681012024681012
delay time [ ns ] delay time [ ns ]

Figure 7. (a): simulations and (b): measurementsth&f optical pulse amplification
dependence on the delgyt. of the optical pulse peak position with respedti® start of the
bias current pulse. Shading: time intervals whheeltias step was applied. 2 QW 6 mm long
device withlpre=0.3 A andT =10 ns. The other parameters are as in Table 1.

5. Influence of material and device parameters on the pulse amplification

In this section we examine the influence of destrecture and material parameters on the
properties of the amplified pulses. First, in FBgwe show the calculated dependence of the
output energy and the maximum of the output powertle input energy of pulses for
different values of the gain compression coeffitien

It can be seen that a decrease of gain compressegfficient leads to an increase of output
energy and peak power. The simulations show aataiarof these quantities with an increase
of E;, for all the values of gain compression coefficieonsidered. The value= 4-10°* m*
which is at the lower limit of the values given[22] is the one listed in Table 1 and hence
used for most of the simulations in this work bessaut gives the best agreement with
experiment as exemplified by the results in Figan8 6. It is interesting to note that when the
parametee approaches zero more than a hundred Watt peakrpowkl be reached.
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Figure 8. The dependence of (a): energy and (lak pewer of the amplified pulse on input
energy for different values of the gain compresdamtor. A 2 QW 6mm long amplifier was
considered. All other parameters are as in Table 1.
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Figure 9. The dependence of output enegy and amplification factoEq/Ei, on input
energyE, for different loss parameter in different simulated amplifiers. (a): 2 QW, L=4
mm. (b): 3 QW, L=4 mm. (c): 2 QW, L=6 mm. (d): 3 QW=6 mm. Peak power of the
injected optical pulsé,eac=1l W, peak positiort,=3 ps. Ej, changes in accordance to the
changing pulse duratiom. All other parameters are as in Table 1.
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In Fig. 9 we present both the amplification factamplifier gain) E,./Ei, and the output
energy as a function of input energy for 4 and 6 lmng amplifiers based on 2 or 3 quantum
wells. Different lines in all panels of this figurepresent different assumed loss factors
the presented set of simulations we have usedatlgtimjected pulses with a fixed peak
power of 1 W. The energy of the input pulse is ey tuning its temporal duratiow. In all
simulated devices we see a monotonous, nearlyrlimeaease of the output energy with
increasing input pulse energy. Moreover, in theeaais2 QW devices this growth is similar
for both the 4 mm and 6 mm amplifiers. On the otierd, the amplification factor is strongly
nonlinear for small and moderate energies of optigaction. We can clearly see that all
considered devices are working more efficiently whamplifying injected pulses with a
smaller energy. Note also, that the amplificatiantdér of the longer 2 QW device at small
energies of optical injectiol;, is ~1.5 times higher, whereas the amplificatiootda is
essentially the same for both 2 QW amplifiers eddaE;,.

In the case of 3 QW devices the situation is d#ffer Here, the output energy and
amplification factor of a shorter device are lartiean those quantities in the longer amplifier.
First of all we note that the injection current gigyiin a 6 mm long device was more than 2
times smaller then such a density in a 4 mm aneplifsince in the 3 QW device the growth
of the gain function with an increase of carriengley (or current injection density) is very
fast, the local gain in the long device is much lgnahen in the short one. To increase the
emission power and the amplification factor of tbieger amplifier one should apply larger
injection current$rap.

Next, we investigate the influence of the refletyion the amplifier performance. In the ideal
case the amplifier would have vanishing facet oty ro andr,, as it is assumed in most of
our simulations: see Table 1. In that case aneasing bias current would cause a
monotonous growth of the carrier density (i.e., tpical gain), which in turn implies a
monotonous growth of the peak power and the enefghe amplified pulse. However, in
reality, the device will have facets with non-vdming) reflectivity, and as a result it can
behave as a resonator so that once the bias cexeeéds some threshold value, the device
generates light. Then instead of implying a contigugrowth of the optical gain, a further
increase of bias current is then transformed ingrawing generated optical field power.
Since the amplification of the optical pulse isedity dependent on the optical gain, we
should not expect a further growth of the energpeak power of the amplified pulse once
operating with above-threshold bias currents.

Fig. 10 shows the results of calculations of deviegth different reflectivity coefficients
ro=r_.=r. First, we note a similar amplification of theanjed pulse for vanishing and small
non-vanishing reflectivity: see nearly coincidingid, dashed and dash-dotted curves around
t=1 ns in all panels of Fig. 10. Next, this figust@ows how an increase of reflectivity factor
implies light generation after propagation of thgected pulse. When the facet reflectivity is
zero (thick solid grey curve) the device remainsaimon-lasing state. However for non-
vanishing reflectivity the optical gain becomeggamrenough to generate an optical field. A
further increase of reflectivity leads to a lowalue of the threshold and a clear evidence of
laser operation (dashed and dash-dotted curves)aitiplifier with three QWs is more prone
to self-lasing than the device with two QWSs, aseobsd experimentally, too. Note the
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different reflection coefficients taken in the siation and indicated in Fig. 10. With the
termination of the current &3 ns, the lasing is also switched off.
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Figure 10. Pulse amplification in the devices wdlifferent reflectivity coefficients. (a): 2
QW, L=4 mm. (b): 3 QW, L=4 mm. (c): 2 QW, L=6 mna){3 QW, L=6 mm. Shading: time
intervals where bias currehixp was applied. Injected optical pulse peak positiefi ns. All
other parameters are as in Table 1.

Finally, we discuss the impact of the carrier reboration function(AN+BN+CN?) to the
device performancd-or this reason we set the recombination parasBte€=0 and tune the
linear carrier relaxation timg=A".

Fig. 11 shows the dependence of the output pealep(panels (a, b)) and energy (panels (b,
d)) onrt, for devices of different lengths and number ofrquen wells. In all considered cases
these characteristics are monotonously increasargirfcreasingto, i.e., for decreasing
recombination parameters. This can be easily exgiaby reduction of the injection current
needed for achieving a certain carrier density i¢aptgain) level. For largery the
recombination function is very small and a furtirarease oftp has no more impact to the
growth of the pulse amplification. For smajl the recombination function is huge, and the
applied bias current can be even not sufficiemeth the transparency level, what results in
vanishing peak power and energy of the propagatirtse.
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Figure 11. Output peak power (a, b) and energd)@as functions of carrier life timg for 3
QW (dashed) and 2 QW (solid) devices. (a, c): 4 lmmg devices. (b, d): 6 mm long devices.
All other parameters are as in Table 1.

6. Conclusions

In this paper we have presented both the resultsunferical simulations and experimental
data for the amplification of optical pulses in @& consisting of a narrow index-guided
preamplifier and a tapered power amplifier. Therapen of the device has been numerically
simulated using a travelling wave model. We havdopmed a calibration of the model
parameters by fitting our simulation results to ikMde measurements. An overall good
agreement between theory and experiment has beaimexdb.

We have also analyzed the influence of differembpeeters on the amplification factor. In
particular, we have studied the influence of thalim@ar gain compression factor, the non-
vanishing field reflectivity of the device facethe field absorption parameter, the carrier
recombination rate, the number of quantum wellgl #re length of the tapered amplifier
section.

We have found that amongst the range of devicesidered, the optimum performance was
achieved in a 6 mm long device with two QWs. Weehalso found that increased field
losses, carrier recombination rate, and, especiadlglinear gain compression factor lead to a
decrease of the amplified pulse peak power andggn&e have shown that non-vanishing
field reflectivity at the device facets resultdimitations to the growth of the optical gain and
yields the light generation once the bias curreqaeeds a threshold value. We believe that
our work provides a good basis for further reseaichoptimize the picoseconds pulse
amplification properties of the devices.
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Table 1 Main parametessdiin simulations.

Symbol | Description Unit Value
2o Central wavelength nm 1065
Ng Group refractive index 3.6
a Internal absorption 1/cm 1
€ Nonlinear gain compression &m 4.10%
A Recombination parameter 1/s 1°10
B Recombination parameter tts 2-10'°
C Recombination parameter Bt 1*10%
Dn Carrier diffusion coefficient chfs 25
do Refractive index step in the trench 1/cm -320

Width of the PRE um 5
Lpre Length of the PRE mm 1
lprE Injection current in the PRE A 0.2

Full flare angle of the TAP ° 6
Ltap Length of the TAP mm 3/5
ltap Injection current in the TAP A 16/21
te initial moment of the current step ns 0.5
T typical duration of the current step ns 2.5
ro Rear facet amplitude reflectivity 0
re Front facet amplitude reflectivity 0
Wy Lateral FWHM of the injected pulse | um 3
Wi Typical temporal FWHM of theps 70

injected pulse
Ein Typical energy of the injected pulse pJ 60
tp Typical injected pulse peak moment ns 2.5

2 QW 3 QW

g Differential gain 1l/cm 25 61
n’ Differential index change factor ém 1.3-10% | 7.8-10%
Nir Transparency carrier density 1£m 1.5.16% |2.10°
d Thickness of active region nm 14 21
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