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Deriving of single intensive picosecond optical pulses from a high-power
gain-switched laser diode by spectral filtering

S. N. Vainshtein,®® G. S. Simin,? and J. T. Kostamovaara
University of Oulu, Department of El. Eng., El. Lab. Linnanmaa SF-90570, Oulu, Finland

(Received 11 March 1998; accepted for publication 8 July 1998

Single 25 ps/16 W optical pulses were achieved by spectral filtering from a multiheterostructure
gain-switched laser diode with its quasisteady-state modes suppressed by a factdr af 10
compared with the peak power. A significant transient spectrum broadening makes this possible
provided that a very higt|/dt rate of the pumping current pulse is used. A simple numerical model

is suggested which describes adequately both the spectral and transient features of the observed
phenomenon. It follows from the model that single picosecond optical pulses can be obtained from
any type of high power semiconductor laser. 1©98 American Institute of Physics.
[S0021-897€08)01320-9

I. INTRODUCTION In order to suppress these harmful modes, the current pulse
must be so shorta few hundreds of picosecon@shat it is
A number of semiconductor laser applications, such asardly realistic in high-power lasers when a high current
optical radars, laser tomography, time imaging, and laserpulse amplitudgover 10 A has to be used.
induced fluorescence studies, require powerful single optical The actual derivation of single picosecond-range optical
pulses a score or two of picoseconds in width. An additionapulses by means of gain-switching effect in semiconductor
requirement of the absence of an emission tail after the pulsiasers is well known from the early 1980’s. A pulse duration
may be important for some of these applications. of less than 7 ps for a 10@m-long cavity has been obtained
An interesting option for achieving this goal by making in a bulk structuré, while 1.8 ps pulses have been demon-
use of an artificially induced saturable absorber has beestrated in a multiple quantum we{MQW) structuré in a
discussed lately? The absorber is formed in this case by the gain-switching operation regime. A pumping pulse duration
implantation of heavy ions of high energy through the laserof less than 200 ps is typically needed to suppress second
mirror, thus creating a region with an extremely short carrierrelaxation-oscillation peaks in order to implement this ap-
lifetime. This absorbing area operates as an optical shuttgiroach. The problem of producing extremely short pumping
which augments the energy that accumulates in the laser cagurrent pulses of high amplitude, as high as several dozen
ity and suppresses long-duration light emission followed byamperes, does not allow this method to be employed for
a short spike. The method seems to be universal for angeriving high power single optical pulses.
semiconductor laser, but the special implantation regime has We show in this work that the well-known transient
to be adjusted for each type of laser diode. spectrum broadening effetee Ref. Y can be so significant
Alternatively, simple gain-switching mode without any under high current pumping conditions that simple spectral
special laser treatment allows highly intensieeer 100 W filtering allows the first optical side-mode relaxation oscilla-
picosecond range optical pulses to be achieved with a 45 \{jon to be efficiently separated from the steady-state lasing
laser diod& when a very highdl/dt rate (30 A/300 p3 is  modes. The ratio of the amplitude of the first oscillation to
used for the pumping. The relatively low repetition rate ofthat of the second one is significantly increased as well, ow-
the optical pulses in this cage few kH2 is a consequence Ing to the spectral dependence of the transient peak gain.
of limitations imposed by the driving circuit. An intensive Consequently the amplitude of the single optical pulse can
picosecond pu'se can in princip'e be obtained from any typ@xceed the intensity Of the emiSSion ta” by a feW OrderS Of
of laser diode provided that two conditions are satisfiedmagnitude, and its power is comparable with the nominal
namely that the current pulse amplitude should exceed theower for a laser diode. The numerical model suggested here
threshold current by a factor of at least 10 and the rise tima&lescribes well all the observed spectral and transient features
of the current pulse should be as short as the lasing timéf the phenomenon.
delay? Note, however, that relaxation oscillations and
guasisteady-state modes manifest themselves after the fiigt METHOD
intensive optical spike, so that the laser response contains an

emission tail. This may cause problems in some applications, Commercial multiheterostructure laser diodetype
CVD-193, Laser Diode, Ing.with an AlGaAs active region

Jon | - - . § . were used to illustrate of the spectral filtering method for the

On leave from the A.F. loffe Institute of the Russian Academy of Science, ~:~_awitnhi e _atri ; _
194021, Politechnicheskaya Ul. 26, St. Petersburg, Russia; Electronic maige.un SWItChIng mOde'.ThIS IS a broad stripe laser Whl(.:h con
vais@seva.stoic.spb.su tains three stacked diodes with a 26200 um emitting

YElectronic mail: vais@ee.oulu.fi area. The threshold current is about 1.3 A, the wavelength of
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(a) occurs. Transient spectrum broadening towards the lower en-
simulations ergies is expected as well, due to band renormalization when
a0l \ _____ the carrier density is very high. On account of dumping, the

‘ significant spectrum broadening takes place only during the
first relaxation oscillation, and thus a time-isolated light
spike can be achieved if the quasisteady-state modes are sup-
pressed by the spectral filtering.

Monochromatic traces from the gain-switching pulse
were measured with a streak camera having a time resolution
of 2 ps and a monochromator with a spectral resolution of

(b) 0.1 nm in order to verify the transient spectrum broadening.
150¢ The spectrum-integrated optical pulses were recorded by
means of a 23 GHz oscilloscope and a 26 GQiHiz-n pho-
todetector. The time-integrated spectra with a resolution of
0.1 nm and the optical pulse waveforms were measured un-
der identical conditions.

A commercially available bandpass filtéype HQ845/

10, Chroma Technology Coppwith high transparency and
steep spectral characteristicsee curve 3 in Fig. 8)] was
used for the transient mode filtering.

201

CURRENT, A

experiment

500 7000 1500

100t

“3 LIGHT INTENSITY, W

X108
(c)

simulations Ill. EXPERIMENTAL RESULTS

Monochromatic traces measured at a laser temperature
of 292 °K and with the same pumping conditions as shown
in Fig. 1 are presented in Figs(@, 2(c) and, Ze). It can be
seen that only a short, clean spike of the light intensity mani-

. , » fests itself in the high photon energy rangeavelength
500 1000 1500 830-837 nm The same feature can also be observed in the
TIME, ps low photon energy band, but here the wavelength range is
narrower (852—855 nm and the spike intensity is lower.

FIG. 1. Experimental and simulated optical pulse wavefofimsnd corre- Quasisteady-state modé@#5—-852 nm should obviously be
sponding transient carrier concentration in the active region of the lase

diode(c). The dotted line denotes the threshold concentration. The pumpinggzompletely removed by spectrql flltel‘ll’?g, _and modes with a
current pulses used in the experiment and in the simulations are also shovi€latively strong second relaxation oscillati8#0—845 nm
(a. should be suppressed as well in order to obtain the single
short optical spike. A filter should thus be transparent in the
830-837 nm rangéfor a temperature of 292 9Kand the
the steady-state lasing at room temperature is around 836ng-wavelength side of the spectral characteristic should be
nm, and the peak power of the laser is about 45 W with aas steep as possible. It may be assumed from the comparison
current amplitude of 20 A. A special current pulse genefatorof the monochromatic traces in Figs(a@ and Zc) that a
was used which allowed a 20—30 A current to be achievedlope of the filter characteristic 6£0.5 decade/nm with a
with a risetime of 300 ps and a pulse duration of 1 to 2 nsmaximum suppression of-10~2 should be sufficient for
The repetition frequency of 3 kHz used in our experimentsproducing of clean single pulse without dramatic intensity
was a consequence of limitations imposed by the pumpingpsses, and this will later be confirmed experimentally.
circuit. The laser diode should in principle tolerate the same  The shift in the laser emission band caused by the
pumping conditions with~10? higher repetition rate. change in laser diode temperature was used for fine fitting of
The experimental current and optical pulse waveformsthe transient spectrum to the spectral characteristics of the
together with the simulated optical pulse waveform and thdilter [see Fig. 8a)]. Curves 1 and 2 present the time-
transient carrier concentration in the active region of the laintegrated spectra at temperatures of the laser diode of
ser diode are presented in Fig. 1. The current used in th802 °K and at 321 °K, respectively. The shift in the emission
simulations is also showtthe numerical model used for the band is caused by the temperature dependence of the semi-
simulations will be presented lajer conductor band gap. Curve 3 in FigaBshows the spectral
One can see that the threshold concentration is exceedetharacteristics of the bandpass filter. The filtered spectrum
by ~2x 10 cm~2 during the transient process. This value measured at a temperature of 321 °K is depicted by curve 4
is significantly higher than the transparency concentration inn Fig. 3(a). Curves 1 and 2 in Figs.(B) and 3c) present
GaAs and, accordingly an essential transient spectrum broadenfiltered (b) and filtered(c) optical pulse waveforms at
ening towards a higher photon energies can be expectedjode temperatures of 302 and 321 °K, respectively. When
since the essential fraction of the excess carriers should othe temperature is lower, the filter does not suppress the
cupy the high-energy states immediately before the lasinguasisteady-state modes completely, and long-duration light

CARRIER DENSITY,cm
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FIG. 2. Experimental and simulated monochromatic traces from the re- (d)
sponse of the gain-switched laser diode. Diode temperafar@92 °K. 0.15}
Modes 17, 18wavelengths 857.2 and 859.2 nm, respectivelye omitted
because their intensities are negligible. 2
= 0.10t
Z
emission can be observddee curves 1 in Figs.(8 and =
3(c)]. The transient spectrum is better fitted to the filter char- (:9 0.05}
acteristic at the higher temperature, and a single optical pulse
with a full width at half maximum(FWHM) of 25 ps and , ) AV

400 500 600 700 800 900
TIME , ps

power of 16 W is achievedicurve 2, Fig. &), see also
curves 2 and 4 in Fig.(@)]. The bottom of the single time-
isolated pulse is shown at a higher amplification in Figl).3

The small amplitude~20 GHz ringing to be seen after this FIG. 3. Time-integrated lasing spectfa), nonfiltered(b) and filtered(c)

; ; : ot ; . optical pulse waveforms. The curves 1 were measured at a laser diode tem-
pulse is associated with current oscillations in the receivin erature of 302 °K, and the curves 2 at 321 °K. Curve Zanshows the

channel and does n_Ot correspond to the ree}l optical sigsal spectral characteristics of the filter, and curve 4 presents the filtered spec-
checked by observing the filtered pulse with a streak camtrum at 321 °K corresponding to the single pulse. The bottom of the single

era. No optical signal with an intensity higher than 20 mWw pulse[curve 2 in(b)] is shown at a higher amplification ia).
thus manifests itself after about 200 ps.

A quasiuniform carrier distribution in the active area of
the laser is assumed, and thus spatially averaged rate equa-
A numerical model based on time-domain multimodetions are use8?® For simplicity, the analysis implies quasi-
rate equations for the carrier and photon densities was devetontinuous spectrum of the resonator modes, since wide-strip
oped to describe the above phenomenon quantitatively and tasers always present multimode behavior. In view of these
allow further optimization of the experimental conditions. conditions the equations describing the multimode transient

IV. NUMERICAL MODEL AND DISCUSSION
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n=1x10"® cm

-== n=2x10"% cm®

spectra of a gain-switched laser can be written as follows:

an J(t) 18 -3
— = . > cGc(ntH)sS(ty (=== n=3x10"" cm
1= gqd R0 Gu(nOS(), (D) T SIMULATED
e 1 = 5x10"® om"3 SPECTRUM
9Sm 1 1 _
5t~ Vo GG (n,t)— a+Elog(§)) Sh(t), (2 3.0x10°%¢ 110° g
‘TE o
wheren is the time dependent carrier concentration in the ° 2.5x10°f <
active layer of the lasern is the electron chargef is the z 5 =
. ) o . = 2.0x10% >
active layer thickness, andt) is the pumping current den- < 1107
sity. Rgp is the spontaneous recombination rate, which we (j 1.5x10%} 5
define as: < w
x 1.0x10°}
Rsp=A+Bn+Cn?. 3 w @
= 20 2 (V]
Here the coefficienA holds for nonradiative recombination, ; 5.0x10 10 z
B represents the electron-hole recombination rate ,Godr- 0.0 L . L 2
responds to the rate of Auger recombination. The photon rate 800 820 840 860 880 4
equation is written for every lasing mode under consider- WAVELENGTH , nm

ation. For a total oM modes we solved the set bf equa- FIG. 4. Material gain spectra used in the simulatidie$t), and simulated

tions in the form of(2). Actually, the lasing modes were time-integrated lasing spectrum of a gain-switched CVD-193 laser. Lattice

arbitrarily quantized in such a way thisk was selected to be temperaturel =292 °K.

equal to 18(16 modes correspond to the same wavelength

values as listed in Fig. 2, and the two additional modes are

mentioned in the figure captidnin these equationS,, is the  the main laser diode parameters were chosen to be close to

photon density in the modm, G,, is the material gain cor- those of the CVD-193 diode: cavity length=550 um; cav-

responding to the mode, andG, is the transverse confine- ity width W=250um; effective active layer thickness

ment factor, which is assumed to be equal for all the modes=0.05um;  transparency —concentrationn,=0.7x 10'°

The parameten represents the optical material losses agd  cm >, gain amplitudeG,=2500 cm*; transverse confine-

is the velocity of light in the semiconductor mediulnis the ~ ment factorG;=0.02.

cavity length andR is the reflectivity of the device mirrors The simulated time-integrated spectrum for the gain-

(assuming that both front and back mirrors are identical ~ switched laser is shown in Fig. #ight axig in order to
One important factor for gain-switched laser modellingillustrate how the dependence of the gain on wavelength de-

is the description of the transient gain spectrum. The materidines the transient spectrum.

gain G, entering the Eqs(1) and (2) was considered to be The monochromatic traces simulated for the same spec-

dependent on the carrier concentration, photon energy, aritgl modes as were measured in the experiment are fairly

photon density in the corresponding mode. More specificallyclose to the experimentally observed ofpesmpare(a), (c),

the material gain is represented as (e) and (b), (d), () in Fig. 2), the small discrepancy being
EP_E (n))|2 ?ttributabls _to :Ee differe_nce :)etv(\;e_er][;he purrle?;a:;sg_ wave-

m — Ema -1 orms used in the experiment and in the simulati ig.
1 ( L) ) [1+en(Sm]™h @) P J

1(a)].
where Go(n)=Gq-(n—ny) is the concentration-dependent The sim_ulated.laser response modelling the spgctrgl fil-
gain amplitude, approximated by a linear functiog,is the terllng experiment is represente_d by curves 1 and 2 in Fig. 5,
fransparency concentration, am]h is the photon energy. while curve 3 shows the experimental waveform. The abso-
The nonlinear gain coefficierd,,(S,,) accounts for spectral
hole burning and other nonlinear effects which are important

Gm=Go(N)

at a high photon density. Both the position of the spectral 20 :
gain maximum and the width of the gain spectrum are as- ;‘:‘ """ 1
sumed to be concentration dependent. The dependences 151

Ema{n) and Eg(n), which were approximated by linear

functions, were selected to satisfy the following criteria. 10}
First, the simulated wavelength of the steady-state lasing 3
mode had to be fitted to the experimental wavelength of the 5

laser LD-193, and second, the approximations for the wave-
length and concentration-dependent gain had to provide good
agreements with the data for GaAs laset$The resulting
approximation for the gain used in the simulations is shown TIME ,ps

in Fig. 4 (Ieft axis). FIG. 5. Simulated1, 2) and measure(B) single optical pulses obtained by

The current WaVEforrrj‘(t) in the mOdelling was chosen spectral filtering. Curve 1 correspondsa 9 nmspectral shift of the filter
to be close to that used in the experimgsge Fig. 8)], and  characteristic, and curve 2 to 9.5 nm.

100 200 300

LIGHT INTENSITY, W

(=}

o
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lute optical powers of the spectrally filtered pulses obtainedhat only a picosecond-range optical spike manifests itself in
from both the numerical simulations and the experiment ar¢he transient modes, related to both high and low photon
shown. In modelling the monochromatic traces are scaled tenergy bands. This enabled a single 25 ps/16 W optical pulse
the filter transparency and summarized. Note that a temperdée be achieved by spectral filtering from the output of the
ture of 321 °K was used for fitting the transient spectrum togain-switched semiconductor laser with a peak power of 45
the filter characteristic in the experiment, while the simula-W.

tions were performed for the temperature of the monochro- A numerical model was suggested for the phenomenon,
matic trace measuremen92 °K), so that a spectral shift of and good agreement was achieved between the experimental
the filter characteristic by=9 nm towards short wavelengths and simulated optical traces and the transient spectra.
should be used when modelling the filtering experiment  The method suggested here seems to be universal for
(curve 1, Fig. 5. A better fit of the simulated response to the practically any type of semiconductor laser thus providing a
experiment was achieved for a spectral shift of 9.5(oorve  way of obtaining single short pulses with the various power
2, Fig. 5. An additional 0.5 nm spectral shift corresponds tolevels and wavelengths achievable nowadays in the laser di-
a change of-1.5 °K in the laser diode temperature. Thus theodes.

difference in amplitude between the simulated and experi-
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