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Ultrafast absorber saturation process and short pulse formation
In injection lasers
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The nature of lasing threshold in passive@rswitched GaAs/AlGaAs lasers with saturable
absorbers formed by heavy ion implantation is investigated in this article. After studying various
laser characteristics, including threshold current density, differential quantum efficiency, spectral
output, and picosecond time-resolved emission, we conclude that the origin Qfdthétching is
unlikely to be caused by spontaneous emission or mode locking, and that collective coherent
radiation effects may contribute to the onset of lasing. 1898 American Institute of Physics.
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There have been numerous publications concerning RiR>

semiconductor injection lasers containing saturable absorbgynereR is the cavity reflection coefficient ardis the cavity

. ’2 H . .
sections:? One successful method of forming the saturablelength, There is a linear dependence of the threshold current

Semiconductor lasers of this type have been fabricated from o S .
AlGaAs/GaAs double heterostructurébHs), as well as Jin(KA cm™9)=7.2X10 “ag,{cm ) +1.8. 2
from InGaAsP/InP DHS. These lasers have proved capabley; s his simple relationship between threshold current den-

of emitting ultrashort optical pulses when used in Qe gy anq |osses that allows the determination of laser cavity
switching regime. Typical results for AlGaAs/GaAs lasers|qgseq after jon implantation. The laser output optical power
have given~10 pJ in a 10 ps optical pulse. In this article the y¢rgys pumping current characteristics for varying implanta-
origin of the Q-switched pulse formation in such lasers is i,y gosages were measured. These input—output character-
investigated. A greater understanding of the underlyinggiics measured under direct current electrical pumping are
physical processes which enable initiation@Bwitching i ghown in Fig. 1. In each case, these input—output character-

such lasers could lead to improved jitter and current threshigsics are shown for increasing current, since some hysteresis
old levels in allQ-switched semiconductor lasers. On a MOreas exhibited. Figure (b) explains how the saturated and
general level, a greater understanding of the emission Prjnsatrated threshold currenttg,and! /., respectively, were
cesses in such lasers will have relevance to the spatial angdyen for the calculations. Figuréal shows a clear increase
temporal profiles in all optically emitting semiconductor di- j, the |aser threshold current with increasing ion dosage, and
Odes, inCIUding continuous-wave lasers and ||ght-em|tt|ng dl'thls is plotted in Flg 23) In addition Figure ﬂa) shows an
odes(LEDs). increase in the gradient of the curve after lasing with increas-
ing ion dosage, which indicates a reduction in the laser dif-
ferential quantum efficiency caused by ion implantation.
INPUT-OUTPUT CHARACTERISTICS OF PASSIVELY This is further illustrated in Fig. ®).
Q-SWITCHED LASERS We can assume that the near-vertical part of the charac-
é?bristic for the ion-implanted lasers is due to saturation of

The dependence of cavity losses of these lasers und i ithin the imolanted . d by the d
different implantation dosages was studied. Both facets oftosorption within the impranted regions, caused oy the dy-

the laser were implanted by a dose ct'Gons of 17 MeV namic Moss—Burstein shift’ This region is formed by the

energy, accelerated by a cyclotron. Equal doses of ions wegéaths. of tthg thesvyllons.dlérln?r:zlm AE) Iantafuon:{har;dﬂ:n tlhls case
applied to both facets, iS estimated to be 1pm in depth? Assuming that the losses

In order to examine the behavior of the ion-implanted'” the saturable absorber are a component of the increased

” * H H
lasers, it was necessary to study the losses of these Iase%e\g outp;nﬂiosssslcéom, am: glvent th(telegbesr:mentaé de-
prior to ion implantation. This was done by studying the PENAENCE ot threshold current on output o wn in £g.

threshold current for different cavity lengths, since the exter-(z)]’ we can obtain from Eq1)

nal cavity loss is given by ) , 1 L
Ji(KAcm™4)=7.2x10"*X=—In cm ) +1.8,
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FIG. 3. Distributed modal losses for saturated and nonsaturated regimes in
the saturable absorber for various ion implantation dosages, calculated from
data of Fig. 1.

whereRj , is the reflectivity of the cavity after ion implan-
tation. Given the cavity length and supposiRg=R; and
R;=R,, we can calculate the reflectivities from the data
presented in Fig. ().

From the initial value of the reflection coefficient and the
length of the saturable absorber region, it is possible to plot
the saturable absorber modal losses for both states of the
absorber. This dependence is shown in Fig. 3. It should be
noted that the nonsaturated state absorption is a lower limit,

FIG. 1. (a) Plot of optical output power vs injection current for a laser with since the absorption coefficient will be slightly higher for

ion implantations of 0, 1, 2, 3, 4, 5, 6, andk10* cm 2. (b) Schematic
representation of the terms used in describing the continuous-wave las

characteristics.
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FIG. 2. (a) Laser threshold current vs ion dosage for the same laser de-
scribed in Fig. 1(b) Plot of differential quantum efficiency; , vs dosage

for the same laser.

Ic,r)wer optical excitation. Because the optical confinement
Factor for a laser mode in the active region of double hetero-
structure lasers will not usually exceed 0.5, the correspond-
ing nonsaturated material losses are at least twice as high as
the modal losses shown in Fig. 3.

The value of the modal loss in the saturated case is pro-
portional to the ion implantation dose and must coincide with
material losses. These losses are caused by defects in the
crystal structure formed by ion implantation and play a major
role in the reduction of the differential quantum efficiency,
74 - The defect density is expected be proportional to the
ion dose over a wide range of implantation conditions. The
upper limit of thezgz may be estimated by using following
formula:

77é|iff = aout/(ac,)uﬁ' Qiny) 4

where a,, is the initial output loss calculated from E(L),
af,is the saturated loss from Fig. 3 which contains material
loss and basic output lo$s.g., from mirrorg, and«;y, is the
distributed loss of the laser waveguide in the lasing regime.
The results of these calculations are compared with the ex-
perimental results in Fig.(B). Some difference between ex-
periment and these simulations can be explained by the lon-
gitudinal leakage of carriers towards the absorber regions,
which serves to reducgy; , however the magnitude of this
effect is difficult to estimate.

Spectral analysis of the laser output was also performed.
Two spectra, measured at currents below and above the
“vertical” part of the input—output characteristic, as illus-
trated in Fig. 1b), are shown in Fig. 4. The pumping current
was taken as close as possible to a vertical part of the curve.
These spectra clearly show a sharp transition from the spon-
taneous recombination regime to lasing via the saturation of
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malized to the same peak height by the use of different ac-
quisition times and rates, and hence no significance should
be given to the relative amplitudes. The lasing wavelength
emission indicates a rapid increase in intensity, approxi-
#2 mately three orders of magnitude, #A100 ps. The longer
- wavelength emission, however, indicates a much slower rise
41 in intensity, corresponding roughly to the application of the
- electrical input pulse. This is consistent with spontaneous
emission, corresponding with the increase of nonequilibrium
carrier concentration. The longer wavelength emission can
be subdivided into three part§) first, an increase that is in
proportion to the carrier concentratiofii;) second, an expo-
FIG. 4. Spectral output of the device below and above laser threshold aaential rise which corresponds with superluminescence in a
described in Fig. (). cavity with significant losses; ar(di) a small decrease in the
spontaneous emission, occurring at the point of saturation of
absorber. Lasing at currents below the vertical part of thé[he implanted region, which subsequently leads to Iager

curve was not observed. The maximum power of the Spon§W|tch|ng. The results of Fig. 5 show that no lasing is ob-

taneous emission was observed to be approximately 1.5 rn\ﬁerved before the saturation of the absorber, and that the
PP y - origin of theQ-switching is likely caused by the saturation of

the absorber by superluminescence emitted from the gain

DYNAMIC OUTPUT PROPERTIES region. The slow decay observed just after the peak on the

In order to study the evolution of the lasing pulse over a830 nm emission originates from the slow tail observed in
wide dynamic range, the pulsed emission was measured u8is particular type of single-photon detector uSeahd is
ing the time-correlated single-photon counting technfjlre.  not caused by the emission processes of the lgbes is
these experiments a Si single-photon avalanche diodeonfirmed by independent streak camera measurements on
(SPAD) detectof'® with an active area diameter of7 um  the same lasgr
was used, and this allows an instrumental response 5
ps (full width at half maximum. An active quenching circuit
(AQC) was utilized in order to fully exploit the performance DISCUSSION

of the detectors? Among the advantages of this type of  |n order to estimate the maximum level of spontaneous
detection system are the high photon detection efficiency angmission from the laser, which will not saturate the absorber,
the large timing dynamic rang@s-us). This type of detec- measurements were performed to investigate the radiation
tor has been used, for example, in measurements of timemitted from a laser implanted into only one facet. When
resolved photoluminescence from semicondudtoasd in pumped by short electrical pulséguration~2 ns, this de-
time-of-flight profiling experiments? Examples of the time-  yice demonstrated lasing in ti@switching regime. There-
resolved emission characteristics for a 830 nm wavelengtfore, spontaneous radiation is emitted via the nonimplanted
laser are shown on a semilogarithmic plot in Fig. 5. In Fig. 5.facet without loss in that direction. The transition to the satu-
time-resolved characteristics at the laser Wavelength tand rated regime occurred at approximate|y an average 0ptica|
this case, measured between 825 and 83pamd at wave- power of 5 mW (integrated over the pulse duratjowhen
lengths greater than the laser waveleng845-855 nm  measured from the nonimplanted facet of the laser. This op-
were measured. It should be noted that both curves are nofical power gives an indication of the optical irradiance nec-
essary to influence saturation of the ion-implanted region,
which in this particular case is at the other facet of the laser.

Intensity (arb.units)

780 800 820 840
Wavelengthr (nm)

10°

Region (iii) Previous studies® have indicated that the lifetime of non-

(s‘f;‘:c’,fl‘n ) equilibrium carriers in the ion-implanted region is a few pi-

10°1 Region i — J coseconds. This estimate is in agreement with observations
2T~ of intracavity mode locking in these lasérs:* which re-

o 10°¢ /*"" 1 quires the carrier lifetime in the saturable absorber to be
§ o . comparable to or less than the roundtrip period of the laser,
S 107 Fegon Oy ' ! which is less than 5 ps for the length of cavity used in these

“ gsonm \ measurements.

10t Wavelength "= g3onm | The saturation of the optical losses in the ion-implanted

e o Wavelength layer is caused by the Moss—Burstein shift of the absorption
10° o oo ) ) edge due to the rising carrier concentration. This increase in
0 0.2 0.4 0.6 0.8 1 carrier concentration can only be caused by absorption of

Time (ns) radiation from the active section of the laser. However, if we

FIG. 5. Time-resolved emission from the 830 nm laser displayed on a semi‘tjlssume the carrier lifetime within the ion-implanted region is

logarithmic plot for(a) the lasing wavelength band at 825-835 nm énd 7T a_nd OptiC:fil _eXCitation power B, t_hen_the_ carrier concen-
the wavelength band at 845-855 nm. tration, N, within the absorbing region is given by
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P\ was found that pulses a£1 ps duration were emitted when
N= heAl’ (5 the lasers were operated with continuous electrical pumping.
The existence of such pulses could be an explanation of the
assuming all the light is absorbed within the saturable abnature of the origin of the dynamic Moss—Burstein shift of
sorber section. HerA is the cross-sectional area of the gainthe absorption edge in ultrafast saturable absorbers formed
region,I' is the confinement factdestimated at 051 isthe  py the heavy ion implantation and the subsequént

length of the saturable absorbeiis the speed of light, anld  switching of semiconductor lasers fabricated with such ab-
in Planck’s constant. If we assume typical values lof ggrpers.

=10 um, A=1 um?, 7<5 ps for a 800 nm wavelength la-

ser, then the carrier concentration within the saturable abcONCLUSIONS

sorber for a constant power input of 5 mW is oniy5 Studies of the current density threshold and the differen-
X].Ols Cm_s. However, for a sufficient shift of the absorp- tial quantum efficiency in ion_imp|anted passive@_

tion edge of the implanted region for lasing to occur, thereswitched lasers in conjunction with high-sensitivity measure-

must be a photo-induced carrier concentration of at least $nents of the laser pulse temporal profile have shown that the
X 10" cm™3.%7 This absorption edge shift should provide a jnitiation of the laser pulse is unlikely to be caused by mode

significant reduction in optical loss at the gain wavelengthocking or spontaneous emission. Recent results examining
spectral region, which is based on the same materials as th@mulated collective radiation effects in similar semiconduc-

saturable absorber. _ tor materials have offered a potential explanation for the ori-

If we -assum? that the threshold (:;Urreanoo mA and g|n Of the passiv@_switching in SUCh |asers_
that the lifetime in the active region is not less than 100 ps,
then, given the volume of the active region, the nonequilib-*J. P. Van der Ziel, W. T. Tsang, R. A. Logan, R. M. Mikulyak, and W. M.
rium carrier concentration is not less tharx 30'8 cm3. 23“9;:%”;%' ;ﬁ]%pg F;;‘Vi-()ti}sgv Iilze5c(t?(?r?j)l_.eﬁ9 160(199
The Iummg_scgnce from GaAs with such a high Co_ncemratl_orbZh. I. Alferov, A. B. Zhuralev, E. L. Portnoi, and N. M. Stel'makh, Sov.
of nonequilibrium carriers was observed for the first time in  Tech. Phys. Lett12, 452(1986.
1962 and was called “superluminescence.” This nonequilib- * E. L. Portnoy, E. A. Avrutin, and A. V. ChelnokoWonlinear Effects in
rium carrier concentration corresponds to a distance betweerﬁ}CoseconOI High-Power Laser$roceedings of the Soviet-American

. " it P fund | orkshop on the Physics of Semiconductor Lasers, 1991 AIP Conf. Proc.
carriers of as little as 1Q nm. Howevgr, a fundamental ré- o 240(AIP, New York, 1992, pp. 58—67.
qguirement of the Einstein theory of stimulated emission is®A. B. Zhuralev, V. A. Marushchak, E. L. Portnoi, N. M. Ste’makh, and A.
that the distance between dipoles must be much greater tharN. Titkov, Sov. Phys. Semicon@2, 217(1988.
the emitting wavelength, which is-200 nm in this case ®See, for exampleQptical Bistability: Controlling Light with Light edited

. - ; ’ by H. M. Gibbs(Academic, New York, 1986
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the Einstein description of this process. It is known, how- In.strg\rfna’G'(b)\' 'Ifgi'(tfégg loni, G. Ripamonti, and T. A. Louis, Rev. Sci
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long and straightforward to examine. However, estimates of’E. M. Dianov, A. B. Grudinin, I. Yu. Krushchev, D. V. Kuksenkov, E. L.
the pulse parameters for semiconductor heterostrucifims 221 0 S, 08 e B el Conference on
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P . f ilibri . lead gb’s. V. Zaitsev and A. M. Georgievski, International Conference on Optical
concentrathn of nonequilibrium carriers appears to lead to Diagnostics of Materials and Devices for Opto-, Micro-, and Quantum
the formation of very short pulses of the coherent Electronics(OPTDIM '95/SPIB, Kiev, Ukraine, May 1995, SPIE Pro-
radiation:’~*° These experiments used a GaAs two-photon ceedings, Vol. 2648-50, pp. 319-324.
absorption detector in an autocorrelation configuration tg,~ M- Georgievskiand S.V. Zaitsev, Instrum. Exp. Te8B, 132(1996.
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