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Spectral Hole-Burning and Carrier-Heating Dynamics
In InGaAs Quantum-Dot Amplifiers

P. Borri, Member, IEEEW. Langbein, J. M. Hvam, F. Heinrichsdorff, M.-H. Mao, and Dieter Bimb&tgmber, IEEE

Abstract—The ultrafast gain and index dynamics in a set of  In order to understand the performance of QD-based devices,
InAs-InGaAs-GaAs quantum-dot (QD) amplifiers are measured an investigation of the intrinsic properties of QD’s is neces-
atroom temperature with femtosecond resolution. The role of spec- sary. For example, it has been conjectured that carrier relax-
tral hole-burning (SHB) and carrier heating (CH) In the recovery 4yiqn jimits the modulation bandwidth in QD lasers [14], [15]
of gain compression is investigated in detail. An ultrafast recovery . : L d inly ti ved ph ! | .
of the spectral hole within ~ 100 fs is measured, comparable to Previous investigations used mainly tlme-re_so _Ve photolumi-
bulk and quantum-well amplifiers, which is contradicting a car- Nescence spectroscopy on unprocessed thin film samples (see
rier relaxation bottleneck in electrically pumped QD devices. The [16]-[19] and references therein). Beyond relaxation oscillation
CH dynamics in the QD is quantitatively compared with results  experiments [4], [15] direct time-resolved measurements of car-

on an InGaAsP bulk amplifier. Reduced CH for both gain and rier dynamics in QD devices under electrical injection are not
refractive index dynamics of the QD devices is found, which is a yet reported

promising prerequisite for high-speed applications. This reduction ) . .
is attributed to reduced free-carrier absorption—induced heating ~_ OPtical pump—probe experiments have shown to provide

caused by the small carrier density necessary to provide amplifica- direct information on the ultrafast dynamics in bulk and
tion in these low-dimensional systems. guantum-well semiconductor optical amplifiers (SOA's)
[20]-[27]. In these previous reports, the subpicosecond gain
and refractive index dynamics of the SOA's were measured. An
ultrafast gain compression caused by stimulated emission in-
|. INTRODUCTION duced by the pump pulse [spectral hole-burning (SHB)], which

ELF-ORGANIZED semiconductor quantum dots (QD's ecovers by carrier—carrier scattering in Igss thqn 100 fs, arjd a
._Slower recovery of the gain compression in the picosecond time
ased on InGaAs are one of the best systems availal |e

for fabrication of QD lasers [1]. These systems have stro Sgle caused by carrier heating (CH) were observed [24], [25]

. : i 91 this work, we have applied the pump—probe technique to
confinement energies much higher thaii” even at room a set of InAs—InGaAs—GaAs amplifiers of different geometries.

temperature (RT), well-defined interfaces as a consequUeRgE i estigate in detail the role of SHB and CH for the gain
of the epitaxial _growth,,avmdlng problems with surface statggnamics of QD amplifiers. For a quantitative discussion, the
present in colloidal QD's embedded in a matrix, and emissiQheasyred dynamics is compared with results obtained on a com-
in the infrared region suitable for applications in opticghercial InGaAsP bulk SOA operating at 1.581. We find that
communication. Significant progress in the fabrication Ghe SHB in the QD amplifier has an ultrafast recovery similar
In(Ga)As—GaAs QD lasers both with molecular beam epitaxy the bulk case, showing a fast carrier relaxation also in electri-
(MBE) and metalorganic chemical vapor deposition (MOCVDgally pumped QD’s. The CH dynamics, however, is different in
have been recently achieved [1]. Ground-state lasing at Rile two cases. CH significantly affects the recovery of gain com-
high internal quantum efficiency, and low threshold curresression in the bulk SOA. In QD amplifiers, gain compression is
density have already been demonstrated in both stacked-lageminated by the ultrafast SHB with a minor role of CH, making
[2]-[5] and single-layer QD lasers [6], [7]. Efficient [8] anddevices based on such structures very promising for high-speed
narrow-linewidth [9] RT emission at 1.3m wavelength has applications. The paper is organized as follows: the description
been achieved recently, and the first QD lasers operatingdhthe investigated samples and the experimental setup is pro-
this wavelength region are already reported [10]-[13]. Othegided in Section Il. The transmission properties measured for
properties, like differential gain, small signal modulatiohe different QD devices are described in Section Ill. In Sec-
bandwidth, and alpha parameter, are still under discussionti@n IV, the pump—probe measurements are shown and the role
the comparison between the expected superior performang@é§HB for the QD gain dynamics is discussed using a quanti-
and the measured values. tative fit procedure. In Section V, the CH dynamics is discussed
and compared with the bulk case. Section VI gives a summary

_ _ _ _of the results.
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Fig. 1. Room-temperature PL after etching off the top cladding. The QD  —~
distribution and the wetting layer transition are clearly resolved. Tq: 10k g |

GaAs layer. Two A).-Ga.3As cladding layers and a ridge
structure provide optical confinement and waveguiding [3].
The samples had ridge widths of 6 and.8 and lengths of
0.26, 0.475, and 1.01 mm. The end facets were tilted, avoiding
backreflection into the waveguide mode. This inhibited lasing
and allowed for single-pass amplification measurements. The
photoluminescence spectrum at RT after etching of the top 1 ' ——
L A 1000 10000
cladding is shown in Fig. 1. The spectrum shows a ground-state 2
dot transition at 1.148 eV (1.08m) with a broadening of A=dXL(p,m )
about 60 meV, and a wetting layer transition separated by
110 meV. Laser action at RT in the ground-state dot transitiGig. 2. () Device gain measured from the transmission of a 150-fs optical
of this type of structure was demonstrated [3]. For 1.5-mflize "otshain < 47sym QDamplferversus he ot puse creryfor
length with normal facets, the investigated structure showeg indicated. In the inset, the corresponding modal gain and a linear fit to the
RT lasing at 1.057sm wavelength with a threshold currentmodal gain versus current before saturation are shown. (p) Differer_ltial gain
density [28] of 417 Alcrh. The bulk device investigated for e ea acor defed as e product o e devce dbgthes e ige
comparison is a commercial InGaAsP—InP SOA with tilted arngduced for devices of different geometries.
antireflection-coated facets. It has auBt x 250um ridge
waveguide and operates at 1.581, with a maximum small
signal gain of 13 dB at 120-mA bias current.
The gain of the devices was measured using the transmissiofThe device gairG = ¢9%, with the modal gairy and the
of a short laser pulse through the device. The laser souteagth of the device., is deduced from the transmission of
was the idler of an optical parametric amplifier pumped by 350-fs pulses centered at 1.8 at different bias currents, as
Ti: sapphire regenerative amplifier system, producing 150-$§own in Fig. 2(a) for the §m x 4754:m QD device. For small
pulses tunable from 0.9 to 2/8m at a 300-kHz repetition rate. input pulse energies, an absorption-§.35 dB is found at zero
Linear chirp compensation of the laser pulse is achieved witPBS, transparency occurs at 4 mA (corresponding to a current
pulse shaper, providing nearly Fourier-limited pulses. The ligHgnsity of.J. = 105 Acm~?), and a maximum gain of 1.85 dB
is coupled into and out of the device by high numerical-apertuf®réached at 10 mA.From the bias dependence of the modal
aspheric lenses, and detected by a thermoelectrically cooled@@jl[seefinset of Fig. 2(a)], a differential galp/dl = 4.2
detector with lock-in technique. The ultrafast gain and indes" mA™ before saturation is deduced. Amplified sponta-

dynamlcs were measured with a pum_p—.probe expgrlment USINGyote that the transparency current is deduced from the pump-probe mea-
an heterodyne detection scheme similar to earlier measw&ements, as will be shown in the following, and corresponds to the case when

ments on bulk and quantum—well amplifiers [24] [25]_ We havie inversion of population is zero agd= 0. The effective transmission (ratio
' between the pulse energy at the output and at the input of the device) is addi-

rec;ently demonStrated_ a novel version of this detection SChermﬁvally affected by the waveguide losses. Waveguide losses of 979 evere
suitable for low repetition rate laser systems of large (10%stimated in these structures [4]. The input pulse energy in Fig. 2(a) is deduced

amplitude noise. Details of the setup can be found in [29]_ fppm the measured output pulse energy and the device gain, neglecting wave-
uide losses, and should be increased by a factor 1.6 for 9-9-@msses. This

all of the measurem?nts' linear po!ar'zat'on CorreSpondmgi Qiso in agreement with the pulse energy measured before the input aspheric
the transverse electric (TE) waveguide mode was used. lens and the estimated input coupling efficiency.

: . dg/dI=0.17emA-1
-

dg/dl (cm™'m

I1l. TRANSMISSION PROPERTIES
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A striking difference between the absorption and the gain re-
covery dynamic appears. At 0 mA, pump-induced absorption
bleaching occurs, which reaches a maximum value of 2.8 dB
and then recovers over several picoseconds. At 20-mA bias, a
gain compression up te1.3 dB that recovers in less than 0.3 ps
. is observed. The data show that the pump-induced SHB in the
1 absorption case builds with the time integral of the pulse, ac-
cording to a recovery time much longer than is the pulse dura-
tion, whereas in the gain case, it recovers on a time comparable
or shorter than is the pulse duration. In the inset, a zoom of the
dynamics over the first 1.5 psis shown. It can be clearly seen that
the maximum absorption bleaching occurs after the pump pulse,
whereas the gain compression nearly follows the pulse intensity
autocorrelation. This is also reflected in the higher maximum
L1 absorption bleaching compared with the gain compression.
0 2 4 6 8 10 These dynamics are interpreted in the following physical
delay(ps) picture. In the absorption case, the dots are initially empty.
When the pump arrives, electron-hole pairs (excitons) are
Fig. 3. Pump-induced gain change measured in a heterodyne pump-prgpeated in the dot ground state, leading to a bleaching of the
Sxperiment al maximurh gain (20 mA) and absorption (0 mA) in thex 5,54 rhtion. This recovers by spontaneous carrier recombination
1«m QD device. In the inset, a zoom of the dynamics up to 1.5 ps. . .
or by carrier escape from the dot ground state. Typical sponta-
neous lifetimes in QD’s are of the order of several hundreds of
neous emission spectra show the saturation of the ground-sisi@seconds, as measured by time-resolved photoluminescence
dot transition and the occupation of excited states above 10 I’T[ﬁg], much longer than the measured recovery of the absorption
in agreement with the saturation of the gain. Similar measuligieaching. We thus attribute the recovery to thermally activated
ments were performed on a;6n x 260:m and a 8M X carrier escape, in agreement with recent experiments [31]. In
10104:m device. T_he d|ffere_ntlgl gain versus the area factor iBig. 4, a fit to the data is shown, which is obtained by con-
the three .Samp'es is shown in F'g.' Z(b.)' Within error bars, aC(\/rBIuting the pulse intensity autocorrelation with the material
stant derivative of the modal gain with respect to the Curreﬂ%sponse function [24], [32]. We obtain a good fit using a

. 2 ) : ,
g;nﬁ:;?é?gé il)(r]n;tro'ltruf:sreCTGZSIZr?t?r?ufr?ed"‘iE?iizﬁ:qccjj?frr]etgnt{;%fiEXponential response function with two equally weighted
P g Y. b 9 ime constants of 1.25 0.03 ps and 5.% 0.1 ps. They can

ain of the QD structure. Measurements performed for com . :
g Q b b e attributed to hole and electron escape times, because the

ison on the commercial InGaAsP bulk amplifier show a val ; T )
of dg/d.J = 0.023 A—*cm around transparency, a factor of 7 Absorption bleaching is proportional to the sum of electron

smaller than that for the QD devices, and a transparency c@Rd hole occupation numbers [16], [33]. The escape, which
rent density o/, = 4670 Acm~2. Schénfeldeet al.[30] re- represents a heating of the optically excited cold excitons,
cently reported the differential gain in high-speed GaAs-basalfo appears in the phase dynamics (see inset of Fig. 4). In
multiple quantum-well lasers, with an optimum value arouni@ct, a heating of the carrier distribution results in an increase
threshold ofdg/dI = 13.32 cm~!mA~! at 1.092um on a of the refractive index and, therefore, of the measured phase
3-um x 2004:m laser containing four InGaAs—GaAs quantunchange [24]. In the gain case, the dots are initially occupied
wells, which corresponds tdg/d.J = 0.080 A~'cm, a factor and, by stimulated emission, the pump leads to a reduction
2.1 smaller than in the investigated QD devices. of the exciton population (gain compression) that recovers by
With increasing input energy, a bleaching of the absorption gglaxation of carriers into the dot ground state. The measured
a depletion of the gain occurs because of stimulated transitigagovery time is, therefore, a direct measure of the carrier
induced by the pulse, as shown in Fig. 2(a). For high input efsjaxation time from excited states into the dot ground state in
ergies (-1 pJ), an additional reduction of the transmission frorg QD amplifierunder working conditionsNote that the used
two-photon absorption (TPA) is present at all bias currents. Fgib g cyrrent of 20 mA corresponds to a maximum modal gain
a pump input energy of 0.27 pJ, which is in the small signgl,; i5 just enough for ground-state lasing of the investigated

e e e s b e f2" e, and s aeaisic woring pot or QD lsers
' 9 P ne of the major difficulties in interpreting quantitatively

been investigated by the time-resolved pump—probe experiment _ R .
as reported in the next section. gain dynamics in SOA's is given by the occurrence of additional

contributions to the probe transmission changes, like TPA and
coherent artifacts [24], [34]. The TPA of the probe and pump
pulses results in a reduced probe transmission that follows
the intensity autocorrelation and therefore overlaps with the
In Fig. 3, the gain change in decibels deduced from the proB&IB gain compression [24]. Especially in low-active-volume
transmission change is shown for a bias of 0 and 20 mA, r@evices, like quantum-well and QD SOA's, the nonresonant
spectively, as a function of the pump—probe delay, for a punPA contribution from the barrier or the cladding region
input energy of 0.27 pJ and a probe energy ten times smalletative to the SHB from the active region can be sizeable [24].

0
delay (ps)

IV. GAIN AND INDEX DYNAMICS: SPECTRAL HOLE-BURNING
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Fig. 4. Differential probe transmission change in absorption (0 mA) versu
delay time. The solid line is a biexponential fit to the data proportional to the
indicated formula. The inset shows the corresponding phase change. A sketct
the process is shown in the figure: when the pump photon arrive (curly arrow
excitons are created in the dot ground state and absorption bleaching occt
This recovers via phononassisted escape out of the dot ground state. The -
exponential recovery times correspond to hole and electron escape times.

Because we measure a TPA independent of the bias curre 1,0 0,5 0,0 0,5 1,0 15
(i.e., mainly not in the active region), according to Fig. 2,
we can estimate this contribution by comparison with the delay(ps)

differential transmission at the transparency current, where the
net stimulated transition rate is zero and only the TPA effegly. 5. Gain dynamics at 4 and 20 mA for different pump energies, as
should appear. In Fig. 5, we show the gain dynamics at 4 ahdcgted. In the top part, _the dat‘a are shown in dotted lines e_md the solid lines
20 mA for three increasing pump energies. The reduction fff, 1%, 11 1 2t 4 mA i otaned using0, 548 Tha ampltuce ot zer0 '
the probe transmission at 4 mA scales linearly with the punag figure: when the pump photon arrive (curly arrow), stimulated emissions
energy (when corrected for the small absorption bleachirgove excitons from the dot ground state and reduce the gain. This recovers
still present) as expected by TPA, whereas the gain Chaﬁ/éaerelaxatlon of carriers from the excited states into the dot ground state.
is sublinear according to the saturation of the SHB. Thus,
the TPA strongly influences the gain dynamic only at higheind indicates the lack of any relevant relaxation bottleneck
input energies, and it is still a small contribution at 0.27 p electrically pumped QD’s, very promising for high-speed
which we estimated te-0.5 dB at zero delay (see also the fiapplications. The carrier relaxation corresponding to the
in Fig. 5). The fit at 20 mA is then performed by fixing theSHB recovery occurs probably via Auger scattering from
amplitude of the TPA contribution, and including the so-callethe dot excited states, partly occupied at 20 mA, into the
coherent artifact as half of the signal at zero pump-prola@t ground state, as recently also theoretically treated [35],
delay, as predicted for copolarized pump and probe [34]. T[@6]. Note that the occurrence of such ultrafast scattering
amplitude of the SHB effect is given by comparison with throcesses imply fast dephasing times, i.e., large homogeneous
maximum absorption bleaching that provides the strength igfoadening (10-20 meV), which we have confirmed by four
the stimulated transitions induced by the pump (scaled by th@ve-mixing experiments [37], [38]. Recent improvements in
measured gain/absorption ratio). The only free parameter lgfe growth quality have reduced size and alloy nonuniformities
is the SHB recovery time constant, and we obtain from the InGaAs QD distributions, leading to linewidths as narrow
best fit, 115+ 10 fs, slightly shorter than is the pulse duratioras [9] 21 meV, comparable to the measured homogeneous
Note that the fitting procedure is based on a convolution gfoadening. Therefore, the common opinion of QD lasers being
the pulse intensity autocorrelation with a response functioflominated by inhomogeneous broadening of the gain medium
The measured recovery time of the response function, thuss to be revised. In fact, RT QD laser performances influenced
canbe shorter than is the pulse duration, resulting in a smafly the homogeneous broadening, useful for continuous-wave
but measurable, shift and asymmetry toward positive delay, gifigle-mode lasing, have been recently reported [39].
observed. A key parameter in the ultrafast SHB recovery is the elec-
The SHB recovery in QD’s is thus comparable with thérical injection. This is already suggested by the comparison
one measured in bulk and quantum-well amplifiers [24], [25}ith the much slower absorption recovery dynamic observed
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in the QD SOA's, where only for a bias curreabovetrans-
parency is the ultrafast recovery of the SHB observed. In the
next section, the bias dependence of the gain dynamics is shown
for the 1.01-mme-long device (see Fig. 8). For a bias current of
half the transparency current, a long recovery time of the ab-
sorption bleaching is still observed. We believe that, because of
the discrete nature of the occupation in QD’s and their spatial
separation, the presence of bias current corresponding to less

3 i ...-._; than one electron-hole pair per dot in average (that is below
transparency) cannot lead to efficient carrier—carrier scattering,

A¢(deg)

-15 P I |

AG(dB)

0.1

differently from bulk and quantum-well SOA's. Above trans-

parency, saturation of the dot ground-state transition and filling

of the excited states is measured in the amplified spontaneous

emission spectra. In this case, intradot Auger scattering between

1 . 1 . the carriers in the excited states, and consequent relaxation into

0 2 4 6  the dot ground state, can occur and lead to the measured ultra-
delay (ps) fast recovery of the SHB in QD’s.

o e-t/(0.30ps) + e-t/(1.6ps)

0,01

Fig. 6. Absorption bleaching recovery at 0 mA for pump and probe pulsesat  \/. GAIN AND INDEX DYNAMICS: CARRIER HEATING
1.044:mwavelength. The solid line is a biexponential fit to the data proportional

to the indicated formula. The inset shows the corresponding phase change. Ay surprising aspect of the measured gain dynamics in the QD

sketch of the process is shown in the figure: when the pump photon arrive (cu . - - L .
arrow), excitons are created in the dot excited states and absorption bleachi %che (see Fig. 3) is the lack of significant CH effects in the

the excited states occurs. This recovers via phononassisted relaxation of carfi@#) case, compared with what is usually observed in bulk and
into the dot ground st'ate.'The two exponential recovery times correspond to hql?antum-well devices [24], [29]_ From the fit to the gain data at
and electron relaxation times. ; . ] -

large delay, we can recover a minor contribution with a slower

recovery time of 0.7 0.1 ps. In order to investigate quanti-
at 0 mA, governed by phonon-assisted escape in absencdatifiely this aspect, we have compared the results on the QD
carrier—carrier scattering because of the lack of electrically idevice with the ones on a commercial InGaAsP bulk SOA.
jected carriers. Note that in bulk and quantum wells, the SHB In Fig. 7, we compare the gain dynamics measured on the bulk
recovery is also ultrafast in the absorption case, which is alwagsvice at the maximum achievable small signal gain (13 dB)
investigatedin the presencef a bias current [24]. In Fig. 6, with the gain dynamics of the QD device at 20 mA. For the case
we show the recovery dynamics at 0 mA when optically exsf the QD gain dynamicsye have subtracted the TPA contri-
iting and probing at 1.04m, i.e., in the dot excited-state tran-bution, in order to isolate the response from the active region.
sitions (see Fig. 1). The observed dynamics corresponds to Ti@ TPA contribution to the gain dynamics in the bulk is neg-
recovery of the excited states, initially occupied via the absorigible. The bulk gain dynamics is measured for a pump energy
tion of the pump, which occurs via carrier escape or via relagerresponding te-6-dB maximum gain compression, i.e., for
ation into the dot ground state. The phase dynamics (see intbet same ratio to the small signal gain, as in the dot case. In
of Fig. 6) shows a carrier cooling, instead of the heating okhis way, we are comparing situations in which the pump-in-
served in Fig. 4, thus indicating a dominant relaxation of thduced gain compression gives the same relative effect at zero
excited carriers into the dot ground state, rather than the pd®lay, according to a comparable SHB response in the two ma-
motion into high-energy states via escape. From the fit of thetezials. The data of the bulk device are then normalized to the
data, we measure a biexponential recovery time witht00301 data of the QD device, in order to compare the relative role of
and 1.64- 0.05 ps, independent on the pump energy within orféH and SHB dynamics in the two cases. The bulk device shows
order of magnitude variation. This can be attributed to hole aadtlear CH recovery on a ps time scale, significantly affecting the
electron phonon-assisted relaxation times into the dot grougain compression after the pump pulse. The QD device, instead,
state, when neglecting the carrier escape. More than likely, theb®ws a much faster gain compression recovery, dominated by
times are controlled by the mixture of the two processes, rdse SHB recovery. In Fig. 7(b), the phase dynamics of the QD
laxation and escape, and are thus lower limits to the relaxatidevice are also compared with the bulk data, normalized by the
times. These results show that the phonon-assisted relaxasame factor used in Fig. 7(a). The phase dynamics are not sensi-
dynamics is slower than is the ultrafast SHB recovery shownftiwe to the SHB component [24] and show the CH recovery only.
Fig. 5, which supports the interpretation that Auger scatterifigne phase of the QD device is also reduced compared with the
in presence of electrically injected carriers is responsible for thalk case, and it evolves on a longer time scale, which we have
measured ultrafast SHB recovery. fitted with 2+ 0.5 ps. The reduced CH effect in both gain and

Note that the influence of the bias current on the ultrafast SHiase dynamics of the QD device suggests superior speed per-

recovery is different in the QD SOA's compared with bulk oformance and low-chirp operation.
guantum-well SOA's. As mentioned above, in bulk and quantum The CH in the QD compared with the bulk is less reduced in
wells, the recovery of the SHB is also ultrafast in the absorfhe phase dynamics than it is in the gain dynamics. The max-
tion case, in the presence of bias current. This is not the caseim CH phase reduction is about a factor of two, whereas
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Fig. 7. Comparison of gain (a) and phase (b) changes in a bulk InGaAéL%rent ranging from 0 to 12 mA in step of 4 mA. Transparency occurs at 8 mA.

SOA and in the QD amplifiers. Reduced carrier heating in both gain and phase
dynamics occurs in the QD devices.

still significantly smaller than it is in the bulk case, but slightly
directly after the pulse, the CH gain compression is about&ger than in the 0.475-mm-long QD device, in agreement with
factor of three smaller in the dots than itis in the bulk case. THige saturation argument. The CH in the phase dynamics, how-
could be from the gain saturation at 20 mA. In fact, gain satur@Ver, is found identical for the two QD devices, after scaling the
tion indicates a strongly degenerate carrier distribution, with tfase data at 12 mA with the same factor used for the gain data,
Fermi level far above in energy. Also, in bulk and quantum-we#is indicated in Fig. 7(a).
devices, the gain dynamic are less sensitive to temperature efEven if the saturation argument can explain a more pro-
fects far below the Fermi level, whereas the phase dynamics aginced effect of the reduced CH in the gain compared with
sensitive to the nonresonant carrier distribution because thetfee phase dynamics, we still observe an overall CH reduction in
fractive index is related to the spectral integral of the gain vieoth gain and phase dynamics of the QD devices, also far from
Kramers—Kronig transformations [24]. In order to investigatgain saturation. This is very promising for fasectrooptical
this point, we have performed pump—probe measurements capplications that require operation at high differential gain.
1.01-mm-long device, tuning the bias current from 0 to 12 mAesides the impact of the observed dynamics for device appli-
within the linear part of the gain versus bias current. The resuftstions, we would like to comment on the possible physical
are shown in Fig. 8 for both the gain and the phase dynamiesigin of these effects.
Even when tuning the current just above transparency, the gairLet us first recall what are the physical mechanisms respon-
recovery dynamics is dominated by the ultrafast SHB compsible of carrier heating in bulk and quantum-well SOA's. CH oc-
nent. In Fig. 7(a), we compare the gain dynamics at 12 mdurs because of stimulated transitions, when cold carriers, below
(dotted line), after subtracting the TPA contribution inferred dhe average carrier energy, are removed from the distribution or
8 mA, with the gain dynamics of the 0.475-mm-long device dtot carriers, above the average energy, are created [40], [24].
20 mA and the bulk device. The data have been normalized@onversely, stimulated transitions cool the distribution when
the gain compression at zero delay. The carrier heating effect@d carriers are created or hot carriers are removed [22]. Al-
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though these effects vanish at transparency, a significant ®ides in high-speed applications compared with more conven-
is usually still observed in bulk and quantum-well SOA's [24]tional bulk and quantum-well devices.

[29]. This is because of free carrier absorption (FCA) heating (or
TPA heating at high pump powers [23]), in which carriers of a
high excess of energy are created in the conduction and valence

bands. The FCA heating often dominates over the stimulatedrhe authors thank J. Mark for many useful discussions and
transitions in bulk and quantum wells, resulting in a net heating Bjgrn at GIGA for mounting the samples. The authors ac-

in all operation regimes (gain, transparency, and absorption)@fowledge Tele Danmark R/&D for the donation of part of the
the SOA [24]. equipment.
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