IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 2, NO. 3, SEPTEMBER 1996 435

Semiconductor Saturable Absorber Mirrors
(SESAM’s) for Femtosecond to Nanosecond
Pulse Generation in Solid-State Lasers

Ursula Keller,Member, IEEEKurt J. WeingartenMember, IEEE Franz X. Kartner, Daniel Kopf, Bernd Braun,
Isabella D. Jung, Regula Fluck, Clemenéringer, Nicolai Matuschek, and Juerg Aus der Au

(Invited Paper)

Abstract—Intracavity semiconductor saturable absorber mir-
rors (SESAM’s) offer unique and exciting possibilities for pas- CW - running cw - Q - switching
sively pulsed solid-state laser systems, extending frof-switched -
pulses in the nanosecond and picosecond regime to mode-locked
pulses from 10’s of picoseconds to sub-10 fs. This paper reviews
the design requirements of SESAM'’s for stable pulse generation
in both the mode-locked and@-switched regime. The combina- time time
tion of device structure and material parameters for SESAM'’s
provide sufficient design freedom to choose key parameters such self-starting mode locking
as recovery time, saturation intensity, and saturation fluence, in
a compact structure with low insertion loss. We have been able Q - switched mode locking cw - mode locking
to demonstrate, for example, passive modelocking (with nd)- multi It
switching) using an intracavity saturable absorber in solid-state mode i
lasers with long upper state lifetimes (e.g., 1#m neodymium
transitions), Kerr lens modelocking assisted with pulsewidths as R N
short as 6.5 fs from a Ti:sapphire laser—the shortest pulses time time
ever produced directly out of a laser without any external pulse
compression, and passive)-switching with pulses as short as Fig. 1. Different modes of operation of a laser with a saturable absorber.
56 ps—the shortest pulses ever produced directly from a&)- CW @Q-switching typically occurs with much longer pulses and lower pulse
switched solid-state laser. Diode-pumping of such lasers is leading repetition rates than CW mode-locking.
to practical, real-world ultrafast sources, and we will review
results on diode-pumped Cr:LiSAF, Nd:glass, Yb:YAG, Nd:YAG,

“single”
mode

Power
Power

Power
Power

Nd:YLF, Nd:LSB, and Nd:YVO .. or, if desired,@-switched modelocking behavior [5]-[9]. In
addition, semiconductor absorbers have an intrinsic bitemporal
|. HISTORICAL BACKGROUND AND INTRODUCTION impulse response (Fig. 2): intraband carrier—carrier scattering

and thermalization processes which are in the order of 10
A. Semiconductor Saturable Absorbers for Solid-State Laset% 100 fs as weI_I as mterba_md trapping anq recombina-
tion processes which can be in the order of picoseconds to
T HE use of saturable absorbers in solid-state lasers jgnoseconds depending on the growth parameters [10], [11].
practically as old as the solid-state laser itself [1]-{3Jas we will discuss, the faster saturable absorption plays an
However, it was believed that pure, continuous-wave (CWihportant role in stabilizing femtosecond lasers, while the
modelocking could not be achieved using saturable absorbgjsyer response is important for starting the pulse formation
with solid-state lasers such as Nd:glass, Nd:YAG, or Nd:YLKyocess and for pulse forming in lasers with pulsewidths of
with long upper state lifetimes (i.e»100 us) without Q- picoseconds or longer.
switching or@}-switched mode-locked behavior (Fig. 1). This Many other classes of laser can be passively mode-locked

limitation was mostly due to the parameter ranges of availabjih saturable absorbers. Previously, semiconductor saturable
saturable absorbers [4]. However, the advent of bandgapsorhers have been successfully used to mode-locked semi-
engineering and modern semiconductor growth technologynqyctor diode lasers, where the recovery time was reduced
has allowed for saturable absorbers with accurate cont damage induced either during the aging process [12], by

of the_device parameters such as absorption Waveleng‘s ton bombardment [13], or by multiple quantum wells [14].
saturation energy, and recovery time, and we have been ab'ﬁ/lt(?re recently, both bulk and multiple quantum-well semi-

demonstrate pure passiggswitching, pure CW modelocking 4y ctor saturable absorbers have been used to mode-lock
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mode-locking with a slow saturable absorber and dynamic gain saturation [27],
[28], (b) fast absorber mode-locking [29], [30], and (c) soliton mode-locking
[31]-[33].

~100fs

Density of states D . . . .

state net gain window as short as the pulse duration [Fig. 3(a)]
af’t‘ﬁ'e slow-absorber with dynamic gain saturation model [27],
[28]). Pulses as short as 27 fs with an average power of
) _ .. .~10 mW were generated [34]. Shorter pulse durations to 6
most other solid-state lasers with an upper state laser lifetifee,yere achieved through additional amplification and fiber-
in the m|c_rosec_ond to millisecond regime. E|rst results W'tBrating pulse compression, although at much lower repetition
SESAM's in solid-state lasers were reported in 1990, and th?a‘ﬁes [35].

were initially used in nonlinear coupled cavities [16]-{21], g sjtyation changed with the development and commer-
a technique termed RPM (resonant passive mode-lockingl i ation of the Ti:sapphire laser [36], which has a gain-

This paper was motivated by previously demonstrated solitp, idth large enough to support ultrashort pulse generation.

lasers [22] and APM (additive pulse mode-locking) laset§q,yever, existing mode-locking techniques were inadequate

[23]-[25], where a nqnlinear phasg shift in a fiber inSidecause of the much longer upper state lifetime and the
a coupled cavity provided an effective saturable absorptiQyjier gain cross section of this laser, which results in
Most uses of coupled cavity techniques have been supplanfedyjigipie pulse-to-pulse dynamic gain saturation. Initially it
by intracavity saturable absorber techniques based on Kgig assumed that a fast saturable absorber would be required
Ien; mode-!ockmg (K,LM), [,26] and SESAM's [5], due 0Oy generate ultrashort pulses [Fig. 3(b)]. Such a fast saturable
their more inherent simplicity. In 1992, we demonstrated & o ber was discovered [26] and its physical mechanism
sta_lble, pu_rely CW-mode-Iocked Nd:YLF and Nd:YAG lasefecriped as Kerr lens mode-locking (KLM) [19], [37], [38],
using an intracavity SESAM design, referred to as the here strong self-focusing of the laser beam combined with ei-
tiresonant Fabry—Perot saturable absorber (A-FPSA) [5]. SingRy 4 hard aperture or a “soft” gain aperture is used to produce
then, many new SESAM designs have been developed ($€€qif amplitude modulation, i.e., an equivalent fast saturable

Section 11l that provide stable pulse generation for a varielysormer. Since then, significant efforts have been directed

of solid-state lasers. toward optimizing KLM for shorter pulse generation, with the
. . . current results standing at around 8 fs [39]-[41] directly from
B. Mode-Locking Mechanism for Solid-State Lasers: Fast- the |aser. Using a broad-band intracavity SESAM device in
Saturable-Absorber Mode-Locking or Soliton Mode-Locking o qqition to KLM and higher order dispersion compensation
Passive mode-locking mechanisms are well-explained 2], [43] we recently generated pulses as short as 6.5 fs
three fundamental models: slow saturable absorber modleig. 12(b)] directly out of a Ti:sapphire laser with 200 mwW
locking with dynamic gain saturation [27], [28] [Fig. 3(a)],average output power at a pulse repetition rate<86 MHz
fast saturable absorber mode-locking [29], [30] [Fig. 3(bJl4]. External pulse compression techniques based on fiber-
and soliton mode-locking [31]-[33] [Fig. 3(c)]. In the firstgrating pulse compressors have been used to further reduce
two cases, a short net-gain window forms and stabilizes #re pulse duration from a Ti:sapphire laserib fs at a center
ultrashort pulse. This net-gain window also forms the minimatavelength of~800 nm [45], [46]. These are currently the
stability requirement, i.e., the net loss immediately before astiortest optical pulses ever generated.
after the pulse defines its extent. However, in soliton mode-Besides the tremendous success of KLM, there are some
locking, where the pulse formation is dominated by the balansmgnificant limitations for practical or “real-world” ultrafast
of group velocity dispersion (GVD) and self-phase modulatidasers. First, the cavity is typically operated near one end
(SPM), we have shown that the net-gain window can remadfi its stability range, where the Kerr-lens-induced change of
open for more than ten times longer than the ultrashort pulske beam diameter is large enough to sustain mode-locking.
depending on the specific laser parameters [32]. In this ca$ljs results in a requirement for critical cavity alignment
the slower saturable absorber only stabilizes the soliton awtiere mirrors and laser crystal have to be positioned to an
starts the pulse formation process. accuracy of several hundred microns typically. Additionally,
Until the end of the 1980’s, ultrashort pulse generation waise self-focusing required for KLM imposes limitations on
dominated by dye lasers, where mode-locking was based otha cavity design and leads to strong space-time coupling of
balanced saturation of both gain and loss, opening a steathe pulses in the laser crystal that results in complex laser

Fig. 2. A measured impulse response typical for a semiconductor satur
absorber. The optical nonlinearity is based on absorption bleaching.
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dynamics [47], [48]. Once the cavity is correctly aligned, KLMNe justify the introduction of a new name for this mode-
can be very stable and under certain conditions even setfeking process because previously soliton effects were only
starting [49], [50]. However, self-starting KLM lasers in theconsidered to lead to a moderate additional pulsewidth re-
sub-50-fs regime have not yet been demonstrated without ahyction of up to a factor of 2, but the stabilization was still
additional starting mechanisms as for example a SESAM. Thashieved by a short net gain window as discussed for CPM
is not surprising, since in a 10-fs Ti:sapphire laser with a 1@ye [57]-[60] and for KLM Ti:sapphire lasers [61], [62].

MHz repetition rate, the peak power changes by six orders

of magnitude when the laser switches from CW to pulsed Il. DESIGN CRITERIA FOR A SATURABLE ABSORBER

operation. Therefore, nonlinear effects that are still effective gjrst we consider the basic design parameters of a general

in thg sgb-lO-fs regime are typlgally too smalltollnItlate mod‘“s‘aturable absorber. These consist of the saturation intensity
locking in the CW-operation regime. In contrast, if seh‘—startlngsat and saturation fluenc&..., which will be seen to influ-
is optimized, KLM tends to saturate in the ultrashort pulsgnce the mode-locking build-up and the pulse stability with
regime or the large SPM will drive the laser unstable. respect to selfy-switching. In addition, the recovery time of
_However, we have shown that a novel mode-locking tece saturable absorber determines the dominant mode-locking
nique, which we term soliton mode-locking [31]-[33], [51]mechanism, which is either based on fast saturable absorber
addresses many of these issues. In soliton mode-locking, fi§de-locking [Fig. 3(b)] in the positive or negative dispersion
pulse shaping is done solely by soliton forr_nat|on, ie., ”}%gime, or soliton mode-locking [Fig. 3(c)], which operates
balance of GVD and SPM at steady state, with no additiongely in the negative dispersion regime. For solid-state lasers
requirements on the cavity stability regime. An additional I0§5e can neglect slow saturable absorber mode-locking as shown
mechanism, such as a saturable absorber [31], [33], or @Fig. 3(a), because no significant dynamic gain saturation is
acousto-optic mode-locker [51], [S52], is necessary to start theing place due to the long upper state lifetime of the laser.
modg-lockmg process and to stabilize the spliton. When the recovery time of the absorber is on the order of or
This can be explained as follows. The soliton loses energyen |arger than the laser’s cavity round-trip time, the laser will
due to gain dispersion and losses in the ca_vity. Gain disper_s'@rﬁd to operate in the pure CW-switching regime (Fig. 1).
and losses can be treated as perturbation to the nonlineag, aqddition, the nonsaturable losses of a saturable absorber
Schibdinger equation for which a soliton is a stable solutiofeed to be small, because we typically only couple a few
[51]. This lost energy, called continuum in soliton perturbatio(gercent out of a CW mode-locked solid-state laser. As the
theory [53], is initially contained in a low intensity backgrounchonsaturable losses increase, the laser becomes less efficient
pulse, which experiences negligible bandwidth broadeningq operates fewer times over threshold, which increases the
from SPM, but spreads in time due to GVD. This continuur{bndency for instabilities [see (4) and (6) below] such as
experiences a higher gain compared to the soliton, becausg.?jgwitched mode-locked behavior.
only sees the gain at line center (while the soliton sees an ef1:ig_ 4 shows the typical saturation behavior for an ab-
fectively lower average gain due to its larger bandwidth). Aftejorher on a mirror. Initially, the pulses are formed by noise
a sufficient build-up time, the continuum would actually growjyctuations in the laser, and the saturation amount at this
until it reaches an effective lasing threshold, destabilizing tt&”y stage is dominated by the CW intensftyincident on
soliton. However, we can stabilize the soliton by introducing e absorber [Fig. 4(a)]. In general, we can assume that the
“slow” saturable absorber into the cavity. This slow absorb&gtyrable absorber is barely bleached (e I..;) at CW
adds sufficient additional loss so that the continuum no longggensity, because if the absorber were fully bleached at this
reaches threshold, but with negligible increased loss for tfifensity, there would be insufficient further modulation to
short soliton pulse. drive the pulse forming process.

Depending on the specific laser parameters such as gaifhe saturation intensity.,; is given by
dispersion, small signal gain, and negative dispersion, a “slow” h
saturable absorber can stabilize a soliton with a response L = Q)
time of more than ten times longer than the steady-state oala
soliton pulsewidth [Fig. 3(c)]. High-dynamic range autocorwherehr is the photon energy; 4 the absorption cross section
relation measurements have shown ideal transform-limit8##dZ’s the absorber recovery time. It is important to note that
soliton pulses over more than six orders of magnitude, evHie absorption cross section is effectively a material parameter.
though the net gain window is open much longer than the pui§Be absorption coefficient of the material is then given by
duration [32], [54], [55]. Due to the slow saturable absorber, a=0o4Np 2)
the soliton undergoes an efficient pulse cleaning mechanism i . )
[33]. In each round-trip, the front part of the soliton is absorbeti"€ré Np is the density of absorber atoms or the density of
which delays the soliton with respect to the continuum. ~ States in semiconductors, for example.

In contrast to KLM, soliton mode-locking is obtained over R€ferring again to Fig. 4(a), the slop&/dl at around

the full cavity stability regime, and pulses as short as 13 fs = 0 determines the mode-locking build-up time under

have been generated currently with a purely soliton-mod@E"ain approximations [9] can be written as

locked Ti:sapphire laser using a broad-band SESAM [33], T x 1 3)
[56]. Soliton mode-locking decouples SPM and self-amplitude build=up dR I'
modulation, potentially allowing for independent optimization. dr

I=0
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> inside the laser cavity constant. If the gain cannot respond
2R
2 dR fast enough, the intensity continues to increase as the absorber
3 a_—— is bleached, leading to selj-switching instabilities or stable
e ! Q-switching.
g : Equations (3) and (4) give an upper and lower bound for the
S i LA saturation intensity which results in stable CW mode-locking
sat™ G T
cft “c . . . . .
§ i without self-Q-switching. Of course, we can also optimize
Intensity on Absorber | a saturable absorber fap)-switching by selecting a small
@) saturation intensity and a short cavity length, i.e., a sfifrt
This will be discussed in more detail in Section V.
Z4R(E.) If we use a fast saturable absorber with recovery time much
S p dR . L.
g dE, | shorter than the cavity round-trip tim&’{ < Tg), then the
2 | L —— conditions given by (3) and (4) are typically fulfilled and much
o Multipl
o i ipjszﬁg shorter pulses can be formed. But now, an additional stability
3 | TV Instabilities requirement has to be fulfilled to preve@tswitched mode-
5 | B oy 'E s> E locking (Fig. 1). For this further discussion, we assume that the
< [t} sat . . .
< ‘ ] ! steady-state pulse duratiep is shorter than the recovery time
Pulse Energy Density on Absorber Ep T4 of the saturable absorber, i.e, < T'4. In this case the
b saturation [Fig. 4(b)] is determined by the saturation fluence
(b)
Fig. 4. Nonlinear reflectivity change of a saturable absorber mirror due llgsat’ given by
absorption bleaching with the (a) CW intensity and (b) short pulsgs. is hy
the saturation intensityf,..; is the saturation fluencd, is the CW intensity, FEoyy = — (5)
and E,, is the pulse energy density incident on the saturable absorber. 0A

and the incident pulse energy densiky, on the saturable

As expected, the build-up time is inversely proportional tgbsorb_er. The loss reduction per round-trip is now due to
this slope. This follows directly from Fig. 4(a), which showd®!eaching of the saturable absorber by the short pulses, not the
that small intensity fluctuations will introduce a larger reflecCW intensity. This is a much larger effect whé, < Tg.
tivity change of the saturable absorber if the slope is largdierefore, in analogy to (4), we can show that the condition
Therefore, the mode-locking build-up time decreases witR PreventQ-switched mode-locking is given by [9]:

smaller saturation intensities. However, there is a tradeoff: if Tr Tr

the saturation intensity is too small, the laser will startto Ep<r Ty ~ Tetim
switch. The condition for nay-switching is derived in [4],

[9]: We can easily fulfill this condition by choosing, > E,;

Tr _[Flg. 4(b)]. This also opt_|m|zes the modulation depth, resulting
(4) in reduced pulse duration.

However, there is also an upper limit #®,, determined
where r is the pump parameter that determines how maiby the onset of multiple pulsing [63]. Given an energy fluence
times the laser is pumped above threshdlg, is the cavity many times the saturation energy fluerd¢g;, we can see that
round trip time, andr, is the upper state lifetime of the laserthe reflectivity is strongly saturated and no longer a strong
The stimulated lifetimer;,,, Of the upper laser level is givenfunction of the pulse energy. In addition, shorter pulses see
by 7stin = 72/(r — 1) & 7o/r for » > 1. The small signal a reduced average gain, due to the limited gain bandwidth
gain of the laser is given by, = I, wherel is the total loss of the laser. Beyond a certain pulse energy, two pulses with
coefficient of the laser cavity. From (4), it then follows thalower power, longer duration, and narrower spectrum will
Q-switching can be more easily suppressed for a small slope preferred, since they see a larger increase of the average
dR/dl (i.e., a large saturation intensity), a largé.e., a laser gain but a smaller increase in the absorption. The threshold
that is pumped far above threshold with a large small-signfalr multiple pulsing is lower for shorter pulses, i.e., with
gain go or small lossed), a large cavity round-trip period spectrums broad compared to the gain bandwidth of the laser.
(i.e., for example a low mode-locked pulse repetition rateur experimentally determined rule of thumb for the pulse
Equation (4) also indicates that solid-state lasers with a largeergy density on the saturable absorber is three to five times
upper state lifetimer; will have an increased tendency forthe saturation fluence. A more detailed description of multiple
self-Q-switching instabilities. pulsing will be given elsewhere. In general, the incident pulse

The physical interpretation of thé&-switching threshold energy density on the saturable absorber can be adjusted by
(4) is as follows: The left-hand side of (4) determines thihe incident mode area, i.e., how strongly the cavity mode is
reduction in losses per cavity round-trip due to the bleachifigcused onto the saturable absorber.
in the saturable absorber. This loss reduction will increaseEquations (3), (4), and (6) give general criteria for the
the intensity inside the laser cavity. The right-hand side ehturation intensity,,; (1) and saturation fluencg,,; (5) of
(4) determines how much the gain per round-trip saturatése saturable absorber. Normally, the saturation fluence of the
compensating for the reduced losses and keeping the intensaitgorber material is a given, fixed parameter, and we have to

no -switched mode-locking:%
I3

no Q-switching: ‘fl—ﬂl <r Ir ~

T2 Tstim
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Fig. 5. Measured absorption bleaching and electron trapping times (i.e., recovery time of saturable absorber) for low-temperature MBE grov@ak&aAs
multiple quantum-well absorbers. The MBE growth temperature is the variable parameter used in the nonlinear reflectivity.
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adjust the incident mode area to set the incident pulse energnlinear absorption bleaching as a function of MBE growth
density onto the saturable absorber to fulfill the conditiortemperature. For growth temperatures as low as Z50we
given by (6) and the multiple pulsing instabilities. Thereforestill obtain a good nonlinear modulation of the saturable
the only parameter left to adjust for the saturation intensity ébsorber with recovery times as low as a few picoseconds.
the absorber recovery tinie, (1). However, if we want to use The tradeoff here is that the nonsaturable absorber losses for
the absorber as a fast saturable absorber, we have to réduceg,, > E.,; increase with reduced growth temperatures [8].
Semiconductor materials are interesting in this regard, becagsgs tradeoff will ultimately limit the maximum thickness of
we can adjust’y from the nanosecond to the subpicoseconfie absorber material used inside a solid-state laser cavity.
regime using different growth parameters (Section lll-A). In For femtosecond pulse generation, we can benefit from
this case, however, it is often necessary to find anothgfe intraband thermalization processes that occur with time
parameter with which to adjusk.,; rather than withTs. constants from tens to hundreds of femtoseconds, depending
We will show in the next section that this can be obtainegh the excitation intensity and energy [70]. A larger fem-
by using semiconductor saturable absorbers inside a deviggecond modulation depth can be obtained for quantum-well
structure which allows us to modify the effective absorbefyctures because of the approximately constant density of
cross sectiono (1), which is a fixed material parametergiates above the bandgap. However, we can strongly reduce
For cases where the cavity design is more restricted and {ig yequirements on this fast recovery time if we do not
incident mode area on the saturable absorber is not freglys the semiconductor saturable absorber as a fast saturable
adjustable, modifying the device structure offers an 'ntereSt”&%sorber, according to Fig. 3(b), but just to start and stabilize
solution for adjusting the effective saturation fluence of thejion mode-locking. In this case, no quantum-well effects are
SESAM device to the incident pulse energy density. ThiS Ig,s.tely necessary and, therefore, bulk absorber layers are
particularly useful for the passively)-switched monolithic jn most cases sufficient as well. The reduced requirements on
ring Iasers. [6.34] and. microchip lasers [65], [66], discussed e absorber dynamics also allowed us to demonstrate 50-nm
more detail in Section V. tunability of a diode-pumped, soliton-mode-locked Cr:LiSAF
laser with a one-quantum-well low-finesse A-FPSA (Fig. 6)

lll. SEMICONDUCTOR SATURABLE [71], [72]. We would not obtain this broad tunability if the
ABSORBER MIRROR (SESAM) DESIGN excitonic nonlinearities in the SESAM provided the dominant
pulse formation process. In addition, in the soliton mode-
A. Material and Device Parameters locking regime we can also obtain pulses in the 10-fs range

Normally grown semiconductor materials have a carri@ below, even though the mode-locked spectrum extends
recombination time in the nanosecond regime, which tenfigyond the bandgap of the semiconductor saturable absorber,
to drive many solid-state lasers iné-switching instabilities for example [56].

(Section I1). In addition, nanosecond recovery times do not We can further adjust the key parameters of the saturable ab-
provide a fast enough saturable absorber for CW modgsrber if we integrate the absorber layer into a device structure.
locking. We use low-temperature grown IlI-V semiconductorkhis allows us to modify the effective absorber cross section
[5], [7], [67] which exhibit fast carrier trapping into pointoa (2) beyond its material value, for example. In addition,
defects formed by the excess group-V atoms incorporate® can obtain negative dispersion compensation by using a
during the LT growth [11], [68], [69]. Fig. 5 shows typicalGire—Tournois mirror or chirped mirrors. In the following, we
electron trapping times (i.e., absorber recovery times) and thél discuss the different device designs in more detail.
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Fig. 7. Different SESAM devices in historical order. (a) High-finesse A-FPSA. (b) Thin AR-coated SESAM. (c) Low-finesse A-FPSA. (d) D-SAM.

B. Overview of the Different SESAM Designs [(7), Figs. 8 and 9]. Operation at antiresonance results in a

SESAM'’s offer a distinct range of operating paramete@€Vice that is broad-band and has minimal group velocity
not available with other approaches. We use various desigfigrersion (Fig. 8). The bandwidth of the A-FPSA is limited
of SESAM’s [73] to achieve many of the desired propertiedy €ither the free spectral range of the Fabry—Perot or the
Fig. 7 shows the different SESAM designs in historical ordePandwidth of the mirrors.

The first intracavity SESAM device was the antiresonant The top reflector of the A-FPSA is an adjustable param-
Fabry—Perot saturable absorber (A-FPSA) [5], initially use@fer that determines the intensity entering the semiconductor
in a design regime with a rather high top reflector, whicBaturable absorber and, therefore, the effective saturation in-
we call now more specifically the high-finesse A-FPSA. Thiensity or absorber cross section of the device. We have since
Fabry—Perot is typically formed by the lower semiconductgtemonstrated a more general category of SESAM designs, in
Bragg mirror and a dielectric top mirror, with a saturablene limit, for example, by replacing the top mirror with an
absorber and possibly transparent spacer layers in betwe®R-coating [Fig. 7(b)] [74]. Using the incident laser mode
The thickness of the total absorber and spacer layers area as an adjustable parameter, we can adapt the incident
adjusted such that the Fabry—Perot is operated at antiresongndse energy density to the saturation fluence of the device
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Riop Riotiom The dispersive saturable absorber mirror (D-SAM) [78]
[Fig. 7(d)] incorporates both dispersion and saturable absorp-
I, Ic<Io tion into a device similar to a low-finesse A-FPSA, but
—_— d operated close to resonance. The different advantages and
I tradeoffs of these devices will be discussed below.

C. High-Finesse A-FPSA

The high-finesse antiresonant Fabry—Perot saturable ab-
sorber (A-FPSA) device [5], [7] (Fig. 9) was the first intra-

Semiconductor
saturable absorber

= . f . 100 cavity saturable absorber that started and sustained stable CW

ts 40 / 180 » mode-locking qf Nd:YLF and Nd:YAG lasers in 1992. Since

3 Antiresonance - leo 8 then, other solid-state lasers such as Yb:YAG [77], Nd:LSB

2 20 ; S [79], Nd:YLF, and Nd:YVQ, at 1.06 and 1.3:m [80] have

§ \ 440 < been passively mode-locked in the picosecond regime with
2 0 o P R this design. In addition, high-finesse A-FPSA devices have

s been used to passively-switch microchip lasers, generating
-23_95 5o Tos o 1_*150 pulses as short as 56 ps [66]. Femtosecond pulse durations

7, have been generated with Ti:sapphitg & 19 fs) [76],
, S _ Yb:YAG (7, = 500 fs) [77], diode-pumped/d : glass (1, =
Fig. 8. Basic principle of the A-FPSA concept. With the top reflector, we ca§s%_100 fS) [6], [54]’ [63], and Cr:LiSAFTg — 45-100 fS)

control the incident intensity to the saturable absorber section. The thickn . ”
of this absorber section is adjusted for antiresonance. The typical reflectii®2], [72], [81], [82] lasers. In the picosecond regime, the
(dashed line) and group delay (solid line) is shown as a function of waveleng®-FPSA acts as a fast saturable absorber [29], and in the

At antiresonance, we have high-broad-band reflection and minimal 9"%HRmtosecond regime, mode-locking is typically well-described
delay dispersion. !
v by the soliton mode-locking model [31]-[33].
Battor Braa M . Fig. 9 shows a typical high-finesse A-FPSA design for a
Ao ~ - laser wavelength=1.05 zm. The bottom mirror is a Bragg

Wavelength (um)

16x AlAs/GaAs B op Mirro
mirror formed by 16 pairs of AIAs—GaAs quarter-wave layers
MW with a complex reflectivity ofR,c*#*. In this case, the phase
GaAs- B . . .
Substrate Saturable shift seen from the absorber layer to the bottom mirror is
Absorber @, = m with a reflectivity of R, ~ 98%, and to the top mirror
@t = 0 with R; = 96% [8], [83]. The multiple-quantum-well
i e (MQW) absorber layer has a thickneg€hosen such that the
| e J antiresonance condition is fulfilled:
x /
g°r LT-MQW 0. pre =p + oo + 2knd
e %2 % Saturable Absorber i =2m+ )7 (7
T 2P [O|50x InGaAs/GaAs | ,
5 : : where,.; is the round-trip phase inside the Fabry—Pefois
ER1N o 0'5 ; o the average refractive index of the absorber layes; 27 /A
i T am is the wavevector is the wavelength in vacuum and is a
| | integer number. From (7), it follows that:
Bottom Reflector i d i Top Reflector d=m i (8)
(AlAs/GaAs Bragg mirror) | Absorber Layer | (SiOJTiO, Bragg mirror) - mn
R, exp(i ! ! R, expli . . o
b &XP(i9,) ! ! vexplioy) From the calculated intensity distribution in Fig. 9, we see

Fig. 9. High-finesse A-FPSAA specific design for az1.05.m center wave- that m = 4.
length laser. The enlarged section also shows the calculated standing-wav@ he 7-phase shift from the lower Bragg reflector in Fig. 9

B o s s et e anconJ20 S SUTprINg ntaly, because the phase shit fom the
layer of thicknesgid = 4 - \/2 and a top SIQ/TiO, Bragg reflector, where 1St interface from the MQW absorber layer to GaAs is zero
7 is the average refractive index of the absorber layer. due to the fact thaz > n (GaAs). However, all the other
layers from the AlAs—GaAs Bragg mirror add constructively

(Section 1I). However, to reduce the nonsaturable insertigfith a phase shift of- at the beginning of the absorber layer.
loss of the device, we typically have to reduce the thicknesperefore, this zero-phase reflection is negligible. We also
of the saturable absorber layer. could have chosen to stop the Bragg reflector with the AlAs

A special intermediate design, which we call the low-finessgyer instead of the GaAs layer. However, we typically grow
A-FPSA [Fig. 7(c)] [75]-[77], is achieved with no additionalthe Bragg reflector during a separate growth run, followed by
top coating resulting in a top reflector formed by the Fresnalregrowth for the rest of the structure. For this reason, we
reflection at the semiconductor/air interface, which is typicalishose to finish the Bragg reflector with the GaAs layer to
~30%. reduce oxidation effects before the regrowth.
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The saturable absorber layer inside the high-finesse A-The AR-coated SESAM device can be viewed as one design
FPSA (Fig. 9) is typically extended over several periods difnit of the A-FPSA with a=~0% top reflector [74], [76].
the standing wave pattern of the incident electromagnetitg. 10(a) shows a simple AlAs—AlGaAs Bragg reflector with
wave. This results in about a factor of 2 increase of the single-GaAs quantum-well absorber in the last quarter-
saturation fluence and intensity compared to the material valwavelength thick AlAs layer of the Bragg reflector. The
measured without standing-wave effects. We typically measwaéditional AR-coating is required to prevent Fabry—Perot
a saturation fluence of60 pJicn? [8] for an AR-coated effects [74]. The need for this additional AR-coating is maybe
(i.e., Ry = 0%) LT grown InGaAs—GaAs device. With a topnot obvious but can be seen in low-intensity reflectivity
reflector the effective saturation fluence is increased as giveeasurements of this device with and without an AR-coating
by (13) and (14) of [8]. For a relatively high top reflectofFig. 10(c)]. The reflectivity dip in Fig. 10(c) a&z850 nm is
>95%, the effective saturation fluence is typically increasetiie to the absorption in the GaAs quantum-well and corre-
by about two orders of magnitude. sponds to a Fabry—Perot resonance. This strong wavelength

For a center wavelength around 800 nm, we typically use dependent reflectivity prevents short pulse generation and
AlGaAs—AlAs Bragg mirror with a small enough Ga contenpushes the lasing wavelength of the Ti:sapphire laser to the
to introduce no significant absorption. These mirrors havegh-reflectivity of the device at shorter wavelength at the
less reflection bandwidth than the GaAs—AlAs Bragg mirroedge of the Bragg mirror [74]. The Fabry—Perot in Fig. 10(a)
because of the lower refractive index difference. However, wieat explains this resonance dip is formed by the lower part
have demonstrated pulses as short as 19 fs from Ti:sapplufehe AlAs—AlGaAs Bragg reflector, the transparent AlAs
laser [76] with such a device. In this case, the bandwidth Hyer with the GaAs absorber gquantum-well layer of total
the mode-locked pulse extends slightly beyond the bandwidtiicknessnd = A\/4 and the Fresnel reflection of the last
of the lower AlGaAs—AIAs mirror, because the much broadesemiconductor/air interface (without AR-coating), wherés
SiO,/TiO, Bragg mirror on top reduces bandwidth limitingthe average refractive index of the last AlAs and GaAs layer.
effects of the lower mirror. Reducing the top mirror reflectivityThis Fabry—Perot is at resonance because the round-trip phase
increases the minimum attainable pulsewidth due to the lowsift ¢,., is according to (7):
mirror bandwidth.

rt =p + @1 + 2knd
=7+0+7

=27. (9)

D. AR-Coated SESAM
The other limit of the A-FPSA design is a zero top reflector

i.e., ar? AR-coating (Fifg. 7) [7'.4], [7ﬁ]- SIUCh devrilce r(?_eskignﬁ o Of 27 allows for constructive interference and therefore
a;ehs own n Flgl. 10 %r a Ti:sapp |re”aser. The thickneggy s the resonance condition of the Fabry—Perot. No AR-
of the absorber ayer has to be smal er tharto_ reduce coating would be required if the AlAs—AlGaAs Bragg reflector
the nonsaturable insertion loss of these intracavity saturalEHeFig 10(a) would end with the quarter-wavelength-thick

absorber devices. To obtain broad-band performance with AR5 A layer that then incorporates the GaAs quantum-well.
resonance effects, we add transparent AlAs or AlGaAs spal Tthis case, the phase shift of the lower part of the Bragg

layers. The limitations of this dewqe include the bandwldt irror is ¢, = 0 instead ofr (9) and, thereforeyp,, —
of the lower AlAs—AlGaAs Bragg mirror, and the potentially

higher i o | 4 10 the high-f AFPSA” the condition for antiresonance (7). This design would
igher insertion loss compared to the high-finesse A- cgrrespond to a specific low-finesse A-FPSA or also referred

Th(_ase AR-coated SE_SAM’S _have started_ a_nd stabiliz? as the saturable Bragg reflector [see next Section IlI-E and
a soliton mode-locked _Tl:sgpphwe laser achieving pulses I‘E@ 11(b)]. An additional AR-coating, however, increases the
short as 34 fs [for device in Fig. 10(a)] [74] and 13 fs [fof,,, ation depth of this device and acts as a passivation

device in Fig. 10(b)] [33] with a mode-_locking b“"d'“P timeIayer for the semiconductor surface that can improve long-term
of only 3 us and =200 us, respectively. As ment'onedreliability of this SESAM device

before, stable mode-locking was achieved over the full stability

regime of the laser cavity. The measured maximum modulation i

depth AR was ~5% with a bitemporal impulse response of- LOW-Finesse A-FPSA

230 fs and 5 ps [for the device in Fig. 10(a)] andR = The two design limits of the A-FPSA are the high-finesse
6% with a bitemporal impulse response of 60 fs and 708-FPSA [Fig. 7(a)] with a relatively high top reflector
fs [for device in Fig. 10(b)] measured at the same pulgee.>95%) and the AR-coated SESAM [Fig. 7(b)] with
energy density and pulse duration as inside the Ti:sapphire top reflection (i.e..R; ~ 0%) [74]. Using the incident
laser. For the first device [Fig. 10(a)] we were limited idaser mode area as an adjustable parameter, the incident
pulsewidth by the bandwidth of the lower AlAs—AlGaAspulse energy density, can be adapted to the saturation
Bragg mirror [74], which was then replaced by a broad-barftlience F;,; of both SESAM’s for stable mode-locking by
silver mirror [Fig. 10(b)]. In addition, the position of the thinchoosingk, a few timesk.,; (see Section II) [76]. A specific
saturable absorber layer within the spacer layer was adjustetrmediate design is the low-finesse A-FPSA [75]-[77],
with respect to the standing wave intensity pattern to adjushere the top reflector is formed by the30% Fresnel-
the effective saturation fluence, or to partially compensateflection of the semiconductor/air interface [Fig. 7(c) and
bandgap-induced wavelength dependence in the latter cas€ig. 11]. Reducing the top reflector typically requires a thinner
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Fig. 10. AR-coated SESAMIwo specific designs for a&800-nm center wavelength laser such as Ti:sapphire or Cr:LiSAF. (a) The basic structure is a
AlAs—AlGaAs Bragg reflector with a single GaAs quantum well as the saturable absorber. The additional AR-coating is required to prevent Fabry—Perot
effects [see Fig. 10(c)]. The bandwidth is limited 40 30 fs pulses by the lower AlGaAs—AlAs Bragg mirror. (b) Broad bandwidth for sub-10-fs pulse
generation is obtained by replacing the Bragg mirror with a silver mirror. This device, however, requires post-growth etching to remove the G#As subs
and etch-stop layers from the absorber-spacer layer. (c) Low-intensity reflectivity of the AIAs—AlGaAs Bragg reflector without a GaAs quantisoret] a

with a GaAs absorber and with both a GaAs absorber and the AR-coating [according to Fig. 10(a)].

saturable absorber and a higher bottom reflector to minimibgyher damage threshold to have a node of the standing wave
nonsaturable insertion loss. intensity pattern at the surface of the device [78].

Fig. 11(a) shows a specific design for a wavelengtt.05 Independently, a similar low-finesse A-FPSA device for
pm. Similar to the high-finesse A-FPSA (Fig. 9), the bottora center wavelengtk860 nm [Fig. 11(b)] was introduced,
mirror is a Bragg mirror formed by 25 pairs of AlAs—GaAgermed the saturable Bragg reflector (SBR) [75]. This device is
quarter-wave layers with a complex reflectivity Bfc’#* with  very similar to the previously introduced AR-coated SESAM
R, > 99%. The thicknesd of the spacer and absorber layerslevice [74] shown in Fig. 10(a). In this case, however, no
are adjusted for antiresonance (7), with= = [83] andy; = AR-coating is required on the AlAs—AlGaAs Bragg reflector.

0 which gives a minimal thickness of/2n for m = 1 (8). The This can be explained with the A-FPSA design concept: We
residual reflection from the different spacer and absorber layeen also describe this SBR device as a low-finesse A-FPSA
is negligible in comparison to the accumulated reflection froffrig. 11(b)], consisting of a lower AlAs/AlGaAs Bragg mirror
the lower multilayer Bragg reflector and the semiconductoplus a quarter-wave thick Fabry—Perot cavity at anti-resonance
air interface. This is also confirmed by the calculated standifitne lowest possible order and thickness). The thickmiest
wave intensity pattern shown in Fig. 11(a). Because theretie spacer/absorber layer is adjusted for antiresonance (7),
no special surface passivation layer, it is advantageous fowdh ¢, = 0 [83] and ¢, = 0, which gives a minimal
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and (b) interferometric autocorrelation of 6.5-fs pulses from a Ti:sapphire
laser. The shortest pulses ever produced directly out of a laser without any
(b) further pulse compression techniques.

Fig. 11. Low-finesse A-FPSAa) A specific design for a©1.05um center
wavelength laser. In contrast to the high-finesse A-FPSA in Fig. 9, here ] ) )
the Fabry—Perot is formed by the lower AlAs—-GaAs Bragg reflector, the An earlier version of a nonlinear or saturable AIAs—AlIGaAs

absorber-spacer layer of thicknesg = \/2 and the Fresnel reflection Bragg reflector design was introduced by Kehal. in 1989
from the semiconductor-air interface. Again, the thicknésss adjusted . .

for antiresonance (7). (b) Another specific design for:860 nm center [89]- In this case, the nonlinear Bragg reflector operates
wavelength laser. This device was also called saturable Bragg reflector (SBf®) saturable absorption due to band filling in the narrower

[75] and corresponds to a low-finesse A-FPSA, where the Fabry—Perot : : :
formed by the lower AlAs—AlGaAs Bragg reflector, the absorber-spacer Iaytglranqgap material _Of the Bragg reflector. . This ,reSUItS in a
of thicknesszd = \/4 and the Fresnel reflection from the semiconductor-aidistributed absorption over many layers. This device, however,

interface. Again, the thickneskis adjusted for antiresonance (7). would introduce too much loss inside a solid-state laser.
Therefore, only one or a few thin absorbing sections inside
thickness ofA\/4m for m = 0 (8). A saturable absorber isthe quarter-wave layers of the Bragg reflector are required.
then located inside this Fabry—Perot. With this device pulses B¢ effective saturation fluence of the device can then be
short as 90 fs have been reported with a Ti:sapphire laser [g8#@ried by changing the position of the buried absorber section
which are significantly longer than the 34 fs pulses obtaind¥thin the Bragg reflector or simply within the last quarter-
with the similar AR-coated SESAM device [Fig. 10(a)]. Thigvave layer of the Bragg reflector, taking into account that a
is most likely due to the lower modulation depth of thigery thin absorber layer at the node of a standing wave does
device. It is important to realize that the Bragg reflector do#®t introduce any absorption.
not play a key role in its operation and does not actually The limitations of these SESAM devices include the band-
saturate. For example, the Bragg reflector can be replaced byidth of the lower Bragg mirror, and potentially higher
metal reflector [Fig. 12(a)] as discussed above to obtain largesertion loss than in the high-finesse A-FPSA. Pulses as short
bandwidth. as 19 fs have been generated with the high-finesse A-FPSA

(AlAs/AlGaAs Bragg mirror)
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compared to 34 fs with the low-finesse A-FPSA using the samalled antiresonant Fabry—Perot Modulator (A-FPMod) [97].
lower Bragg mirror, for example [76]. Replacing the loweWe then actively mode-locked a diode-pumped Nd:YLF laser.
Bragg mirror with a broad-band silver mirror [Fig. 12(a)] One advantage of quantum-well modulators compared to
resulted in self-starting 10-fs pulses [56] and more recentbther modulators such as acoustooptic modulators or phase
pulses as short as 6.5 fs [44] [Fig. 12(b)] with a KLM-assistemhodulators is that they also can act as saturable absorbers

Ti:sapphire. leading to passive mode-locking with much shorter pulses.
Combining the effects of saturable absorption and absorption
F. D-SAM modulation within one single device, we have demonstrated

o . . the possibility to synchronize passively mode-locked pulses to

Many applications require more compact and simpler fera—n external RF signal [97]. At higher output powers we were
tosecond sources with a minimum number of componenfgy ey by the increased saturation of the active modulator.
Intracavity prism pairs for dispersion compensation typically
limit the minimum size of femtosecond laser resonators.
Alternative approaches have been investigated for replacing V- AN ALL-SOLID-STATE ULTRAFAST LASER
the prism pairs by special cavity resonator designs incorpo- TECHNOLOGY. PASSIVELY MODELOCKED
rating more compact angular dispersive element. For exam- DIODE-PUMPED SOLID-STATE LASERS
ple, a prismatic output coupler [86], or similarly only one |n the last few years, we have seen first demonstrations of
prism [87], has supported pulses as short as 110 fs wijibtentially practical ultrafast solid-state lasers. Our approach
a Ti:sapphire laser, or 200-fs pulses with a diode-pumpést practical or “real-world” ultrafast lasers is as follows:
Nd:glass laser, respectively. In both cases, the basic idea gan simplicity, reliability, and robustness, we only consider
be traced back to the prism dispersion compensation technigliede-pumped solid-state lasers with passive mode-locking or
[88]. Chirped mirrors [42], [89], [90], mentioned earlier,Q-switching techniques, where we use SESAM'’s to provide
are compact dispersion compensation elements, but typicallficient pulse formation and stabilization. In addition, we do
require multiple reflections to achieve sufficient dispersiofot want to rely on critical cavity alignment and therefore
compensation. A Gires—Tournois mirror [91] is also a compagse fast saturable absorber mode-locking in the picosecond
dispersion compensation technique, but has a tradeoff in terfegime and soliton mode-locking in the femtosecond regime.
of bandwidth and tunability. The general goal is to develop a compact, reliable, easy-to-use,

Recently, we combined both saturable absorption and ditrands-off” all-solid-state ultrafast laser technology.
persion compensation in a semiconductor Gires—Tournois-
like structure, called a dispersion-compensating saturable ap-cr-LiSAF
sorber mirror (D-SAM) [Fig. 7(d)] [78]. By replacing one
end mirror of a diode-pumped Cr.LiSAF laser with this . L y o
device, we achieved 160-fs pulses without further dispersi Hmber of practical applications. Ti:sapphire is probably the
compensation or special cavity design. This is the first ti st known of the gltrafast lasers, .bUt must be_ pumped in the
that both saturable absorption and dispersion compensat%ﬁen spectral region, were no high-power dlqde Iaser; yet
have been combined within one integrated device. The Bgf:ysng?éfltig]:Ff?gg]/ rg\.’\ll_li)é:dAT:V[e;g]pegrEir:SL(':iA":F[Iga'ly
SAM, in contrast to the A-FPSA, is operated close to the d Cr:LiISGAF [101]) have fluorescence linewidths similar to

Fabry—Perot resonance, which tends to limit the availa :sapphire and can be pumped at wavelengths near 670 nm
bandwidth of the device. In the future, chirped mirror designs’ SO : : :
P g ere commercial high-brightness high-power (i<€0.5 W)

that incorporate saturable absorber layers could also potential| .
de arrays are available. However, these crystals have a

provide both saturable absorption and negative dispersion, o .

with potentially more bandwidth. stronger tendency for upperstate I|fgt|me que'nch|'ng [102] and
suffer from lower thermal conductivity, resulting in nonideal
performance (limited average power) at relative low pump

G. A-FPMod powers.

We do not have to rely only on passive saturable absorptionThe output power of a diode-pumped Cr:LiSAF laser was
with semiconductors. Multiple-quantum-well (MQW) modulainitially limited to <10 mW [103]-[105]. Frenctet al. used
tors based on the quantum-confined Stark effect [92]-[94] aaa MQW SESAM inside a coupled cavity for RPM [103],
promising as active modulation devices for solid-state lasef$04] and inside the main cavity producing pulses as short
sharing the same advantages of passive SESAM’s: they a2 220 fs in 1994 [105]. However, their device introduced
compact, inexpensive, fast, and can cover a wide wavelengplo much fixed losses. Shortly afterwards, we demonstrated
range from the visible to the infrared. In addition, they106], [107] significantly higher average output power of 140-
only require a few volts of drive voltage or several hundrechWW CW and 50-mW mode-locked with pulses as short as
milliwatts of RF power. In general, however, semiconduct@8 fs using two 0.4-W high-brightness diode arrays, improved
MQW modulators would normally introduce excessive insepump mode matching, and a low-loss, high-finesse A-FPSA .
tion losses inside a solid state laser cavity and would al®dthin a year, we improved the pulse duration to 45 fs with
saturate at relatively low intensities [95], [96]. We extended mode-locked average output power of 60 mW and later
the antiresonant Fabry—Perot principle by integrating an actitreen 80 mW [71], [72], [81] (Fig. 13). Briefly afterwards,
MQW modulator inside a Fabry—Perot structure, which wesudaet al. [75] used a low-finesse A-FPSA design (they

Diode-pumped broad-band lasers are of special interest for
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Fig. 13. Diode-pumped Cr:LiSAF laser cavity setup that generated pulses as short as 45 fs with soliton mode-locking.

termed it “SBR,” see Section IlI-E) inside a diode-pumped 1.6fF T 1 — g
Cr:LiSAF laser and demonstrated 100-fs pulses with 11-mW 1 4 Diode-pumped Cr:LISAF i
average output power. Recently, they improved this result with 1.2k _
a MOPA diode laser, which provides a near-diffraction-limited % 1ok B
0.5-W pump, achieving 70-fs pulses with 100-mW output Sos |
power [108]. ; 06k i
Significant efforts by many groups around the world are di- o

rected toward shorter pulses and more output power. Presently, % 0.4 I
the shortest pulses 6£20 fs have been obtained with KLM 0.2 Slope eff. = 18% |
Cr:LiSAF [109], [110] with an average output power in the 0-00 . ; . : -
regime of 1 mW. Higher output power has been achieved only Absorbed pump power, W

at the expense of longer pulses. For example, 40-fs pulses _ _
with an average output power of 70 mW have been recenﬁ&% 14. 1.4-W CW output power from a diode-pumped Cr:LiISAF laser.
obtained [110] in a KLM Cr:LiSAF system.

The limited average output power of femtosecond diodemplifiers, pumping femtosecond optical parametric oscil-
pumped Cr:LiSAF lasers is their main drawback in comparisdators, and ultrafast spectroscopy. The absorption band of
to Ti:sapphire lasers. Novel diode pumping techniques caful:glasses at<800 nm allows for diode pumping [113],
address this problem, and we have achieved 400 mW [1¥&kulting in a compact, wall-plug driven setup, which does not
and more recently as much as 1.4-W CW output power fromy@quire water cooling. Typical Nd:glasses have a fluorescence
diode-pumped Cr:LiSAF laser (Fig. 14) [82], [112]. We hav@andwidth of 20-30 nm FWHM, supporting sub-100-fs pulse
passively mode-locked this laser with a low-finesse A-FPSdeneration at a wavelength fL.06 um. Initially, the shortest
[82] and obtained pulses as short as 50 fs with an averggi@ses from a (bulk) Nd:phosphate laser [114], 88 fs, were
output power of 340 mW. Higher average output power of 5Q¢oduced by additive pulse mode-locking (APM). High-finesse
mW was achieved with 110-fs pulses. These are the high@skEpsA's in various Nd:glass lasers [6], [54] have supported
average power levels ever achieved to date with femtosecqﬂqses as short as 130 fs for diode pumping and 90 fs for
diode-pumped solid-state lasers. Furthermore, the results shaWapphire pumping.
no fundamental limitations for further improvements in both Recently, we have demonstrated 60-fs pulses [Fig. 15(a)]
shorter pulses and higher output powers. In contrast to Keffiin an average output power &f80 mW from an optimized
lens mode-locking, soliton mode-locking with SESAM’s haﬁiode-pumped Nd:glass (Nd:fluorophoshate, LG-810, 3% Nd)
the advantage that the laser cavity mode is decoupled frfq ysing a low-finesse A-FPSA with a larger modulation
mode-locking dynamics. This is important in our case, becauﬁgpth of ~1%, but at the expense of higher intracavity loss
the cavity design can be more easily optimized for high-pOWgl | intensities) of 2% [63]. We measured a bitemporal

without having to take Kerr-lensing effects into account 6mwpulse response of the A-FPSA with a fast recovery time of

well. 200 fs and a slow recovery time of 25 ps. The pulse energy
density incident on the saturable absorber was typically a few
B. Nd:glass times above the saturation fluenceef00 p.J/cn?, limited by
Diode-pumped femtosecond Nd:glass lasers offer a cotite onset of multiple pulsing instabilities. The laser cavity is
effective and compact alternative to Ti:sapphire lasers operagchilar to the diode-pumped Cr:LiSAF laser shown in Fig. 13.
near 1.06pm, with applications such as seeding high-powerhe mode-locked spectrum of the 60-fs pulses is 21.6-nm wide
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Fig. 16. Soliton mode-locked Yb:YAG laser using a low-finesse A-FPSA.

and obtained pulses as short as 340 fs (Fig. 16) at a center

o wavelength of 1.033:m and with a spectral width of 3.2-nm
FWHM. The measured bitemporal impulse response showed
a fast component of 460 fs and a slow recovery timexaf

@ ps. The cavity setup is otherwise the same as in [77].

s | ) | L i
-100 0 100
Time Delay, fs

D. Nd:YAG, YLF, LSB, and YVO

In the picosecond pulse regime, we use SESAM's as fast
saturable absorbers, controlling the recovery time by low-
temperature MBE grown semiconductors (Fig. 5). A more
detailed review with regard to Nd:YAG and Nd:YLF using a
high-finesse A-FPSA is given in [7]. The results for the various
laser crystals are summarized in Table I. With picosecond
lasers, we achieve significantly shorter pulses if we use the
gain material at the end of a linear cavity. This “gain-
at-the-end” leads to enhanced special hole burning (SHB)
p that effectively inhomogenously broadens the gain bandwidth,
abtt| L L o flattening the saturated gain profile and allowing for a larger
102 1.04 1.06 108 1.10 1.12 lasing bandwidth [120]-[122], resulting in shorter pulses.

Wavelength, um However, we typically observe a time-bandwidth product that
(b) is between 1.2 — 2 times as large as for ideal transform-limited
Fig. 15. Soliton mode-locked Nd:glass (fluorophosphate LG 810) laser usifgAUSSian osech? pulse. This large time-bandwidth product is
a low-finesse A-FPSA. (a) noncollinear autocorrelation, (b) optical spectrumainly due to the flat gain produced by SHB, which produces
(solid line) and fluorescence spectrum of Nd:glass laser (dotted line). a non-Gaussian pulse shape, and is not due to a chirp on the

(FWHM) and spreads over most of the available Nd:gla@$!S€ that could be compensated externally [122].

. ; A We have also extended the designs of SESAM’s to longer
fluorescence bandwidth [Fig. 15(b)]. The mode-locking is self- .
starting and is well-discribed by our soliton mode—lockin¥‘/"’welength such as .1’3 ' [80] and 1.5:m [123]. Tq benefit
model. rom the good quality of AlIAs—GaAs Bragg mirrors, we

chose to grow the 1.am saturable absorber layer on a GaAs
C. Yb:YAG substrate. To achieve saturable absorption ajin3however,

Yb:YAG is interesting as a high-power diode-pumped lasdhe indium concentration in the InGaAs absorber material
X ust be increased to approximately 40%, which results in

source due to its small quantum defect, resulting in a poten-"," "~ . . .
g 9 b a significant lattice mismatch to the GaAs substrate. This

tially very efficient laser with low thermal loading, and its_ ) . T
wide absorption band at 940 nm [115], [116]. Additionalljlatt'ce mismatch reduces the surface quality, resulting in higher

Yb:YAG has a broad emission spectrum supporting tunabili{ se_rt|on '05_5?3’ and reduced laser power. In addition, these
[117], [118] and femtosecond pulse generation in the few 100°V'®S exhibit more bulk defects than qutr SESAM, also
fs regime. Using a low-finesse A-FPSA, we have demonstrat reasing insertion loss. This is even more enhanced for the
a passively mode-locked Yb:YAG laser, generating stable a -#1m sat_urable absorber. In addition to the short picosecond
self-starting pulses as short as 540 fs with typical averag%govery time of 'the sat.urable absorper, the Iow—tempergture
output powers of 150 mW [77]. Yb:YAG has never bee _E growth pa_rtlally rel!eves the lattice mismatch, resulting
passively mode-locked before, because the upper state IifetinémproveOI optical quality of the absorber layer.
of the laser is relatively longz1 ms. Previously, only active
mode-locking in Yb:YAG has been demonstrated with a pulse
duration of 80 ps [119]. In a @-switched laser, the pulse duration generally de-
Recently, we further optimized the pulse duration with areases with shorter cavities and with higher pump power
higher modulation depth c£1% for the low-finesse A-FPSA (increased small-signal gain). For solid-state lasers, typically

Optical spectrum (solid line)

(eul] panop) wnioads aousosalon|4

V. PASSIVELY Q-SWITCHED MICROCHIP LASERS
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TABLE |
SUMMARY OF PAsSSIVELY MODELOCKED Diobe-PuMPED Nd-DOPED LASER MATERIALS FOR PICOSECOND PULSE
GENERATION USING INTRACAVITY SESAM DevICES. THE MINIMAL PULSE DURATIONS ARE GIVEN FOR
DioDE-PUMPED LASERS THE PULSEWIDTHS IN PARENTHESIS WEREACHIEVED WITH Ti:sapphire laser PUMPING

[.aser material | Center wavelength Pulse width Average output
power
Nd:YAG 1.064 pm 8.3 ps (6.8 ps) [5,7, 124] | =300 mW
Nd:YLF 1.047 pm 5 ps (2.8 ps) [5, 7, 124] =300 mW
1.314 um 5.7 ps [80] 130 mW
Nd:LSB 1.062 um 2.8 ps (1.6 ps) [79] 400 mW
Nd:YVOy 1.064 um <10ps [125] >2W
1.34 um 4.6 ps [80] 50 mW
Q-switched pulsewidths range from nanoseconds to microsec- o 10
onds. Pulsewidths less than a nanosecond (“ultrafast” by §
Q-switching standards) have recently been achieved by using 8
diode-pumping and very short cavity lengths. Extremely short 3 o5l . 56ps
cavity length, typically less than 1 mm, allows for single- ©
frequency}-switched operation with pulsewidths well below a £
nanosecond. Thesg-switched “microchip” lasers are compact  Nd:YVO, microchip laser &
. . . . . (3% doped) D 90 1 I N
and simple solid-state lasers which can provide high peak Y500 0 200
power with a diffraction limited output beam. Pulse durationg_gpga 10 Delay, ps
of_ 337 ps apd more r_ecently 2_18 ps have been (_jemonstrated Out[;ut coupler Output
with a passively@-switched microchip laser consisting of a @ 1064 nm
Nd:YAG crystal bonded to a thin piece of €r.YAG [126], , A
[127]. With a monolithic Cﬁ co-doped Nd:YAG Iasgr, pulses j| Diode Pump laser
of 290 ps have been obtained [128]. Using actpsswitching, i @ 808 nm
pulses as short as 115 ps have been reported [129]. }
From the discussion in Section I, we see that the regime of \

pure passive)-switching requires that we reduce the cavity | Dichroic beamsplitter
length substantially (4). Following this, we have passiv@ly 200 um E; % %%%E’r']’m
switched a diode-pumped Nd:LSB and Nd:YY@icrochip Cavity length

laser W'J_[h an A-FPSA at a center WavelengthL.OG M g 17, Passively?-switched diode-pumped Nd:YV/O microchip laser
and achieved pulses as short as 180 ps [65] and 56 ps [ﬁg]jucing pulses as short as 56 ps. The shortest pulses ever produced from

(Fig. 17), respectively. By changing the design parameters af-switched solid-state laser.
the saturable absorber, such as the top reflector, we can vary

the pulsewidth from picoseconds to nanoseconds; by changigg,r knowledge of a passively-switched microchip laser at

the pump power, we can vary the pulse repetition rate from tB‘?Navelength longer thas1 ;m. In contrast to Crt:YAG sat-
kilohertz to megahertz regime. Because the optical penetratigiiyje ahsorbers, our saturable absorber devices can be adapted
depth into our typical intracavity SESAM devices is extremely, |onger wavelengths using different semiconductor materials.
short (<1 nm) [83], we can maintain a very short laseRecently, we have extended this approach to passigely
cavity, allowing for minimum pulsewidths. To date, the 56-p§,yitched Er:Yb:glass microchip lasers at a wavelergth5
pulsewidths are the shortest ever produced frof+switched um [131], which is important for sensing and LIDAR appli-

solid-state laser. cation where “eye-safe” wavelengths are required.
Our approach can also be extended to other wavelengths

using different semiconductor materials. Recently, we have
demonstrated a passively-switched 1.34zm diode-pumped
Nd:YVO4-microchip (200xm thick) laser. We achieved single During the last six years, we observed a tremendous
frequency, 230-ps pulses with 100-nJ pulse energy at a rgpegress in ultrashort pulsed laser sources. Compact “real-
etition rate of 50 kHz, resulting in a peak power of abouwvorld” picosecond and femtosecond laser systems are now
450 W at an average power of 5 mW [130], [131]. As a reality. This review has only considered free-space laser
passive-switching device, we used an MOCVD grown Insystems, but it is important to note that there also has been
GaAsP-InP A-FPSA. Shorter pulses are expected with furtheemendous progress in mode-locked fiber lasers, and there
improvements of the A-FPSA. This is the first demonstraticere also similar applications of SESAM'’s in this area.

VI. CONCLUSION



KELLER et al.: SEMICONDUCTOR SATURABLE ABSORBER MIRRORS

Rapid progress in ultrashort pulse generation has been based

on novel broad-band solid-state laser materials, and novel
. . . . . [6

designs of saturable absorption and dispersion compensatch.
Early attempts to passively mode-lock solid-state lasers with
long upper state lifetimes consistently resultedJrswitched  [7]
mode-locking. The main reason for this was that the absorb%]
response time was typically in the range sflL ns, which
reduced the saturation intensity to the point that &elf-
switching could not be prevented. Stable mode-locking witqg]
intracavity saturable absorbers has been achieved by varying
the parameters such as response time and absorption cross
section through special growth and design techniques. wi!
SESAM’s, we can benefit from control of both material
and device parameters to determine the performance of the
saturable absorber. We can view these as basic optoelectr?ﬂ'f
devices for ultrafast laser systems.

Soliton mode-locking provides us a new, useful model of
femtosecond pulse generation. By showing that we do not nééd
a saturable absorber with a response as fast as the pulsewidth
we have demonstrated that pulses as shor@S fs can be [13]
supported with SESAM’s, and we have a hew mechanism to
assist in obtaining pulses below the 10-fs level directly from
the laser. [14]

We also expect significant continued progress in the next
few years to make these lasers more compact and simpler. B Lalﬁ
scale optical devices will be supplanted in some applications
by hybrid, quasimonolithic structures (e.g., diode-pumped
switched microchip lasers). In addition, many applicationﬁ6]
such as material processing and surgery require higher average
powers 10-W CW) and pulse energies-1 mJ). Novel
approaches are still needed to make such pulsed laser syst@ﬁﬂ]s
more compact. One of our key remaining research challenges
will be scaling of the SESAM devices to these higher pulsgs]
energies and average powers.

In general, the capability to control both the linear angg,
nonlinear optical properties beyond the “natural” material
properties has turned out to be extremely successful, and

. I 20]
we can only expect more progress in this direction. Th{s
design trend is also reflected in other fields, for exampley]
guasiphase matching in nonlinear optics, bandgap engineering
in semiconductor technology, and sliding filters in optica&2
communications. In the future, similar new developments
would be desirable for solid state laser materials (bandg&gl
engineering for solid-state crystals), because ultrafast laser
sources will ultimately become limited by the available mazy)
terial characteristics.

REFERENCES [25]
[26]
[1] H. W. Mocker and R. J. Collins, “Mode competition and self-locking
effects in a@-switched ruby laser,"Appl. Phys. Lett.,vol. 7, pp.
270-273, 1965. [27]
[2] A. J. DeMaria, D. A. Stetser, and H. Heynau, “Self mode-locking of28]
lasers with saturable absorberg\ppl. Phys. Lett.yol. 8, pp. 174-176,

1966. [29]
[3] P. W. Smith, “Mode-locking of lasers,’Proc. |IEEE, vol. 58, pp.

1342-1357, 1970. [30]
[4] H. A. Haus, “Parameter ranges for CW passive modelockifgEE J.

Quantum Electron.yol. QE-12, pp. 169-176, 1976. [31]

[5] U. Keller, D. A. B. Miller, G. D. Boyd, T. H. Chiu, J. F. Ferguson, and
M. T. Asom, “Solid-state low-loss intracavity saturable absorber fof32]

449

Nd:YLF lasers: An antiresonant semiconductor Fabry—Perot saturable
absorber,”Opt. Lett.,vol. 17, pp. 505-507, 1992.

U. Keller, T. H. Chiu, and J. F. Ferguson, “Self-starting femtosecond
mode-locked Nd:glass laser using intracavity saturable absortieps,”
Lett., vol. 18, pp. 1077-1079, 1993.

U. Keller, “Ultrafast all-solid-state laser technologyAppl. Phys. B,
vol. 58, pp. 347-363, 1994.

L. R. Brovelli, U. Keller, and T. H. Chiu, “Design and operation of
antiresonant Fabry—Perot saturable semiconductor absorbers for mode-
locked solid-state lasersJ. Opt. Soc. Amer. Byol. 12, pp. 311-322,
1995.

F. X. Kartner, L. R. Brovelli, D. Kopf, M. Kamp, |. Calasso, and
U. Keller, “Control of solid-state laser dynamics by semiconductor
devices,”Opt. Eng.,vol. 34, pp. 2024—-2036, 1995.

T. B. Norris, W. Sha, W. J. Schaff, X. J. Song, Z. Liliental-Weber, and
E. R. Weber, “Transient absorption of low-temperature molecular-beam
epitaxy grown GaAs,” inPicosecond Electronics and Optoelectronics,
T. C. L. Sollner and J. Shah, Eds. Washington, DC: Opt. Soc. Amer.,
1991, vol. 9, pp. 244-247.

U. Siegner, R. Fluck, G. Zhang, and U. Keller, “Ultrafast high-intensity
nonlinear absorption dynamics in low-temperature grown gallium ar-
senide,”Appl. Phys. Lett.yol. 69, pp. 2566—2568, 1996.

E. P. Ippen, D. J. Eichenberger, and R. W. Dixon, “Picosecond pulse
generation by passive modelocking of diode lasefqpl. Phys. Lett.,
vol. 37, pp. 267-269, 1980.

J. P.v. d. Ziel, W. T. Tsang, R. A. Logan, R. M. Mikulyak, and W.
M. Augustyniak, “Subpicosecond pulses from a passively modelocked
GaAs buried optical guide semiconductor lasefgpl. Phys. Lett.yol.

39, pp. 525-527, 1981.

Y. Silberberg, P. W. Smith, D. J. Eilenberger, D. A. B. Miller, A. C.
Gossard, and W. Wiegmann, “Passive modelocking of a semiconductor
diode laser,”Opt. Lett.,vol. 9, pp. 507-509, 1984.

M. N. Islam, E. R. Sunderman, C. E. Soccolich, I. Bar-Joseph, N. Sauer,
T. Y. Chang, and B. I. Miller, “Color center lasers passively mode
locked by quantum wells,IEEE J. Quantum Electronyol. 25, pp.
2454-2463, 1989.

U. Keller, W. H. Knox, and H. Roskos, “Coupled-cavity resonant
passive modelocked (RPM) Ti:Sapphire lasédyt. Lett.,vol. 15, pp.
1377-1379, 1990.

U. Keller, T. K. Woodward, D. L. Sivco, and A. Y. Cho, “Coupled-
cavity resonant passive modelocked Nd:Yttrium lithium fluoride laser,”
Opt. Lett.,vol. 16, pp. 390-392, 1991.

H. A. Haus, U. Keller, and W. H. Knox, “A theory of coupled cavity
modelocking with resonant nonlinearityJ: Opt. Soc. Amer. Bjol. 8,

pp. 1252-1258, 1991.

U. Keller, G. W. 'tHooft, W. H. Knox, and J. E. Cunningham, “Fem-
tosecond pulses from a continuously self-starting passively mode-locked
Ti:sapphire laser,Opt. Lett.,vol. 16, pp. 1022-1024, 1991.

U. Keller and T. H. Chiu, “Resonant passive modelocked Nd:YLF
laser,” [EEE J. Quantum Electronyol. 28, pp. 1710-1721, 1992.

U. Keller, W. H. Knox, and G. W. 'tHooft, Invited Paper, “Ultrafast
solid-state modelocked lasers using resonant nonlinearitiE§E J.
Quantum Electron.yol. 28, pp. 2123-2133, 1992.

] L. F. Mollenauer and R. H. Stolen, “The soliton lase@pt. Lett.,vol.

9, pp. 13-15, 1984.

K. J. Blow and B. P. Nelson, “Improved modelocking of an F-center
laser with a nonlinear nonsoliton external cavit@pt. Lett.,vol. 13,

pp. 1026-1028, 1988.

P. N. Kean, X. Zhu, D. W. Crust, R. S. Grant, N. Landford, and W.
Sibbett, “Enhanced modelocking of color center lase@pt. Lett.,vol.

14, pp. 39-41, 1989.

E. P. Ippen, H. A. Haus, and L. Y. Liu, “Additive pulse modelocking,”
J. Opt. Soc. Amer. Byol. 6, pp. 1736-1745, 1989.

D. E. Spence, P. N. Kean, and W. Sibbett, “60-fsec pulse generation
from a self-mode-locked Ti:Sapphire laseQOpt. Lett.,vol. 16, pp.
42-44, 1991.

G. H. C. New,Opt. Commun.yol. 6, p. 188, 1974.

H. A. Haus, “Theory of mode locking with a slow saturable absorber,”
IEEE J. Quantum Electronyol. 11, pp. 736—-746, 1975.

, “Theory of modelocking with a fast saturable absorbér Appl.
Phys.,vol. 46, pp. 3049-3058, 1975.

H. A. Haus, J. G. Fujimoto, and E. P. Ippen, “Structures for additive
pulse modelocking,J. Opt. Soc. Amer. Bjol. 8, pp. 2068-2076, 1991.
F. X. Kartner and U. Keller, “Stabilization of soliton-like pulses with a
slow saturable absorberQpt. Lett.,vol. 20, pp. 16-18, 1995.

I. D. Jung, F. X. Kartner, L. R. Brovelli, M. Kamp, and U. Keller,




450

(33]

[34]

[35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 2, NO. 3, SEPTEMBER 1996

“Experimental verification of soliton modelocking using only a slow
saturable absorberOpt. Lett.,vol. 20, pp. 1892-1894, 1995.

F. X. Kartner, I. D. Jung, and U. Keller, “Soliton modelocking with [59]
saturable absorbers: Theory and experiments,” this issue, pp. 540-556.
J. A. Valdmanis and R. L. Fork, “Design considerations for a fem[60]
tosecond pulse laser balancing self phase modulation, group velocity
dispersion, saturable bbsorption, and saturable géffEE J. Quantum
Electron.,vol. 22, pp. 112-118, 1986. [61]
R. L. Fork, C. H. B. Cruz, P. C. Becker, and C. V. Shank, “Com-
pression of optical pulses to six femtoseconds by using cubic phaig?]
compensation,’Opt. Lett.,vol. 12, pp. 483—-485, 1987.

P. F. Moulton, “Spectroscopic and laser characteristics of 731" J.
Opt. Soc. Amer. Byol. 3, pp. 125-132, 1986.

D. K. Negus, L. Spinelli, N. Goldblatt, and G. Feugnet, “Sub-100
femtosecond pulse generation by Kerr lens modelocking in Ti:Sapphirg64]
in Advanced Solid-State Lasers G. Bybh. Chase, Eds. Washington,

DC: Opt. Soc. Amer., 1991, vol. 10, pp. 120-124.

F. Salin, J. Squier, and M. Pieh“Modelocking of Ti:Sapphire lasers [65]
and self-focusing: A Gaussian approximatio@pt. Lett.,vol. 16, pp.
1674-1676, 1991.

J. Zhou, G. Taft, C.-P. Huang, M. M. Murnane, H. C. Kapteyn, and I[66]
P. Christov, “Pulse evolution in a broad-bandwidth Ti:sapphire laser,”
Opt. Lett.,vol. 19, pp. 1149-1151, 1994.

A. Stingl, M. Lenzner, Ch. Spielmann, F. Krausz, and R. 8e#p
“Sub-10-fs mirror-controlled Ti:sapphire laseQpt. Lett.,vol. 20, pp.
602-604, 1995.

L. Xu, C. Spielmann, F. Krausz, and R. Sigs, “Ultrabroadband [68]
ring oscillator for sub-10-fs pulse generatiorQpt. Lett.,vol. 21, pp.
1259-1261, 1996.

R. Szipcs, K. Ferencz, C. Spielmann, and F. Krausz, “Chirped multi-
layer coatings for broadband dispersion control in femtosecond laser§g9]
Opt. Lett.,vol. 19, pp. 201-203, 1994.

F. X. Kartner, N. Matuschek, T. Schibli, U. Keller, H. A. Haus, C.
Heine, R. Morf, V. Scheuer, M. Tilsch, and T. Tschudi, “Design and
fabrication of double-chirped mirrors@pt. Lett.,to be published. [70]
I. D. Jung, F. X. Kartner, N. Matuschek, D. Sutter, F. Morier-Genoud,

G. Zhang, U. Keller, V. Scheuer, M. Tilsch, and T. Tschudi, “Self{71]
starting 6.5 fs from a KLM Ti:sapphire laserQpt. Lett.,submitted for
publication.

A. Baltuska, Z. Wei, M. S. Pshenichnikov, and D. A. Wiersma, “Optical
pulse compression to 5 fs at 1 MHz repetition ra@pt. Lett.,vol. 22,
pp. 102-104, 1997.

M. Nisoli, S. De Silvestri, O. Svelto, R. S#@ps, K. Ferencz, C.
Spielmann, S. Sartania, and F. Kraudpt. Lett vol. 22, to be published.
I. P. Christov, H. C. Kapteyn, M. M. Murnane, C. P. Huang, and J. Zhoy73]
“Space-time focusing of femtosecond pulses in a Ti:sapphire laSgt,”

Lett., vol. 20, pp. 309-311, 1995.

S. T. Cundiff, W. H. Knox, E. P. Ippen, and H. A. Haus, “Frequency[74]
dependent mode size in broadband Kerr-lens mode lockibpt” Lett.,

vol. 21, pp. 662-664, 1996.

G. Cerullo, S. De Silvestri, V. Magni, and L. Pallaro, “Resonators for
Kerr-lens mode-locked femtosecond Ti:sapphire lasédgf. Lett.,vol.  [75]
19, pp. 807-809, 1994.

G. Cerullo, S. De Silvestri, and V. Magni, “Self-starting Kerr lens mode-
locking of a Ti:Sapphire laser,Opt. Lett.,vol. 19, pp. 1040-1042,
1994.

F. X. Kartner, D. Kopf, and U. Keller, “Solitary pulse stabilization and
shortening in actively mode-locked lasers,”Opt. Soc. Amer. Byol.
12, pp. 486-496, 1995. [77]
D. Kopf, F. Kartner, K. J. Weingarten, and U. Keller, “Pulse shortening

in a Nd:glass laser by gain reshaping and soliton formatiompt. Lett.,
vol. 19, pp. 2146-2148, 1994.

D. J. Kaup, “Perturbation theory for solitons in optical fiberBHys.
Rev. A,vol. 42, pp. 5689-5694, 1990.

D. Kopf, F. X. Kértner, K. J. Weingarten, and U. Keller, “Diode-pumped[79]
modelocked Nd:glass lasers using an A-FPSBgt. Lett.,vol. 20, pp.
1169-1171, 1995.

I. D. Jung, F. X. Krtner, G. Zhang, and U. Keller, “High-dynamic-
range characterization of ultrashort pulse®pt. Lett., submitted for
publication.

R. Fluck, I. D. Jung, G. Zhang, F. X.&ttner, and U. Keller, “Broadband
saturable absorber for 10 fs pulse generatidbpt. Lett.,vol. 21, pp.
743-745, 1996.

0. E. Martinez, R. L. Fork, and J. P. Gordo@pt. Lett.,vol. 9, pp.
156-158, 1984.

F. Salin, P. Grangier, G. Roger, and A. Brun, “Observation of high-

[63]

[67]

[72]

[76]

[78]

(80]

(81]

order solitons directly produced by a femtosecond ring lasehys.
Rev. Lett.vol. 56, pp. 1132-1135, 1986.

—_, “Experimental observation of nonsymmetricsl = 2 solitons

in a femtosecond laserPhys. Rev. Lettyol. 60, pp. 569-571, 1988.

H. Avramopoulos and G. H. C. New, “A numerical model for the study
of phase effects in passive mode-lockin@pt. Commun.yol. 71, pp.
370-376, 1989.

T. Brabec, C. Spielmann, and F. Krausz, “Mode locking in solitary
lasers,”Opt. Lett.,vol. 16, pp. 1961-1963, 1991.

—, “Limits of pulse shortening in solitary lasersOpt. Lett.,vol.

17, pp. 748-750, 1992.

J. Aus der Au, D. Kopf, F. Morier-Genoud, M. Moser, and U. Keller,
“60 fs pulses from a diode-pumped Nd:glass las@pt. Lett.,vol. 22,

pp. 307-309, 1997.

B. Braun and U. Keller, “Single frequenday-switched ring laser with
an antiresonant Fabry—Perot saturable absork@pt” Lett.,vol. 20, pp.
1020-1022, 1995.

B. Braun, F. X. Kartner, U. Keller, J.-P. Meyn, and G. Huber, “Passively
Q-switched 180 ps Nd:LSB microchip laseiQpt. Lett.,vol. 21, pp.
405-407, 1996.

B. Braun, F. X. Kartner, M. Moser, G. Zhang, and U. Keller, “56 ps
passively@-switched diode-pumped microchip lasefpt. Lett.,vol.

22, pp. 381-383, 1997.

U. Keller, T. H. Chiu, and J. F. Ferguson, “Self-starting and &glf-
switching dynamics of a passively modelocked Nd:YLF and Nd:YAG
laser,” Opt. Lett.,vol. 18, pp. 217-219, 1993.

M. Kaminska, Z. Liliental-Weber, E. R. Weber, T. George, J. B.
Kortright, F. W. Smith, B.-Y. Tsaur, and A. R. Calawa, “Structural prop-
erties of As-rich GaAs grown by molecular epitaxy at low temperatures,”
Appl. Phys. Lett.vol. 54, pp. 1881-1883, 1989.

S. Gupta, J. F. Whitaker, and G. A. Mourou, “Ultrafast carrier dynamics
in Ill-V semiconductors grown by molecular-beam epitaxy at very
low substrate temperaturedEEE J. Quantum Electronyol. 28, pp.
2464-2472, 1992.

J. Shah\Ultrafast Spectroscopy of Semiconductors and Semiconductor
Nanostructures. Berlin, Germany: Springer Verlag, 1996.

D. Kopf, T. Stidssle, G. Zhang, F. X. &tner, U. Keller, M. Moser,

D. Jubin, K. J. Weingarten, R. J. Beach, M. A. Emanuel, and J.
A. Skidmore, “Diode-pumped femtosecond solid state lasers based on
semiconductor saturable absorbers,"Generation, Amplification, and
Measurement of Ultrashort Laser Pulses Ill, Proc. SRI&, 2701, 1996,

pp. 11-22.

D. Kopf, A. Prasad, G. Zhang, M. Moser, and U. Keller, “Broadly
tunable femtosecond Cr:LiSAF laseOpt. Lett.,to be published.

U. Keller, “Advances in all-solid-state ultrafast lasers,” litrafast
Phenomena XP. F. Barbara, J. G. Fujimoto, W. H. Knox, and W.
Zinth, Eds. Berlin, Germany: Springer, 1996, pp. 3-5.

L. R. Brovelli, I. D. Jung, D. Kopf, M. Kamp, M. Moser, F. X. &tner,
and U. Keller, “Self-starting soliton modelocked Ti:sapphire laser using
a thin semiconductor saturable absorbét|&ctron. Lett.,vol. 31, pp.
287-289, 1995.

S. Tsuda, W. H. Knox, E. A. d. Souza, W. Y. Jan, and J. E. Cunning-
ham, “Low-loss intracavity AlAs/AlGaAs saturable Bragg reflector for
femtosecond mode locking in solid-state lase@pt. Lett.,vol. 20, pp.
1406-1408, 1995.

I. D. Jung, L. R. Brovelli, M. Kamp, U. Keller, and M. Moser, “Scaling
of the antiresonant Fabry—Perot saturable absorber design toward a thin
saturable absorberQOpt. Lett.,vol. 20, pp. 1559-1561, 1995.

C. Honninger, G. Zhang, U. Keller, and A. Giesen, “Femtosecond
Yb:YAG laser using semiconductor saturable absorbé&sf’ Lett.,vol.

20, pp. 2402-2404, 1995.

D. Kopf, G. Zhang, R. Fluck, M. Moser, and U. Keller, “All-in-
one dispersion-compensating saturable absorber mirror for compact
femtosecond laser source€)pt. Lett.,vol. 21, pp. 486-488, 1996.

B. Braun, C. Hbhninger, G. Zhang, U. Keller, F. Heine, T. Kellner,
and G. Huber, “Efficient intracavity frequency doubling of a passively
modelocked diode-pumped Nd:LSB laseiQpt. Lett., vol. 21, pp.
1567-1569, 1996.

R. Fluck, G. Zhang, U. Keller, K. J. Weingarten, and M. Moser, “Diode-
pumped passively mode-locked 1:3n Nd:YVO. and Nd:YLF lasers
using semiconductor saturable absorbe@pt. Lett.,vol. 21, pp. 1378,
1996.

D. Kopf, K. J. Weingarten, L. R. Brovelli, M. Kamp, and U. Keller,
“Sub-50-fs diode-pumped mode-locked Cr:LiSAF with an A-FPSA,”
presented at the Conf. Lasers and Electro-Optics, CLEO 1995, paper
CWM2.



KELLER et al.: SEMICONDUCTOR SATURABLE ABSORBER MIRRORS

451

[82] D. Kopf, G. Zhang, M. Moser, U. Keller, M. A. Emanuel, R. J. Beaclj105] P. M. Mellish, P. M. W. French, J. R. Taylor, P. J. Delfyett, and L.

(83]

(84]

(85]

(86]

(87]

(88]
(89]

[90]

(91

[92]

[93]

[94]

(98]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

and J. A. Skidmore, “High-power femtosecond diode-pumped Cr:LiSAF
laser,” presented at the Advanced Solid-State Lasers Conference, Jan.
27-29, 1997, paper MF1; also i@pt. Lett., vol. 22, submitted for [106]
publication.

L. R. Brovelli and U. Keller, “Simple analytical expressions for the
reflectivity and the penetration depth of a Bragg mirror between arbitr§t97]
media,” Opt. Commun.yol. 116, pp. 343-350, 1995.

S. Tsuda, W. H. Knox, E. A. d. Souza, W. Y. Jan, and J. E. Cunninghd&Q8]
“Femtosecond self-starting passive modelocking using an AlAs/AlGaAs
intracavity saturable Bragg reflector,” ®LEO 1995 paper CWMS, p.

254. [109]
B. G. Kim, E. Garmire, S. G. Hummel, and P. D. Dapkus, “Nonlinear
Bragg reflector based on saturable absorptigxppl. Phys. Lett.yol.

54, pp. 1095-1097, 1989. [110]
M. Ramaswamy-Paye and J. G. Fujimoto, “Compact dispersion-
compensating geometry for Kerr-lens mode-locked femtosecond lasers,”
Opt. Lett.,vol. 19, pp. 1756-1758, 1994.

D. Kopf, G. J. Sphler, K. J. Weingarten, and U. Keller, “Mode-locked111]
laser cavities with a single prism for dispersion compensatidpyl.

Opt., vol. 35, pp. 912-915, 1996.

R. L. Fork, O. E. Martinez, and J. P. Gordon, “Negative dispersion usiid 2]
pairs of prisms,”Opt. Lett.,vol. 9, pp. 150-152, 1984.

K. Ferencz and R. Szfizs, “Recent developments of laser optical
coatings in Hungary,Opt. Eng.,vol. 32, pp. 2525-2538, 1993. [113]
R. Szipcs, A. Stingl, C. Spielmann, and F. Krausz, “Chirped dielectric
mirrors for dispersion control in femtosecond laser systems,” F. W14]
Wise, C. P. J. Bartys, Eds., @Beneration, Amplification, and Measure-
ment of Ultrashort Laser Pulses I, Proc. SPIE Proc. 1996|. 2377,

pp. 11-12.

F. Gires and P. Tournois, “Interferometer utilisable pour la compress[da5]
d’impulsions lumineuses modulees en frequen€e R. Acad. Sci. Paris,

vol. 258, pp. 6112-6115, 1964.

D. A. B. Miller, D. s. Chemla, T. C. Damen, A. C. Gossard, W116]
Wiegmann, T. H. Wood, and C. A. BurruBhys. Rev. Lettyol. 53,

p. 2173, 1984. [117]
, “Electric field dependence of optical absorption near the band
gap of quantum well structuresi?hys. Rev. Byol. 32, pp. 1043-1060,
1985. [118]
D. A. B. Miller, J. S. Weiner, and D. S. Chemla, “Electric Field
Dependence of Linear Optical Properties in Quantum Well StructurBist9]
Waveguide Electroabsorption and Sum RuldEEE J. Quantum Elec-
tron., vol. 22, pp. 1816-1830, 1986. [120]
A. M. Fox, D. A. B. Miller, G. Livescu, J. E. Cunningham, J. E. Henry,
and W. Y. Jan, “Exciton saturation in electrically biased quantum wells,”

J. Appl. Phys. Lett.yol. 57, p. 2315, 1990. [121]
T. Sizer, I, T. K. Woodward, U. Keller, K. Sauer, T.-H. Chiu, D.

L. Sivco, and A. Y. Cho, “Measurement of carrier escape rates,
exciton saturation intensity, and saturation density in electrically biagéa2]
multiple-quantum-well modulators|EEE J. Quantum Electrorvol. 30,

pp. 399-407, 1994.

L. R. Brovelli, M. Lanker, U. Keller, K. W. Goossen, J. A. Walker[123]
and J. E. Cunningham, “An antiresonant Fabry—Perot quantum well
modulator to actively mode-lock and synchronize solid-state lasers,”
Electron. Lett.,vol. 31, pp. 381-382, 1995.

S. A. Payne, L. L. Chase, L. K. Smith, W. L. Kway, and H. Newkirk124]
“Laser performance of LiSrAIECr3+,” J. Appl. Phys.vol. 66, pp.
1051-1056, 1989.

S. A. Payne, L. L. Chase, H. W. Newkirk, L. K. Smith, and W. H125]
Krupke, “Cr:LiCAF: A promising new solid-state laser materidEEE

J. Quantum Electronyol. 24, pp. 2243-2252, 1988. [126]
H. S. Wang, P. L. K. Wa, J. L. Lefaucheur, B. H. T. Chai, and A. Miller,
“CW and self-mode-locking performance of a red pumped Cr:LiSCAE27]
laser,” Opt. Commun.yol. 110, pp. 679-688, 1994.

L. K. Smith, S. A. Payne, W. L. Kway, L. L. Chase, and B. H. T.
Chai, “Investigation of the laser properties of;GrLiSrGaF6,” [IEEE [128]
J. Quantum Electronyol. 28, pp. 2612-2618, 1992.

M. Stalder, M. Bass, and B. H. T. Chai, “Thermal quenching of
fluorescence in chromium-doped fluoride laser crystals,Opt. Soc. [129]
Amer. B,vol. 9, pp. 2271-2273, 1992.

P. M. W. French, R. Mellish, J. R. Taylor, P. J. Delfyett, and L. T. Florez,
“All-solid-state diode-pumped modelocked Cr:LiSAF laseEfectron. [130]
Lett., vol. 29, pp. 1262-1263, 1993.

P. M. W. French, R. Mellish, and J. R. Taylor, “Modelocked all-solid-
state diode-pumped Cr:LiSAF lase©pt. Lett.,vol. 18, pp. 1934-1936, [131]
1993.

T. Florez, “All-solid-state femtosecond diode-pumped Cr:LiSAF laser,”
Electron. Lett.,vol. 30, pp. 223-224, 1994.

D. Kopf, K. J. Weingarten, L. Brovelli, M. Kamp, and U. Keller,
“Diode-pumped sub-100-fs passively mode-locked Cr:LiSAF using an
A-FPSA,” presented at CLEO 1994, paper CPD22.

, “Diode-pumped 100-fs passively mode-locked Cr:LiSAF using
an A-FPSA,”Opt. Lett.,vol. 19, pp. 2143-2145, 1994.

S. Tsuda, W. H. Knox, and S. T. Cundiff, “High efficiency diode pump-
ing of a saturable Bragg reflector-mode-locked Cr:LiSAF femtosecond
laser,” Appl. Phys. Lett.vol. 69, pp. 1538-1540, 1996.

M. J. P. Dymott and A. |. Ferguson, “Self-mode-locked diode-pumped
Cr:LiSAF laser producing 34-fs pulses at 42-mW average powept:
Lett., vol. 20, pp. 1157-1159, 1995.

R. Mellish, N. P. Barry, S. C. W. Hyde, R. Jones, P. M. W. French, J.
R. Taylor, C. J. v. d. Poel, and A. Valster, “Diode-pumped Cr:LiSAF
all-solid-state femtosecond oscillator and regenerative amplifi@pf:
Lett., vol. 20, pp. 2312-2314, 1995.

D. Kopf, J. Aus der Au, U. Keller, G. L. Bona, and P. Roentgen,
“A 400-mW continous-wave diode-pumped Cr:LiSAF laser based on
a power-scalable conceptJpt. Lett.,vol. 20, pp. 1782-1784, 1995.

D. Kopf, U. Keller, M. A. Emanuel, R. J. Beach, and J. A. Skidmore,
“A 1.1-W CW Cr:LiSAF laser pumped by a 1-cm diode-arrappt.
Lett., vol. 22, pp. 99-101, 1997.

S. Basu and R. L. Byer, “Continuous-wave mode-locked Nd:glass laser
pumped by a laser diodeQpt. Lett.,vol. 13, pp. 458-460, 1988.

C. Spielmann, F. Krausz, T. Brabec, E. Wintner, and A. J. Schmidt,
“Femtosecond passive modelocking of a solid-state laser by disper-
sively balanced nonlinear interferometeippl. Phys. Lett.vol. 58,

pp. 2470-2472, 1991.

P. Lacovara, H. K. Choi, C. A. Wang, R. L. Aggarwal, and T. Y. Fan,
“Room-temperature diode-pumped Yb:YAG lase@pt. Lett.,vol. 16,

pp. 1089-1091, 1991.

T. Y. Fan, “Heat Generation in Nd:YAG and Yb:YAG,EEE J.
Quantum Electron.yol. 29, pp. 1457-1459, 1993.

U. Brauch, A. Giesen, M. Karszewski, C. Stewen, and A. Voss,
“Multiwatt diode-pumped Yb:YAG thin disk laser continuously tunable
between 1018 and 1053 nnJpt. Lett.,vol. 20, pp. 713-715, 1995.

R. Allen and L. Esterowitz, “CW tunable ytterbium YAG laser pumped
by titanium sapphire,Electron. Lett. vol. 31, pp. 639-641, 1995.

S. R. Henion, P. A. Schulz, “Yb:YAG laser: Mode-locking and high-
power operation,” iNCLEO 1992 p. 540, paper CThQ2.

C. J. Flood, D. R. Walker, and H. M. van Driel, “The effect of spatial
hole burning in a mode-locked, diode end-pumped, Nd:YAG laser,”
Opt. Lett.,vol. 20, pp. 58-60, 1995.

B. Braun, K. J. Weingarten, F. X.&ttner, and U. Keller, “Continuous-
wave mode-locked solid-state lasers with enhanced spatial hole-burning,
Part I: Experiments,’Appl. Phys. Byol. 61, pp. 429-437, 1995.

F. X. Kéartner, B. Braun, and U. Keller, “Continuous-wave-mode-locked
solid-state lasers with enhanced spatial hole-burning, Part 1l: Theory,”
Appl. Phys. Byol. 61, pp. 569-579, 1995.

S. Spilter, M. Bohm, B. Mikulla, A. Sizmann, G. Leuchs, R. Fluck,

I. D. Jung, G. Zhang, and U. Keller, “Self-starting soliton modelocked
femtosecond Cr:YAG laser using an antiresonant Fabry—Perot saturable
absorber,” presented at CLEO Europe, 1996, Postdeadline Paper.

K. J. Weingarten, U. Keller, T. H. Chiu, and J. F. Ferguson, “Passively
mode-locked diode-pumped solid-state lasers using an antiresonant
Fabry—Perot saturable absorbedpt. Lett.,vol. 18, pp. 640-642, 1993.
Prof. R. Wallenstein, University of Kaiserslautern, Germany, private
communication, 1996.

J. J. Zayhowski and C. Dill lll, “Diode-pumped passiveprswitched
picosecond microchip lasersOpt. Lett.,vol. 19, pp. 1427-1429, 1994.

J. J. Zayhowski, J. Ochoa, and C. Dill, Ill, “UV generation with
passively@-switched picosecond microchip lasers,” presented at CLEO
1995, p. 139, paper CTuM2.

P. Wang, S.-H. Zhou, K. K. Lee, and Y. C. Chen, “Picosecond laser
pulse generation in a monolithic self-switched solid-state laserQpt.
Commun.yvol. 114, pp. 439-441, 1995.

J. J. Zayhowski and C. Dill lll, “Coupled cavity electro-optically-
switched Nd:YVQ microchip lasers,Opt. Lett.,vol. 20, pp. 716-718,
1995.

R. Fluck, B. Braun, U. Keller, E. Gini, and H. Melchior, “Passivély
switched 1.34p¢m Nd:YVO, microchip laser,” Advanced Solid-State
Lasers 1997, paper WDS5.

, “Passively-switched microchip lasers at 1;3n and 1.5um,”
presented at CLEO 1997.




452

Ursula Keller (M’89) was born in Zug, Switzer-

land, in 1959. She received the “Diplom” in physics
from the Federal Institute of Technology (ETH)
Zurich, Switzerland, in 1984, and the M.S. and
Ph.D. degree in applied physics from Stanford Uni-

versity, Stanford, CA, in 1987 and 1989, respec: -

tively. —

Her Ph.D. research was in optical probing of o
charge and voltage in GaAs integrated circuits an +‘
in low-noise ultrafast laser systems. From late 198. .. : I". J )’ -

A e

to 1985, she worked on optical bistability at Heriot-
Watt University, Edinburgh, Scotland. In 1989, she joined AT&T Bell Labo-
ratories, Holmdel, NJ, as a Member of Technical Staff where she conducted
research on photonic switching, ultrafast laser systems, and semiconductor
spectroscopy. Since March 1993, she is an associate Professor in the Physics
Department at the Swiss Federal Institute of Technology (ETH) inch,
Switzerland. Her current research interests are in ultrafast lasers, spectroscoov.
local probes and novel devices for applications in optical information proces
ing, communication and medicine. She published more than 70 journal pap:
one book chapter and holds five patents.

Prof. Keller is a member of the Optical Society of America (OSA), th
European Physical Society (EPS), the Swiss Physical Society (SPS), and
Swiss Academy of Technical Sciences (SATW). During 1985 to 1986, she w
a Fulbright Fellow and in 1987 to 1988, she received an IBM Predoctor
Fellowship.

Kurt J. Weingarten (S'82—M’88) was born January
30, 1961, in St. Petersburg, FL. He received the B.<
degree from the Georgia Institute of Technology in
1983, and the M.S. degree in 1985 and Ph.D. degre
in 1987 from Stanford University, all in electrical
engineering.

His Ph.D. work involved developing an electro-
optic sampling system to test GaAs integrated cir
cuits. From 1987 to 1993, he worked at Lightwav
Electronics as a group leader, further developing an
electro-optic sampling system, then a diode-pumped
mode-locked laser product series. In 1993, he moved to Zurich, Switzerland,
working as a research associate in the Ultrafast Laser Physics Group at the
Swiss Federal Institute of Technology (ETH) and as an independent laser
consultant. In 1995, he founded the company Time-Bandwidth Products to
commercialize recent developments in the area of diode-pumped ultrafast l¢
systems. He is a member of the Optical Society of America.

Franz X. Kartner was born in Cham, Germany, in
1961. He received the Diploma degree in 1986 and
the Ph.D. degree in 1989 in electrical engineering
from the Technical University Munich.

From 1991 to 1993, he was a Feodor-Lynen
Research Fellow of the Humboldt Foundation at
Massachusetts Institute of Technology, USA. Sinct
1993, he is with the Institute of Quantum Electron-
ics, Swiss Federal Institute of Technology (ETH)
Zurich, Switzerland. He carried out research or

- noise in electronic circuits and optical devices,
generation of squeezed states in the microwave and optical domain, quan
optics and laser physics in general. He is currently focused on the dynamnr
of mode-locked lasers.

Dr. Kartner is a member of the German Physical Society and the Optic
Society of America.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 2, NO. 3, SEPTEMBER 1996

Daniel Kopf received the Diploma degree in
physics in 1992 and the Ph.D. degree in 1996
from the Swiss Federal Institute of Technology
(ETH) in Zurich, Switzerland.

His main research interests are in the field of
compact ultrafast and diode-pumped lasers, and
semiconductor physics.

Dr. Kopf is a member of the Optical Society of
America.

Bernd Braun was born in Bamberg, Germany,
1965. He studied physics at the Ruprecht-Karls
Universitt Heidelberg and the Imperial College in
London and received the diploma degree in 1993,
and is currently pursuing the Ph.D. degree at the
Institute of Quantum Electronics, ETHUAch.

His current research interest is focused on pas-
sively @-switched diode pumped microchip lasers.

Isabella D. Jung was born in Munich, Ger-
many 1968. She studied Physics at the Ludwig-
Maximilian-University Munich, where she received
the diploma degree in 1993 and is currently pursuing
the Ph.D. degree at the Institute of Quantum
Electronics, ETH Zurich.

Her current interest is focused on ultrashort pulse
generation.

Regula Fluck received the diploma degree in
physics from the Swiss Federal Institute of
Technology (ETH), Zfich, Switzerland, in 1993
and is currently pursuing the Ph.D. degree at the
Institute of Quantum Electronics, ETH ugch.

Her current interest is focused on diode pumped
microchip lasers in the infrared.

Clemens Hinninger received the diploma degree
in physics from the University of Heidelberg, Ger-
many, in 1994 and is currently pursuing the Ph.D.
degree at the Institute of Quantum Electronics, ETH,
Zurich.

His current research interests are in high peak
power laser sources.



KELLER et al.: SEMICONDUCTOR SATURABLE ABSORBER MIRRORS

||I'\-|E|-'

Nicolai Matuschek was born in Biberach/Rif3, Ger-
many, in 1968. He received the diploma degree i
physics from the University Ulm, in 1995and is
currently pursuing the Ph.D. degree at the Institut
of Quantum Electronics, Swiss Federal Institute o
Technology (ETH) Zirich, Switzerland.

After finishing the diploma degree in the field of
theoretical polymer physics, he changed his researc
interests to laser physics, where he is currentl
focused on the theory of mode-locked solid-stat:
lasers.

453

Juerg Aus der Au received the diploma degree in
physics from the Swiss Federal Institute of Technol-
ogy (ETH) in Zirich, Switzerland, in 1996 and is
currently pursuing the Ph.D. degree at the same in-
stitute where his main research interests are focused
on compact femtosecond laser sources.



