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Abstract

Intracavity semiconductor saturable absorber mirrors (SESAM’)
offer unique and exciting possibilities for passively pulsed solid-
state laser systems, extending from Q-switched pulses in the
nanosecond and picosecond regime to mode-locked pulses from
10’ 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 Q-switched regime. The combination of device
structure and material parameters for SESAM’s provide sufficient
design freedom to choose key parameters such as recovery time, sat-
uration intensity, and saturation fluence, in a compact structure
with low insertion loss. WWe have been able to demonstrate, for
example, passive modelocking (with no Q-switching) using an
intracavity saturable absorber in solid-state lasers with long upper
state lifetimes (e.g., 1-.«m neodymium transitions), Kerr lens mod-
elocking assisted with pulsewidths as short as 6.5 fs from a Ti:sap-

without any external pulse compression, and passive Q-switching
with pulses as short as 56 ps—the shortest pulses ever produced
directly from a Q-switched solid-state laser. Diode-pumping of
such lasers is leading to practical, real-world ultrafast sources, and
we will review results on diode-pumped Cr:LiSAF, Nd:glass,
Yb:YAG, Nd:YAG, Nd:YLF, Nd:LSB, and Nd:YVOy,.

Historical Background and Introduction

Semiconductor Saturable Absorbers

for Solid-State Lasers

The use of saturable absorbers in solid-state lasers is practically

as old as the solid-state laser itself [1]-[3]. However, it was

believed that pure, continuous-wave (CW) modelocking could

not be achieved using saturable absorbers with solid-state lasers

such as Nd:glass, Nd:YAG, or Nd:YLF with long upper state

lifetimes (i.e., >100 ws) without Q-switching or
Q-switched mode-locked behavior (Fig. 1).

This limitation was mostly due to the parame-

ter ranges of available saturable absorbers [4].
However, the advent of bandgap engineering
and modern semiconductor growth technology
has allowed for saturable absorbers with accu-
rate control of the device parameters such as
absorption wavelength, saturation energy, and

recovery time, and we have been able to

demonstrate pure passive Q-switching, pure
CW modelocking or, if desired, Q-switched
modelocking behavior [5]-[9]. In addition,

phire laser—the shortest pulses ever produced directly out of a laser
CW - Running CW - Q - Switching
“Single” 5 D
Mode 2 2
a a
Time Time
Self-Starting Mode Locking
Q - Switched Mode Locking CW - Mode Locking
Mutti " I "
Mode @ 5}
c g
Time Time

semiconductor absorbers have an intrinsic bitem-
poral impulse response (Fig. 2): intraband carri-
er—carrier scattering and thermalization processes
which are in the order of 10 to 100 fs as well as
interband trapping and recombination processes
which can be in the order of picoseconds to
nanoseconds depending on the growth parame-

ters [10], [11]. As we will discuss, the faster sat-

Figure 1: Different modes of operation of a laser with a saturable absorber. CW Q-
switching typically occurs with much longer pulses and lower pulse repetition rates than

CW mode-locking.
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urable absorption plays an important role in sta-
bilizing femtosecond lasers, while the slower
response is important for starting the pulse for-
mation process and for pulse forming in lasers
with pulsewidths of picoseconds or longer.
Many other classes of laser can be passively
mode-locked ~ with  saturable absorbers.
Previously, semiconductor saturable absorbers
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provide stable pulse generation for a variety of
solid-state lasers.

Mode-Locking Mechanism for Solid-

State Lasers: Fast-Saturable-Absorber

Mode-Locking or Soliton Mode-Locking
D Passive mode-locking mechanisms are well-
explained by three fundamental models: slow sat-
urable absorber mode-locking with dynamic gain
saturation [27], [28] [Fig. 3(a)], fast saturable
absorber mode-locking [29], [30] [Fig. 3(b)] and
soliton mode-locking [31]-[33] [Fig. 3(c)]. In
the first two cases, a short net-gain window forms
and stabilizes an ultrashort pulse. This net-gain
window also forms the minimal stability require-
ment, i.e., the net loss immediately before and

Figure 2: A measured impulse response typical for a semiconductor saturable absorber.

The optical nonlinearity is based on absorption bleaching.
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Figure 3: The three fundamental passive mode-locking models: (a)
passive 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].

have been successfully used to mode-locked semiconductor diode
lasers, where the recovery time was reduced by damage induced
either during the aging process [12], by proton bombardment
[13], or by multiple quantum wells [14]. More recently, both bulk
and multiple quantum-well semiconductor saturable absorbers
have been used to mode-lock color center lasers [15]. In both cases,
the upper state lifetime of the laser medium is in the nanosecond
regime, which strongly reduces the tendency for self-Q-switching
instabilities (discussed further in Section I1). This is not the case for
most other solid-state lasers with an upper state laser lifetime in
the microsecond to millisecond regime. First results with SESAM’s
in solid-state lasers were reported in 1990, and they were initially
used in nonlinear coupled cavities [16]-[21], a technique termed
RPM (resonant passive mode-locking). This paper was motivated
by previously demonstrated soliton lasers [22] and APM (additive
pulse mode-locking) lasers [23]-[25], where a nonlinear phase
shift in a fiber inside a coupled cavity provided an effective sat-
urable absorption. Most uses of coupled cavity techniques have
been supplanted by intracavity saturable absorber techniques
based on Kerr lens mode-locking (KLM) [26] and SESAM’s [5],
due to their more inherent simplicity. In 1992, we demonstrated
a stable, purely CW-mode-locked Nd:YLF and Nd:YAG laser
using an intracavity SESAM design, referred to as the antiresonant
Fabry—Perot saturable absorber (A-FPSA) [5]. Since then, many
new SESAM designs have been developed (see Section I11) that
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after the pulse defines its extent. However, in
soliton mode-locking, where the pulse formation
is dominated by the balance of group velocity dispersion (GVD)
and self-phase modulation (SPM), we have shown that the net-gain
window can remain open for more than ten times longer than the
ultrashort pulse, depending on the specific laser parameters [32]. In
this case, the slower saturable absorber only stabilizes the soliton
and starts the pulse formation process.

Until the end of the 19807, ultrashort pulse generation was
dominated by dye lasers, where mode-locking was based on a bal-
anced saturation of both gain and loss, opening a steady-state net
gain window as short as the pulse duration [Fig. 3(a)] (the slow-
absorber with dynamic gain saturation model [27], [28]). Pulses as
short as 27 fs with an average power of ~10 m\W were generated
[34]. Shorter pulse durations to 6 fs were achieved through addi-
tional amplification and fiber-grating pulse compression, although
at much lower repetition rates [35].

The situation changed with the development and commercial-
ization of the Ti:sapphire laser [36], which has a gain-bandwidth
large enough to support ultrashort pulse generation. However,
existing mode-locking techniques were inadequate because of the
much longer upper state lifetime and the smaller gain cross section
of this laser, which results in negligible pulse-to-pulse dynamic
gain saturation. Initially it was assumed that a fast saturable
absorber would be required to generate ultrashort pulses [Fig. 3(b)].
Such a fast saturable absorber was discovered [26] and its physical
mechanism described as Kerr lens mode-locking (KLM) [19], [37],
[38], where strong self-focusing of the laser beam combined with
either a hard aperture or a “soft” gain aperture is used to produce a
self amplitude modulation, i.e., an equivalent fast saturable
absorber. Since then, significant efforts have been directed toward
optimizing KLM for shorter pulse generation, with the current
results standing at around 8 fs [39]-[41] directly from the laser.
Using a broad-band intracavity SESAM device in addition to KLM
and higher order dispersion compensation [42], [43] we recently
generated pulses as short as 6.5 fs [Fig. 12(b)] directly out of a
Ti:sapphire laser with 200 mW average output power at a pulse
repetition rate of ~85 MHz [44]. External pulse compression tech-
niques based on fiber-grating pulse compressors have been used to
further reduce the pulse duration from a Ti:sapphire laser to ~5 fs
at a center wavelength of ~800 nm [45], [46]. These are currently
the shortest optical pulses ever generated.
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Besides the tremendous success of KLM, there are some signifi-
cant limitations for practical or “real-world” ultrafast lasers. First,
the cavity is typically operated near one end of its stability range,
where the Kerr-lens-induced change of the beam diameter is large
enough to sustain mode-locking. This results in a requirement for
critical cavity alignment where mirrors and laser crystal have to be
positioned to an accuracy of several hundred microns typically.
Additionally, the self-focusing required for KLM imposes limita-
tions on the cavity design and leads to strong space-time coupling
of the pulses in the laser crystal that results in complex laser dynam-
ics [47], [48]. Once the cavity is correctly aligned, KLM can be very
stable and under certain conditions even self-starting [49], [50].
However, self-starting KLM lasers in the sub-50-fs regime have not
yet been demonstrated without any additional starting mechanisms
as for example a SESAM. This is not surprising, since in a 10-fs
Ti:sapphire laser with a 100 MHz repetition rate, the peak power
changes by six orders of magnitude when the laser switches from
CW to pulsed operation. Therefore, nonlinear effects that are still
effective in the sub-10-fs regime are typically too small to initiate
mode-locking in the CW-operation regime. In contrast, if self-start-
ing is optimized, KLM tends to saturate in the ultrashort pulse
regime or the large SPM will drive the laser unstable.

However, we have shown that a novel mode-locking tech-
nique, which we term soliton mode-locking [31]-[33], [51],
addresses many of these issues. In soliton mode-locking, the pulse
shaping is done solely by soliton formation, i.e., the balance of
GVD and SPM at steady state, with no additional requirements
on the cavity stability regime. An additional loss mechanism,
such as a saturable absorber [31], [33], or an acousto-optic mode-
locker [51], [52], is necessary to start the mode-locking process
and to stabilize the soliton.

This can be explained as follows. The soliton loses energy due to
gain dispersion and losses in the cavity. Gain dispersion and losses
can be treated as perturbation to the nonlinear Schrédinger equa-
tion for which a soliton is a stable solution [51]. This lost energy,
called continuum in soliton perturbation theory [53], is initially
contained in a low intensity background pulse, which experiences
negligible bandwidth broadening from SPM, but spreads in time
due to GVD. This continuum experiences a higher gain compared
to the soliton, because it only sees the gain at line center (while the
soliton sees an effectively lower average gain due to its larger band-
width). After a sufficient build-up time, the continuum would
actually grow until it reaches an effective lasing threshold, destabi-
lizing the soliton. However, we can stabilize the soliton by intro-
ducing a “slow” saturable absorber into the cavity. This slow
absorber adds sufficient additional loss so that the continuum no
longer reaches threshold, but with negligible increased loss for the
short soliton pulse.

Depending on the specific laser parameters such as gain dis-
persion, small signal gain, and negative dispersion, a “slow” sat-
urable absorber can stabilize a soliton with a response time of more
than ten times longer than the steady-state soliton pulsewidth
[Fig. 3(c)]. High-dynamic range autocorrelation measurements
have shown ideal transform-limited soliton pulses over more than
six orders of magnitude, even though the net gain window is open
much longer than the pulse duration [32], [54], [55]. Due to the
slow saturable absorber, the soliton undergoes an efficient pulse
cleaning mechanism [33]. In each round-trip, the front part of the
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soliton is absorbed which delays the soliton with respect to the
continuum.

In contrast to KLM, soliton mode-locking is obtained over the
full cavity stability regime, and pulses as short as 13 fs have been
generated currently with a purely soliton-mode-locked Ti:sapphire
laser using a broad-band SESAM [33], [56]. Soliton mode-locking
decouples SPM and self-amplitude modulation, potentially allow-
ing for independent optimization. We justify the introduction of a
new name for this mode-locking process because previously soliton
effects were only considered to lead to a moderate additional
pulsewidth reduction of up to a factor of 2, but the stabilization was
still achieved by a short net gain window as discussed for CPM dye
[571-[60] and for KLM Ti:sapphire lasers [61], [62].

Design Criteria for a Saturable Absorber

First we consider the basic design parameters of a general saturable
absorber. These consist of the saturation intensity ls: and saturation
fluence Egy, which will be seen to influence the mode-locking
build-up and the pulse stability with respect to self-Q-switching. In
addition, the recovery time of the saturable absorber determines the
dominant mode-locking mechanism, which is either based on fast
saturable absorber mode-locking [Fig. 3(b)] in the positive or neg-
ative dispersion regime, or soliton mode-locking [Fig. 3(c)], which
operates solely in the negative dispersion regime. For solid-state
lasers we can neglect slow saturable absorber mode-locking as
shown in Fig. 3(a), because no significant dynamic gain saturation
is taking place due to the long upper state lifetime of the laser.
When the recovery time of the absorber is on the order of or even
larger than the laser’s cavity round-trip time, the laser will tend to
operate in the pure CW-Q-switching regime (Fig. 1).

In addition, the nonsaturable losses of a saturable absorber
need to be small, because we typically only couple a few per-
cent out of a CW mode-locked solid-state laser. As the non-
saturable losses increase, the laser becomes less efficient and
operates fewer times over threshold, which increases the ten-
dency for instabilities [see (4) and (6) below] such as
Q-switched mode-locked behavior.

Fig. 4 shows the typical saturation behavior for an absorber on a
mirror. Initially, the pulses are formed by noise fluctuations in the
laser, and the saturation amount at this early stage is dominated by
the CW intensity | incident on the absorber [Fig. 4(2)]. In general,
we can assume that the saturable absorber is barely bleached (i.e.,
| <« ly) at CW intensity, because if the absorber were fully
bleached at this intensity, there would be insufficient further mod-
ulation to drive the pulse forming process.

The saturation intensity ls is given by

|5a[ =hv (l)
oaTa
where hv is the photon energy, oa the absorption cross section and
Ta the absorber recovery time. It is important to note that the
absorption cross section is effectively a material parameter. The
absorption coefficient « of the material is then given by

a =o0aNp (2

where Np is the density of absorber atoms or the density of states
in semiconductors, for example.
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Figure 4: Nonlinear reflectivity change of a saturable absorber
mirror due to absorption bleaching with the (a) CW intensity and
(b) short pulses. Ig is the saturation intensity, Eg; is the satura-
tion fluence, | is the CW intensity, and I, is the pulse energy den-
sity incident on the saturable absorber.

Referring again to Fig. 4(a), the slope dR/d I at around | =~ 0
determines the mode-locking build-up time under certain approx-
imations [9] can be written as

1
iR
Tlrol

Thuild-up 3

As expected, the build-up time is inversely proportional to this
slope. This follows directly from Fig. 4(a), which shows that small
intensity fluctuations will introduce a larger reflectivity change of
the saturable absorber if the slope is larger. Therefore, the mode-
locking build-up time decreases with smaller saturation intensities.
However, there is a tradeoff: if the saturation intensity is too small,
the laser will start to Q-switch. The condition for no Q-switching is
derived in [4], [9]:

no Q-switching: ‘d—R‘ IS rE ~ TR .

dl 72 Tstim

(C))

where r is the pump parameter that determines how many times
the laser is pumped above threshold, T is the cavity round trip
time, and t is the upper state lifetime of the laser. The stimulated
lifetime tgim Of the wupper laser level is given by
Tstim = T2/(r — 1) ~ 1 /r for r > 1. The small signal gain of
the laser is given by go = rl, where | is the total loss coefficient of
the laser cavity. From (4), it then follows that Q-switching can be
more easily suppressed for a small slope dR/d I (i.e., a large satura-
tion intensity), a large r (i.e., a laser that is pumped far above thresh-
old with a large small-signal gain go or small losses I ), a large cav-
ity round-trip period (i.e., for example a low mode-locked pulse

12 IEEE LEOS NEWSLETTER

repetition rate). Equation (4) also indicates that solid-state lasers
with a large upper state lifetime , will have an increased tendency
for self-Q-switching instabilities.

The physical interpretation of the Q-switching threshold (4) is
as follows: The left-hand side of (4) determines the reduction in
losses per cavity round-trip due to the bleaching in the saturable
absorber. This loss reduction will increase the intensity inside the
laser cavity. The right-hand side of (4) determines how much the
gain per round-trip saturates, compensating for the reduced losses
and keeping the intensity inside the laser cavity constant. If the
gain cannot respond fast enough, the intensity continues to increase
as the absorber is bleached, leading to self-Q-switching instabilities
or stable Q-switching.

Equations (3) and (4) give an upper and lower bound for the sat-
uration intensity which results in stable CW mode-locking with-
out self-Q-switching. Of course, we can also optimize a saturable
absorber for Q-switching by selecting a small saturation intensity
and a short cavity length, i.e., a short Tg. This will be discussed in
more detail in Section V.

If we use a fast saturable absorber with recovery time much
shorter than the cavity round-trip time (Ta < Tg), then the con-
ditions given by (3) and (4) are typically fulfilled and much shorter
pulses can be formed. But now, an additional stability requirement
has to be fulfilled to prevent Q-switched mode-locking (Fig. 1). For
this further discussion, we assume that the steady-state pulse dura-
tion 7, is shorter than the recovery time Ta of the saturable
absorber, i.e., 7, < Ta. In this case the saturation [Fig. 4(b)] is
determined by the saturation fluence Egy, given by

Esat = m (5)

OA

and the incident pulse energy density E, on the saturable absorber.
The loss reduction per round-trip is now due to bleaching of the
saturable absorber by the short pulses, not the CW intensity. This
isamuch larger effect when Ta << Tg. Therefore, in analogy to (4),
we can show that the condition to prevent Q-switched mode-lock-
ing is given by [9]:

no Q-switched mode-locking:
dR

dE,

We can easily fulfill this condition by choosing E, >> Egat [Fig.
4(b)]. This also optimizes the modulation depth, resulting in
reduced pulse duration.

However, there is also an upper limit to E,, determined by the
onset of multiple pulsing [63]. Given an energy fluence many times
the saturation energy fluence Eg,t, we can see that the reflectivity is
strongly saturated and no longer a strong function of the pulse ener-
gy. In addition, shorter pulses see a reduced average gain, due to the
limited gain bandwidth of the laser. Beyond a certain pulse energy,
two pulses with lower power, longer duration, and narrower spec-
trum will be preferred, since they see a larger increase of the aver-
age gain but a smaller increase in the absorption. The threshold for
multiple pulsing is lower for shorter pulses, i.e., with spectrums
broad compared to the gain bandwidth of the laser. Our experi-
mentally determined rule of thumb for the pulse energy density on
the saturable absorber is three to five times the saturation fluence.

TR TR
Ep<r—~ .
2 Tstim

(6)
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Figure 5: Measured absorption bleaching and electron trapping times (i.e., recovery time of saturable absorber) for low-temperature MBE grown
InGaAs-GaAs multiple quantum-well absorbers. The MBE growth temperature is the variable parameter used in the nonlinear reflectivity.

A more detailed description of multiple pulsing will
be given elsewhere. In general, the incident pulse
energy density on the saturable absorber can be
adjusted by the incident mode area, i.e., how strong-
ly the cavity mode is focused onto the saturable
absorber.

Equations (3), (4), and (6) give general criteria for
the saturation intensity ls (1) and saturation fluence
Egat (5) of the saturable absorber. Normally, the satu-
ration fluence of the absorber material is a given, fixed
parameter, and we have to adjust the incident mode
area to set the incident pulse energy density onto the
saturable absorber to fulfill the conditions given by
(6) and the multiple pulsing instabilities. Therefore,
the only parameter left to adjust for the saturation
intensity is the absorber recovery time Ta ().
However, if we want to use the absorber as a fast sat-
urable absorber, we have to reduce Ta.
Semiconductor materials are interesting in this
regard, because we can adjust Ta from the nanosec-
ond to the subpicosecond regime using different
growth parameters (Section 111-A). In this case, how-
ever, it is often necessary to find another parameter
with which to adjust lg rather than with Ta. We
will show in the next section that this can be obtained
by using semiconductor saturable absorbers inside a
device structure which allows us to modify the effec-
tive absorber cross section oa (1), which is a fixed
material parameter. For cases where the cavity design
is more restricted and the incident mode area on the
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saturable absorber is not freely adjustable, modifying the device
structure offers an interesting solution for adjusting the effective
saturation fluence of the SESAM device to the incident pulse ener-
gy density. This is particularly useful for the passively Q-switched
monolithic ring lasers [64] and microchip lasers [65], [66], dis-
cussed in more detail in Section V.

Semiconductor Saturable Absorber
Mirror (SESAM) Design

Material and Device Parameters
Normally grown semiconductor materials have a carrier recombi-
nation time in the nanosecond regime, which tends to drive many

solid-state lasers into Q-switching instabilities (Section I1). In addi-
tion, nanosecond recovery times do not provide a fast enough sat-
urable absorber for CW mode-locking. We use low-temperature
grown I11-V semiconductors [5], [7], [67] which exhibit fast carri-
er trapping into point defects formed by the excess group-V atoms
incorporated during the LT growth [11], [68], [69]. Fig. 5 shows
typical electron trapping times (i.e., absorber recovery times) and
the nonlinear absorption bleaching as a function of MBE growth
temperature. For growth temperatures as low as 250 °C, we still
obtain a good nonlinear modulation of the saturable absorber with
recovery times as low as a few picoseconds. The tradeoff here is that
the nonsaturable absorber losses for E, >> Eg increase with
reduced growth temperatures [8]. This tradeoff will ultimately

limit the maximum thickness of the absorber materi-

al used inside a solid-state laser cavity.

140l « For fe_mtosecond pulse gengration, we can benefit
2 150l . B 200 from the intraband thermalization processes that occur
= \ e 8. 2 | with time constants from tens to hundreds of fem-

= 100 \ <4150 & . N .
% g0l L o ; toseconds, depending on the excitation |ntgns|ty and
S ol ﬂ o ~100 5 | energy [70]: A larger femtosecond modulation depth
2 i g - o = | can be obtaln_ed for quantum-well §tructures because
3 ool N SRR 8- Output Power | S0 @ | of the approximately constant density of states above
--- Pulse Width the bandgap. However, we can strongly reduce the

0 0 - . L2

requirements on this fast recovery time if we do not
1.0 use the semiconductor saturable absorber as a fast sat-
urable absorber, according to Fig. 3(b), but just to start
0.8 and stabilize soliton mode-locking. In this case, no
© quantum-well effects are absolutely necessary and,
S 06F o | therefore, bulk absorber layers are in most cases suffi-
& 7 | cient as well. The reduced requirements on the
§ 0.4 % absorber dynamics also allowed us to demonstrate 50-
o i < | nm tunability of a diode-pumped, soliton-mode-
0.2 ' locked Cr:LiSAF laser with a one-quantum-well low-
finesse A-FPSA (Fig. 6) [71], [72]. We would not
0.0 aaltc obtain this broad tunability if the excitonic nonlinear-
800 820 840 ities in the SESAM provided the dominant pulse for-
Wavelength, nm mation process. In addition, in the soliton mode-lock-

Figure 6: Tunability of a diode-pumped Cr:LiSAF laser using an intracavity low-
finesse A-FPSA. Pulsewidth as short as 45 fs has been achieved. The Tunability of
A 50 nm was limited by the lower AlGaAs—AlAs Bragg mirror of the A-FPSA.

ing regime we can also obtain pulses in the 10-fs range

or below, even though the mode-locked spectrum

extends beyond the bandgap of the semiconductor sat-
urable absorber, for example [56].

We can further adjust the key
High-Finesse Thin Absorber Low-Finesse D-SAM parameters Of the Saturable absorber |f
A-FPSA AR-Coated A-FPSA Sat. Abs. and . .
(“SBR) e D5, we !ntegrate the abso_rber layer into a
device structure. This allows us to
modify the effective absorber cross
oAb = R=30% RESV section oa (2) beyond its material
at. Abs. o S Sat. Abs. value, for example. In addition, we
— — 09 57— can obtain negative dispersion com-
ERR— et ER>99.5%27  |E—R>99.5% pensation by using a Gire~Tournois
— 5 . . .
-] -] - -] mirror or chirped mirrors. In the fol-
lowing, we will discuss the different
| | | | device designs in more detail.
April 92 Feb. 95 *June/July 95 April 96 . .
P Y P Overview of the Different
@ (®) © @) SESAM Designs

Figure 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.
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SESAM’s offer a distinct range of
operating parameters not available
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with other approaches. We use various designs of SESAM’s
[73] to achieve many of the desired properties.
Fig. 7 shows the different SESAM designs in historical order. The
first intracavity SESAM device was the antiresonant Fabry—Perot
saturable absorber (A-FPSA) [5], initially used in a design regime
with a rather high top reflector, which we call now more specifical-
ly the high-finesse A-FPSA. The Fabry—Perot is typically formed
by the lower semiconductor Bragg mirror and a dielectric top mir-
ror, with a saturable absorber and possibly transparent spacer layers
in between. The thickness of the total absorber and spacer layers are
adjusted such that the Fabry—Perot is operated at antiresonance [(7),
Figs. 8 and 9]. Operation at antiresonance results in a device that is
broad-band and has minimal group velocity dispersion (Fig. 8). The
bandwidth of the A-FPSA is limited by either the free spectral
range of the Fabry—Perot or the bandwidth of the mirrors.

The top reflector of the A-FPSA is an adjustable parameter that
determines the intensity entering the semiconductor saturable
absorber and, therefore, the effective saturation intensity or absorber
cross section of the device. We have since demonstrated a more gen-
eral category of SESAM designs, in one limit, for example, by
replacing the top mirror with an AR-coating [Fig. 7(b)] [74].
Using the incident laser mode area as an adjustable parameter, we
can adapt the incident pulse energy density to the saturation fluence
of the device (Section II). However, to reduce the nonsaturable
insertion loss of the device, we typically have to

mode-locking is typically well-described by the soliton mode-lock-
ing model [31]-33].

Fig. 9 shows a typical high-finesse A-FPSA design for a laser
wavelength ~ 1.05 um. The bottom mirror is a Bragg mirror
formed by 16 pairs of AIAs-GaAs quarter-wave layers with a com-
plex reflectivity of Rye'?". In this case, the phase shift seen from the
absorber layer to the bottom mirror is ¢, = 7 with a reflectivity of
Ry &~ 98%, and to the top mirror ¢; = 0 with R; ~ 96% [8],
[83]. The multiple-quantum-well (MQW) absorber layer has a
thickness d chosen such that the antiresonance condition is fulfilled:

@rt = @b + @t + 2knd
=(@m+ D (M

where ¢y is the round-trip phase inside the Fabry—Perot, 1 is the
average refractive index of the absorber layer, k = 27 /X is the
wavevector, A is the wavelength in vacuum and m is a integer num-
ber. From (7), it follows that:
A
d=m— 8
20 ®
From the calculated intensity distribution in Fig. 9, we see that
m=4.
The 77 -phase shift from the lower Bragg reflector in Fig. 9 may

reduce the thickness of the saturable absorber layer.

A special intermediate design, which we call
the low-finesse A-FPSA [Fig. 7(c)] [75]-[77], is
achieved with no additional top coating result-
ing in a top reflector formed by the Fresnel
reflection at the semiconductor/air interface,
which is typically ~30%.

The dispersive saturable absorber mirror (D-
SAM) [78] [Fig. 7(d)] incorporates both dispersion
and saturable absorption into a device similar to a
low-finesse A-FPSA, but operated close to resonance.
The different advantages and tradeoffs of these
devices will be discussed below.

Rtop Rbottom
I.<lo
IO
—_—————
- d —
-
AR

Semiconductor
Saturable Absorber

High-Finesse A-FPSA 00 + ' ' ! =100
The high-finesse antiresonant Fabry—Perot saturable
absorber (A-FPSA) device [5], [7] (Fig. 9 wasthe | & 4oL —180
first intracavity saturable absorber that started and g _ Py
sustained stable CW mode-locking of Nd:YLF and | & Antiresonance e =
Nd:YAG lasers in 1992. Since then, other solid-state | 5. 20— ’ g
lasers such as Yb:YAG [77], Nd:LSB [79], Nd:YLF, o Hdao £
and Nd:YVO, at 1.06 and 1.3 .«m [80] have been 2 O
passively mode-locked in the picosecond regime 8 0 550
with this design. In addition, high-finesse A-FPSA
devices have been used to passively Q-switch
microchip lasers, generating pulses as short as 56 ps —20 & I | | Ho

0.95 1.00 1.05 1.10 1.15

[66]. Femtosecond pulse durations 7, have been gen-
erated with Ti:sapphire (7, = 19 fs) [76], Yb:YAG

Wavelength (um)

(tp = 500 fs) [77], diode-pumped Nd : glass (7, =
60-100 fs) [6], [54], [63], and CrLiSAF (z, =
45-100 fs) [52], [72], [81], [82] lasers. In the
picosecond regime, the A-FPSA acts as a fast sat-
urable absorber [29], and in the femtosecond regime,
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Figure 8: Basic principle of the A-FPSA concept. With the top reflector, we can control
the incident intensity to the saturable absorber section. The thickness of this absorber
section is adjusted for antiresonance. The typical reflectivity (dashed line) and group
delay (solid line) is shown as a function of wavelength. At antiresonance, we have high-
broad-band reflection and minimal group delay dispersion.
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seem surprising initially, because the phase shift from the first inter-
face from the MQW absorber layer to GaAs is zero due to the fact
that 1 > n (GaAs). However, all the other layers from the
AlAs-GaAs Bragg mirror add constructively with a phase shift of
7t at the beginning of the absorber layer. Therefore, this zero-phase
reflection is negligible. We also could have chosen to stop the Bragg
reflector with the AlAs layer instead of the GaAs layer. However,
we typically grow the Bragg reflector during a separate growth run,
followed by a regrowth for the rest of the structure. For this reason,
we chose to finish the Bragg reflector with the GaAs layer to reduce
oxidation effects before the regrowth.

The saturable absorber layer inside the high-finesse A-FPSA
(Fig. 9) is typically extended over several periods of the standing
wave pattern of the incident electromagnetic wave. This results in
about a factor of 2 increase of the saturation fluence and intensity
compared to the material value measured without standing-wave
effects. We typically measure a saturation fluence of ~ 60 pJ/cm?
[8] for an AR-coated (i.e.,, Ry = 0%) LT grown InGaAs-GaAs
device. With a top reflector the effective saturation fluence is
increased as given by (13) and (14) of [8]. For a relatively high top
reflector >95%, the effective saturation fluence is typically
increased by about two orders of magnitude.

For a center wavelength around 800 nm, we typically use an
AlGaAs-AlAs Bragg mirror with a small enough Ga content to
introduce no significant absorption. These mirrors have less reflec-
tion bandwidth than the GaAs—AlAs Bragg mirrors because of the
lower refractive index difference. However, we have demonstrated
pulses as short as 19 fs from Ti:sapphire laser [76] with such a
device. In this case, the bandwidth of the mode-locked pulse
extends slightly beyond the bandwidth of the lower AlGaAs—AlAs
mirror, because the much broader SiO,/TiO, Bragg mirror on top
reduces bandwidth limiting effects of the lower mirror. Reducing
the top mirror reflectivity increases the minimum attainable
pulsewidth due to the lower mirror bandwidth.

AR-Coated SESAM
The other limit of the A-FPSA design is a zero top reflector i.e., an
AR-coating (Fig. 7) [74], [76]. Such device designs are shown in
Fig. 10 for a Ti:sapphire laser. The thickness of the absorber layer
has to be smaller than d to reduce the nonsaturable insertion loss of
these intracavity saturable absorber devices. To obtain broad-band
performance with no resonance effects, we add transparent AlAs or
AlGaAs spacer layers. The limitations of this device include the
bandwidth of the lower AlAs-AlGaAs Bragg mirror, and the
potentially higher insertion loss compared

Bottom Bragg Mirror

16x AlAs/GaAs

[

to the high-finesse A-FPSA.
These AR-coated SESAM’s have start-
ed and stabilized a soliton mode-locked

95%
Top Mirror

GaAs-
Substrate

Ti:sapphire laser achieving pulses as short
as 34 fs [for device in Fig. 10(a)] [74] and
13 fs [for device in Fig. 10(b)] [33] with a
mode-locking build-up time of only
~ 3us and ~ 200 us, respectively. As
mentioned before, stable mode-locking
was achieved over the full stability regime
of the laser cavity. The measured maxi-
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mum modulation depth AR was ~5%
with a bitemporal impulse response of 230
fs and 5 ps [for the device in Fig. 10(a)]
and AR~ 6% with a bitemporal impulse
response of 60 fs and 700 fs [for device in
Fig. 10(b)] measured at the same pulse
energy density and pulse duration as
inside the Ti:sapphire laser. For the first
device [Fig. 10(a)] we were limited in
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T
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pulsewidth by the bandwidth of the lower
AlAs-AlGaAs Bragg mirror [74], which
was then replaced by a broad-band silver
mirror [Fig. 10(b)]. In addition, the posi-
tion of the thin saturable absorber layer
within the spacer layer was adjusted with
respect to the standing wave intensity pat-
tern to adjust the effective saturation flu-
ence, or to partially compensate bandgap-
induced wavelength dependence in the

Z [um]

TiO, Bragg Mirror)
Ry exp(io)

Figure 9: High-finesse A-FPSA: A specific design for a ~1.05

The enlarged section also shows the calculated standing-wave intensity pattern of an incident
electromagnetic wave centered at 1.05 um. The Fabry—Perot is formed by the lower AlAs-
GaAs Bragg reflector, the absorber layer of thickness nd = 4 - 1/2 and a top SiO,/TiO;

Bragg reflector, where n is the average refractive index of the abso
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latter case.

The AR-coated SESAM device can be
viewed as one design limit of the A-FPSA
with a ~0% top reflector [74], [76].
Fig. 10(a) shows a simple AlAs-AlGaAs

m center wavelength laser.

rber layer.
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Figure 10: AR- coated SESAM : Two specific designs for a ~800-nm center wavelength laser such as Ti:sapphire or Cr:LiSAF. (a) The basic
structure is a AIAs—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 to ~ 30 fs pulses by the lower AIGaAs—AlAs Bragg mir-
ror. (b) Broad bandwidth for sub-10-fs pulse generation is obtained by replacing the Bragg mirror with a silver mirror. This device, how-
ever, requires post-growth etching to remove the GaAs substrate and etch-stop layers from the absorber-spacer layer. () Low-intensity reflec-
tivity of the AIAs—AlGaAs Bragg reflector without a GaAs quantum-well absorber, with a GaAs absorber and with both a GaAs absorber

and the AR-coating [according to Fig. 10(a)].

Bragg reflector with a single-GaAs quantum-well absorber in the
last quarter-wavelength thick AlAs layer of the Bragg reflector. The
additional AR-coating is required to prevent Fabry—Perot effects
[74]. The need for this additional AR-coating is maybe not obvi-
ous but can be seen in low-intensity reflectivity measurements of
this device with and without an AR-coating [Fig. 10(c)]. The
reflectivity dip in Fig. 10(c) at ~850 nm is due to the absorption
in the GaAs quantum-well and corresponds to a Fabry—Perot reso-
nance. This strong wavelength dependent reflectivity prevents
short pulse generation and pushes the lasing wavelength of the
Ti:sapphire laser to the high-reflectivity of the device at shorter
wavelength at the edge of the Bragg mirror [74]. The Fabry—Perot
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in Fig. 10(a) that explains this resonance dip is formed by the lower
part of the AIAs—AlGaAs Bragg reflector, the transparent AlAs
layer with the GaAs absorber quantum-well layer of total thickness
nd = /4 and the Fresnel reflection of the last semiconductor/air
interface (without AR-coating), where  is the average refractive
index of the last AlAs and GaAs layer. This Fabry—Perot is at reso-
nance because the round-trip phase shift ¢ is according to (7):

@t = @y + @ + 2knd

=n+0+4+m
= 27. 9
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A @ of 277 allows for constructive interference and therefore ful-
fills the resonance condition of the Fabry—Perot. No AR-coating
would be required if the AIAs—AlIGaAs Bragg reflector in Fig. 10(a)
would end with the quarter-wavelength-thick AlGaAs layer that
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Figure 11: Low—finesse A—FPSA: (a) A  specific design for a
~ 105 pum 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 reflec-
tor, the absorber-spacer layer of thickness nd = A/2 and the Fresnel reflection from the
semiconductor-air interface. Again, the thickness d is adjusted for antiresonance (7). (b)
Another specific design for a ~ 860 nm center wavelength laser. This device was also called
saturable Bragg reflector (SBR) [75] and corresponds to a low-finesse A-FPSA, where the
Fabry—Perot is formed by the lower AlAs-AlGaAs Bragg reflector, the absorber-spacer
layer of thickness nd = A /4 and the Fresnel reflection from the semiconductor-air inter-
face. Again, the thickness d is adjusted for antiresonance (7).

18 IEEE LEOS NEWSLETTER

then incorporates the GaAs quantum-well. In this case, the phase
shift of the lower part of the Bragg mirror is ¢, = O instead of 7
(9) and, therefore, ¢ = 7, the condition for antiresonance (7).
This design would correspond to a specific low-finesse A-FPSA or

also referred to as the saturable Bragg reflector [see
next Section I1I-E and Fig. 11(b)]. An additional
AR-coating, however, increases the modulation
depth of this device and acts as a passivation layer
for the semiconductor surface that can improve
long-term reliability of this SESAM device.

Low-Finesse A-FPSA

The two design limits of the A-FPSA are the high-
finesse A-FPSA [Fig. 7(a)] with a relatively high
top reflector (i.e., >95%) and the AR-coated
SESAM [Fig. 7(b)] with no top reflection (i.e.,
Ri ~ 0%) [74]. Using the incident laser mode
area as an adjustable parameter, the incident pulse
energy density E, can be adapted to the saturation
fluence Egyt of both SESAM’s for stable mode-lock-
ing by choosing E; a few times Eg, (see Section I1)
[76]. A specific intermediate design is the low-
finesse A-FPSA [75]-[77], where the top reflector
is formed by the ~30% Fresnel-reflection of the
semiconductor/air interface [Fig. 7(c) and Fig. 11].
Reducing the top reflector typically requires a thin-
ner saturable absorber and a higher bottom reflec-
tor to minimize nonsaturable insertion loss.

Fig. 11(a) shows a specific design for a wave-
length ~1.05 pum. Similar to the high-finesse A-
FPSA (Fig. 9), the bottom mirror is a Bragg mir-
ror formed by 25 pairs of AIAs—GaAs quarter-
wave layers with a complex reflectivity of Rye '#®
with R, > 99%. The thickness d of the spacer
and absorber layers are adjusted for antiresonance
(7), with ¢, = 7 [83] and ¢ = 0 which gives a
minimal thickness of A/2n for m =1 (8). The
residual reflection from the different spacer and
absorber layers is negligible in comparison to the
accumulated reflection from the lower multilayer
Bragg reflector and the semiconductor-air inter-
face. This is also confirmed by the calculated
standing wave intensity pattern shown in Fig.
11(a). Because there is no special surface passiva-
tion layer, it is advantageous for a higher damage
threshold to have a node of the standing wave
intensity pattern at the surface of the device [78].

Independently, a similar low-finesse A-FPSA
device for a center wavelength ~860 nm [Fig.
11(b)] was introduced, termed the saturable
Bragg reflector (SBR) [75]. This device is very
similar to the previously introduced AR-coated
SESAM device [74] shown in Fig. 10(a). In this
case, however, no AR-coating is required on the
AlAs-AlGaAs Bragg reflector. This can be
explained with the A-FPSA design concept: We
can also describe this SBR device as a low-finesse
A-FPSA [Fig. 11(b)], consisting of a lower
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AlAs/AlGaAs Bragg mirror plus a quarter-wave thick
Fabry—Perot cavity at anti-resonance (the lowest possible order
and thickness). The thickness d of the spacer/absorber layer is
adjusted for antiresonance (7), with ¢, = 0 [83] and ¢; = 0,
which gives a minimal thickness of A /4n for m = 0 (8). A sat-
urable absorber is then located inside this Fabry—Perot. With this
device pulses as short as 90 fs have been reported with a Ti:sap-
phire laser [84], which are significantly longer than the 34 fs
pulses obtained with the similar AR-coated SESAM device [Fig.
10(a)]. This is most likely due to the lower modulation depth of
this device. It is important to realize that the Bragg reflector does
not play a key role in its operation and does not actually saturate.
For example, the Bragg reflector can be replaced by a metal reflec-
tor [Fig. 12(a)] as discussed above to obtain larger bandwidth.
An earlier version of a nonlinear or saturable AIAs-AIGaAs

Bragg reflector design was introduced by Kim et al.
in 1989 [85]. In this case, the nonlinear Bragg
reflector operates on saturable absorption due to
band filling in the narrower bandgap material of the
Bragg reflector. This results in a distributed absorp-

[88]. Chirped mirrors [42], [89], [90], mentioned earlier, are com-
pact dispersion compensation elements, but typically require mul-
tiple reflections to achieve sufficient dispersion compensation. A
Gires—Tournois mirror [91] is also a compact dispersion compensa-
tion technique, but has a tradeoff in terms of bandwidth and tun-
ability.

Recently, we combined both saturable absorption and disper-
sion compensation in a semiconductor Gires—Tournois-like struc-
ture, called a dispersion-compensating saturable absorber mirror
(D-SAM) [Fig. 7(d)] [78]. By replacing one end mirror of a diode-
pumped Cr:LiSAF laser with this device, we achieved 160-fs puls-
es without further dispersion compensation or special cavity design.
This is the first time that both saturable absorption and dispersion
compensation have been combined within one integrated device.
The D-SAM, in contrast to the A-FPSA, is operated close to the

Si-
Substrate

GaAs Substrate
% 7 1. Etch Stop
Ag, 5um

tion over many layers. This device, however, would

Epoxy

2. Etch Stop

introduce too much loss inside a solid-state laser.
Therefore, only one or a few thin absorbing sections
inside the quarter-wave layers of the Bragg reflector
are required. The effective saturation fluence of the
device can then be varied by changing the position
of the buried absorber section within the Bragg
reflector or simply within the last quarter-wave
layer of the Bragg reflector, taking into account that
a very thin absorber layer at the node of a standing
wave does not introduce any absorption.

The limitations of these SESAM devices include
the bandwidth of the lower Bragg mirror, and poten-
tially higher insertion loss than in the high-finesse
A-FPSA. Pulses as short as 19 fs have been generat-
ed with the high-finesse A-FPSA compared to 34 fs
with the low-finesse A-FPSA using the same lower
Bragg mirror, for example [76]. Replacing the lower
Bragg mirror with a broad-band silver mirror [Fig.
12(a)] resulted in self-starting 10-fs pulses [56] and
more recently pulses as short as 6.5 fs [44] [Fig.
12(b)] with a KLM-assisted Ti:sapphire.

D-SAM

Many applications require more compact and sim-
pler femtosecond sources with a minimum number
of components. Intracavity prism pairs for dispersion
compensation typically limit the minimum size of
femtosecond laser resonators. Alternative approaches
have been investigated for replacing the prism pairs
by special cavity resonator designs incorporating
more compact angular dispersive element. For
example, a prismatic output coupler [86], or simi-
larly only one prism [87], has supported pulses as
short as 110 fs with a Ti:sapphire laser, or 200-fs
pulses with a diode-pumped Nd:glass laser, respec-
tively. In both cases, the basic idea can be traced back
to the prism dispersion compensation technique
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Figure 12: Shortest pulses achieved with an intracavity SESAM device: (a) broad-
band low-finesse A-FPSA device used for sub-10-fs pulse generation and (b) interfer-
ometric autocorrelation of 6.5-fs pulses from a Ti:sapphire laser. The shortest pulses
ever produced directly out of a laser without any further pulse compression techniques.
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Figure 14: 1.4-W CW output power from a diode-pumped
Cr:LiSAF laser.

Fabry—Perot resonance, which tends to limit the available band-
width of the device. In the future, chirped mirror designs that
incorporate saturable absorber layers could also potentially provide
both saturable absorption and negative dispersion, but with poten-
tially more bandwidth.

A-FPMod

We do not have to rely only on passive saturable absorption with
semiconductors. Multiple-quantum-well (MQW) modulators
based on the quantum-confined Stark effect [92]-[94] are promis-
ing as active modulation devices for solid-state lasers, sharing the
same advantages of passive SESAM’s: they are compact, inexpen-
sive, fast, and can cover a wide wavelength range from the visible
to the infrared. In addition, they only require a few volts of drive
voltage or several hundred milliwatts of RF power. In general, how-
ever, semiconductor MQW modulators would normally introduce
excessive insertion losses inside a solid state laser cavity and would
also saturate at relatively low intensities [95], [96]. We extended
the antiresonarit Fabry—Perot principle by integrating an active
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Figure 13: Diode-pumped Cr:LiSAF laser cavity setup that generated pulses as short as 45 fs with soliton mode-locking.

MQW modulator inside a Fabry—Perot structure, which we called
antiresonant Fabry—Perot Modulator (A-FPMod) [97]. We then
actively mode-locked a diode-pumped Nd: YLF laser.

One advantage of quantum-well modulators compared to other
modulators such as acoustooptic modulators or phase modulators is
that they also can act as saturable absorbers leading to passive
mode-locking with much shorter pulses. Combining the effects of
saturable absorption and absorption modulation within one single
device, we have demonstrated the possibility to synchronize pas-
sively mode-locked pulses to an external RF signal [97]. At higher
output powers we were limited by the increased saturation of the
active modulator.

An All-Solid-State Ultrafast

Laser Technology: Passively Modelocked
Diode-Pumped Solid-State Lasers

In the last few years, we have seen first demonstrations of
potentially practical ultrafast solid-state lasers. Our approach
for practical or “real-world” ultrafast lasers is as follows: For
simplicity, reliability, and robustness, we only consider diode-
pumped solid-state lasers with passive mode-locking or
Q-switching techniques, where we use SESAM’s to provide
efficient pulse formation and stabilization. In addition, we do
not want to rely on critical cavity alignment and therefore use
fast saturable absorber mode-locking in the picosecond
regime and soliton mode-locking in the femtosecond regime.
The general goal is to develop a compact, reliable, easy-to-
use, “hands-off” all-solid-state ultrafast laser technology.

CrLiSAF

Diode-pumped broad-band lasers are of special interest for num-
ber of practical applications. Ti:sapphire is probably the best
known of the ultrafast lasers, but must be pumped in the green
spectral region, were no high-power diode lasers yet exist.
However, the fairly newly developed Cr:LiSAF family of crystals
(Cr:LiSAF [98], Cr.LiCAF [99], Cr.LiSCAF [100], and
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Cr:LiSGAF [101]) have fluorescence linewidths similar to Ti:sap-
phire and can be pumped at wavelengths near 670 nm where
commercial high-brightness high-power (i.e., <0.5 W) diode
arrays are available. However, these crystals have a stronger ten-
dency for upperstate lifetime quenching [102] and suffer from
lower thermal conductivity, resulting in nonideal performance
(limited average power) at relative low pump powers.

The output power of a diode-pumped Cr:LiSAF laser was
initially limited to <10 mW [103]-[105]. French ¢t al. used
an MQW SESAM inside a coupled cavity for RPM [103],
[104] and inside the main cavity producing pulses as short as
220 fs in 1994 [105]. However, their device introduced too
much fixed losses. Shortly afterwards, we demonstrated [106],
[107] significantly higher average output power of 140-mW
CW and 50-mW mode-locked with pulses as short as 98 fs
using two 0.4-W high-brightness diode arrays, improved
pump mode matching, and a low-loss, high-finesse A-FPSA.
Within a year, we improved the pulse duration to 45 fs with a
mode-locked average output power of 60 m\W and later then
80 mW [71], [72], [81] (Fig. 13). Briefly afterwards, Tsuda
et al. [75] used a low-finesse A-FPSA design (they termed it
“SBR,” see Section I11-E) inside a diode-pumped Cr:LiSAF laser
and demonstrated 100-fs pulses with 11-mW average output
power. Recently, they improved this result with a MOPA diode
laser, which provides a near-diffraction-limited 0.5-W pump,
achieving 70-fs pulses with 100-mW output power [108].

Significant efforts by many groups around the world are
directed toward shorter pulses and more output power.
Presently, the shortest pulses of ~20 fs have been obtained with
KLM Cr:LiSAF [109], [110] with an average output power in
the regime of 1 mW. Higher output power has been achieved
only at the expense of longer pulses. For example,
40-fs pulses with an average output power of 70 mW have been
recently obtained [110] in a KLM Cr:LiSAF system.

The limited average output power of femtosecond diode-
pumped Cr:LiSAF lasers is their main drawback in comparison to
Ti:sapphire lasers. Novel diode pumping techniques can address
this problem, and we have achieved 400 mW [111] and more
recently as much as 1.4-W CW output power from a diode-
pumped Cr:LiSAF laser (Fig. 14) [82], [112]. We have passively
mode-locked this laser with a low-finesse A-FPSA [82] and
obtained pulses as short as 50 fs with an average output power of
340 mW. Higher average output power of 500 m\W was achieved
with 110-fs pulses. These are the highest average power levels ever
achieved to date with femtosecond diode-pumped solid-state lasers.
Furthermore, the results show no fundamental limitations for fur-
ther improvements in both shorter pulses and higher output pow-
ers. In contrast to Kerr-lens mode-locking, soliton mode-locking
with SESAM’s has the advantage that the laser cavity mode is
decoupled from mode-locking dynamics. This is important in our
case, because the cavity design can be more easily optimized for
high-power without having to take Kerr-lensing effects into
account as well.

Nd:glass

Diode-pumped femtosecond Nd:glass lasers offer a cost-effective
and compact alternative to Ti:sapphire lasers operated near 1.06
um, with applications such as seeding high-power amplifiers,
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pumping femtosecond optical parametric oscillators, and ultrafast
spectroscopy. The absorption band of Nd:glasses at ~800 nm
allows for diode pumping [113], resulting in a compact, wall-plug
driven setup, which does not require water cooling. Typical
Nd:glasses have a fluorescence bandwidth of 20-30 nm FWHM,
supporting sub-100-fs pulse generation at a wavelength of ~1.06
um. Initially, the shortest pulses from a (bulk) Nd:phosphate laser
[114], 88 fs, were produced by additive pulse mode-locking
(APM). High-finesse A-FPSA's in various Nd:glass lasers [6], [54]
have supported pulses as short as 130 fs for diode pumping and 90
fs for Ti:sapphire pumping.

Nd:Glass

Autocorrelation
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Optical Spectrum (Solid Line)
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1.02 104 1.06 1.08 1.10 112

Wavelength, pm
(b)

Figure 15: Soliton mode-locked Nd:glass (fluorophosphate LG 810)
laser using a low-finesse A-FPSA. (a) noncollinear autocorrela-
tion, (b) optical spectrum (solid line) and fluorescence spectrum of
Nd:glass laser (dotted line).
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Recently, we have demonstrated 60-fs pulses [Fig. 15(a)]
with an average output power of ~80 mW from an optimized
diode-pumped Nd:glass (Nd:fluorophoshate, LG-810, 3% Nd)
laser using a low-finesse A-FPSA with a larger modulation
depth of ~1%, but at the expense of higher intracavity loss (at
low intensities) of 2% [63]. We measured a bitemporal
impulse response of the A-FPSA with a fast recovery time of
200 fs and a slow recovery time of 25 ps. The pulse energy den-
sity incident on the saturable absorber was typically a few times
above the saturation fluence of 2100 1J/cm?, limited by the
onset of multiple pulsing instabilities. The laser cavity is sim-
ilar to the diode-pumped Cr:LiSAF laser shown in
Fig. 13. The mode-locked spectrum of the 60-fs pulses is 21.6-
nm wide (FWHM) and spreads over most of the available
Nd:glass fluorescence bandwidth [Fig. 15(b)]. The mode-lock-
ing is self-starting and is well-discribed by our soliton mode-
locking model.

Yb:YAG

Yb:YAG is interesting as a high-power diode-pumped laser source
due to its small quantum defect, resulting in a potentially very effi-
cient laser with low thermal loading, and its wide absorption band
at 940 nm [115], [116]. Additionally, Yb:YAG has a broad emis-
sion spectrum supporting tunability [117], [118] and femtosecond
pulse generation in the few 100-fs regime. Using a low-finesse A-
FPSA, we have demonstrated a passively mode-locked Yb:YAG
laser, generating stable and self-starting pulses as short as 540 fs
with typical average output powers of 150 mW [77]. Yb:YAG has
never been passively mode-locked before, because the upper state
lifetime of the laser is relatively long, ~1 ms. Previously, only active
mode-locking in Yb:YAG has been demonstrated with a pulse
duration of 80 ps[119].

Recently, we further optimized the pulse duration with a high-
er modulation depth of ~1% for the low-finesse A-FPSA and
obtained pulses as short as 340 fs (Fig. 16) at a center wavelength
of 1.033 um 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 time of ~7 ps. The cavity setup is oth-
erwise the same as in [77].

Nd:YAG, YLF, LSB, and YVO,

In the picosecond pulse regime, we Ouse 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 summa-
rized in Table 1. With picosecond lasers, we achieve significantly
shorter pulses if we use the gain material at the end of a linear cav-
ity. This “gain-at-the-end” leads to enhanced special hole burning
(SHB) that effectively inhomogenously broadens the gain band-
width, flattening the saturated gain profile and allowing for a larg-
er lasing bandwidth [120]-[122], resulting in shorter pulses.
However, we typically observe a time-bandwidth product that is
between 1.2-2 times as large as for ideal transform-limited
Gaussian or sech® pulse. This large time-bandwidth product is
mainly due to the flat gain produced by SHB, which produces a
non-Gaussian pulse shape, and is not due to a chirp on the pulse
that could be compensated externally [122].
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We have also extended the designs of SESAM?s to longer wave-
length such as 1.3 ;«m [80] and 1.5 em [123]. To benefit from the
good quality of AlAs—GaAs Bragg mirrors, we chose to grow the
1.3-um saturable absorber layer on a GaAs substrate. To achieve
saturable absorption at 1.3 em, however, the indium concentration
in the InGaAs absorber material must be increased to approxi-
mately 40%, which results in a significant lattice mismatch to the
GaAs substrate. This lattice mismatch reduces the surface quality,
resulting in higher insertion losses, and reduced laser power. In
addition, these devices exhibit more bulk defects than a 1-um
SESAM, also increasing insertion loss. This is even more enhanced
for the 1.5-;m saturable absorber. In addition to the short picosec-
ond recovery time of the saturable absorber, the low-temperature
MBE growth partially relieves the lattice mismatch, resulting in
improved optical quality of the absorber layer.

Passively Q-Switched Microchip Lasers

In a Q-switched laser, the pulse duration generally decreases with
shorter cavities and with higher pump power (increased small-sig-
nal gain). For solid-state lasers, typically Q-switched pulsewidths
range from nanoseconds to microseconds. Pulsewidths less than a
nanosecond (“ultrafast” by Q-switching standards) have recently
been achieved by using diode-pumping and very short cavity
lengths. Extremely short cavity length, typically less than 1 mm,
allows for single-frequency Q-switched operation with pulsewidths
well below a nanosecond. These Q-switched “microchip™ lasers are
compact and simple solid-state lasers which can provide high peak
power with a diffraction limited output beam. Pulse durations of
337 ps and more recently 218 ps have been demonstrated with a
passively Q-switched microchip laser consisting of a Nd: YAG crys-
tal bonded to a thin piece of Cr+:YAG [126], [127]. With a
monolithic Cr*+ co-doped Nd:YAG laser, pulses of 290 ps have
been obtained [128]. Using active Q-switching, pulses as short as
115 ps have been reported [129].

From the discussion in Section 11, we see that the regime of pure
passive Q-switching requires that we reduce the cavity length sub-
stantially (4). Following this, we have passively Q-switched a diode-
pumped Nd:LSB and Nd:YVO,4 microchip laser with an A-FPSA
at a center wavelength ~1.06 p«m and achieved pulses as short as
180 ps [65] and 56 ps [66] (Fig. 17), respectively. By changing the
design parameters of the saturable absorber, such as the top reflec-
tor, we can vary the pulsewidth from picoseconds to nanoseconds;

T
— Measured

------ Ideal Sech?

Yb:YAG

Autocorrelation

Time Delay, ps

Figure 16: Soliton mode-locked Yb:YAG laser using a low-finesse
A-FPSA.
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by changing the pump power, we can vary
the pulse repetition rate from the kilohertz
to megahertz regime. Because the optical
penetration depth into our typical intra-
cavity SESAM devices is extremely short
(< 1um) [83], we can maintain a very
short laser cavity, allowing for minimum
pulsewidths. To date, the 56-ps
pulsewidths are the shortest ever produced
from a Q-switched solid-state laser.

Our approach can also be extended to Nd:YVO, Microchip Laser a0 |

other wavelengths using different semi- (3% Doped)

conductor materials. Recently, we have A-FPSA
demonstrated a passively Q-switched
1.34-um diode-pumped Nd:YVOy,- \
microchip (200-um thick) laser. We

/
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achieved single frequency, 230-ps pulses
with 100-nJ pulse energy at a repetition
rate of 50 kHz, resulting in a peak power
of about 450 W at an average power of 5
mW [130], [131]. As a passive Q-switch-
ing device, we used an MOCVD grown

------------------ Diode Pump Laser
@ 808 nm

In-GaAsP—InP A-FPSA. Shorter pulses | |
are expected with further improvements of
the A-FPSA. This is the first demonstra- 200 pm

tion to our knowledge of a passively Q-

Cavity Length

Dichroic Beamsplitter
HT @ 808 nm
HR @ 1064 nm

switched microchip laser at a wavelength  Figure 17: Passively Q-switched diode-pumped Nd:YVO, microchip laser producing pulses as short
longer than ~1 pm. In contrast to as56 ps. The shortest pulses ever produced from a Q-switched solid-state laser.

Cr+.YAG saturable absorbers, our sat-

urable absorber devices can be adapted to longer wavelengths using
different semiconductor materials. Recently, we have extended this
approach to passively Q-switched Er:Yh:glass microchip lasers at a
wavelength ~1.5 pm [131], which is important for sensing and
LIDAR application where “eye-safe” wavelengths are required.

Conclusion

During the last six years, we observed a tremendous progress in
ultrashort pulsed laser sources. Compact “real-world” picosecond
and femtosecond laser systems are now a reality. This review has
only considered free-space laser systems, but it is important to
note that there also has been tremendous progress in mode-
locked fiber lasers, and there are also similar applications of
SESAMs in this area.

Rapid progress in ultrashort pulse generation has been based on
novel broad-band solid-state laser materials, and novel designs of
saturable absorption and dispersion compensation. Early attempts
to passively mode-lock solid-state lasers with long upper state life-
times consistently resulted in Q-switched mode-locking. The
main reason for this was that the absorber response time was typ-
ically in the range of ~1 ns, which reduced the saturation intensi-
ty to the point that self-Q-switching could not be prevented.
Stable mode-locking with intracavity saturable absorbers has been
achieved by varying the parameters such as response time and
absorption cross section through special growth and design tech-
niques. With SESAM’s, we can benefit from control of both mate-
rial and device parameters to determine the performance of the sat-
urable absorber. We can view these as basic optoelectronic devices
for ultrafast laser systems.
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Soliton mode-locking provides us a new, useful model of
femtosecond pulse generation. By showing that we do not
need a saturable absorber with a response as fast as the
pulsewidth, we have demonstrated that pulses as short as
~6.5 fs can be supported with SESAM’s, and we have a new
mechanism to assist in obtaining pulses below the 10-fs level
directly from the laser.

We also expect significant continued progress in the next
few years to make these lasers more compact and simpler. Bulk
scale optical devices will be supplanted in some applications by
hybrid, quasimonolithic structures (e.g., diode-pumped Q-
switched microchip lasers). In addition, many applications such
as material processing and surgery require higher average pow-
ers (>10-W CW) and pulse energies (>1 mJ). Novel approach-
es are still needed to make such pulsed laser systems more com-
pact. One of our key remaining research challenges will be scal-
ing of the SESAM devices to these higher pulse energies and
average powers.

In general, the capability to control both the linear and non-
linear optical properties beyond the “natural” material properties
has turned out to be extremely successful, and we can only expect
more progress in this direction. This design trend is also reflected
in other fields, for example, quasiphase matching in nonlinear
optics, bandgap engineering in semiconductor technology, and
sliding filters in optical communications. In the future, similar
new developments would be desirable for solid state laser materi-
als (bandgap engineering for solid-state crystals), because ultrafast
laser sources will ultimately become limited by the available mate-
rial characteristics.
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