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Broadband saturable absorber for 10-fs pulse generation
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We demonstrate the fabrication of a broadband saturable absorber with a silver bottom mirror. The ref lectivity
bandwidth of the absorber shows the potential for generating sub-10-fs pulses. With a Ti:sapphire laser we
obtained self-starting Kerr-lens mode-locked pulses as short as 10 fs at the cavity stability limit and self-
starting soliton mode-locked pulses of 16 fs over the full cavity stability regime.  1996 Optical Society of
America
Over the past few years considerable progress has been
made in ultrashort-pulse generation with Ti:sapphire
lasers. Pulses as short as 8 fs have been demon-
strated directly from the laser oscillator.1,2 This rapid
progress in pulse-width reduction is based on Kerr-lens
mode locking3 – 6 (KLM) and considerable improvement
in dispersion compensation.7 So far, to our knowledge
no self-starting KLM lasers in the sub-50-fs regime
have been demonstrated without an additional start-
ing mechanism.8 It is important to note that in a 10-fs
Ti:sapphire laser with a 100-MHz repetition rate, the
peak power changes by 6 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 lock-
ing in the cw-operation regime. In contrast, if self-
starting is optimized, either KLM tends to saturate
in the ultrashort-pulse regime or the large self-phase
modulation will cause the laser to be come unstable.
Therefore a reliable KLM-independent starting mecha-
nism becomes indispensable for these lasers.

In this Letter we demonstrate that a broadband
semiconductor saturable absorber can be designed to
start a KLM laser in the 10-fs regime without limiting
the pulse width (Fig. 1). In addition, we show that
even without KLM, a similar absorber supports pulses
as short as 16 fs in the soliton mode-locking regime9,10

over the full cavity stability regime.
In contrast, a pure KLM laser has to be operated

at the stability boundary to enhance self-amplitude
modulation suff iciently to achieve a large saturable
absorber action. Saturable absorption that is due to
self-focusing and self-phase modulation are interre-
lated because they are both produced by the intensity-
dependent refractive-index change. However, if we
insert an additional saturable absorber element, i.e.,
a semiconductor saturable absorber in our case, the im-
portant parameters such as the saturable absorption
and the self-phase modulation coeff icients can be opti-
mized independently. As we show below the absorber
can be designed to self-start the laser reliably with-
out overdriving the nonlinearities at steady-state mode
locking.

Previously we demonstrated pulses as short as
19 fs,11 using a high-finesse antiresonant Fabry–
Perot saturable absorber12,13 (A-FPSA) to start
KLM. Pulses as short as 34 fs (Refs. 11 and 14)
0146-9592/96/100743-03$10.00/0
have been demonstrated with an antiref lection- (AR-)
coated thin saturable absorber mirror that started
and stabilized soliton mode locking over the full
range of the cavity stability regime. In both cases
the main limitation for further pulse-width reduc-
tion was the bandwidth of the lower AlGaAsyAlAs
Bragg mirror. The small refractive-index difference
between AlGaAs and AlAs fundamentally limits the
ref lection bandwidth of a Bragg mirror.7 Therefore,
as a solution to this problem, we developed a process
in which silver is used as a bottom mirror. This was
not a trivial extension, because the semiconductor
saturable absorber cannot be grown directly upon a
silver mirror by molecular beam epitaxy (MBE). For
the fabrication of such a broadband saturable absorber
we had to use postgrowth processing: After MBE
growth the semiconductor device was metallized with
a silver layer and bonded to the Si substrate to provide
good heat sinking.15 Afterward, the GaAs substrate
had to be removed with a selective GaAs etching
technique.16 Figure 2 shows the saturable absorber
designs obtained when the broadband silver bottom
mirror is used instead of a Bragg mirror. Because this
device was used inside a solid-state laser cavity, the
critical issues in this approach were how to obtain low
insertion loss, good heat sinking, a suff iciently high
damage threshold, and homogeneous performance over
an area of approximately 5 mm 35 mm.

The following is a detailed description of the fabri-
cation process. First, the device structure was grown

Fig. 1. Interferometric autocorrelation of a self-starting
10-fs KLM pulse by the use of a broadband low-finesse
A-FPSA as a starting mechanism.
 1996 Optical Society of America
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Fig. 2. Broadband saturable absorber design with a bot-
tom silver mirror: (a) low-f inesse A-FPSA, (b) thin AR-
coated nonlinear ref lector. The calculated standing-wave
intensity distribution shows the location of the 15-nm-thick
GaAs absorber layer with respect to the standing wave.
The material layers before the etching process are shown
partially removed. LT, low temperature.

upon a GaAs substrate by MBE. On the GaAs sub-
strate, a 300-nm-thick AlxGa12xAs sx ­ 0.65d f irst
etch-stop layer was grown for the selective GaAs etch,
followed by a second etch-stop layer of 40-nm GaAs
for the selective AlGaAs etch. This was followed by
the top-side-down-grown structure of the low-finesse
A-FPSA: On top of an AlxGa12xAs sx ­ 0.65d spacer
layer is the low-temperature (400 ±C) grown GaAs ab-
sorber layer, followed by another AlAs spacer layer.
The device was capped by a 3-nm GaAs layer to pre-
vent oxidation of the AlAs layer (Fig. 2).

Onto this MBE-grown structure, 5-mm silver
was evaporated. Then the samples were cleaved in
ø5 mm 3 5mm pieces and bonded upon a Si wafer
with a two-component silver-f illed epoxy to yield
suff iciently good heat sinking. The samples were
cured at 80 ±C for at least 8 h with a 500-g weight on
top. The GaAs was then lapped down to 100 mm and
placed in a jet etcher with a NH4OH:H2O2 (1:25) etch
solution to selectively remove the remaining GaAs
substrate and stop at the 300-nm AlGaAs etch-stop
layer. The solution etches approximately 6 mmymin
at room temperature. The AlxGa12xAs etch-stop
layer was then removed by a 1-min dip in HF. The
40-nm GaAs of the second etch-stop was etched in a
less-concentrated NH4OH:H2O2 (1:200) etch solution.
To avoid nonuniform etching, the sample had to be
agitated continuously. The edges of the sample and
the exposed silver epoxy were protected by wax during
the chemical etching. The wax was rinsed off with
trichlorethylene.

We applied this process to two different saturable
absorber structures. For the first case we chose a low-
finesse A-FPSA with a thickness designed for antires-
onance of the Fabry–Perot structure. This prevents
ultrashort-pulse-width limitations owing to enhanced
wavelength-dependent ref lectivity variations and en-
hanced group-velocity dispersion.17 The transparent
spacer layers shift the absorber layer to a position
in the standing-wave pattern (see Fig. 2) so that the
wavelength-dependent absorption is balanced by the
wavelength dependence introduced by the standing-
wave intensity pattern. Figure 2(a) shows the thin
low-finesse saturable absorber, which uses only a
15-nm-thick GaAs quantum-well absorber layer. The
ref lectivity is more than 94% at 800 nm, and the re-
f lectivity curve shows only a slight wavelength depen-
dence in the range of 700 to 1200 nm (Fig. 3). Around
870 nm one can see the smeared out absorption edge
of GaAs. The calculated group delay of the thin low-
finesse A-FPSA is less than 1 fs over a range of 200 nm.

Instead of designing the thickness of the low-finesse
A-FPSA for antiresonance, one can design the thin
saturable absorber for resonance and then cover it
with an AR coating.14 An ideal AR coating removes
all Fabry–Perot effects, resulting in a ref lectivity
curve similar to the Fresnel ref lection of AgyAlAs
in our case. But a simple AR coating is correct
only for one wavelength. For other wavelengths
interference effects appear, leading to a stronger
wavelength dependence of the ref lectivity. Fig-
ure 2(b) shows the structure of the AR-coated thin
saturable absorber with a 15-nm-thick GaAs quantum-
well absorber layer sandwiched between 70-nm
AlAs and 72-nm AlxGa12xAs sx ­ 0.65d spacer layers
is also used. In this case the ref lectivity is more than
93% over a wavelength range from 700 to 1200 nm.
The ref lectivity curve shows only a slight wavelength
dependence owing to the AR coating. At 870 nm
one can again see the absorption edge of GaAs. The
calculated group delay of the thin saturable absorber
is 5 fs at its center wavelength and increases to 9 fs
within a 200-nm bandwidth.

We measured the impulse response and maximum
modulation depth of both the low-f inesse A-FPSA and
the thin saturable absorber with 100-fs pulses in a
standard degenerate pump–probe setup. For the thin
low-finesse A-FPSA, we obtained a maximal modula-
tion depth of 2% and a saturation f luence of 52 mJycm2,
whereas for the thin saturable absorber with AR coat-
ing we obtained a modulation depth of 3.5% and a satu-
ration f luence of 72 mJycm2. For the AR-coated thin

Fig. 3. Ref lectivity of the thin low-finesse A-FPSA; 10-fs
optical spectrum; f luorescence spectrum of Ti:sapphire;
and output coupler (OC), Spectra-Physics high ref lector
(HR), and Bragg ref lector (S-HR) curves.
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saturable absorber, a higher modulation depth can be
achieved, because more of the f ield couples into the ab-
sorber. The intensity on the semiconductor absorber
can also be scaled by the focus of the laser beam. For
both samples we measured a short time constant of ap-
proximately 200 fs owing to thermalization processes
and a longer one s.10 psd owing to interband recombi-
nation. The contribution of the short time constant is
larger for the AR-coated sample.

In our experiments we used a standard dispersion-
compensated delta cavity for the cw argon-ion-laser-
pumped Ti:sapphire laser with two 10-cm focusing
mirrors and a 2-mm-thick Ti:sapphire laser crystal
(0.25% doping). A 10-cm focusing mirror reduced the
beam radius to 36 mm on the saturable absorber.
The 3% output coupler and the high-ref lector mirrors
are all from Spectra-Physics. For the 10-fs pulse we
externally compensated the 3-mm-thick output coupler
and the remaining third-order dispersion with chirped
mirrors obtained from Szipöcs et al.7

Using the low-finesse A-FPSA as a mode-locking
starting mechanism in combination with KLM close
to the stability limit of the laser cavity, we obtained
self-starting 10-fs pulses at a center wavelength of
765 nm (Figs. 1 and 3). The pulse-repetition rate was
86 MHz, and the average output power was 120 mW
at a pump power of 4 W, which results in a pulse
energy density of 1175 mJycm2 on the thin saturable
absorber. With the AR-coated thin saturable absorber
we obtained self-starting 16-fs pulses at 830 nm over
the full stability regime of the cavity. This is possible
because of soliton mode locking9 stabilized by the
slowly recovering absorber. The modulation depth of
3.5% of the AR-coated thin saturable absorber is strong
enough to support the 16-fs pulses. However, the
stabilization by the slow absorber was not so strong as
the saturable action of KLM; therefore we had to move
the center wavelength to 830 nm in order to reduce
the residual third-order dispersion that destabilizes the
solitonlike pulse.

The broadband absorber provides the same advan-
tages with respect to the mode-locking mechanism
as the absorbers on a Bragg mirror discussed in
Ref. 11. But the new improved bandwidth of the
absorber can support pulses even shorter than
10 fs. The bandwidth limitation in our experi-
mental setup at long wavelengths is due to the
group-velocity dispersion of the laser mirrors and
the decrease of the gain of the Ti:sapphire crystal
(Fig. 3). On the short-wavelength side, the ref lec-
tivity bandwidth and the group-velocity dispersion
of the output coupler are more likely to limit the
laser bandwidth than the losses of the low-finesse
A-FPSA. Furthermore, higher-order dispersion most
probably also limits the pulse width.18 The silver
bottom mirror that we used provides a good heat
sink for the semiconductor absorber, and therefore
we observed no damage on the absorber at our in-
tracavity intensities. However, the silver bottom
mirror introduces losses of approximately 2%. After
the processing and additional AR coating the total
nonsaturable losses of the nonlinear mirror increase to
approximately 3–4%.

In conclusion, we have demonstrated a broadband
thin low-finesse A-FPSA and an AR-coated thin satu-
rable absorber, both with a silver bottom mirror, that
were realized by the use of a selective GaAs etch-
ing technique. We discussed the advantages of an
absorber with a silver bottom mirror versus a Bragg
bottom mirror. The measured ref lectivity curves and
the calculated group delay of both discussed saturable
absorbers have the potential bandwidth to produce sub-
10-fs pulses. We generated 10-fs self-starting KLM
pulses and 16-fs pulses by soliton mode locking, which
does not require operation of the cavity close to the sta-
bility limit. This demonstrates the potential of semi-
conductor absorbers for ultrashort pulse generation.
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R. Szipöcs, Opt. Lett. 20, 602 (1995).

3. D. E. Spence, P. N. Kean, and W. Sibbett, Opt. Lett. 16,
42 (1991).

4. U. Keller, G. W. ’tHooft, W. H. Knox, and J. E.
Cunningham, Opt. Lett. 16, 1022 (1991).

5. D. K. Negus, L. Spinelli, N. Goldblatt, and G. Feugnet,
in Advanced Solid-State Lasers, G. Dubé, and L. Chase,
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