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With the development of high power ultrafast laser passively mode-locked by a semiconductor saturable
absorber mirror (SESAM), the damage threshold and degeneration mechanism of the SESAM become more
and more important. One way to reduce the maximum electric field inside the active part of the SESAM
is the use of a dielectric coating on the top of the semiconductor structure. With Fresnel formula, optical
transfer matrix, and optical thin film theory, the electric field distribution and reflectance spectrum can
be simulated. We introduce the design principles of SESAM including the dependence of reflectance spec-
trum on dielectric function of absorber, and investigate the dependences of the electric field distribution,
modulation depth, reflectance spectrum, and the relative value of incident light power at the top quantum
well of SESAM on the number of SiO2/TaOs layers.
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The integration of semiconductor saturable absorbers
into a mirror structure results in a device that reflects
more light when the more intense the light is. This de-
vice is called a semiconductor saturable absorber mirror
(SESAM)I.  Since 1992, SESAMs have become im-
portant for passive mode-locking of several solid-state
lasers®l.  This invention offered new possibilities for
passive solid-state mode-locking which extended the Q-
switched pulses in nanosecond and picosecond regime to
mode-locked pulses from tens of picoseconds to femtosec-
ond. Moreover, Q-switch mode-locking (QML) instabili-
ties were also overcome by the introduction of SESAMs.
In contrast to Kerr lens mode-locking!®l, the saturable
absorber can be optimized independent of the cavity de-
sign, allowing successfull mode-locking to be achieved
with a broad range of solid-state lasers and cavity de-
signs. Moreover, compared with Kerr lens mode-locking,
SESAMs have more flexibility in design to meet the re-
quired wavelength and saturation fluence.

From the earliest antiresonant Fabry-Perot semicon-
ductor saturable absorber mirror¥ (A-FPSA) to high-
finesse and low-finesse saturable absorber mirrors!®¢l,
saturable Bragg mirror(”), dispersion-compensating sat-
urable absorber mirror!®, and low-loss broadband
SESAMU!, the technology of SESAM has become more
and more mature. By calculating the electric field distri-
bution inside the semiconductor saturable mirror, the in-
serted location of the one or more quantum wells (QWs)
within saturable absorber can be chosen to guarantee
an effective saturable absorption, so that the reflectance
spectrum is broadband, and a reflectivity enhancement
can be obtained to meet the need of application. The
simulation result can help us design SESAMs for good
self-starting and stability of mode-locking.
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In recent years, the pulse energy of ultrafast laser has
been significantly improved. With the development of
high power ultrafast lasers, such as femtosecond disk
lasers with pulse energy beyond 10-uJ levell!®-11 dielec-
tric coating on the SESAM might resolve some issues
that are caused by the large peak intensities inside the
absorber structurel’?l. One way to reduce the peak
intensity in the SESAM is a coating on the top of a
SESAM, which can protect the absorber layer from being
damaged!'3l. The structure of the dielectric must be de-
signed, so that the coated films can protect the SESAM,
while not influencing the characteristics of SESAM rele-
vant for mode-locking at the same time.

The SESAM is designed according to the optical the-
ory for designing multilayer films. The propagation of
light through a multilayer film can be regarded as the
interference of a forward going wave and a backward
going wavel'. The electric field distribution of light in
the thin film layers can be calculated by Fresnel formula
and optical transfer matrix method, so that the electric
field distribution at any point inside or outside the whole
device can be calculated, as well as the reflectance spec-
trum of the device.

It is the saturable absorber that helps the SESAM to
realize the saturable absorption and support the self-
starting and stabilization of mode-locking. To know the
electric field distribution of light inside the whole struc-
ture is very important, since it defines the position to
insert the saturable absorber. Theoretically, when the
saturable absorber is located at the peak of the electric
field of the incident light, the saturable absorption can
be effectively realized. The number and position of the
absorbing layers within the SESAM can thus be opti-
mized according to the electric field distribution.

(© 2009 Chinese Optics Letters
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Fig. 1. Structure of SESAM.

The SESAM consists of three parts: the Bragg mirror,
the active region including single or multiple QWs, and
the top dielectric layer. The structure discussed below is
designed close to the one used in Ref. [13].

The InGaAs QW plays a very important role in
SESAM because of its saturable absorption characteris-
tics. It absorbs light when the photon energy is sufficient
to excite carriers from the valence band to the conduction
band. Under strong excitation, the absorption is satu-
rated because possible initial states of the pump transi-
tion are depleted, thus the reflectivity of SESAM is high.
After the thermalization and recombination of the car-
riers, the absorption resumes. The modulation depth
of the absorber should be controlled less than 3%, be-
cause larger modulation depth would result in Q-switch
mode-locking. The Bragg mirror, the reflectivity of which
should be above 98%—99%, helps SESAM have a high re-
flectivity for the defined wavelength. The thicknesses of
GaAs space layers are designed in order to locate InGaAs
QW at the peak of the standing wave, which results in
the effective absorption of incident light. The important
function of the SiOy/Tas05 top reflector of the SESAM
is to decrease the light energy that reaches the absorber
layer, so that the absorber layer is not damaged by the
large peak intensities of pulses inside a high power ultra-
fast laser. For example, in many cases, the light power
is expected to be decreased by a half, that is, we need
a top reflector consisting of a Si03/TagO5 Bragg mirror,
which in these cases reflects about 50% of the incident
light.

The structure of the SESAM is shown in Fig. 1. The
whole structure was grown on a GaAs substrate. The
Bragg mirror consists of 30 pairs GaAs/AlAs layers cen-
tered at the laser wavelength of 1030 nm for normal inci-
dence. The active region consists of 7-nm-thick InGaAs
QWs separated by GaAs barriers to place QWs into the
antinodes of the standing wave pattern of the laser elec-
tric field. The dielectric coating consists of several pairs
of alternating SiOy and TapOjs films with numerically
optimized thicknesses for lower light intensity at QW
position. The number of SiO3/TasO5 pairs coated on
the original SESAM is decided by the portion of incident
light to be decreased. The reflectance spectrum should
be around 1030 nm, which is the central emission wave-
length of the Yb:YAG laser. The width of reflectance
spectrum should be at least 100 nm.

The absorption of the InGaAs QW is based on the first
interband transition between quantized hole and elec-
tron states. In order to model the absorption profile,
a Lorentz model in combination with a step function can

be assumed as a simple model for the combined densitiy
of states including excitonic enhancement of the absorp-
tion.

For interband transitions where quantum mechanical
expressions can be derived from the band structure of a
material, one has only a formula for the imaginary part
of the dielectric function. The missing real part can be
constructed from the imaginary part using the Kramers-
Kronig relation (KKR) that connects real and imaginary
parts of susceptibilities. The Tauc-Lorentz model, which
is an interband transition model, can give the expression
for the imaginary part of the susceptibility['®):
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where O (w — wgap) is a step function for the two-
dimensional (2D) density of states (DOS); S is related
to the absorption strength, w, is a damping coefficient
which is mainly related to the modulation width, and
they are both constant in the formula; wq is the excitonic
interband resonance frequency, and wgap, is the interband
resonance without excitonic effects. By adjusting the pa-
rameters, the Lorentz model is used to fit the absorption
spectrum of the SESAM to experimental static reflectiv-
ity data of the SESAM and hence give the modulation
depth.

Figure 2 shows the dielectric function of the thin
Ing 5Gag.5As absorber, the refractive index of which is
3.3175, in the SESAM designed in this letter. It can
be seen that the peak of the imaginary part is at the
resonance wavelength of about 1030 nm. Below the gap
at the right side, the imaginary part is exactly zero, that
is, there is almost no absorption. Below the gap at the
left side, the absorption, which is caused by the 2D DOS,
is not zero.

In order to get sufficiently low insertion loss of a low-
finesse A-FPSA, in which the top reflector is replaced
by the Fresnel reflection semiconductor-air interface, the
thickness of absorber has to be reduced by transparent
space layers, such as GaAs for anti-resonance to be main-
tained. When the thickness of the absorber (QW) is less
than A\/2, the standing wave effect has to be considered.
The function of the transparent layers is to allow the
thin absorber layer to shift to the appropriate position.

Figure 3 shows the electric field distribution of the
standing wave inside and outside the SESAM. The sim-
ulation is performed by the SCOUT optical softwarel'®!,
The horizontal axis shows the position, and regards the
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Fig. 2. Dielectric function of 7-nm Ing 5Gag.5As absorber.
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Fig. 3. Comparison of different electric field distributions in-
side SESAM with different dielectric structures. The curves
stand for SESAMs with 0—6 pairs of SiO2/Taz0s5 dielectric
coatings.
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Fig. 4. Electric field distributions in SESAM. (a) — (f): cor-
respond to SESAMs with 1— 6 pairs of SiO2/TazOs dielectric
coating. Regions labeled with A: QW; B: AlAs; C: GaAs; D:
SiOQ; E: Ta205.

bottom of substrate as the zero point. The curves de-
pict the electric field intensities in different SESAMs
with different numbers of SiO2/TasO35 pairs coated on
SESAM.

Every electric field distribution in Fig. 3 is shown
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Fig. 5. (a) Comparison of reflectance spectra of SESAMs with
0—6 pairs of SiO2/TasOs5 dielectric coatings; (b) reflectance
spectra around 1030 nm.
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Fig. 6. (a) Squared magnitude of the electric field |E(z)[* at
the top QW and (b) AR versus the number of SiO3/Taz0s5
film pairs in the dielectric layer.

in different pictures in Fig. 4. The electric field dis-
tributions of the standing wave inside the SESAM and
the electric field intensity at the InGaAs QWs versus
different antireflection layers with different numbers of
Si09/TagOs5 pairs can be clearly observed. In Fig. 4, ev-
ery vertical line depicts an interface between layers, and
the curves represent the electric field amplitude. It can be
seen that the QWs are located almost exactly at the peak
of electric field, and the dielectric layer can effectively de-
crease the incident light into the original SESAM.
Figure 5 shows the reflectance spectra for SESAMs
with two QWs and different dielectric structures. It can
be seen that these structures can all have very high reflec-
tivity (> 90%) in the wavelength region of 985—1085 nm.
The reflectivity bandwidths are wide (~ 100 nm), which
supports the generation of picosecond or sub-picosecond
ultra-short laser pulses. It can also be seen that the re-
flectance spectra have a small red shift with the increase
of coated films. The asymmetry of reflectance spectra
around 1030 nm is caused by the 2D DOS, which also
causes the asymmetry of the imaginary part of the QW'’s
dielectric function around 1030 nm shown in Fig. 2.
Figure 6(a) shows the squared magnitude of the electric
field at the top QW versus the number of SiOy/Tas05
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pairs. It can be seen that when the dielectric coating
consists of two pairs of alternating SiOs/TasO5 layers de-
posited by electron beam evaporation, the field enhance-
ment in the absorber can be reduced to less than 50%
of its value in the uncoated device. Figure 6(b) shows
the maximum change in nonlinear reflectivity AR ver-
sus the number of SiO2/TasO5 pairs. In SESAM mode-
locked solid-state lasers, a very simple design guideline
to prevent Q-switching instabilities is!'”

EIQ) > Esat,LEsat,AARa (2)

where E, is the intracavity pulse energy, Fsa;1 is the
saturation energy of the laser medium, and Egat a is the
saturation energy of the saturable absorber. When the
number of coating layers increases, Ega;, A also increases,
while AR decreases at the same time, which means that
@-switching can be prevented.

The simulation of the electric field distribution inside
the SESAM shows that with a dielectric coating of two
pairs of Si03/Tas 05 layers, the field enhancement in the
absorber can be reduced to 50%. With this method, the
number of film pairs to be coated as dielectric layers on
the top of the SESAM can be chosen to meet the required
reduction of light energy, which would be useful in the de-
velopment of high power SESAM assisted mode-locking
ultrafast laser.

This work was supported by the Ministry of Science,
Research and Arts of Baden-Wiirttemberg State of Ger-
many and the Chinese Scholarship Council.
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