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Abstract We show that it is possible to eliminate group de-
lay dispersion over wide bandwidths in low-finesse, reso-
nant saturable absorber mirrors, whilst maintaining a low
saturation fluence and a high modulation depth. By mod-
elling the mirror structure we demonstrate that these prop-
erties can be produced by capping a resonant device with
a single dielectric layer of carefully selected refractive in-
dex. We show that a specially capped dispersionless struc-
ture minimises the temporal broadening of femtosecond
pulses reflected from the mirror. We compare this device
against uncapped-resonant and anti-resonant structures. The
superior performance of the capped, dispersionless device
was verified experimentally by comparing resonant, anti-
resonant and dispersionless quantum-dot (QD) saturable ab-
sorber mirrors incorporated into a Cr4+:forsterite laser sys-
tem. We found that a minimum pulse duration of 86 fs could
be achieved for the dispersionless structure at 1290 nm with
an output power of 55 mW compared to 122 fs in an anti-
resonant structure and several-picosecond pulses for a reso-
nant structure.
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1 Introduction and structure design

Semiconductor saturable absorber mirrors (SESAMs) are
simple yet effective devices that can be used in the produc-
tion of ultra-short pulses by passive mode locking in a va-
riety of lasers. A SESAM typically consists of a distributed
Bragg reflector (DBR) incorporating an absorbing element,
the saturation of which leads to the mirror having intensity
dependent reflectivity [1]. This paper concentrates on the
low-finesse, resonant SESAM design [2, 3], where the ab-
sorber region is situated in a resonant cavity formed between
the DBR and the upper surface of the device. Simple post-
growth techniques, such as chemical etching [4] and dielec-
tric capping [3], can be used to modify the basic resonant
cavity and therefore adjust the important SESAM properties.
We compare the basic low-finesse, resonant design with two
modified designs derived from this structure; the resonant
cavity with the addition of a lower-index dielectric encapsu-
lant layer, and a structure where the cavity has been etched
to anti-resonance. Through detailed modelling of the capped
structure, we have found that the phase dispersion of the
SESAM is highly sensitive to the choice of cap layer index,
and in Sect. 2 of this paper we describe how it is possible to
entirely eliminate the phase dispersion of the SESAM over
wide bandwidths using only a single dielectric cap layer of
carefully selected index. Furthermore, we demonstrate that
the choice of cap layer index and resonant cavity length pro-
vides a design route to dispersionless SESAMs having low
saturation fluences and large modulation depths. An experi-
mental verification of these findings is presented in Sect. 5,
where the basic resonant structure, the etched anti-resonant
structure and the capped dispersionless structure had been
integrated into a Cr4+:forsterite laser configuration, and a
significant performance improvement was observed for the
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Fig. 1 The refractive index profile and square of the electric field am-
plitude at the design wavelength for the low-finesse, resonant SESAM

capped dispersionless device when compared to the resonant
and anti-resonant devices.

The DBR consists of alternate λ0/4 thick layers of high
and low refractive indices, where λ0 is the design wave-
length, corresponding to the centre of the high-reflectivity
stop-band region in the frequency domain. An exemplar res-
onant structure is displayed in Fig. 1, with a 9λ0/4 cavity
region and a 25 period AlAs/GaAs DBR grown on a GaAs
substrate and this was modelled using a standard transfer
matrix technique [5, 6]. The refractive indices of GaAs and
AlAs are interpolated to literature values and λ0 is taken to
be 1290 nm. Absorber layers, such as quantum wells or,
in more recent devices, InAs quantum dots [7–9], are usu-
ally positioned at the antinodes of the field inside the cavity,
shown in Fig. 1. The impact of typically thin, weakly ab-
sorbing layers with low index contrast on the phase shift on
reflection from the mirror can be neglected for the purposes
of this work.

The ratio of the peak square field amplitude inside the
cavity region to that in air is known as the enhancement fac-
tor [3, 4], ξ(λ). At the design wavelength, the peak field in-
tensity inside the cavity region of the low-finesse, resonant
device in Fig. 1 is equal to the peak field in air and there-
fore ξ(λ0) is unity for this design. A large ξ leads to a low
saturation fluence, Esat, and large modulation depth, �R.
Low Esat can help to produce stable, CW mode locking [10],
particularly in systems where the intra-cavity pulse energy
is low. Sufficient �R is also necessary for pulse-shaping
mechanisms to operate efficiently [11] but too large a value
of �R can introduce losses into the laser cavity too great to
sustain laser operation [2]. Therefore, the sample design and
choice of absorber needs to be well matched to the particular
requirements of the intended laser system.

2 Group delay dispersion and third-order dispersion

The complex reflection amplitude of the entire structure,
r(ω), can be written in polar form and in the frequency do-
main is defined as [6]

r(ω) = E−
air

E+
air

= ρ(ω) exp
[
iφ(ω)

]
. (1)

Here E+
air and E−

air are the amplitudes of the forward and re-
verse propagating fields in air, respectively. The magnitude
of the complex reflection coefficient is ρ(ω) and φ(ω) is
the phase shift on reflection from the mirror. In femtosec-
ond lasers, an important parameter governing the attainable
pulse duration is the group delay dispersion (GDD) [12],
which is given by the second derivative of the phase shift
on reflection, φ′′(ω). In the case of a resonant structure the
GDD is zero at the resonant frequency of the cavity (ω0)
but otherwise varies sharply either side of ω0. This type of
response around ω0 places a limit on the minimum pulse du-
ration that can be obtained. The key requirement for ultra-
short pulse formation is for the GDD response to remain flat
over a suitably broad bandwidth centred around ω0 [13]. Al-
though low-finesse resonant structures have the advantage of
a large enhancement factor, the sharply varying GDD around
ω0 does not allow the formation and preservation of sub-
picosecond pulses within a laser cavity. The investigation of
possible additions to the basic cavity design with comple-
mentary experimental assessments formed the subject mat-
ter of this work.

In order to modify the GDD in the vicinity of ω0, several
post-growth cavity modification techniques are available, in-
cluding chemical etching [4], post-growth capping [3] or
tilting of the structure [14]. Deposition of an additional λ0/4
GaAs cap, or removal of a λ0/4 GaAs layer, reverses the res-
onance condition at λ0(ω0) from resonant to anti-resonant,
suppressing the dispersion across the stop-band region but
also lowering ξ(λ0) to a value of (nair/nGaAs)

2, which at
1290 nm is 0.086. However, Spuhler et al. [3] have shown
that a quarter-wave cap of lower index material on the front
surface of a low-finesse resonant sample partially suppresses
the GDD variation across the stop-band region without re-
ducing ξ(λ0) to the extent of an anti-resonantly designed
structure.

To describe the flatness of the GDD curves for these de-
vices it is useful to define a property called the GDD flat-
ness bandwidth (GFB), which is the bandwidth around the
design wavelength over which the absolute value of GDD
remains within a fixed bound, X. For the resonant structure
with a quarter-wave cap the GDD(ω0) is also zero. The GFB
is then defined as GFB = 2|ωX − ω0| where ωX is the clos-
est frequency to ω0 at which the GDD exceeds X. Close to
ω0 the GDD(ω) is approximately linear and for small X,

GFB = 2X

|φ′′′(ω0)| . (2)

Here φ′′′(ω0) is the third-order dispersion (TOD) at the de-
sign frequency. Equation (2) breaks down at φ′′′(ω0) = 0
since the GFB is limited by the extent of the stop-band,
but it does show that the TOD is the important factor for
minimising the pulse broadening from the mirror. The GFB
and TOD for a dispersion bound of X = 50 fs2 for λ0/4
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Fig. 2 The third-order dispersion and GDD flatness bandwidth for the
SESAM with quarter-wave caps of different refractive index. Inset: The
enhancement factor at the design wavelength for different quarter-wave
cap indices

Fig. 3 The GDD curves for the uncapped low-finesse, resonant sample
(solid blue line), with an n = 1.71 quarter-wave cap (dashed green line)
and with a quarter-wave GaAs cap (dotted brown line)

caps of different index are displayed in Fig. 2. The peak in
GFB as the TOD passes through zero is clear, and this oc-
curs for a cap index of 1.71. Also, ξ(λ0) is increased for
decreasing cap indices, shown in the inset to Fig. 2, which
shows the enhancement factor at λ0 as a function of the in-
dex of the quarter-wave cap. To maintain a high modulation
depth and low saturation fluence it is therefore favourable to
keep the quarter-wave cap index low. In fact, for X = 50 fs2

and an n = 1.71 quarter-wave cap, the GFB is more than
seven times larger than that for an anti-resonant SESAM
and ξ(λ0) = 0.338, approximately a factor of four greater.
The GDD curves for the uncapped resonant structure, the
n = 1.71 quarter-wave capped structure and the n = nGaAs

quarter-wave capped (anti-resonant) structure as displayed
in Fig. 3, demonstrate the broad-band elimination of GDD
in the capped device.

The cavity can be approximated as a basic Gires–
Tournois (GT) interferometer with the DBR forming a high-
reflectivity interface and the other interface formed by the
upper surface of the cavity and air. Previous considera-
tions by Moenster et al. [13] have shown that GDD and
TOD vanish if the reflectivity of the top surface is coated
with a perfect anti-reflection coating, as the multiple re-
flections within the cavity are suppressed. For a GT inter-
ferometer with a GaAs spacer, an anti-reflecting upper in-
terface and a high-reflector lower interface yields a value

of ξ(λ0) = nair/nGaAs = 0.293. The simplest anti-reflection
coating for GaAs is a quarter-wave cap layer where the cap
index is given by n = √

nairnGaAs = 1.85 at 1290 nm [15].
However, it is surprising to find that the zero TOD con-
dition for the capped low-finesse resonant structure does
not occur for a single anti-reflection coating layer of in-
dex n = 1.85, but instead TOD passes through zero for an
n = 1.71 quarter-wave cap. The reason for this is twofold:
the reflectance of the coated GaAs is non-zero for frequen-
cies either side of ω0 and also the DBR has phase dispersion
around ω0 [16, 17], both of which are important when the
cavity is thin and the phase shift accrued on one round trip
of the cavity is small. Importantly, as shown in the inset
to Fig. 2, using an n = 1.71 quarter-wave cap layer gives
a 15% improvement in ξ(λ0) over a perfect anti-reflection-
coated structure whilst still achieving zero TOD. Such cap-
ping produces not only a performance improvement but also
reduces the technical complexity of the post-growth coating
required.

3 Pulse broadening

To demonstrate the pulse broadening effect from the phase
shift on reflection, in the absence of any pulse shaping mech-
anisms, the spectrum of pulses reflected from the mirror was
evaluated. A transform-limited Gaussian incident pulse field
was described by Ei(t) = A0 exp(−t2/4σ 2

i ) exp(iω0t), with
ω0 and σi the design frequency of the mirror and the inci-
dent RMS pulse duration, respectively. Using the autocor-
relation theorem, the field of the reflected pulse, Er(t), is
obtained from the Fourier transform of the product of the
incident pulse spectrum and the mirror reflection amplitude
as described in [18, 19], and the reflected pulse intensity is
described by Ir(t) ∝ |Er(t)|2. The RMS pulse duration of
the reflected pulse σr is calculated from the first and second
moments of Ir (t) as described in [18–20]. The broadening
ratio, σr/σi , is shown in Fig. 4 for σi = 25 fs pulses inci-
dent on the mirror and is a minimum at the cap index giving
zero TOD. An RMS pulse duration of 25 fs corresponds to
a FWHM pulse width of ∼59 fs. This shows that a wide
GFB is essential if the broadening of sub-picosecond pulses
is to be minimised. For RMS durations shorter than 25 fs,
the pulse spectrum penetrates further into the lower reflec-
tivity, highly dispersive fringes either side of the stop-band.
Consequently the pulses become severely distorted and an
appreciable fraction of the incident pulse energy is lost. It
follows, therefore, that the pulse duration is ultimately lim-
ited by the finite extent of the stop-band, as reported by other
authors [21].
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Fig. 4 The ratio of the RMS duration of the reflected to incident pulses
for σi = 25 fs Gaussian pulses incident on the SESAM

Fig. 5 The quarter-wave cap index required for zero TOD and the re-
sulting enhancement factor at the design wavelength

4 Cavity length considerations

The discussion thus far has concentrated on the partic-
ular case of a 9λ0/4 resonant cavity device, but Fig. 5
shows that the quarter-wave cap index required to achieve
TOD(ω0) = 0 is a function of the resonant cavity thickness.
The cavity thicknesses plotted in Fig. 5 are odd multiples
of λ0/4 to satisfy the condition of resonance at λ0. The en-
hancement factor ξ(λ0) is also plotted for the cap indices
required to achieve zero TOD. For very short cavities, the in-
dex required for dispersionless operation is very low, which
means the enhancement factor of this structure is high. As
the cavity is lengthened, the index required to achieve dis-
persionless operation tends towards the anti-reflection con-
dition of n = 1.85, as the contribution to the dispersion
from the DBR and the cap become small in comparison
to the resonant-cavity dispersion. Therefore, to ensure high
enhancement factor, dispersionless SESAMs, the resonant
cavity length should be kept as short as possible. However,
a short cavity length does place restrictions on the amount
of absorber material that can be incorporated into the struc-
ture, and this represents a further design consideration for
SESAMs used for femtosecond pulse generation.

5 Experimental investigation

To demonstrate the effect of eliminating dispersion on the
performance of the SESAM in a laser cavity, a test device

Fig. 6 The measured (solid lines) and calculated (dotted lines) reflec-
tivity for (a) the uncapped resonant, (b) anti-resonant and (c) MgO
capped structures. The insets illustrate the refractive index profile and
field standing wave pattern at 1290 nm. The arrows denote the position
of the QD layers

was grown. The device was based on the design illustrated
in Fig. 1, with nine absorbing InAs quantum-dot layers in-
corporated into a 9λ0/4 GaAs cavity. The dot absorber lay-
ers were positioned in three groups of three, with each group
centred around antinodes of the field in the cavity on reso-
nance, with the layers each separated by 40 nm GaAs spacer
layers. The positions of these dots are displayed on the inset
to Fig. 6a, which shows the nominal refractive index profile
for the resonant SESAM and the calculated field structure.

As in previous work [4], the contribution to the overall
cavity thickness from the dot layers was found to lengthen
the cavity slightly. The extra cavity thickness contribution
was found to be equivalent to a GaAs thickness of 14 nm,
which was corrected by chemical etching of the cavity using
a 2:1 solution of H2O2 and citric acid for two minutes with
an etch rate of 7.0 ± 0.2 nm/min. Figure 6a shows that the
reflectivity profile of the etched sample and the calculated
reflectivity pattern of the nominal resonant structure are in
good agreement. The reflectivity measurements were made
using an optical microscope connected to an optical spec-
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Fig. 7 Room temperature photoluminescence measurements of a sin-
gle layer of QDs incorporated into the SESAM, with peak X1 emission
at 1290 nm. Note that the GS peak coincides with atmospheric water
absorption

trum analyser (OSA), with illumination from a broad-band
lamp. The spectra were calibrated using a gold mirror. In the
stop-band region, a slight dip is visible on resonance due to
the absorption in the dot layers. There is a small linear varia-
tion in the measured reflectivity across the stop-band which
is a feature of a wavelength dependence of the gold reflec-
tivity, and the reflectivity minima of the SESAMs were mea-
sured to be slightly greater than the calculated curves due to
the resolution limit of the OSA and a small amount of in-
coherent back-reflection from the substrate, which was not
included in the calculation.

An anti-resonant structure was formed by etching a fur-
ther λ0/4 layer from the resonant structure, which cor-
responded to an etch duration of 13.5 min. The inset to
Fig. 6b shows the nominal refractive index profile of the
anti-resonant device and the position of the dots, and also
shows the reduction in ξ(λ0) compared with the resonant
sample. The measured reflectivity was fitted using a cav-
ity thickness of 771 nm. Finally, the resonant structure was
capped with a nominal 189 nm layer of MgO, which has a
refractive index of 1.71 in the region around 1290 nm. The
nominal refractive index profile is demonstrated in the inset
to Fig. 6c and the calculated reflectivity pattern is also in
good agreement with the measured normal incidence reflec-
tivity spectrum.

The devices were grown by solid-source molecular
beam epitaxy (MBE). The dots have an areal density of
1.6 × 1010 cm−2 per layer, and are designed to have the
first excited state (X1) transition resonant with λ0 at 295 K.
The dot layers are long wavelength bi-layers [22] consisting
of a seed layer of QDs and a second QD layer separated by
10 nm. The seed layer was grown by deposition of 2.4 ML
InAs at 0.014 MLs−1 at a substrate temperature of 492◦C.
The second QD layer was grown by deposition of 3.3 ML
InAs, also at 0.014 MLs−1, at a substrate temperature of
467◦C. The seed layer and 10 nm GaAs spacer layer was
included in the GaAs buffer between each second layer of
the bi-layers. However, the state energies of the seed layer
dots reside at much shorter wavelengths than 1290 nm and

therefore do not participate in the absorption. Room tem-
perature photoluminescence measurements on a nominally
identical sample of dots, grown without the DBR, are dis-
played in Fig. 7, showing the X1 transition at room tem-
perature peaks close to 1290 nm. The several advantages
of QDs as absorbers in SESAMs include: wide inhomoge-
neous linewidths, fast carrier dynamics of dot transitions
[23], and the potential for low saturation fluences [24] due
to the three-dimensional carrier confinement. Furthermore,
the modulation depth of QD-SESAMs can be controlled
by the areal density of the QDs [25]. QDs are also highly
suited to the 1290 nm spectral region, avoiding the need for
post-growth annealing procedures required with GaInNAs
based devices [26, 27]. Choosing the X1 transition as the
absorptive transition offers the possibility of faster recovery
dynamics [14] and larger modulation depths [4] over tradi-
tional ground state devices.

A Cr4+:forsterite laser comprising of a four-mirror asym-
metric, astigmatically compensated Z-fold cavity was con-
structed to assess the mode locking capability of the SESAM
devices. Other authors [28, 29] have suggested that with a
SESAM in place the mode locking is operating in the soli-
ton regime, with the SESAM assisting and stabilizing the
mode locking. A schematic diagram of the laser configura-
tion is shown in Fig. 8. The choice of a highly asymmetric
laser cavity design allowed the laser cavity beam waist on
the SESAMs to be controlled with a high degree of accu-
racy. This laser cavity geometry also allowed variation of
the cavity beam size inside the gain medium, thus ensur-
ing good overlap of the pump beam with the cavity beam
and maximising the efficiency of laser output. The two fold-
ing mirrors M1 and M2 had radii of curvature of −100
and −75 mm, respectively. These mirrors were designed
for high transmissivity at the pump wavelength (1064 nm),
and high reflectivity at wavelengths from 1250 to 1370 nm.
A wedged output coupler with 0.5% coupling efficiency and
a quantum-dot SESAM (or high reflection mirror) termi-
nated the long and short arms of the four-mirror laser cav-
ity. The gain medium was a 11.6 mm long Brewster-cut
Cr4+:forsterite crystal with a small-signal pump absorption
coefficient of 1.3 cm−1 and this was mounted in a water-
cooled copper jacket maintained at a temperature of 15◦C.
The gain crystal was optically pumped by a Spectra-Physics
Nd:YVO4 laser, capable of delivering an output of up to
10 W of continuous wave near-diffraction-limited 1064 nm
laser radiation. A simple telescope system and focusing lens
were used to provide a 1/e2 pump beam spot radius of 35 µm
in the gain crystal.

With the high-reflectivity mirror placed in the short arm
continuous wave laser operation was possible. In this con-
figuration, with the 0.5% output coupler in place, a maxi-
mum output power of 105 mW was achieved for an incident
pump power of 5.1 W. The threshold for CW operation did
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Fig. 8 Schematic of the
self-starting mode-locked
Cr4+:forsterite laser resonator

Fig. 9 (a) Measured optical spectrum and (b) corresponding inten-
sity autocorrelation of the Cr4+:forsterite laser with the anti-resonant
QD-SESAM placed in the short arm of the laser cavity. (c) Measured

optical spectrum and (d) corresponding intensity autocorrelation with
the capped, resonant QD-SESAM

not increase significantly when the SESAMs were inserted

(∼200 mW) implying low non-saturable losses for all of the

SESAM devices assessed. The capped device did demon-

strate slightly increased losses during high power CW oper-

ation, which could be due to losses in the MgO cap layer.

(An investigation of alternative cap materials with similar

refractive indices will be undertaken to identify suitable ma-

terials having minimal losses in a further study.)

Laser mode locking was obtained when the HR cavity

mirror in the short arm of the cavity was replaced by each of

the quantum-dot SESAMs. The intra-cavity beam incident

on the SESAM had a radius of 200 µm. To generate pulses
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in the femtosecond domain two fused silica prisms with a
tip–to–tip separation of 325 mm were inserted in the long
arm of the laser cavity to provide the appropriate amount of
negative dispersion compensation necessary to balance the
positive dispersion of the Cr4+:forsterite gain crystal.

With the uncapped resonant device in place it was possi-
ble to achieve self-starting pulsed operation, with a spectral
bandwidth of 0.8 nm and peak wavelength of 1265.8 nm.
A clear autocorrelation signal could not be obtained, prob-
ably due to the low peak power of the pulses, although the
spectral bandwidth of these pulses implied a duration of sev-
eral picoseconds. Adjustment of the dispersion compensat-
ing prisms did not shorten the pulse duration or improve the
stability of the mode locking, implying that the pulse dura-
tion was limited by the large variation of GDD across the
spectral bandwidth of this device.

Insertion of the anti-resonant device produced self-
starting mode-locked operation with a spectral bandwidth
of 14.8 nm and the FWHM pulse durations were 122 fs. The
calculated time-bandwidth product of 0.325 implied that
these were near-transform-limited pulses at the centre wave-
length of 1290 nm assuming a sech2 pulse intensity profile.
The spectral profile and intensity autocorrelation trace are
illustrated in Figs. 9a and 9b.

The threshold for mode locking with this device was ob-
served to be when 4.5 W of pump light was incident on the
gain crystal, corresponding to a fluence on the SESAM of
25 µJ/cm2. With the 0.5% output coupler in place, an aver-
age mode-locked output power of 40 mW was achieved.

Figures 9c and 9d show the spectral bandwidth and auto-
correlation trace that was achieved with the capped resonant
device in place. With this device it was possible to support a
spectral bandwidth of 20 nm (Fig. 9c) at a centre wavelength
of 1280 nm and the 86 fs pulses were 30% shorter than
those in the anti-resonant case. The time-bandwidth prod-
uct of 0.315 again implied the generation of near-transform-
limited pulses. The reduction in the pulse duration supports
the prediction of a minimum in pulse broadening on reflec-
tion from the capped device, shown in Fig. 4. However, the
larger enhancement factor of this device may also contribute
to the reduction in pulse duration due to the increased mod-
ulation depth. A maximum 55 mW of output power was
generated with the 0.5% output coupler in place. The mode-
locking threshold was measured for an incident pump power
of 3.4 W which corresponds to a fluence of 17.5 µJ/cm2 in-
cident upon the SESAM, and significantly this is 30% lower
than that for the anti-resonant device due to the larger en-
hancement factor of the capped device and consequently
lower saturation fluence.

6 Conclusion

We have found that for low-finesse, resonant semiconductor
saturable absorber mirrors (SESAMs), quarter-wave cap in-
dices can be selected to produce broad-band dispersionless
structures having higher enhancement factors than struc-
tures with perfect anti-reflection coatings. These structures
are a significant improvement in both enhancement factor
and GDD flatness bandwidth over anti-resonant devices and
eliminate the large GDD variations seen close to resonance
in resonant devices. Dispersionless structures with high en-
hancement factors are especially beneficial for femtosec-
ond lasers that require low saturation fluences and large
modulation depths and these components have the addi-
tional benefits of simpler and cheaper processing than for
multi-layer anti-reflection coatings. To demonstrate the im-
proved properties of dispersionless quantum-dot SESAMs
(QD-SESAMs), 86 fs transform-limited pulses have been
generated from a Cr4+:forsterite laser and this represents a
30% improvement over a sample that was etched to anti-
resonance, and an order of magnitude improvement over the
uncapped, resonant structure. The cap index required for dis-
persionless operation is found to be lower for shorter cavity
lengths, heightening the effect and this has important impli-
cations on the design of resonant SESAMs for use in fem-
tosecond pulse generation.
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