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We demonstrate a quantum well �QW� semiconductor saturable absorber mirror �SESAM�
comprising low-temperature grown InGaAs/GaAs QWs incorporated into a p-i-n structure. By
applying the reverse bias voltage in the range 0–2 V to the p-i-n structure, we were able to change
the SESAM modulation depth in the range 2.5–0.5%, as measured by nonlinear reflectivity of 450
fs long laser pulses with 1065 nm central wavelength, in the pump fluence range 1.6–26.7 �J /cm2.
This electrical control of the modulation depth is achieved by controlling the small-signal loss of the
SESAM via quantum-confined Stark effect in the QWs. © 2010 American Institute of Physics.
�doi:10.1063/1.3474799�

Semiconductor saturable absorber mirrors �SESAMs�
are used for mode-locking and control of ultrafast lasers �see,
e.g., Ref. 1 and references therein�. The modulation depth-
the value of saturable loss of the SESAM, is an important
parameter governing the self-starting and stability of laser
mode-locking. In this letter, we demonstrate an electrically
controlled SESAM �E-SESAM� for the wavelength around
1065 nm, based on the low-temperature �LT� grown InGaAs/
GaAs quantum wells �QWs� embedded into a p-i-n structure.
By applying the external bias on the p-i-n structure, the
E-SESAM nonlinear reflectivity could be modified strongly.

The SESAM action is based on the saturation of the
optical loss in the absorber section at higher optical intensity,
thus resulting in a higher SESAM reflectivity for stronger
optical signals. The efficient mode-locking of an ultrafast
laser is additionally dependent on the efficient ultrafast re-
covery of the saturable loss in the SESAM. This is ensured
by the quick depletion of the photoexcited electronic states in
the saturable absorber, which can be achieved by, e.g., cap-
ture of the photoexcited carriers onto lattice defects,2,3 and/or
carrier sweep-out in an applied electric field.4 The dynamical
screening effect5,6 could also have an impact on the ultrafast
dynamics in biased QWs or quantum dots �QDs�.

Laser mode-locking and control with E-SESAMs based
on QWs7,8 and QDs9,10 was recently demonstrated, by apply-
ing an electric field on the saturable absorber section. For
example, in Ref. 8, the mode-locked laser stability could be
manipulated, and pulse shortening from 50 ps down to 20 ps
was observed, accompanied by the spectral expansion of the
laser signal from 0.3 to 0.8 nm, which was attributed to a
speed-up of the SESAM recovery rate due to the enhanced
carrier sweep-out at higher bias fields. In Ref. 10, a pulse
shortening from 17.4 to 6.4 ps, and a spectral shift from 1280
to 1282 nm were observed, with applying the reverse bias to
the E-SESAM.

However, the laser is a complex system, where the
SESAM action is in interplay with gain dynamics, gain cur-

vature, and other wavelength-, power-, and time-dependent
loss factors in the oscillating laser cavity. In this work, we
performed a direct experiment to characterize the E-SESAM
action alone, by measuring the nonlinear reflectivity of fem-
tosecond laser pulses as a function of both pump fluence and
the reverse bias on the E-SESAM.

Our p-i-n-junction-based E-SESAM structure was
grown on an n-doped GaAs substrate using a standard mo-
lecular beam epitaxy. It had an n-doped 34-period long
GaAs /Al0.9Ga0.1As Bragg reflector with the stop band cov-
ering the range 1014–1126 nm, followed by an undoped
saturable absorber �QWs� section, and a p-doped GaAs cap
layer, as shown in Fig. 1�a�. The saturable absorber section
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FIG. 1. �Color online� �a� Schematic of an E-SESAM. �b� Photograph of an
E-SESAM chip; Au: reference golden mirror and V: external bias contacts.
�c� E-SESAM small-signal reflectivity spectrum at zero external bias, and
the intensity spectrum of the femtosecond laser output used in the nonlinear
reflectivity experiment. Inset: laser pulse autocorrelation.
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featured 3 LT-In0.2Ga0.8As /GaAs QWs with the QW width of
8 nm, additionally surrounded by GaAs0.75P0.25 barriers on
each side for strain compensation in the QWs. The total
thickness of the intrinsic section was 155 nm, and the poten-
tial drop of the p-i-n junction was approximately 1.0 V, re-
sulting in the built-in electric field on the QWs of around 65
kV/cm. The flat electrode was applied to the back of the
n-doped GaAs substrate, and narrow stripe electrodes sepa-
rated by approximately 300 �m were deposited on the
p-doped cap layer, providing the free optical access to the
SESAM. In Figs. 1�b� the photograph of the E-SESAM chip
is shown. The E-SESAM area on the chip was about 1
�1 mm2.

In Fig. 1�c� we show a small-signal reflectivity spectrum
of the E-SESAM at zero external bias, and the intensity spec-
trum of the output of the femtosecond laser used in the non-
linear reflectivity measurements. The peak of the optical ab-
sorption of the QWs in the E-SESAM at zero external bias is
around 1056 nm. The laser was a home-built monolithic Yb-
fiber femtosecond laser11 operating at central wavelength of
1065 nm at the repetition rate of 45 MHz, and providing the
pulses of approximately 450 fs duration �full width at half
maximum�, as assumed from the 650 fs long autocorrelation
�see inset of Fig. 1�c��. The laser output was focused onto the
surface of the E-SESAM in between the stripe electrodes,
and the incident and reflected laser power was measured us-
ing the calibrated powermeters. The laser pump fluence on
the E-SESAM was varied in the range 1.6–26.7 �J /cm2

with a � /2-plate and a polarizer. A reference golden mirror
with the reflectivity of 98%,12 also deposited on the
E-SESAM chip, was used for absolute calibration of the re-
flectivity values.

In Fig. 2�a� the dependency of the E-SESAM reflectivity
R on the pump fluence Fp, for different values of applied
reverse bias V in the range 0–2 V13 is shown. For all values
of V we observed a typical SESAM behavior, as reflectivity
grows with increase in the pump fluence in the whole range
of the Fp. We note here, that within the pump fluence range
available to us �1.6–26.7 �J /cm2� we could not reach the
full saturation of QW absorption. With increase in V, the
overall E-SESAM reflectivity increases, thus showing a re-
duction in E-SESAM loss, with a significant decrease in the
slope of the dependency R�Fp�. The dynamics of R�V� is
most dramatic at weaker pump fluence, as compared to the
stronger pump. In Fig. 2�b�, the dependency R�V� is shown
for two extreme values of pumping fluences available in this
experiment. At weakest pump, the R�V� first grows with the
reverse bias in the range 0–1 V �corresponding to the total
electric field on the QWs Etot=65–130 kV /cm�, and then
shows an oscillation between 1 and 2 V �Etot=194 kV /cm�,
with the total voltage-induced reflectivity modulation of
about 3%. At strongest pump R�V� also grows in the range
V=0–1 V, and then rolls-off at higher values of V, but with
the total modulation of only about 1%. In Fig. 2�c� the modu-
lation depth �R achieved in this experiment - the difference
between the R values measured at the extreme pump fluences
�Fig. 2�b�� is shown as a function of V. The dependency
�R�V� is clearly dominated by the dependency of R�V� at
weakest pump. �R is the largest at reverse bias V=0 and
reaches about 2.5%. At V=1 V it reaches a local minimum
of about 1%, and then shows an oscillation before reaching
its absolute minimum of around 0.5% at V=2 V.

We also measured the spectrum and the autocorrelation
of the reflected laser signal as a function of both Fp and V,
but neither the reflected laser pulse shortening,14 nor its spec-
tral expansion was observed within the accuracy of our mea-
surements. We note that in Ref. 4 the recovery time of a QD
saturable absorber with applied electric field was found to
decrease from 62 ps to 700 fs by enhanced carrier sweep-out,
which is still longer than 450 fs pulses, used in our experi-
ments.

The application of the transverse electric field to the QW
results in a well-known quantum-confined Stark effect
�QCSE�.15 The QCSE manifests itself in the reduction in the
optical transition energy �the Stark shift� as a result of the
band structure tilt; and in the reduction in the optical absorp-
tion coefficient due to the weaker overlap of the spatially
separated electron and hole wave functions. The spectrum of
our laser is situated at the longer wavelength than the peak of
the QW absorption �i.e., the strongest dip in the E-SESAM
reflectivity�. The application of the reverse bias to the
E-SESAM, and therefore the enhancement of the QCSE al-
ready present due to the built-in p-i-n field of 65 kV/cm,
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FIG. 2. �Color online� �a� Reflectivity of E-SESAM as a function of pump
fluence, at different values of reverse bias in the range 0–2 V. �b� Reflectiv-
ity of the E-SESAM at pump fluence of 1.6 and 26.7 �J /cm2, as a function
of reverse bias. �c� Modulation depth of the E-SESAM as a function of
reverse bias.
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could thus lead to two following conflicting consequences:
�i� Stark-shifting the QW absorption maximum into the laser
spectrum, which is positioned at longer wavelength, thus in-
creasing the E-SESAM loss at the laser wavelength and �ii�
the overall reduction in the optical absorption coefficient of
the QWs. In Fig. 3�a� small-signal reflectivity spectra of the
E-SESAM in the vicinity of the laser spectrum, taken at dif-
ferent bias voltages, are presented, showing a rather complex
modification. One can see that both manifestations of the
QCSE are present in these spectra but their respective con-
tributions are different in different spectral ranges. The Stark
shift mostly dominates around the wavelength of 1045 nm,
whereas the QW absorption change with applied bias seems
to be the dominating effect around the central wavelength of
the laser at 1065 nm. Here, in addition to the reverse bias in
the range 0–2 V, we also used a small forward bias up to 0.5
V13 �Etot=32 kV /cm� to see the effect of QCSE reduction. It
is clear that the QCSE from the p-i-n built-in electric field
alone already has a significant impact on the optical proper-
ties of the SESAM.

We quantified the integrated small-signal loss, experi-
enced by the laser in the E-SESAM at a given value of bias
voltage by calculating the overlap integral between the laser
intensity spectrum I��� and the SESAM loss for different
values of applied bias; S�V�=��I����1−R�V ,���d�. Here
R�V ,�� is the SESAM small-signal reflectivity spectrum at
specific value of bias voltage. The dependency S�V� is shown
in Fig. 3�b�. It is nearly identical to the bias voltage depen-
dency of the modulation depth �R�V�, which is in turn domi-
nated by the weak-pump reflectivity dependency on V �see
Figs. 2�b� and 2�c��.

This demonstrates that the achieved control of the modu-
lation depth of the E-SESAM is mostly due to the modifica-
tion of its small-signal loss at the laser wavelength by the
QCSE. The observed decrease in the slope of R�Fp� with
increase in V is thus a natural consequence of this effect. As
the QWs become more transparent for the pump laser, R�Fp�
will depend less on the saturable loss, and in the limit of zero
QW absorption will approach the reflectivity of a Bragg re-
flector �neglecting the nonsaturable loss�.

In conclusion, we have demonstrated a QW-based
E-SESAM for the wavelength of 1065 nm. Its modulation
depth in the pump fluence range 1.6–26.7 �J /cm2 can be
tuned in the range 2.5–0.5%, i.e., by a factor of 5, by appli-
cation of the external reverse bias in the range 0–2 V, which
also has a strong effect on the slope of the dependency
R�Fp�, important for the self-starting of laser mode-locking.
The electrical control of the E-SESAM is based on the
QCSE, which in this case was found to lead predominantly
to the decrease in the QW small-signal absorption at the
pump laser wavelength. The E-SESAMs can be used for ac-
tive stabilization of ultrafast lasers and complement the pas-
sive nonlinear-optical control methods.11,16,17 We note that
the reshaping of E-SESAM reflectivity spectrum by QCSE
could be the reason for the laser spectral shift, observed in
Ref. 10.
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FIG. 3. �Color online� �a� Small-signal reflectivity of the E-SESAM mea-
sured at selected bias values. Laser spectrum is shown on the background.
�b� Calculated small-signal loss of E-SESAM as experienced by the laser
output, as a function of reverse bias.
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