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We report temperature-dependent absorption recovery times in an InAs p-i-n ridge waveguide
quantum-dot modulator under low reverse bias, investigated via subpicosecond pump-probe
measurements. The measured decrease in absorption recovery time with increasing temperature
�293–319 K� is in excellent agreement with a thermionic emission model. A similar trend in pulse
duration with increasing temperature is also observed from a two-section mode-locked quantum-dot
laser fabricated from a similar epitaxial structure. These measurements confirm the key role of the
absorber recovery time in the reduction in the pulses generated by two-section mode-locked
quantum-dot lasers, both at room and elevated temperatures. © 2010 American Institute of Physics.
�doi:10.1063/1.3489104�

Quantum-dot �QD� structures are currently one of the
most promising materials for the design of saturable absorb-
ers that have been employed in a wide range of ultrafast laser
systems, turning them into more compact and reliable ul-
trashort pulse laser sources.1,2 A QD-based saturable ab-
sorber presents several advantages such as ultrabroadband
absorption, ultrafast absorption recovery, and lower satura-
tion fluence than its quantum-well based counterpart.2 Such
advantages have been demonstrated in the generation of ul-
trashort pulses from monolithic mode-locked laser diodes
�MLLDs�, where the required specifications of a saturable
absorber are more stringent—in particular, the absorption re-
covery time should be fast enough to accommodate the high
repetition rate pulses generated by MLLDs. In a previous
publication, we investigated the ultrafast absorption recovery
time from a QD modulator and its dependence on the applied
reverse bias.3 Absorption recovery times at room temperature
ranging from 62 ps �0 V� to 700 fs �10 V� were found,
showing a decrease by nearly two orders of magnitude with
increasing reverse bias, and indicating two regimes of carrier
escape as follows: thermionic escape, which was dominant
between 0 and 4 V and tunneling escape, which dominated
above 4 V. The results suggested that the dynamic response
of the device is limited by one type of carrier only, in con-
trast to measurements reported in other QD structures with
no applied bias.4 More recently, Piwonski et al.5 have mea-
sured the absorption recovery time for both ground and ex-
cited state transitions, as a function of reverse bias—which
revealed different intradot relaxation dynamics depending on
which of the states was populated.

We have also previously shown that mode locking in a
QD MLLD also remains stable in a broad temperature range
and up to 80 °C.6 Interestingly, it was also found that ML
operation at high temperature could be achieved from lower
values of reverse bias applied to the saturable absorber.6 A
subsequent experimental and theoretical investigation
showed that the pulse duration decreases significantly as the
temperature is increased, for a fixed reverse bias.7 An assess-
ment of carrier escape from such structures at elevated tem-
peratures would therefore prove valuable for understanding
and modeling the processes responsible for pulse formation.
The insights from this study are also of significance for the
development of QD lasers that can generate ultrashort pulses
under uncooled operation.

In this work, we have directly measured the temperature-
dependent QD absorption recovery in a waveguide structure
utilizing differential transmission spectroscopy �DTS� with a
degenerate pump-probe setup, which has been previously de-
scribed elsewhere.3 A schematic of the DTS setup is depicted
in Fig. 1. The orthogonally polarized pump �TM� and probe
�TE� pulses are produced by an 80 MHz optical parametric
oscillator with an output pulse duration of 250 fs. The pump
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Scott Russell Building, Edinburgh EH14 4AS, UK. FIG. 1. �Color online� Schematic of the DTS setup.
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and probe pulse energies employed were 580 fJ and 58 fJ,
respectively. The pump/probe pulses were tuned to the
ground state transition of the QD sample �1280 nm� and with
a pulse bandwidth of 7.5 meV, direct excitation to the upper
state was avoided. The sample was based on a p-i-n InAs
dot-in-a-well �DWELL� waveguide structure, grown on a Si-
doped GaAs substrate. The waveguide was 1.1 mm long with
a 6 �m ridge width. The active region comprised five peri-
ods of 2.5 monolayers of InAs, 5 nm In0.15Ga0.85As, followed
by 33 nm of GaAs buffer material. Including the active lay-
ers, the width of the intrinsic region was d=360 nm. The
sample was mounted on a copper heatsink and a Peltier-
based element was used for control and stabilization of the
operating temperature.

We carried out DTS on the above sample with an in-
creasing device temperature, from 293 to 319 K.8 The mea-
sured traces for an applied reverse bias of 2 V are shown in
Fig. 2. The pump pulse energy employed was 580 fJ, causing
absorption saturation through band-filling and giving rise to
the steplike increase in probe transmission.

With increasing probe delay, the transmission decays as
photogenerated electrons and holes either escape or recom-
bine. The curves in Fig. 2 show initially high transmission
of the probe when delayed relative to the pump pulse, indi-
cating a saturation of the ground state. We found that the
measured absorption recovery traces are best fitted to a
single exponential of the type exp�−t /�� in a simple rate
equation model, where � is the recovery time, indicating
that the dynamic behavior is dominated by one type of car-
rier, as previously observed in the measurements as a func-
tion of applied field.3 As previously demonstrated in our
work, tunneling processes are highly improbable under low
reverse bias and thermionic emission is expected to be the
dominant carrier escape mechanism.3 As such, the character-
istic times are then fitted to a thermionic emission equation,
�=A−1T−2 exp�Eb /kT�, where � is the carrier escape time, A
is a material dependent constant, Eb is the barrier height, and
k and T are the Boltzmann constant and absolute tempera-
ture, respectively. A similar approach has been extensively
used for the thermionic emission of carriers from quantum
wells.9

The experimental results and the fit are depicted in
Fig. 3�a�, indicating a decrease in absorption recovery time
from 38 �293 K� to 24 ps �319 K� for a constant reverse bias

of 2 V �55 kV/cm�. This trend implies that the temperature
assists the removal of the photogenerated carriers in the ab-
sorber and therefore contributes to the reduction in absorber
recovery time. Such observation agrees with previous
measurements reported in the literature using time-resolved
photoluminescence at reduced temperatures �in the range 10–
130 K�, which have demonstrated emission back into the
wetting layer of QD structures with increasing temperature.10

Further to this investigation, we have also characterized
the mode-locking performance of a two-section MLLD, fab-
ricated from a QD structure with a similar epitaxial design as
the waveguide device investigated. The MLLD had a total
length of 8 mm while the saturable absorber was �900 �m
long �corresponding to a pulse repetition frequency of 5 GHz
and a round-trip time of �200 ps�. By applying a forward
bias in the gain section and a reverse bias in the saturable
absorber section, stable ML operation was achieved from
288 K up to 333 K. The variation in pulse duration was
measured for a reverse bias of 2 V applied to the saturable
absorber while using the same temperature range as de-
scribed previously. As depicted in Fig. 3�b�, a reduction in
the pulse duration is observed, exhibiting a strong similarity
with the results represented in Fig. 3�a�. It is important to
stress that the forward bias applied to the gain section was
increased for each of the higher temperature points in order
to maintain a constant value of average power for the several
points �in this case, 11.5 mW�. The intention of this approach
was to avoid the concurrent effect of the pulse duration re-
duction due to a decrease in optical power with increasing
temperature. As depicted in Fig. 3�b�, the rate of pulse dura-
tion decrease with temperature in the MLL is slightly slower
than what is observed in the QD modulator. Indeed, other
effects also play a part in the mechanism of pulse formation

FIG. 2. Absorption recovery in an InAs DWELL QD saturable absorber for
a reverse bias of 2 V over an elevated temperature range. Inset illustrates
thermionic emission and tunneling.

FIG. 3. �a� Absorption recovery time fitted to a thermionic rate equation. �b�
Comparison with pulse duration from a monolithic MLL over the same
temperature range.
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in the MLL. One of the most important factors in a MLLD is
the interplay between absorption recovery time and gain re-
covery time—which defines a net gain window that has a
direct and proportional influence on the pulse duration. It is
well known from the previous literature that the gain recov-
ery time becomes shorter with increasing temperature and
increasing bias current.11 Such effect will then counteract to
some degree the pulse-shortening effect of the faster ab-
sorber recovery, thus inhibiting a faster reduction in the net
gain window with increasing temperature—which would
consequently account for the slower rate of pulse duration
decrease in the MLL, as compared to the modulator.

The results presented here show that when thermionic
emission is the dominant absorption recovery process in a
QD-based material: ML operation can still be supported, as
long as the absorber recovery time is shorter than the recip-
rocal of the pulse repetition rate. Furthermore, this investiga-
tion also supports previous reports from our group and oth-
ers, which demonstrated that stable ML operation is possible
at higher temperatures, for lower values of reverse bias ap-
plied to the absorber section.6,12 The insights resulting from
this investigation not only demonstrate that the absorber re-
covery time plays a key role on the duration of the pulses
generated by QD MLLD lasers, but also provide relevant
information for the uncooled operation of these lasers, which
is of technological importance for many applications such as
optical communications.

The authors would like to thank Dr. D. Livshits �Innol-
ume GmbH� for providing the QD samples. M. A. Cataluna
and E. U. Rafailov acknowledge the support from the

European Community’s Seventh Framework Programme
�FAST-DOT� under Grant Agreement No. 224338. M. A.
Cataluna also acknowledges financial support through a
Royal Academy of Engineering/EPSRC Research Fellow-
ship.

1E. U. Rafailov, M. A. Cataluna, and W. Sibbett, Nat. Photonics 1, 395
�2007�.

2A. A. Lagatsky, C. G. Leburn, C. T. A. Brown, W. Sibbett, S. A. Zolo-
tovskaya, and E. U. Rafailov, Prog. Quantum Electron. 34, 1 �2010�.

3D. B. Malins, A. Gomez-Iglesias, S. J. White, W. Sibbett, A. Miller, and
E. U. Rafailov, Appl. Phys. Lett. 89, 171111 �2006�.

4P. Borri, W. Langbein, J. M. Hvam, E. Heinrichsdorff, M. H. Mao, and D.
Bimberg, IEEE Photonics Technol. Lett. 12, 594 �2000�.

5T. Piwonski, J. Pulka, G. Madden, G. Huyet, J. Houlihan, E. A. Viktorov,
T. Erneux, and P. Mandel, Appl. Phys. Lett. 94, 123504 �2009�.

6M. A. Cataluna, E. U. Rafailov, A. D. McRobbie, W. Sibbett, D. A.
Livshits, and A. R. Kovsh, IEEE Photonics Technol. Lett. 18, 1500
�2006�.

7M. A. Cataluna, E. A. Viktorov, P. Mandel, W. Sibbett, D. A. Livshits, J.
Weimert, A. R. Kovsh, and E. U. Rafailov, Appl. Phys. Lett. 90, 101102
�2007�.

8D. B. Malins, A. Gomez-Iglesias, M. A. Cataluna, E. U. Rafailov, W.
Sibbett, and A. Miller, European Conference on Lasers and Electro-Optics
and International Quantum Electronics Conference 2007 Conference Di-
gest �Optical Society of America, CF-6, 2007�.

9H. Schneider and K. V. Klitzing, Phys. Rev. B 38, 6160 �1988�.
10W. Yang, R. R. Lowe-Webb, H. Lee, and P. C. Sercel, Phys. Rev. B 56,

13314 �1997�.
11P. Borri, S. Schneider, W. Langbein, and D. Bimberg, J. Opt. A, Pure Appl.

Opt. 8, S33 �2006�.
12G. Fiol, C. Meuer, H. Schmeckebier, D. Arsenijevic, S. Liebich, M.

Laemmlin, M. Kuntz, and D. Bimberg, IEEE J. Quantum Electron. 45,
1429 �2009�.

121110-3 Cataluna et al. Appl. Phys. Lett. 97, 121110 �2010�

Downloaded 20 Mar 2012 to 137.195.178.128. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/nphoton.2007.120
http://dx.doi.org/10.1016/j.pquantelec.2009.11.001
http://dx.doi.org/10.1063/1.2369818
http://dx.doi.org/10.1109/68.849054
http://dx.doi.org/10.1063/1.3106633
http://dx.doi.org/10.1109/LPT.2006.877589
http://dx.doi.org/10.1063/1.2711291
http://dx.doi.org/10.1103/PhysRevB.38.6160
http://dx.doi.org/10.1103/PhysRevB.56.13314
http://dx.doi.org/10.1088/1464-4258/8/4/S03
http://dx.doi.org/10.1088/1464-4258/8/4/S03
http://dx.doi.org/10.1109/JQE.2009.2027718

