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Abstract We present results from studying the carrier
dynamics in self-assembled InAs/GaAs quantum-dot satu-
rable absorbers intended for mode-locking of solid-state
lasers. Four samples are examined, featuring controlled
variations in the resonance condition of the electric field
inside the absorber, the number of quantum-dot (QD)
layers and the thickness of the GaAs barriers between these
QD layers. Pump-probe experiments are conducted at a
wide range of excitation fluences and reveal a fast relaxa-
tion component of the initial bleaching at low excitation
fluences, while a slowly relaxing induced transparency
becomes dominant at higher excitation fluences. Time-
resolved photoluminescence measurements reveal a large
and slowly relaxing induced transparency due to a capture
of excess carriers from the barrier bands into the QDs and a
slow radiative recombination there. The resonance condi-
tion as well as the thickness of the barriers between the QD
layers can be used to control the relaxation behaviour. The
fastest response is obtained in a structure with an increased
number of QD layers at each individual anti-node of the
electric field, which is attributed to the appearance of
efficient non-radiative recombination channels and capture
centres. These centres are probably related to dislocations
and other defects appearing in thick QD stacks.
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1 Introduction

Self-assembled semiconductor quantum dots (QD)
deposited by exploiting Stranski—Krastanov growth on
lattice-mismatched substrates have been extensively
studied over the pasty 20 years, primarily with the aim of
realising low-current density threshold laser diodes with
concomitantly low sensitivity to operational temperature.
Such emitters have been successfully realised (for a recent
review [1]) and are now commercially available. The
characteristic d-like density of states in QDs can also be
beneficial for saturable absorbers used for passive mode-
locking of lasers. Specifically, QDs offer inherently low
saturation fluence and inhomogeneously broadened
absorption spectrum, the latter being due to the non-uni-
formity of the QD size. Both of these properties are
beneficial for mode-locking of high-repetition rate ultra-
short-pulse lasers [2—-8]. In contrast to the long non-radi-
ative lifetime requirement for light emitters, however, the
saturable absorbers for mode-locking should have a fast
relaxation of the excited electron-hole pairs, typically of
the order of 1 ps, which is beneficial for self-starting
mode-locking and pulse stabilisation [9]. In semiconduc-
tor saturable absorber mirrors using quantum wells, the
absorption recovery is governed by subpicosecond intra-
band relaxation of excited electrons followed by recom-
bination on the timescale of a few picoseconds [10]. The
recombination time in such structures can be reduced by
several means, such as low temperature growth or ion
implantation, thereby producing a controlled concentration
of non-radiative recombination centres. Due to the
absence of dispersion in QD electron and hole states, the
carrier cooling mechanism cannot be exploited. Therefore,
the recovery of the absorption in a QD modulator is
governed by the recombination processes. Now, the
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lifetime of the electrons in the ground state of InAs/GaAs
QDs with transitions in the I-pm-wavelength region has
been shown to be of the order of several hundreds of
picoseconds [11]. Although the electron relaxation from
excited QD states has been shown to happen by an order
of magnitude faster, on the scale of tens of picoseconds
[12, 13], the recovery of a saturable absorber intended for
mode-locking broadband gain will eventually be deter-
mined by the ground state depopulation. Therefore, for
self-starting and stable passive mode-locking and to gen-
erate short pulses, the recombination time has to be
reduced significantly.

Saturation in QD absorbers obviously relies on QD state
filling. The excited electrons and holes then can be further
promoted into the 2D conduction and valence bands of a
wetting layer (WL) and eventually into the quasi-contin-
uum of states in a GaAs barrier. It has been demonstrated
that such excited carrier exchange processes mediated by
thermal emission and Auger processes are very efficient
and occur on a timescale of a few picoseconds [14-16], i.e.,
it is about an order of magnitude faster than the fastest
relaxation within the QD. The excess carriers in the WL
and barrier states can be readily created by electron and
hole emission from the QDs, as well as by two-photon
absorption from the ultrashort pulse. Due to the efficient
carrier capture process from the WL and GaAs barrier
bands into the QD states, one can expect a strong depen-
dence of the absorption dynamics on excitation fluence in
QD saturable absorber structures. Moreover, it can be
expected that the dynamics would depend strongly on the
structure design, in particular, the thickness of the GaAs
barriers between InAs QD layers as well as the number of
QD layers.

In this picture, the various wetting layers and barriers
serve as excited carrier reservoirs feeding into the QD
states. Therefore, one strategy of increasing the absorption
recovery time in QD saturable absorbers, then, is intro-
ducing efficient non-radiative recombination centres in the
barrier layers either by proton irradiation [17], lower
temperature GaAs growth, excess carrier removal by
applying a DC bias field [18] or, as in this work, by
exploiting strain-induced defects. In the work presented
here, we study the excitation intensity-dependent, time-
resolved differential reflectivity and the time-resolved
photoluminescence (PL) spectra in QD saturable absorber
mirror (QD-SAM) structures where designs varied the
barrier thickness, the number of QD layers and the reso-
nance conditions for the internal electric field. All struc-
tures were grown in the same MBE machine in analogous
conditions, had a good optical quality, low saturation flu-
ence (below 10 pJ/cm2), but, as it will be shown, the
dynamics varied quite drastically.
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2 Sample description and experimental methods

The samples used in this experiment were grown by
molecular beam epitaxy under the same growth conditions,
although obviously during separate growth runs. The
refractive index profile and the normalised electric field
amplitude distributions in two of the QD-SAM samples are
shown in Fig. 1. The QD-SAM structure is arranged as
follows: first, a highly reflective Bragg stack made of 30
AlpoGag 1As/GaAs pairs was grown on a GaAs substrate.
Self-assembled InGaAs quantum-dot layers (each formed
from 1.2 monolayer of InGaAs) separated by GaAs spacer
layers follow on top of the high reflector. The QD density
in each layer is on the order of 4 x 10° cm™% The QD
layers were organised in groups of three (structures A, B,
F) or five (structure H), and several such groups were
placed at subsequent anti-nodes of the electric field distri-
bution in the sample. A more detailed picture of the QD
layers and groups is shown in Fig. 1, while the description
of the samples is provided in Table 1. The enhancement
factors in Table 1 represent the standing wave electric field
amplitude normalised to that of the impinging field and
based on theoretical calculation at the vacuum wavelength
of 1,042 nm using structure designs. For clarification,
Fig. 2 shows the enhancement factor at the first QD stack
as a function of wavelength for all of the samples. It also
has to be noted that the FWHM spectral bandwidth of the
laser used for characterisation was about 7.5 nm. So, the
sample A is a resonant one, while structures F, and H are
anti-resonant, while the structure B which had a specially
designed top layer structure is weakly resonant. It has to be
noted, though, that the field enhancement factor is poten-
tially subject to growth errors [19]. The total number of the
QD layers and the field strength inside the structure
determines the eventual modulation depth. Importantly, the
structure H had five QD layers separated by 20 nm in each
of three groups. The similar anti-resonant structure F with
the same number of QD layers and the same layer sepa-
ration as in the sample H had five groups of QD layers with
three QD layers in each group. For comparison, the
structures A and B had similar total number of QD layers
but only three QD layers separated by 10 nm per each
group. Studying these structures allows obtaining infor-
mation on the influence of the intra-structure field strength,
QD interlayer proximity and the number of stacked QD
layers on the absorption relaxation dynamics.

The non-linear reflectivity was measured as a differen-
tial signal in a non-collinear cross-polarised pump-probe
experiment. The laser used for excitation had a pulse width
of 160 fs, a repetition rate of 40 MHz and the spectrum is
centred at 1,042 nm (Origami by OneFive GmbH). The
laser pulse-to-pulse amplitude stability was better than
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Fig. 1 Field enhancement

sample A

sample F

factor and refractive index
profile of the two structures

(a) A and (b) F. The anti-
resonant design of sample F is
immediately recognised. It can
also be seen that sample

A contains one additional group
of three QD layers
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Table 1 Parameters for the four samples under examination

2000 0 1000 2000
Position [nm]

Sample Total number of QD Number of Number of layers per Spacing inside a stack  Field enhancement factor at
name layers stacks stack (nm) 1,042 nm

A 18 6 3 10 1.59

B 18 6 3 10 1.97

F 15 5 3 20 0.31

H 15 3 5 20 0.58

The field enhancement factor was calculated for a wavelength of 1,042 nm using the transfer-matrix formalism applied to the known designs (see
also Fig. 2). The given number is the value of the first maximum inside the structure
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Fig. 2 Field enhancement factor as a function of the wavelength for
all of the four samples. Samples A and H feature a maximum field
enhancement around 1,030 nm, while sample B is only weakly
resonant, and sample F is entirely anti-resonant

0.1 %. The probe beam was split from the main beam by a
combination of a half-wave plate and a wedged glass plate
at Brewster’s angle. Since the pump beam was not com-
pletely linearly polarised, some artefacts were expected
around zero delay. However, this effect was weakened by
the non-collinear geometry. The pump beam was
mechanically chopped at a frequency of 400 Hz. The
reflected probe beam was directed towards a photodiode

and the signal was extracted via a regular lock-in detection.
Such an arrangement reduces significantly the influence of
scattered pump background picked up by the detection
system. For each pump fluence, the probe transient
reflectivity was recorded as a function of pump-probe delay
time with the maximum delay being 25 ps. This mea-
surement produced 2D differential reflectivity maps as
those shown in Fig. 3.

In order to investigate the excess carrier capture
dynamics from GaAs barriers and WLs as well as the
dynamics of the electron—hole pairs in the QDs, we used
time-resolved PL spectral measurements. These measure-
ments also offered the possibility to observe the state
dynamics over time spans of 1.5 ns. For these measure-
ments, the samples were excited by pulses from a mode-
locked Ti: sapphire laser centred at 782 nm (1.585 eV)
with the duration of 130 fs (Tsunami by Spectra Physics).
The laser beam was focused to the sample with a micro-
scope objective; the luminescence was collected with the
same objective and directed towards a grating spectrometer
via a beam splitter. Considering that the laser pulse dura-
tion is >100 fs and the microscope objective consists of a
few millimetres of glass, any pulse broadening by disper-
sion from the microscope objective is assumed to be small.
Residual excitation laser light was filtered by an RG low-
pass filter with the cut-on edge at 850 nm. A streak camera
synchronised to the laser’s repetition rate (76 MHz) was
used for recording the PL spectra as a function of time.
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Fig. 3 Differential reflectivity as a function of the pump-pulse
fluence (x axis, logarithmic) and the pump-probe delay (y axis) for
sample A. The colour shows the signal from the lock-in amplifier,
which is directly proportional to the differential reflectivity. The
rectangles mark the regions as mentioned in the text

3 Results and discussion

Figure 3 shows the differential reflectivity of the sample A
as a function of the pump-probe delay and the excitation
fluence. The map for sample A was chosen as an example
due to the fact that this structure has the largest field
enhancement factor and therefore the largest maximum
excess carrier concentration generated at the same input
power. The behaviour along the time axis is characterised
by the fast relaxation response of the absorber immediately
after the excitation (Af <2 ps) and carrier exchange
dynamics between the QDs and the surrounding barrier and
WL on longer timescales. The reflectivity maps can be
rather arbitrarily subdivided into three pump fluence
regions, marked on Fig. 3, where the dynamics has distinct
and characteristic traits. In Region 1, corresponding to low
fluence, the transient behaviour follows a regular double
exponential decay. At higher fluencies, Region 2, the initial
incomplete relaxation of the bleached absorption is fol-
lowed again, after few picoseconds, by an increase in
transparency or persistent induced transparency plateau
which lasts for durations longer than the 25-ps-scan range
in this experiment. At still higher fluencies, Region 3, a
new feature of two-photon absorption (TPA) transient
appears close to zero delay. Clearly, at which fluence the
particular behaviour occurs depends on the internal field
strength. For instance, in the non-resonant structures, F and
H, the electric field amplitude inside the structure is about
an order of magnitude smaller than in the structure A, and
the above-mentioned TPA transient was not observed in
the range of available pump intensities. In fact, the
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influence of TPA on the reflectivity is well known from
absorbers based on quantum wells and is considered
important for the stabilisation of mode-locked laser oper-
ation [20-22]. Also, the transient response of highly exci-
ted quantum well saturable absorbers has been studied and
induced absorption as well as a delayed bleaching by the
relaxation of TPA generated carriers in the barrier material
has been observed [23, 24]. However, similarly, thorough
studies of the transient non-linear reflectivity in QDs are, to
our knowledge, missing, although the same behaviour has
been observed, and carrier capture by QDs has been sug-
gested [25, 26].

The traces of differential reflectivity dynamics at low,
medium and high fluencies, extracted from the maps as in
Fig. 3, are shown in Fig. 4. At low pump fluencies, the
structures A, B and F show an absorption recovery that
could be fit by a sum of exponential functions aexp(—t/
1) + bexp(—t/t,), where 15 7, denote the time constants of
fast and slow decay, respectively. The fast time constant is
in the subpicosecond range, while the slow component
varies between 3 and 4 ps in the above-mentioned three
structures (A, B and F). The eventual dynamics is deter-
mined by the ratio of the amplitudes a/b, which is smallest
in the resonant structure A, and is 2-3 times larger in
structures B and F. At higher pump fluencies of about
140 pwI/ecm? in samples A, and B and 720 pJ/cm? in the
non-resonant sample F, the initial fast relaxation of the
transparency is followed after about 3 ps by the transpar-
ency rising again and staying high for durations longer than
25 ps.

At still higher pump fluencies, in structure A and to a
smaller extent in the structure B, the two-photon absorption
appears as an initial short dip in reflectivity, followed by an
increase in transparency that persists for durations longer
than 25 ps. The polarity reversal is similar in the structure
B, however, the TPA dip is smaller at the same pump
fluencies, which is consistent with the generally smaller
field enhancement factor in the structure B. In contrast, the
non-resonant structures F and H do not exhibit an initial
increase in absorption up to the fluencies of 720 pJ/cm?
owing to the lower internal field strength. The slow
relaxation component as well as the delayed decrease in
absorption at higher excitation densities in structures A, B
and F can be attributed to the process of recapture of the
excited carriers from the wetting layer and the barrier
states. In high crystalline quality structures with a low
concentration of non-radiative defects in the barriers, such
pools of excess carriers can be long living. For the purposes
of applications of such structures for laser mode-locking,
such dynamics is not desirable.

In the structure H, however, the differential reflectivity
dynamics is quite different. At low intensities, the induced
transparency relaxes within 0.5 ps. The measurement is
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limited here essentially by the resolution of the set-up. At
higher intensities of 140 and 720 pJ/cmz, the initial fast
relaxation is followed by induced absorption. The differ-
ential reflectivity dynamics in this sample is determined by
a very efficient channel that removes excited carriers from
the QD states. Such channel might be captured by defect
states in the barriers which, when filled, would give rise to
additional absorption by transition into the quasi-contin-
uum of WL and/or barrier states. Note that, the structure H
contains the same total number of QD layers (15) as the
structure F, and the distances between the QD stacks are
the same; however, in the structure H, there are five QD
layers per stack as compared to three layers in the structure
F. A larger number of InAs QD stacks with 25-nm spacer
layer have been shown to generate non-radiative defects
due to accumulated stress in the stack [27, 28]. In any case,
the differential reflectivity dynamics in sample H is that of
a fast saturable absorber, and the induced absorption fol-
lowing the initial transparency peak is beneficial for the
stabilisation of mode-locking operation. Indeed, structures
as in sample H have been successfully used for solid-state
laser mode-locking [4]. In standard measurements of
reflectivity as a function of fluence, the induced absorption
following the induced transmission peak will appear as
non-saturable losses. Indeed, such measurements showed
that the non-saturable loss in the structure H was 2.06 %
compared to 0.61 % in the structure F, which had the same

number of QD layers but substantially different of differ-
ential reflectivity dynamics as discussed above.

To examine the excess carrier dynamics, especially
those in the QD states, time-resolved PL measurements
were conducted. The PL set-up allows measurements on a
longer timescale of up to 1.5 ns. Excitation occurred at
photon energies larger than the GaAs barrier’s gap energy,
i.e., into the barriers and the QDs, with the barrier
absorption prevailing. Figure 5 shows the resulting PL
spectrograms for all of the samples. The PL at wavelengths
longer than 1 pm is attributed to the radiative recombina-
tion of QD states, while the PL at shorter wavelengths are
related to the states in the wetting layer and are a reminder
of the strong GaAs PL background leaking through the cut-
on filter. The modulation of the PL from the WL is
believed to be a result of cavity effects, i.e., the wave-
length-dependent enhancement factor as well as the struc-
tures power reflectivity. The excitation fluence was 19 pl/
cm? for all samples, but sample H, where the data from
stronger excitation with 550 pJ/cm2 are shown, since the
PL signal was rather weak. Integration of the QDs’ lumi-
nescence spectra yields the relaxation traces shown in
Fig. 6 for all of the samples and for different excitation
intensities.

The ratio of the PL signals’ maxima for excitation at 6.3
and 19 pJ/cm?® corresponds well to the ratio of these
excitation fluences. For stronger excitation, the increase in
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Fig. 5 Time-resolved PL as a
function of the wavelength for
all four samples. A logarithmic
scale was used for the PL
intensity to increase the
visibility of the luminescence
from the barrier and the WL.
Each data set is normalised to
the peak PL signal. The
contributions from the barrier,
the WL and the QDs are marked
by the white arrows in plot (a).
The excitation fluence was

19 p/em? for all of the samples
but sample H, for which the data
from stronger excitation with
550 pl/cm? are shown. The
noise level varies over the
spectral range due to the
different sensitivity settings
used for recording of the data at
different wavelength intervals

Fig. 6 Transient behaviour on a
longer timescale of up tol.5 ns
obtained by PL spectroscopy.
The luminescence of the three
samples a A, b B and ¢ F was
recorded for excitation fluences
of 57 uJ/cm2 (blue curves),

19 pJ/sz (green curves) and
6.3 uJ/cm2 (red curves). The
graph d for sample H was
recorded for an excitation
fluence of 550 pJ/cmz. Note the
different y axis scaling in graph
d for sample H. The zero on the
time axis is normalised to the
PL signal’s maximum. The inset
in a shows the normalised PL
signals from sample A on a
logarithmic scale and an
exponential fit for each data set
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the PL intensity becomes sub-linear, indicating saturation
of the QDs. This also follows from a rough estimate of the
numbers of created carriers: assuming a GaAs volume of
about 1 pm length and an absorption coefficient on the
order of 1 x 10* cm™' at 782 nm, about 73 % of the
incident photons are absorbed. Given the excitation flu-
ences, this yields 1.8 x 10"3-1.6 x 10" cm~2 absorbed
photons as compared to a total QD density of about
7.2 x 10" em™ for sample A and 6 x 10'° cm™? for
samples F and H. Even noting that, the number of electron
states in an individual QD may be around ten (for three QD
levels), the number of QD states is still much smaller than
the number of pump photons. In this situation, the observed
PL dynamics from the QD states is determined by the
decay of the excess carrier concentration in quasi-contin-
uum states either through radiative recombination in QDs
or non-radiative recombination capture by defects and
interface states. The resonance conditions of the structure
also have a profound effect on the PL dynamics. In this
respect, it is interesting to compare structures A and B. The
PL decay time for sample A is determined by fitting a
single exponential to the data, which yields 430, 530 and
670 ps for the increasing fluence. The fits are shown on a
logarithmic scale in the inset of Fig. 6a. The agreement
between data and single exponential fit is good for weak
excitation, but starts to fail for stronger excitation due to
the rather slow radiative decay via the QD states. The
resonantly enhanced fluorescence field in the structure
increases the effective relaxation time due to reabsorption
in the QDs. It is clearly seen in Fig. 6b that the relaxation
in the structure B, which is identical to A, except for the
lower field enhancement factor, is substantially faster and
corresponds to 124, 150 and 183 ps at the respective
excitation fluences.

The resonant condition of the structure is not the only
factor and not the main factor determining the PL decay,
and, by extension, the decay of the long-living increased
transmission in QD saturable absorber structures. It
becomes obvious by comparing the PL dynamics in
structures A and B with that of the structure F (Fig. 6c¢).
The structure F is anti-resonant, with a six times smaller
field enhancement factor than the structure B. The PL
decay, however, is very slow indeed. The PL decay time
for structure F is estimated by assuming a single expo-
nential decay and assigning the background signal just
before the excitation pulse to the residual PL excited by the
previous pulse. Knowing the repetition rate of the excita-
tion laser, a recombination time on the order of 7 ns can be
estimated. To understand this, it should first be noted that
the maximum number of PL photon counts in structures A,
B and F is similar for the same excitation fluences, indi-
cating that the concentrations of fast capture and non-
radiative recombination centres as well as the density of

QDs is similar in these structures. On the other hand, the
structure F has two times thicker GaAs spacer layers in
between the QD stacks, 20 nm compared to 10 nm,
respectively. This provides a two times larger pool of
excess carriers in the structure F, which will have to
recombine radiatively through saturated QD states in the
absence of a more efficient recombination channel.

The PL signal from the QDs in structure H even at
excitation fluences of 550 pJ/cm? is rather low and decays
very fast, as shown in Fig. 6d. The PL transient duration is
limited here by the resolution of the measurement set-up.
Note that, the structure H is similar to the structure F with
20 nm-thick GaAs barriers and the same total number of
QD layers, except that the QD layers are grouped in five in
this structure. The low PL and the fast relaxation are
indicators of a very efficient non-radiative relaxation
channel and are in agreement with time-resolved differ-
ential reflectivity measurements, as was already argued
above.

4 Conclusions

We presented results from studying the carrier dynamics in
self-assembled InAs/GaAs quantum-dot saturable absorb-
ers intended for mode-locking of solid-state lasers operat-
ing around 1,040 nm. Four samples with controlled
variations in design were examined. Specifically, the con-
trolled parameters were the field enhancement factor rela-
ted to the resonant condition of the absorber, the thickness
of the GaAs barriers and the number of QD layers in the
QD stacks positioned in the anti-nodes of the internal
electric field distribution. Time-resolved differential
reflectivity pump-probe experiments at a wide range of
excitation fluences were conducted and revealed that at low
excitation fluences, the initial bleaching of the absorption
has a predominant fast relaxation component, while the
slowly relaxing induced transparency rises and becomes
dominant at higher excitation fluences. The TPA appearing
in resonant and semi-resonant structures (A and B,
respectively) might help stabilise mode-locked laser oper-
ation; however, one has to be aware of large and slowly
relaxing induced transparency due to a capture of excess
carriers from the barrier bands into the QDs and a slow
radiative recombination there, as was revealed by time-
resolved PL measurements. The PL measurements show
that the field enhancement on resonance decreases this
relaxation rate, which is detrimental for mode-locking
applications. An even stronger effect in this sense has the
increase in the barrier thickness between the QD stacks. In
this case, even in non-resonant structures, the relaxation
process takes several nanoseconds, in effect, limiting the
applicability of such structures for lasers with pulse
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repetition rates below 50 MHz. By far, the fastest response
was obtained in a structure with the largest number of QD
layers (5) per stack, which we attribute to the appearance of
efficient non-radiative recombination channels and capture
centres. These centres are probably related to dislocations
and other defects appearing in thick QD stacks. Such QD
saturable absorbers indeed show subpicosecond relaxation
and were utilised in mode-locking high-repetition rate
solid-state lasers. This conclusion should come with cau-
tion, however, that the electron or hole capture centres
might be long living and appear as non-saturable loss,
reducing the laser efficiency and possibly also reducing the
damage threshold at higher repetition rates. Clearly, the
recombination times could be reduced deliberately by other
different means, e.g., proton bombardment, which has
proven to be feasible for quantum wells [29] as well as
QDs [30]. A reverse electric bias applied to a QD absorber
in a p-i-n structure can also be an efficient way to remove
an excess carrier concentration from GaAs barrier layers
[18], [31], [32].
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