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Abstract: We report on the characterization of the ultrafast gain and
refractive index dynamics of an InAs/InGaAsP self-assembled quantum dot
semiconductor optical amplifier (SOA) operating a 1.55 um through
heterodyne pump-probe measurements with 150 fs resolution. The
measurements show a 15 ps gain recovery time at a wavelength of 1560
nm, promising for ultrafast switching a >40 GHz in the important
telecommunications wavelength bands. Ultrafast dynamics with 0.2-1.5 ps
lifetimes were also found consistent with carrier heating and spectral hole
burning. Comparing with previous reports on quantum dot SOAs at 1.1-1.3
um wavelengths, we conclude that the carrier heating is caused by a
combination of free-carrier absorption and stimulated transition processes.
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1. Introduction

Self-assembled quantum dot (QD) semiconductor optical amplifiers (SOAS) have recently
attracted attention for integrated high-bit-rate (>40 Gb/s) signal processing because their
carrier recovery times have been shown in some cases to be 10 to 100 times faster than
quantum-well or bulk amplifier devices [1-4]. Assessing the speed performance of a QD
SOA however requires a detailed understanding of its ultrafast dynamics. QD SOAs in
ultrafast dynamics studies to date [5-7] have been based on the InAs/AlGaAs and
INAS/INnGaAs material systems, operating in the 1.1 um to 1.3 um wavelength range. The gain
dynamics of these quantum dot structures were shown to have recovery times of less than 10
ps. The ultrafast dynamics of InAs/INGaAlIAs/InP quantum dash (QDASH) SOAs at 1.55 um
have recently been reported [8-10], and the dynamics of multiple quantum well (MQW)
SOAs at 1.55 um have aso been well characterized [11,12]. These QDASH and MQW
devices were found to typically have recovery times of ~100 ps or larger. The >10x faster
gain recoveries measured in QDs thus suggest superior speed performance, which has clearly
been demonstrated in [1], however debate remains as to the nature of the long-lived gain
recoveries in QDs and whether this superior performance would endure at high repetition
rates of 40 Gb/s or greater [9,13]. Recently, QD lasers based on InAs/InGaAsP/InP have
been demonstrated to operate a 1.55 um [14]. The ultrafast dynamics of these QDs have
been reported in unprocessed wafers and passive waveguides [15,16], but to date have not
been studied in active structures processed into their final amplifier form. In this work we
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Fig. 1. (8). ASE spectrum of the QD SOA under 70mA hias, overlayed with the spectrum of
the OPO pulses transmitted through the SOA in the transparent TM polarization state. (b)
Device transmission versus input pulse energy under bias currents from O to 65 mA in
increments of 5 mA. The dashed vertical line shows the pump pulse energy used in the pump-
probe experiments. Two separate measurements were needed to achieve the full 40 dB range
of input energies, resulting in the small break in the curves at ~2 pJ.

report the first heterodyne pump-probe characterization of the amplitude and phase dynamics
of an InAs/InGaAsP/InP QD SOA at its near-1.55 um gain peak.

2. Sample and experiment

The SOA sample measured was an AR-coated QD laser from those reported in [14]. The p-i-
n doped ridge-waveguide diode was grown by chemical beam epitaxy on an exactly oriented
(100) InP substrate. The 400-nm-thick active region contained five stacked layers of self-
assembled (Stranski-Krastanov) InAs QDs embedded in InGaAsP, with a 1.5x10°cm™
planar dot density, and a quaternary composition of 1ngg16Gag.184A S0 202Po.608 Which provides a
0.22 eV energy barrier for carrier escape from the QDs. The final devices were 1 mm in
length. Figure 1(a) shows the amplified spontaneous emission (ASE) spectrum measured for
the SOA, peaking at ~1575 nm. The ASE bandwidth is a result of inhomogeneous
broadening due to the size distribution of the QDs. Figure 1(b) shows the chip transmission
of the amplifier versus input pulse energy, with a 33% coupling efficiency, for bias currents
between 0 and 65 mA. The curves show gain and absorption bleaching for input pulse
energies below ~5 pJ, and a linear decrease in transmission above ~5 pJ due to two-photon
absorption. With 65-mA bias current, the maximum device gainis 0.2 dB (0.87 dB/cm).

The pump-probe experiments were performed using a Ti:Sapphire pumped optical
parametric oscillator (OPO), providing nearly Fourier-limited 150 fs pulses at arepetition rate
of 76 MHz. Figure 1(a) also shows the spectrum of the OPO laser pulses, overlaid with the
QD amplifier ASE spectrum. The OPO wavelength was set to 1560 nm, near the peak of the
ASE spectrum, and was TE-polarized for the pump-probe measurements, so asto characterize
the resonant gain of the QD ensemble. The three-beam degenerate heterodyne pump-probe
setup [6,17] used for the measurements is shown schematically in Fig. 2. The OPO light is
split into three beams, pump, probe and reference. The pump beam passes through a
motorized delay stage, to control the time delay, At, between the pump and probe pulses.
Acousto-optic modulators (AOMs) upshift the frequency of the probe and reference beams by
53.5 MHz and 52 MHz, respectively. The three beams are then recombined at the input to the
device under test (DUT) such that the reference pulses lead the probe pulses by a fixed delay
of ~4.5 ns. An RF lock-in amplifier detects the amplitude and phase of the 1.5 MHz beat
signal from a Michelson interferometer at the output of the DUT. The reference pulses pass
through the sample before the pump pulsesin all cases, and therefore remain unchanged.

Consequently, the probe-reference beat signal gives the changes in probe amplitude and
phase due to changes in the absorption/gain and refractive index induced in the SOA by the
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Fig. 2. Schematic of our heterodyne pump-probe experiment. OPO = optical parametric

oscillator, /2 = half-wave plate, PBS = polarization beam-splitting cube, BS = beam splitter,

AOM = acousto-optic modulator, NPBS = non-polarizing beam-splitting cube, VOA =

variableoptical attenuator, DUT = device under test. At is pump-probe delay.
pump pulses. A more detailed description of the setup is given in [18]. The pulse energies of
the pump and probe were 1 pJ and 0.09 pJ, respectively, and the pulse energy of the reference
was set to equal that of the probe. Referring to Fig. 1(b), a1 pJinput pump pulse energy isin
the absorption/gain saturation regime, so as to induce carrier population changes, while the
0.09 pJ probe energy isin the small-signal regime.

3. Experiment results and discussion
3.1 Amplitude Dynamics

Figure 3(a) shows the ultrafast pump-induced amplitude dynamics measured in our QD SOA,
for increasing bias currents, together with exponential fits to the data (dotted lines). The
transparency current was approximately 40 mA, where the step in transmission due to
changes in carrier density is zero. For currents below 40 mA, the amplifier is in the
absorption regime, and for currents above, in the gain regime. At zero pump-probe delay,
there is an instantaneous transmission decrease which we attribute to two-photon absorption
(TPA) (plus any additional coherent artifact [17]), since the magnitude is weakly dependant
on bias current, and the shape closely matches the autocorrelation trace of the laser pulses.
Following this, the ultrafast transmission increase and subsequent negative dynamic with 1.5
ps recovery matches carrier heating (CH) and spectral hole burning (SHB) [5,17,19]. The CH
dynamic is due to a combination of two pump-pulse-induced processes, stimulated absorption
(or stimulated emission) heating, and free carrier absorption (FCA) heating, which transiently
heat the carrier distributions by creating ‘hot’ carriers above the average carrier energy (or by
removing ‘cold’ carriers below the average energy in the simulated emission case). The hot
carriers then cool back to the lattice temperature through phonon-assisted carrier-carrier
scattering. The SHB dynamic is due to intradot carrier-carrier scattering which replenishes
(gain regime) or empties (absorption regime) the dot ground state after the spectral hole is
burned by the pump. Good exponentia fits to the traces were achieved by fitting the data to
an impulse response function given by h(t)=h,,+h, +h, +1, convolved with the

autocorrelation trace of the laser pulse[17]. Here h,, = a,u(t)s(t) models the instantaneous
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Fig. 3. Measured change in probe amplitude (a) and phase (b) versus
pump-probe delay for bias currents up to 70 mA. The dotted lines show
the fits to the traces using Eq. (1). (c) Magnitudes of the SHB (red
squares), carrier density step (black circles), and CH (black triangles) fit
components from the fits in (a), vs. bias current. (d) Corresponding 1/e
lifetimes, with dashed line showing smoothed trend in zH.

(delta-function) TPA response, h, =a_u(t) the step response due to the long-lived carrier

density change, and h,, accounts for the carrier heating and carrier cooling dynamics, and is
in the ‘delayed carrier heating’ form for the carrier heating component asin [17]:

hCH = u(t){aCH exp(_ t/ Ten )[1_ eXp<_ t/ Teft )] s EXp(_ t/ Ts )} @

In these equations, u(t) is the unit step function, the a coefficients are the magnitudes of the
exponential terms used in the fitting, the = congtants are the l/e decay times, and
Vg =Vtge -Vt - Figures 3(c) and 3(d) show the trends of the a and = values versus bias

current found from the fitting. We obtained z4 ~ 0.2-0.3 ps, which represents the delay in the
transfer of excess carrier energy to the surrounding carrier distribution (i.e. carrier heating
time), and ey = 1.5 ps, which is the carrier heating recovery time (i.e. carrier cooling time).
agyp Crosses zero at transparency and closely follows the magnitude of the step carrier density
change a,; with increasing bias current [Fig. 3(c)], and rgs = 0.2-0.25 ps, consistent with
spectral hole refilling viaintradot phonon-assisted carrier-carrier scattering [7].

The trends in acy and zcy suggest that the carrier heating is caused by a combination of
free carrier absorption (FCA) and stimulated transition processes. The CH and SHB impulse
response model and fitted lifetimes (particularly at high bias currents) match closely to those
reported for the InGaAs/InGaAsP quantum well SOA in[17]. Looking at the trend in acy in
Fig. 3(c), for currents above 10 mA we observe a negative acy, increasing in magnitude as the
bias current, and thus the population of free carriers, is increased. We thus suggest that the
carrier heating is dominated by free carrier absorption (FCA) in our QDs a high bias currents,
as in the quantum well. FCA-dominated heating is in contrast to the CH responses seen in
previous studies of 1.1 and 1.3 um QDs [5], which attributed weaker CH dynamics to a lack
of FCA. In addition, however, for currents below 10 mA in our dots, we observe a positive
acy term, implying pump-induced carrier cooling is occurring. This cooling must be due to
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stimulated transition processes, since FCA processes always lead to a heating of the
distribution. In this case stimulated absorption cools the carrier digtribution by adding cool
carriers below the average energy, and are dominant over a weaker FCA heating because of
the lower carrier density. FCA heating still dominates at high currents, however, since
stimulated transitions go to zero at transparency, and are still relatively weak for higher
currents because of the low device gain. To our knowledge carrier cooling has been only
observed once previously in measurements on an InGaAs/AlGaAs QW amplifier [20]. The
trend in tcy, shown by the dashed linein Fig. 3(d) also supports this model for carrier heating
in our dots, and isin agreement with [20]. At currents of 10 mA and below, tcy approaches a
value of ~0.8 ps, corresponding to the stimulated transition heating lifetime; at currents near
transparency, tcy approaches an FCA heating value of ~1.5 ps; and at currents above
transparency, tcy drops slightly from 1.5 ps as the effects of stimulated transition hesting
again begin to increase asthe gain increases.

3.2 Phase Dynamics

Figure 3(b) shows the ultrafast phase dynamics and exponential fits, measured simultaneously
with the amplitude dynamics. The changes in phase are proportional to changes in refractive
index in the SOA, the -20° K err-effect change at zero delay corresponding to An/n = -3 x 10°.
The phase responses show an exponential decay following the instantaneous Kerr dynamic,
which fitted well with a single exponential with a 1-1.5 ps lifetime for all bias currents,
consistent with the amplitude CH recovery timesin Fig. 3(a). Thereis an absence of an SHB
dynamic in the phase responses, which is expected for hole burning that is symmetric about
the center frequency [5,17]. The large, aways positive, CH dynamics observed in the phase
traces a high bias currents corroborate strong FCA-induced carrier heating.

3.3 Long-lived carrier recovery dynamics

The long-lived carrier recovery times are aso important since they dictate the ultrafast
switching rate. Figure 4 shows the changes in transmission measured over 2 ns in our QD
SOA, aong with single-exponential fits to the data (dotted lines). In the absorption regime
[Fig. 4(a)], we measured a 400 ps recovery time, which represents the electron-hole pair
(exciton) decay time, either through spontaneous radiative recombination, or through carrier
escape from the dots. In the gain regime [Fig. 4(b)] we measured a much shorter recovery
time of 15 ps, promising for >40 GHz ultrafast signal processing. In the gain regime, the gain
saturation recovers when the carrier population is replenished via relaxations from excited
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Fig. 4. Probe transmission versus pump-probe delay over 2 ns showing
the long-lived carrier dynamics. Dotted lines show the single-term
exponential fits to the data. (a) shows the dynamics for 5-30 mA bias
currents (absorption regime), and (b) shows a zoom of the dynamics at
45 and 60 mA (gain regime), illuminating the short 15 ps gain recovery
time.
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states. In agreement with studies performed on highly-confined InAS/AlGaAs and
INAgINGaAs 1.3 um QD SOAs [6,7], we attribute the fast 15 ps gain recovery to phonon-
mediated carrier capture into the dots, and the slow 400 ps absorption recovery to a slow
spontaneous carrier recombination time. The long 400 ps absorption decay time is expected
for highly-confined dots, since the high potential barrier to the wetting layer states suppresses
carrier escape processes. Also, for the INAs/INGaAs 1.1 um QD SOA with less confined dots
in [5], a much shorter few-hundred femtosecond gain recovery time dictated by intra-dot
Auger scattering was found, further supporting that high quantum confinement has been
achieved in our dots, and suggesting that reducing the confinement in our dots may shorten
the gain recovery time into the sub-picosecond regime.

4. Conclusion

In summary, we have reported the first characterization of the ultrafast gain and refractive
index dynamics of an InAs/InGaAsP-based QD SOA operating in the 1.55 um wavelength
range. A 15 psgain recovery time was found, limited by the dot carrier capture time, similar
to the gain recoveries in InAs/INGaAs 1.3 um QD SOAs. The gain recovery time may be
shortened further by reducing the wetting layer-QD energy difference. Strong CH dynamics
were found, in contrast to previous 1.3 um dots, and more similar to InGaAs/InGaAsP
quantum well SOAs. We also found FCA-dominated carrier heating at high bias currents,
and stimulated-transition-dominated heating resulting in carrier cooling at low bias currents,
unlike the CH dynamics observed in any previous QD SOAs. The 15 ps gain recovery makes
this device capable of near 100 GHz switching speeds at 1.55 um.
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