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We measured the gain dynamics at the ground-state transition in an electrically pumped InP/
AlGaInP quantum-dot optical amplifier at room temperature by femtosecond differential
transmission. The gain shows an ultrafast recovery within 200 fs, even faster than in state-of-the-art
InAs/GaAs quantum-dot amplifiers. This finding, likely to be due to the less confined and more
closely spaced hole levels in InP dots, is promising for optical signal processing at high bit rates. We
furthermore measured the pump-induced refractive index changes and deduced a linewidth
enhancement factor similar to the one in InAs/GaAs quantum dots. © 2010 American Institute of
Physics. 关doi:10.1063/1.3518715兴
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matched to GaAs. The structure was patterned with a 50 m
wide oxide isolated stripe and cleaved along the 关011̄兴 facet
orthogonal to the stripe to define a 300 m long waveguide.
Both optical facets were coated with a  / 4 layer of HfO2 to
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The application of semiconductor quantum dots 共QDs兲
in optoelectronics has been a major research theme during
the past 15 years, driven by predictions of superior performance in these zero-dimensional systems compared to bulk
and quantum-well based devices. Recently, epitaxially grown
InP/AlGaInP QDs have been investigated for application in
diode lasers covering the 650–780 nm wavelength range,1,2
important for dual wavelength data storage, plastic fiber
communications, and bioimaging. InP/GaInP QDs also provide single-photon sources for quantum cryptography
protocols at wavelengths better matched to silicon
photodetectors.3
Compared to the widely studied InAs/GaAs QD lasers
and amplifiers, the optoelectronic properties of InP/GaInP
QD devices are rather unexplored. Gain characteristics have
been determined in a few reports,4,5 but their gain recovery
dynamics are still unknown. On the other hand, gain dynamics are crucial not only to determine the intrinsic speed limit
for signal processing applications at high bit rates but also as
a probe of fundamental physical processes such as carriercarrier and carrier-phonon scattering.
In this work, we have measured the ultrafast gain
recovery dynamics of the ground-state transition in electrically pumped InP/AlGaInP QD optical amplifiers at room
temperature. The structures were grown on n-GaAs 共100兲
substrates, oriented 10° off toward 关111兴, by metal organic
vapor phase epitaxy in a low-pressure, horizontal flow reactor, using trimethyl precursors for the group III elements
and arsine AsH3 and phosphine PH3 as precursors of the
group V elements. The structure investigated here was grown
at a temperature of 730 ° C and its core consisted of five
QD layers, each formed by 2.5 ML of InP grown on
共Al0.3Ga0.7兲0.51In0.49P, covered by a 8 nm Ga0.51In0.49P quantum well 共QW兲 and separated by 16 nm wide
共Al0.3Ga0.7兲0.51In0.49P barrier layers. This core was clad on
both sides with 1 m of Al0.51In0.49P 共see sketch in Fig. 1兲,
n-doped at 1 ⫻ 1018 / cm3, and p-doped at 3 ⫻ 1017 / cm3, respectively. All layers except InP are nominally lattice
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FIG. 1. Spectra of 共a兲 amplified spontaneous emission and 共b兲 absorption
from the investigated InP QD optical amplifier. A sketch of the sample
structure is given. The top inset shows the modal gain at wavelengths of 720
共large QDs兲 and 740 nm 共very large QDs兲. The spectrum of the pulses used
in the pump-probe experiment is shown in 共a兲.
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allow for single pass transmission experiments by suppressing back reflections.
Atomic force microscopy of QDs grown under similar
conditions showed a bimodal distribution of QD sizes,4 not
unusual in these systems.6 The absorption spectrum measured at room temperature on a structure grown under nominally identical conditions 关see Fig. 1共b兲兴 exhibited three resonances at ⬃1.71, 1.76, and 1.84 eV, which we attribute to the
ground-state 共GS兲 and excited-state 共ES兲 transitions of the
larger QDs and the GS transition of the smaller QDs, respectively. This attribution is motivated by absorption measurements on a set of samples where the features attributed to the
large QDs grow proportional to the quantity of deposited InP,
whereas those attributed to the small QDs shrink. The onset
of the two-dimensional continuum from the GaInP QW absorption is visible at ⬃1.91 eV, determining the confinement energy of the large dots 共i.e., the energetic distance of
GS and QW transition兲 to about 200 meV. The amplified
spontaneous emission 共ASE兲 spectra 关Fig. 1共a兲兴 of the investigated QD amplifier at very low injection current show a
further resonance around 1.67 eV attributed to a tail of very
large dots in the size distribution. A corresponding tail is
visible also in the absorption spectrum. With increasing injection current, the ASE spectrum becomes dominated by the
GS and ES emission from the large dots. The attribution of
the tail to very large dots is supported by measurements of
the modal gain using the transmission of a weak optical
probe resonant to the GS of each dot subset 关see inset of Fig.
1共a兲兴. The inferred dependencies of the modal gain on injection current show similar transparency currents for both transitions, which is not consistent with an attribution of the two
resonances to GS and ES of the same dots, as the ES is
expected to have a larger transparency current due to intradot
thermal equilibrium. For transitions of different QDs, on the
other hand, mutual thermal equilibrium might not be reached
and the observed behavior is reconcilable.
Gain and refractive index dynamics were measured using a pump-probe differential transmission technique in heterodyne detection,7–9 using ⬃100 fs Fourier-limited optical
pulses at 76 MHz repetition rate in resonance with the GS of
the large dots 关see Fig. 1共a兲兴. The optical excitation was
coupled into and out of the device using 0.65 numerical aperture lenses. To account for the strong vertical optical confinement in absence of lateral confinement, a pair of cylindrical lenses was used to create an elliptical optical mode of
about 1 m height and 5 m width 共intensity full width at
half maximum兲 at the input facet. The width was chosen
such that the resulting Rayleigh length of about 120 m in
the waveguide was similar to half the waveguide length and
by placing the tail of the mode in the center of the waveguide, we ensure an approximately constant width within
waveguide, limiting the related pump-intensity variation.
The pump-induced change of the gain ⌬g deduced from
the probe transmission change is shown in Figs. 2共a兲 and
2共b兲 versus pump-probe delay time P 共positive when the
pump pulse is leading兲 for different injection currents corresponding to absorption and gain regimes. Measurements
were taken using a constant input pump intensity. Fits of the
dynamics 共solid lines兲 are obtained by convoluting the pulse
intensity autocorrelation with a fourfold exponential response function and an instantaneous contribution accounting for two-photon absorption and coherent artifact.10 For
comparison, gain dynamics of a 1.3 m InAs/GaAs QD op-
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FIG. 2. 共Color online兲 关共a兲 and 共b兲兴 Pump-induced gain 共symbols兲 and 共c兲
refractive index dynamics of the InP QD optical amplifier. The gain dynamics of an InAs/GaAs QD amplifier 共Refs. 7 and 10兲 are shown for comparison 共dashed curves兲. Injection currents and corresponding modal gains are
indicated.

tical amplifier 共dashed lines兲 are also shown,7,10 scaled by a
common factor of 5.3 to match the absorption bleaching at
zero injection current.
In the absence of electrical injection 共0 mA兲, the QDs
are initially empty and the pump-induced absorption bleaching 共positive ⌬g兲 recovers on the time scale on which carriers, generated in the GS by the pump, thermalize into the
higher energy states within and outside the QDs, followed by
the overall density lifetime via recombination processes. In
InAs/GaAs QDs, the initial intradot thermalization occurs on
a few picoseconds time scale. Conversely, in the InP QDs,
the initial recovery of the absorption bleaching is ultrafast,
dominated by a subpicosecond component 共from the fit to the
data, we find that the dynamics with time constants ⬍0.2 ps
contribute to 64% of the total response amplitude兲. In the
absence of injection current, we would exclude that carriercarrier scattering contribute to the dynamics, unless dots are
unintentionally doped which appears unlikely given the
large value of measured absorption in these conditions
共−80 cm−1兲. We thus attribute the ultrafast recovery of the
absorption bleaching to rapid carrier-phonon scattering
among closely spaced energy levels in InP dots. Compared to
InAs/GaAs QDs with typical dot sizes of ⬃20 nm width and
⬃5 nm height, InP/GaInP QDs are larger, having ⬃40 nm
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typical widths and ⬃5 nm height for the small QDs and
⬃15 nm height for the large dots.3,6,11 Calculations indeed
report closely spaced 共few meV兲 hole energy levels in InP
QDs since the holes are heavier and also more weakly confined via a shallow valence band potential entirely due to
strain, with unstrained InP having a valence band alignment
of type II.11
With increasing injection current, the dynamics becomes
dominated by an ultrafast recovery below the duration of
pump and probe pulses manifesting as a reduced ⌬g experienced by the probe and a temporal dynamics tending to the
pulse intensity autocorrelation. This is attributed to intradot
carrier-carrier scattering. Surprisingly, this effect is already
prominent at a low injection current of 0.1 mA, where the
injected density results in only a 4% reduction of the absorption, showing that the average occupation of the involved
states is 2%. By fitting the data at 0.1 mA, we find that the
dynamics with time constants ⬍0.2 ps contribute to 87% of
the total amplitude. The speeding up of the dynamics from 0
to 0.1 mA is confirmed in the pump-induced change of the
refractive index 关Fig. 2共c兲兴, where the buildup of a negative
⌬n reflects the thermalization of the optically generated carriers into higher energy states. The finding that already a
small state occupation by electrically injected carriers significantly accelerates the gain recovery dynamics is surprising, and not observed in the InAs/GaAs QDs 关see dashed
lines at 0 and 0.1 mA in Fig. 2共a兲兴. This behavior of the InP
QDs could be due to the weak confinement and large mass of
the holes, resulting in a dominant occupation of ES and wetting layer and fast hole scattering into the continuum. The
long overall density lifetime, 5 ns at 0.1 mA, indicates weak
nonradiative recombination and thus a good sample quality.
At 0 mA, the density lifetime is significantly shorter due to
carrier escape to the contacts provoked by the built-in electric field at zero bias voltage across the p-i-n diode. The
quantum-confined stark effect arising from this electric field
influences the level structure in these rather large QDs, providing an additional mechanism which could be underlying
the observed changes in the dynamics between 0 and 0.1
mA.
In the gain regime, the GS is occupied with injected
carriers and the pump induces a gain reduction via stimulated
emission 共negative ⌬g兲, which recovers via carrier relaxation
from the higher energy states into the GS. We observe an
extremely fast gain recovery below our time resolution. Fitting the dynamics shows that time constants ⬍0.1 ps contribute to 98% 共96%兲 of the total amplitude at 50 mA 共20
mA兲. Remarkably, for InAs/GaAs QDs at an injection current yielding an equal modal gain relative to the maximum
absorption 共and at an injection current roughly twice the
transparency current in both systems兲, the gain dynamics is
much slower, with a substantial recovery on the few picoseconds time scale. This result is again likely to be due to the
less confined and more closely spaced hole levels and consequent faster carrier relaxation into the GS from the ES and
continuum states in InP QDs compared to InAs/GaAs QDs.
From the measured pump-induced gain and refractive
index changes at various injection currents, we have inferred
the linewidth enhancement factor 共LEF兲, also called
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FIG. 3. 共Color online兲 Linewidth enhancement factor for a thermalized carrier distribution 共see text兲 vs small signal gain in the InP/AlGaInP QD optical amplifier 共cross兲 compared to the InAs/GaAs amplifier 共open square兲.

␣-parameter, in the same way as reported for the InAs/GaAs
QD optical amplifier.9 In particular, to infer a value of LEF
solely due to thermalized carrier-density changes, we have
time integrated the pump-induced gain and refractive index
change for P ⬎ 100 ps. The results are given in Fig. 3 versus
modal gain g and are compared with the LEF measured in
the InAs/GaAs QD amplifier. Due to the ultrafast recovery
dynamics in the gain regime, there is little pump-induced
gain and phase change present after 100 ps, leading to a large
uncertainty in the deduced LEF as indicated by the error
bars. The LEF is about 1 at very low injection currents and
increases with increasing current to about 2, slightly larger
than for the InAs QDs.
In conclusion, the absorption and gain recovery dynamics in InP/AlGaInP QDs are dominated by a sub-200 fs component, eventually contributing to 98% of the total response
in the gain regime. This response is much faster than in
previously investigated InAs/GaAs quantum-dot amplifiers
and is promising for applications of InP QDs as fast saturable
absorbers and amplifiers for signal processing at ⬎100 GHz
rates.
This work was supported by the UK Engineering and
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