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Gain dynamics and ultrafast spectral hole burning in In (Ga)As
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K. Kim,® J. Urayama, and T. B. Norris
Center for Ultrafast Optical Science, Department of Electrical Engineering and Computer Science,
The University of Michigan, 2200 Bonisteel Boulevard, Ann Arbor, Michigan 48109-2099

J. Singh, J. Phillips, and P. Bhattacharya
Solid State Electronics Laboratory, Department of Electrical Engineering and Computer Science,
The University of Michigan, Ann Arbor, Michigan 48109-2122

(Received 22 February 2002; accepted for publication 17 May 2002

Using a femtosecond three-pulse pump-probe technique, we investigated spectral hole-burning and
gain recovery dynamics in self-organized®®As quantum dots. The spectral hole dynamics are
qualitatively different from those observed in quantum wells, and allow us to distinguish
unambiguously the gain recovery due to intradot relaxation and that due to carrier capture. The gain
recovery due to carrier—carrier scattering-dominated intradot relaxation is very~dS0(fs),
indicating that this is not the factor limiting the bandwidth of directly modulated quantum dot lasers.
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Self-organized quantum-do©D) active regions are be- Iny,Ga ¢As dots are grown at 520 °C while the rest of the
ing researched intensively for laser and amplifier devices besample is grown at 620°C. Cross-sectional transmission
cause of their low threshold current densitseduced tem- electron microscopy shows that the dots are pyramidal in
perature sensitivity, and high differential gaifi. Their  shape with a base dimension of 14 nm and a height of 7 nm.
potential for high-speed devices is also being studied: smallAtomic-force microscopy scans reveal a dot density of 5
signal modulation bandwidths of ridge waveguide lasers ofx 10'° cm™2 per layer. For all the data reported here, the
5-7.5 GHz at 300 K and greater than 20 GHz at 80 K havesample is held at a temperature in the range of 8—15 K, in
been achieved.Carrier dynamics in the QDs are critical to order to eliminate the effects of thermal excitation and lateral
the understanding of these devices. We have previously usédterdot coupling which occur at higher temperature. The
femtosecond time-resolved spectroscopy to study the carrieftrafast gain dynamics at room temperature occur on a
capture and intradot carrier relaxation in the low-dengty-  slightly faster time scale, and will be reported elsewhere.
sorption regime, and have observed the effects of the pho-  Band-structure calculations of individual QDs based on
non bottleneckand intradot electron—hole scatterihtn the  an eight-banck- p formalism predict two strongly confined
gain regime at high carrier density, however, carrier—carrieelectronic levels and a larger number of hole lefekhe
scattering processes become more dominant; fast gain recowiterband transition probabilities are high only for those tran-
ery (~100 fs) dynamics have been previously observed irsitions between electron and hole levels of the same quantum
an InAs—InGaAs QD active waveguide, usingpa-i—n number. In real QD ensembles, these discrete levels are in-
ridge structure at room temperaturén the experiments re- homogeneously broadened due to the size fluctuation of the
ported here, we use femtosecond white light spectroscopy tdots. The excited level in each dot has a two-fold degeneracy
study spectral hole burning in both the excited and groundiue to the symmetry of the dot geometry, in addition to the
states, which directly shows the carrier relaxation betweerlouble-spin degeneracy. At a low temperature, the excited
the discrete energy levels in the QDs. The gain recovery dustate interband transitio®E2H2/ is centered around 930 nm
both to carrier relaxation from the confinae: 2 state and to (980 nm)° in the In, ,Ga, ¢As (InAs) sample, and the ground
carrier capture from the barrier region are observable in oustate transition#1H1/ is centered at 975 nif000 nn) in
spectrally and temporally resolved experiments. the InGaeAs (InAs) sample. Figure (o) shows DT/T

Two samples are used in this work:oiGa ¢As and  spectra(i.e., DT spectra normalized to the transmitted probe
InAs QDs. The Ig.Ga¢As (InAs) sample is an undoped spectrum of the In, ,.Ga, gAs sample measured using a 100
heterostructure with fouffive) layers of I ,Ga&, As (INAS) fs white-light probe pulse following excitation by an optical
quantum dots, separated by 2.5 rithnm) GaAs barriers, (800 nm pump pulse for different pump fluences; saturation
grown by molecular-beam epitaxy. These layers are sandf the carrier population in the ground state is clearly ob-
wiched between two 0.&m thick GaAs layers and two outer served.

0.5 um Aly {Ga, 7/As carrier confinement layers. The struc- Femtosecond three-pulse white-light pump and probe
tures are grown o001 semi-insulating GaAs substrates DT spectroscopy is performed using an 85 fs, 35 250
which are subsequently removed through selective etching tkHz Ti:Sapphire regenerative amplifier system. Carriers are
enable differential transmissiofDT) measurements. The injected by optically pumping the GaAs barrier regi@®0
nm, “gain pulse”) to establish a population inversion in

aAuthor to whom correspondence should be addresed: electronic mai@DS; the int_enSity of the gain pU|S(_5' is aQJUSted so that the
kimkz@umich.edu dots can be in the absorption or gain regime. Tunable pump
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FIG. 1. (a) DT/T spectra measured with a broadband white-light probe pulse

following injection of carriers into the barrier regions by an 800 nm “gain” FIG. 2. DT/T spectra measured with a 970 nm pump and a broadband

pulse at a probe delay of 14 ps for different gain pulse fluences(arioT white-light probe in 1g.,Ga,As QDs versus probe delapump pulse at
time scans measured with 970 nm pump and probe for different fluences Qfy,ximatelyt=T,, gain pulse at="T,— 14 ps.

the gain pulse which injects the carriers at— 14 ps. We give in parenthe-
ses the numbers of e—h pairs per QD injected into theGa, ;As sample
by the gain pulse. gain regime, the DT data show a fast recovery of the gain;
the temporal behavior of the gain recovery is observed to be
and probe pulses are generated by spectrally filtering twaveakly dependent on the carrier density. The fast compo-
single-filament white-light sources; a 10 nm bandwidthnents for the gain fluences of 0.62, 1.25, and 9icn?
“pump pulse” is tuned to resonantly depleter generatg  are (170-19), (160+18), and (146 31) fs, respectively.
electron—hole pairs in the ground state by stimulated emisthe amplitudes of both the initial pump-induced gain deple-
sion (or absorptionin the gain(or absorptioh regime, after tion and the fast component of the gain recovery are larger
a 14 ps delay with respect to the gain pulse. The depletiofor higher carrier densities. The numbers of e—h pairs per dot
(generatiop of carriers by the pump pulse in ground statein parentheses in Fig. 1 are obtained from the measured spot
gives rise to a negativositive DT signal; this sign flip of  size and power in the gain pulse using published values of
the DT signal is the critical indication of gain in the QDs. the absorption coefficienta(~12 045 cm 1) and reflectivity
The pump pulse is fixed at a 14 ps time delay with respect t¢R~ 0.3285)1°
the gain pulse, because the carrier population in the ground By spectrally resolving the probe, we obtained DT/T
state is saturated at this time. spectra in the gain regime at different probe delay times;
A broadband white-light probe measures the DT specfesults from Ig ,Ga, As QDs with a gain pulse fluence of
trum as a function of pump—probe delay. We select the spect.27 uJ/cn? are shown in Fig. 2. Near time zero, the pump
tral band between 880 nm and 1030 nm with an RG85@ulse burns a spectral hole in the gain spectrum centered at
Schott filter, and use a prism pair to compensate for grouphe pump wavelength by depleting the carrier population in
velocity dispersion to limit the relative group delay to aboutthe n=1 QD level. After about 200 fs, a satellite spectral
50 fs within this spectral range. Spectral components shortdiole appears at the=2 excited state transition, which re-
than 850 nm in the probe are removed by a mask in theults whem=2 carriers relax to thea=1 state following the
prism-pair arm to prevent any carrier generation in the GaAgain depletion induced by the pump pulse. These results sup-
barriers by the probe pulse. The pump pulse is mechanicallgort models which have proposed that QD excited state car-
chopped at 6 kHz, and the DT signal is measured using @ers are the reservoir for the optically active ground-state
lock-in amplifier; the probe DT is plotted as a function of carriers resulting in subpicosecond gain recovery as long as
delay following the pump pulse. The three pulses are focusethe excited state is well populatétlt should be noted that
on the QD sample near normal incidence; in this geometrythe nature of the DT/T spectra in the gain regime in self-
we obtain the intrinsic single-pass gain dynamics in the QDsprganized QDs and in quantum well@Ws)*? are qualita-
uncomplicated by any propagation effects or device parasitively different; the spectral hole localized on the excited
ics that one might have ip—i—n waveguide structure. state is due to the discrete nature of the states in self-
Figure 1b) shows time-resolved degenerate pump-organized QDs. Most significantly, by observing the tempo-
probe scans of the ground stat&1lH1) DT signal in ral evolution of then=1 andn=2 spectral holes, it is pos-
Ing /Ga&y gAs QDs for different gain-pulse fluence densities. sible to unambiguously distinguish between gain recovery
The DT signal is positivéinduced transmissiorwhen the  due to relaxation between the discrete QD states and recov-
gain pulse fluence is zero, and becomes negative when thegy due to capture from the barrier regions around the QDs.
gain pulse exceeds the transparency fluence of QB6n? The ground-state gain recovery dynamics of the
[~ 1.1 electron—holée—h pair per dof; this number is con-  Ing ,Ga ¢As QDs[solid line in Fig. 3a)] exhibit a fast com-
sistent with the data of Fig.(4), which shows that about half ponent(0.13 ps and a slower componefit ps. Similar time
of the n=1 states are full at this excitation density. In the constants are observed for InAs QDs, although the precise
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In conclusion, we have measured the gain recovery time

0.00 constants in the ground state of undope@Gi@As QDs us-
-0.25 ing a three-pulse pump—probe experiment. The spectral hole-
-0.50 burning data indicate that the subpicosecond gain recovery is
075/ due to intradot relaxation+130 fs) via carrier—carrier scat-
100k (a) 970nm tering and the few-picosecond recovery component is due to

: phonon-mediated capture. These results imply that the intrin-
sic carrier capture and intradot relaxation are not the current
limiting factor for high-speed performance. We have ob-

served a localized spectral hole burning in the excited state
which is not observed in QWs; this is the result of the zero-

dimensional nature of the QD confined states.
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