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We measured the transient temperature-dependent carrier population in the confined states of
self-assembled JGa, As quantum dots as well as those of the surrounding wetting layer and
barrier region using differential transmission spectroscopy. Results show directly that thermal
reemission and nonradiative recombination contribute significantly to the dynamics above 100 K.
We offer results of an ensemble Monte Carlo simulation to explain the contribution of these
thermally activated processes. )02 American Institute of Physic§DOI: 10.1063/1.1462860

Recent device performance and photoluminescéRtg  support the existence of quantum confined dot states and
measurements indicate that temperature-dependent mecltsiiow that the excited state interband transitior=@) is
nisms greatly affect carrier dynamics in self-assembled quareentered at 920 nr(i..35 e\, while the ground state transi-
tum dots'™ Some of these reports claim that the tion (n=1) is centered near 980 nt.27 e\).° PL data and
temperature-sensitive operation of devices originates frongalculations based on eight-bakdp formalism indicate that
nonradiative recombinatioNR) and thermal reemission of the electronion=2 level is about 50 meV below the GaAs
carriers from the dot levels to the wetting lay®V¥L) and the  conduction bandedge. Additional discussions of the charac-
barrier regiorf:” This carrier reemission is believed to occur terization of similar dot samples are given in Refs. 6 and 10.
through thermal absorption and is strong at high tempera- The DT measurements are performed over a range of 10
tures because carriers couple to a large density of states it 290 K with a pump—probe setup. A 100-fs 250-kHz am-
the WL 8 Further measurements and a clear understanding @flified Ti:Sapphire laser is used to generate white-light
these temperature-dependent carrier dynamics in quantugburces from which 10-nm wide pulses are spectrally se-
dots are important. lected for the pump and probe pulses. The pump is tuned to

We report here direct evidence of this thermally drivengenerate carriers either in the GaAs barrier states or reso-
carrier dynamics measured through differential transmissiomantly in the excited states of the dots. For DT spectral scans,
(DT) pump—probe experiments. Specifically, we time-the probe pulse consists of a dispersion-compensated near-
resolve the dot level population as well as that of the WL/infrared band between 820 and 1050 nm selected with a
GaAs barrier region to show directly that thermalization of|ong-pass filter. Using a monochromator, we resolve the DT
the carriers occurs with significant reemission of carrierssignal to 1 nm and detect the probe signal with a lock-in
from the dot to the WL and the barrier states with increase&mplifier referenced to the 2-kHz mechanically chopped
temperature. In order to see these effects without the influpump. The DT signal measures the change in the carrier
ence of complex Auger-type processes, the DT measureyccupation of the levels that are in resonance with the probe
ments are done in the low-carrier-density regime. Taking i”tospectrum. When the pump and probe pulses are delayed with
account the temperature-dependent capture and relaxatigBspect to each other, the transient dot level population is
rates, we perform an ensemble Monte Carlo analysis of theasolved directly. The temperature of the sample is stabi-
carrier dynamics to understand the observed temperatur@zed in a He flow cryostat with a feedback-heater controller.
dependent dynamics. When the temperature is varied, markers on the sample are

The sample for these experiments is an undoped heterged to maintain the same location, and the detection wave-
structure with four layers of fuGaeAs quantum dots |ength is redshifted to match the temperature-dependent
grown by molecular beam epitaxy with an areal dot de”SityspectraI shift of the dot PL and DT spectra. In our sample,
of about 5< 10" cm™? per layer. The four layers are sand- thjs shift of the confined dot levels amounts to only about 20
wiched between two 0.L:m thick GaAs layers and tWo mey and the DT time scans do not show significantly differ-
outer 0.5um Alg G As carrier confinement layers, and ent behavior between the shifted and nonshifted probes, es-
each layer is separated by a 2.5-nm GaAs barrier layepecially at higher temperatures. This latter point may be due
Cross-sectional transmission electron microscopy shows negg the overall thermalization of the carriers among the levels.
pyramidal dots with a base dimension of 14 nm and a height |, Fig. 1(a), we plot then=2 (910 nm) DT time scans

of 7 nm. Carrier-density dependent PL data on this sampl&,easured at 40—-150 K. The pump pulse, centered at 800 nm,

generates a carrier density that is less than one electron—hole
3Electronic mail: jurayama@ece.ucsb.edu pair per dot in the GaAs barrier layers. We have shown pre-
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FIG. 1. Temperature-dependent DT time scas.n=2 DT time scans
taken at 40, 80, 120, and 150 K) n=1 DT time scans taken at 80, 120,
150, 180, and 220 K. Monte Carlo simulation(of n=2 and(d) n=1 level
population.

FIG. 2. DT time scan of wetting layer and barrier regich20 meV of
GaAs bandedgemeasured at 12, 80, 120, 180, and 290 K.

identical dots, each of which has an electron and hole energy

viously in Ref. 11 that in the low density regime, electronsspectrum obtained from k- p band structure calculatioff.
and holes may be captured either geminately into the same&he carrier capture, relaxation, and reexcitation occur among
dot or nongeminately into different dots. The rise time cor-the two-dimensional GaAs barrier region, a linearized den-
responds to the carrier capture into the excited state, and tisity of states of the WL, and the dot states. To obtain the
initial fast decay in the low-temperature data arises from fastesults, we use the time constants of the individual decays as
electron—hole scattering of geminately captured pairs. Thadjustable parameters. In an effort to simplify the model, we
long (>100 ps) component is from nongeminately capturedadjust only those parameters which capture the main features
electrons trapped in the excited state by the phonombserved in the DT time scans. In Figgc)land 1d), we
bottleneck!! As the temperature is increased, the fast com-provide a set of simulation results that well match the main
ponent of then=2 DT signal decreases significantly in mag- dynamical features of the=2 andn=1 DT data. For these
nitude suggesting electron—hole scattering may play a role iresults, we use an ensemble of 5000 dots and inject a carrier
the reemission; at 120 K, most of the geminate populatiordensity of 0.5 electron—hole pairs per dot into the GaAs bar-
disappears. As the temperature is increased beyond 120 Ker. For increasing temperature, we reduce the capture times
the overalln=2 DT signal diminishes. This trend continues for then=2 andn=1 electron(hole) from about 2.5 and 40
through room temperatuf@ot shown here The data for the ps(50 p9 at low temperature to 2.0 and 20 @5 p9 at 290
n=1 (980 nm DT time scans are given in Fig(l) for the K to account for the faster rise of the=2 andn=1 popu-
temperature range 80 to 220 (Kelow 80 K, the scans are lations. It is possible that this increased capture rate at high
very close to the 80 K DT scan in magnitude and shape temperature is due to decreased diffusion time of carriers
Here, we see the build up of the ground state populationthrough the barrier region and the increased resonant capture
which again decreases in magnitude at higher temperatured thermalized carriers from the WL/barrier region through
indicating signs of carrier reemission. multiphonon scattering’ The temperature-dependent elec-

In order to observe directly the thermal reemission of thetronic intersubband relaxation time constants were obtained
carriers from the confined dot states to the WL and barriedirectly from resonant-excitation DT measurements which
regions, we perform the DT scans on the energy states withiremove the complications associated with the capture pro-
+20 meV of the temperature-dependent GaAs bandedgeess. These resonant measurements indicate that the intersub-
These results, shown in Fig. 2, indicate that at low temperaband relaxation stays relatively constant at low temperature
tures, the carriers generated in the barrier region all relax intat 5-10 ps. For higher temperatures, it is difficult to extract
the low-lying WL and dot levels. Around 120 K, the carrier the intersubband relaxation from the resonant data because
population begins to occupy the WL/GaAs barrier states, andeemission and NR greatly affect the decay. In the model, we
above 180 K, a significant number of the carriers occupykeep this relaxation time constant fixed for simplicity.
these high-lying states. From spectral scans taken around the As the temperature is increased, reemission and NR play
bandedge, we see that most of the carriers observed withia stronger role. In the 80-K=2 time scan, the geminate
the +20-meV detection window populate the barrier statescomponent of the carriers undergoes reemission at a faster
We also know that Pauli blocking is not occurring in the dotrate than the nongeminate population. This can be attributed
levels to produce this barrier signal because the spectrab electron—hole scattering in whiah=2 electrons are re-
scans show that the overall DT spectrum of the dot levelemitted into the WL by acquiring energy from thermalizing
decreases in magnitude at higher temperatures. holes. For the nongeminate electrons, the reemission is me-

We model the temperature-dependent carrier dynamicdiated by interactions with the lattice. Up to 80 K, the mag-
observed using a detailed ensemble Monte Carlo simulationitude of then=1 population remains relatively constant
that accounts for random scattering eve(its details see because the electronic intersubband energy spaciig,(
Refs. 12 and 18 The model consists of an ensemble of ~60 me\) is too large for reemission to occur from the
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ground state and the holes do not change their thermal digermance. These issues will also need to be addressed for the
tribution significantly. When the temperature is increased behigh performance of near-, mid-, and far-infrared photodetec-
yond 80 K, then=1 DT signal decreases initially because tors that require low dark currents at room temperature.
the holes redistribute themselves due to thermalization. Then ) )

This work is supported by ARO Grant Nos. DAAHO04-

carriers are reemitted into the high-lying WL and barrier
6-1-0414 and DAAG55-98-1-0419, the NSF through Grant

states causing a reduction in the dot DT signal. In adjustin
the rate of reemission in the model, we monitor the resultingV0- ECS 9820129, and by the AFOSR and ARO MURI

barrier population as a function of temperature; the reemisPf09rams.
sion time constant from the electronit=2 level ranges | ) _ _
from hundreds of picoseconds at low temperature down to :ﬁ dShHO“I'S E‘ik'\;‘\'/‘;ti'pﬁl '\ﬁ,‘ﬁ;&;‘ Zégig'i’gg‘(iég/'?')sugawara' N. Yokoyama,
tens of picose_conds at ZQQ K. When this is done, we find thagyy Ya,}g, R. R. Lowe-Webb, H. Lee, and P. C. Sercel, Phys. Res6,B
the level of signal decay in the=2 andn=1 levels to be 13314(1997).
i e i i iar 3S. Sanguinetti, M. Henini, M. Grassi Alessi, M. Capizzi, P. Frigeri, and S.
insufficient. Here, we invoke NR which accounts for carrier hg e Rev B0 é276(1999 ' . gert,

. . . rancnl, YyS. ReV. A .
losses as observed in luminescence experiments. The qatugg B. Shchekin, G. Park, D. L. Huffaker, and D. G. Deppe, Appl. Phys.
and process for NR are very complex, and we consider |ett. 77, 466 (2000.
simple exponential decays from the entire population while®T. F. Boggess, L. Zhang, D. G. Deppe, D. L. Huffaker, and C. Cao, Appl.
taking into account that the higher-lying states appear to beaghéz- 't-tett-h78v 27‘;(2}?03- 3. Sinah. D. Klotakin. 3. Philios. H.Ji

_I\si . A attacharya, K. K. Kamatn, J. singn, D. Klotzkin, J. ihps, RH. Jiang,

less aﬁe'Cted by NR th_an the low-lying states as ObserV_Ed Ny Chervela, T. B. Norris, T. Sosnowski, J. Laskar, and M. R. Murty, IEEE
the DT time scans. This produces the overall decrease in therrans. Electron Devices6, 871 (1999, and references therein.
DT signal for both then=2 andn=1 levels, and accounts ‘L. Zhang, T. F. Boggess, D. G. Deppe, D. L. Huffaker, O. B. Shchekin,

for the early decay of tha=1 population at high tempera- ,2"d C. Cao, Appl. Phys. Lett6, 1222(2000.
tures D. G. Deppe and D. L. Huffaker, Appl. Phys. Left7, 3325(2000.

. 9T. S. Sosnowski, T. B. Norris, H. Jiang, J. Singh, K. Kamath, and P.
The DT time scans and our Monte Carlo model results Bhattacharya, Phys. Rev. &, R9423(1998.
show reasonable agreement. We emphasize the need for ré. Kamath, N. Chervela, K. K. Linder, T. Sosnowski, H.-T. Jiang, T.
icci ; Norris, J. Singh, and P. Bhattacharya, Appl. Phys. L#&tt.927 (1997).
em|§S|on and NR terms to accou_nt for the p.OpU|at|0n of tth. Urayama, T. B. Norris, J. Singh, and P. Bhattacharya, Phys. Rev. Lett.
barrier states and the decrease in the DT signal at temperagg 4930(2001.
tures above 100 K. The fact that the degradation of thé2j. urayama, T. B. Norris, H. Jiang, J. Singh, and P. Bhattacharya, Physica
threshold current and modulation rates of InGaAs quantum),B (to be Publisrf:eﬁ ) e
P ; ie_ ~J. Urayama, Ph.D. thesis, University of Michigan, 2002.
d_ot laser coincide with the onse_t of strong thermal reemis 195 Jiang and J. Singh, Physica(Emsterdam 2, 614 (1998,
sion near 100 K leads us to believe that the thermally actiss; reigmann, . T. Cundiff, M. Arzberger, G. Bohm, and G. Abstreiter, J.

vated dynamics directly cause the degradation in laser per-Appl. Phys.89, 1180(2002).



