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Ultrafast dynamics of INnAs /GaAs quantum-dot microdisk lasers
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The dynamical response of InAs/GaAs quantum-dot microdisk lasers has been experimentally

investigated using femtosecond optical pumping. Because surface recombination and carrier

diffusion are suppressed in the quantum dots, the response speed of a quantum-dot microdisk laser
is much faster than that of a quantum-well microdisk laser. A turn-on time as short as 7.8 ps has

been achieved in a quantum-dot microdisk laser at 5 K. The temperature dependence of the

dynamical response of the quantum-dot microdisk lasers has also been studied over a wide

temperature range. At the same pumping level, the turn-on time of the laser decreases as the
temperature increases from 5 to 120 K. Such behavior may be due to a faster carrier relaxation

process at higher temperature. ZD01 American Institute of PhysicgDOI: 10.1063/1.1376437

Semiconductor microdisk lasers are of great interest foetition rate of 76 MHz. The excitation wavelength is fixed at
future low power applications due to their small cavity vol- 780 nm(1.59 e\j. The emission from the side of a microdisk
ume and high quality Q factor for whispering gallgiy/G)  is measured simultaneously by a synchroscan streak camera
modes' > Besides the low power consumption, a fast re-and a 0.5 m spectrometer with a cooled charge coupled de-
sponse to external pumping is important for many laser apvice array detector. The temporal resolution of the streak
plications, especially in high-speed optical communicationscamera is 2 ps. The spectral resolution of the spectrometer is
Previously, we have investigated the dynamical response of@oout 0.15 nm.

GaAs/AlGaAs quantum-wel(QW) microdisk laser. It is Figures 1a) and Xb) show, respectively, the time-
found that the speed of a QW microdisk laser is limitedintegrated spectra and time-resolved traces of microdisk
mainly by the carrier diffusion in the disk plane. The shortestemission for several pump powers at a temperature of 5 K. In
turn-on time of a GaAs/AlAs QW microdisk laser under Fig. 1(a), several lasing modes have been found at 912.5,
femtosecond optical pumping is around 100*pis.order to ~ 916.2, and 936.9 nm, which correspond to the WG modes of
improve the speed of the microdisk lasers, the carrier diffu-1 E22.1, TE17,2, and Tk, 5, respectively. Lasing threshold is

sion process must be eliminated. Very recently, lasing ha&P0ut 20uW. In the time-resolved traces shown in Fighl,
been achieved in InAs quantum d@D) embedded micro- the first peak corresponds to the scattered pump pulse, acting

disk cavities>® In this letter, we will report our experimental as 'the. zero of the t!me marker. Afte'r a cerj[aln delay, the
HEMission from the microdisk reaches its maximum and then
decays. In this letter, we define the emission turn-on time as
H1e time difference between the pump pulse and the maxi-
mum of the emission pulse. When the incident pump power
GaAs, 2 monolayer InAs QDs, and 45 nm GaAs. The sampléeS Ie§s than 2QuW, the emission ;ignal Is quite vyeak, and
the time it takes to reach the maximum gradually increase as

is grown by molecular-beam epitaxy on @00 semi- )

: ) . the pump power increases. However, when the pump power

insulating GaAs substrate. The photoluminescence spectrum gy .
. .. exceeds 2QuW, the emission signhal becomes much stronger

of the unprocessed wafer is centered around 970 nm with &nd the emission turn-on time begins to decrease with in

full width at half maximum(FWHM) of 20 nm at 77 K. g

The microdisks are fabricated by electron beam ”thog_creasmg pump power. Figure 2 plots the corresponding

. ) turn-on time as well as the spectrally integrated emission
raphy and two-steps of a wet etching proce§3he diam- . . .
eter of the disks is aim. Each disk is supported by a 500 nm intensity as a function of the pump power. When the pump

. S power exceeds 2QuW, the emission intensity increases
long Alp/Ga, sAs pedestal. The thickness of the disk is de'abruptly. At the same time, the spectral linewidth of the

signed to be 90 nm so that it only supports the lowest Ordeémission peaks shown in Fig.(a is reduced, e.g., the
transverse electriCTE) mode in the direction perpendicular FWHM of the peak at 916.2 nm narrows to 0’_13 nr,n after
to the disk plane. The microdisk is optically excited by 200,inq into account the instrument broadening. Thus the las-
fs pulses from a mode-locked Ti:Sapphire laser with the 'ePing threshold is reached at 20W. On the other hand, the
emission turn-on time decreases rapidly with increasing
¥Electronic mail: h-cao@northwestern.edu pump power above the threshold. From both Figh) land

study of the dynamical response of microdisk lasers wit
QDs as the active media.

The sample investigated in our experiments consists of
300 nm GaAs buffer layer, 500 nm AGa AS, 45 nm
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FIG. 1. (8 Experimentally observed time-integrated emission spedWa, |G, 3. (3 Experimentally observed turn-on time as a function of the pump
_terrjporal evolution of the microdisk emission at a temperature of 5 K. Thepower at temperatures of 5, 77, and 120 K. The pump pdwir normal-
|nc@ent pump powers are marked next to the curves, which are shlfteqized to the lasing threshold pump powRy, . The lines are a guide to the
vertically for clarity. eyes.(b) Temporal evolution of the microdisk emission at 5, 77, and 120 K.
The pump poweP=1.1P,, . The curves are shifted vertically for clarity.

Fig. 2, we can see that the response of the QD microdisk
laser is very fast. At the pump power of 83V, the turn-on  make this phenomenon rather easy to be observed, as shown
time is only 7.8 ps. Compared with the previous results ofin Fig. 2. After the threshold is reached, the response of the
GaAs/AIGaAs QW microdisk lasers whose fastest responsgiser is determined mainly by the fast stimulated emis$ion.
is about 100 p,the speed of a microdisk laser has beenwith a further increase of the pump power, the stimulated
greatly improved when QDs are used as the active mediamission rate increases, and thus the response of the laser
For QW microdisk lasers, the speed of the laser is limitechecomes faster.
mainly by the carrier diffusion in the disk plafie¢dowever, In the following, we will study the temperature depen-
in QD microdisk lasers, the carriers are confined within in-dence of the dynamics for QD microdisk lasers. We vary the
dividual QDs so that the carrier diffusion effect is sup- sample temperature from 5 to 140 K. The lasing threshold
pressed, leading to a much faster response of the lasers. jicreases with the temperature. Figuréa)3depicts the
Fig. 2, below the Iasing threshold, we also note that thQurn-on time as a function of the pump power which is
turn-on time increases with the pump power. This increasgormalized to the lasing threshold pump poviy,, at the
results from the interplay of carrier injection, spontaneousemperatures of 5, 77, and 120 K. At 120 K, the lasing
emission, and stimulated emission as illustrated in Ref. 4threshold is quite high and only one data point is obtained
When the carrier injection pulse is short enodgly., 10 ps  above the threshold. From Fig(a3, at the same pumping
the increase of the turn-on time is clearly present in oulevel (i.e., the samé®/Py;), it can be seen that the turn-on
simulation resulf. However, for QW microdisk lasers, the time is shortened with increasing temperature. The temporal
carrier diffusion will broaden the carrier injection pulse andevolution of the microdisk emission at the same pumping
smear out the increase of the turn-on time near the lasingvel P=1.1P,, but at different temperatures are shown in
threshold. Therefore, this phenomenon is not observed exsig. 3(b). It is very clear that the response of the laser be-
perimentally for the QW microdisk lasetavhile in the QD comes faster as the temperature increases from 5 to 120 K.
microdisk lasers, the suppression of the carrier diffusionye believe this is induced by the faster carrier relaxation in
the QDs at higher temperature. The enhanced Auger-like
T T 30 carrier—carrier scattering and longitudinal optical phonon
scattering at higher temperature may account for the faster
carrier relaxation in QD& In QD microdisk lasers, the width
of the carrier injection pulse is mainly determined by the
carrier relaxation rate when the carrier diffusion is
suppressefl.The faster carrier relaxation will not only re-
duce the width of the carrier pump pulse, but also lead to a
shorter delay time between the optical pump pulse and the
carrier pump pulse. Thus, a shorter turn-on time results.
Next, we will simulate how the turn-on time of the microdisk
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4 10 lasers depends on the width of the carrier pump pulse with
d \ ] the rate equation model.
e The rate equations for a QD microcavity lagaeglect-
0 10 20 30 40 5 60 70 80 90 ing the surface recombinatipean be written as>*
Pump power (uW)

) N . . ) dN
FIG. 2. The integrated emission intensity and the turn-on time as a function  —__ _— _ I'SGIN)—yB N2+ P (1) (1)
of the incident pump power at 5 K. The lines are a guide to the eyes. dt L
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Finally, we examine the effect of the nonradiative re-
combination on the turn-on time by adding a nonradiative
decay term,— N/ 7, to the right-hand side of Eq1). N is
the carrier density, and,, is the nonradiative recombination
time. By curve fitting the exponential decay of spontaneous
emission intensity at the pump level Bf=0.5P,,, the de-
cay times at 5, 77, and 120 K are found to be 375, 250, and
220 ps, respectively. Such a short decay time is presently not
well understood. It may originate from a large exciton oscil-
lator strength for small QD, superradiance, or a fast nonra-
diative recombination. To estimate the maximum effect of

=5 ps] the nonradiative recombination on the turn-on time of a QD
w=ips 95 microdisk laser, we attribute the decay of spontaneous emis-
! 2 3 4 sion entirely to nonradiative recombination. Namely, we as-
P/P,, P/P, sume the nonradiative recombination timg is equal to the
FIG. 4. Calculated turn-on time of a QD microdisk laser versus the normal-decay time of the spontaneous emission. We recalculate the
ized pump poweP/Py, (a) without nonradiative recombination afig) with ~ turn-on times for the pump pulse widih of 10, 5, and 1 ps,
nonradiative recombination. The FWHM of the carrier injection pulses istaking the nonradiative recombination tim@r of 375, 250,
marked next to the curves. and 220 ps, respectively. The calculated results are shown in
Fig. 4(b). Except for the fact that the absolute values of the
, S turn-on times decrease slightly, the overall feature is very
gt - ISGIN)+yBBN"— —, (2 similar to that in Fig. 4a). Therefore, we conclude that the
P nonradiative recombination has minor contribution to the
whereN denotes the carrier density in the active regi8n, {,rn-on time of a QD microdisk laser.
the photon density in the_ laser mo_dé,the optical confine- From Fig. 4, we can see that although our simulation
ment factor,G(N) the gain coefficientB the spontaneous mogdel is simple, it explains qualitatively our experimental
emission coefficient in a bulk semiconductor materjathe  gata. The decrease of the turn-on time with an increase of the
enhancement factor of the spontaneous emission rate i”t@mperature from 5 to 120 K may result from an enhanced
microcavity, P,(t) the carrier injection rate3 the spontane-  carier relaxation rate at a higher temperature. For a quanti-
ous emission factor, and, the photon lifetime. The carrier (ative comparison with the experiment result, a more detailed
pulse is assumed to be Gaussian, i.€,()=Po  theoretical study should be conducted, and many factors
><exp(—2\/§t/W), wherew is the FWHM of the pulse. For st be includede.g., many-body effect in the Qsthe
our sample structure, we calculdfe=0.01, y=1.0, andB  yariation of optical gain with the temperatutejore accurate
=0.01 for the lowest order TE mode in ax@3n QD micro- parameters in Eqg1) and (2) for InAs/GaAs QDs, etg.

disk. The gain coefficienG(N)=Go(N—No), whereNo  However, such theoretical study is beyond the scope of this
represents the carrier density at the transparency point. In thggter.

simulation, we estimateG,=1.0x10 °cm’ls, Ny=2.0

x10%¥cm™3, andB=1.0x10°cm’/s. The value ofG, is This work is supported by the National Science Founda-
larger than that for a QW microdisk lastbecause the three- tion under Grant No. ECS-9800068.

dimensional carrier confinement in InAs/GaAs results in a

Iarger optical gair?. From the spectral linewidth of the WG 1R._E. Slusher and U. Mohideen, '(Dptica_il Processgs in_Microcavities
mode near the transparency point, we estimate a photon Iife-igggd ;yﬁé K. Chang and A. J. Campilfdorld Scientific, Singapore,
time (7,) of about 2 ps. Using these parameters, we solve theT Ba'ba, IEEE J. Sel. Top. Quantum Electr8n808 (1997.

Egs. (1) and (2) numerically for N(t) and S(t), and then  ®S.L.McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, and R. A. Logan,
deduce the turn-on time. With increasing temperature, it4ﬁprj|- EhijLin'io' 2:319(3993\.( e St o — Lo s
takes less time for the excited carriers to be captured t_)y thes'olo'm;: "Appl. p#{,s_ 'Leé‘;j 2:3,04?’206{).' e T A
QDs and subsequently relax to the lower energy levels in theH. cao, J. Y. Xu, W. H. Xiang, Y. Ma, S.-H. Chang, S. T. Ho, and G. S.
QDs. Since the carrier relaxation time in INAs/GaAs QDs is Solomon, Appl. Phys. LetZ6, 3519(2000.

6 . .
between 1 and 10 ﬁs,"'e calculate the turn-on time when the P. Michler, A. Kiraz, L. Zhang, C. Becher, E. Hu, and A. Imamoglu, Appl.
Phys. Lett.77, 184 (2000.

pUIse of Camer mJeCtIO'PP(t)_ha_S a F\_NHM of 10, 5, and 1 "B. Gayral, J. M. Gerard, A. Lemaitre, C. Dupuis, L. Manin, and J. L.
ps. The reduction of the carrier injection time corresponds to Pelouard, Appl. Phys. Let?5, 1908(1999.
an increase of temperature. The simulated results are given ifZ. L. Yuan, E. R. A. D. Foo, J. F. Ryan, D. J. Mowbray, M. S. Skolnick,

: f _ : : _and M. Hopkinson, Physica B72 12 (1999.
Fig. 4(@), which clearly shows that the tumn-on time is short °N. Kirstaedter, O. G. Schmidt, N. N. Ledentsov, D. Bimberg, V. M.

ened by de_creasing the FWHM of the pump pulse at the Ustinov, A. Yu. Egorov, A. E. Zhukov, M. V. Maximov, P. S. Kopev, and
same pumping level. Zh. I. Alferov, Appl. Phys. Lett69, 1226(1996.

[(a) Without nonradiative 1 (D) With nonradiative
30 F recombination I recombination 130

3
o

J25

N
o

Turn-on time (ps)

Turn-on Time (ps)

=
o

Downloaded 29 Nov 2002 to 129.105.16.59. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



