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Time-resolved studies of single semiconductor quantum dots
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We present time-resolved optical studies of single self-assembled quantum dots. The dots were obtained by
Stranski-Krastanow growth of InP on g, sP. A selective technique based on etching after electron-beam
lithography, combined with the use of an optical microscope to enhance the spatial resolution of a time-
resolved photoluminescence system, enabled the observation of single quantum dots. The emission linewidth
of a single InP dot is observed to be around 3 meV. The evolution of the time-resolved photoluminescence
spectra was studied as a function of excitation intensity. Under intense pulsed excitation the decay is no more
a simple exponential due to feeding from higher energy levels, as a result of state filling. A four-level rate
equation system is successfully used to model the re$684.63-1829)06204-9

I. INTRODUCTION nm thick. The typical shapes of these dots, grown at
580° C, are truncated pyramids with a hexagonal base of
Self-assembled quantum dots have been extensivelfimensions 40—60 nm and height 12—18 im.
studied However, crucial questions remain to be answered. The sample was patterned using electron-beam lithogra-
The nature of the exciton-excitdnexciton-photon, and phy. A 250-nm-thick PMMA layer was used as resist. The
exciton-phonon interactions requires further studies. Most opatterns consisted of arrays of disks of different sizes, rang-

the studies performed to date have been done on a larggy from 100 to 800 nm in diameter. After the lithography,
number of dots with different characteristic sizes and emisgiching was performed in a plasma etching systerihe

sion energies. The study of single dotsyields more precise
information. Time-resolved spectroscopy of single @bis
the ideal investigation tool to study the relaxation of exci-

tons. . structures under laser excitation through a tunable bandpass

We have investigated the exciton recombination times in. . !
single self-assembled Stranski-Krastanov InP quantum dortﬁsIter and the presence of single quantum dots was confirmed

embedded in GalnysP, grown by metal organic vapor y PL spectra. Most single dots were found in mesas with a
phase epitaxYMOVPE). The time-resolved study of single d'a”_‘eter of 400 nm. _ _

dots circumventt® the ambiguous broadening and position 1 /me-resolved PL measurements were obtained using a
of the photoluminescence peaks due to statistical averagirfg|Sed laser diode emitting 40-ps pulses at 1.899 eV with a
inherent in the simultaneous study of a large ensemble of0" Hz repetition rate. The energy of this laser was lower
dots as reported so fr** Time-resolved photolumines- than the absorption edge of the wetting lay®93 eV} and
cence was performed under different excitation intensitiesof the GalnP barrie1.97 e\). Thus the carriers were di-
The pulsed laser was exciting directly in the dots with anrectly generated in the dot, preventing any delay related to
energy below the wetting layer energy. An exponential decayhe capture of carriers from the barrier or from the wetting
was observed under low excitation, while intense excitatiorlayer'* The detection system consisted of a streak camera
induces a nonexponential decay. All the results presentedith a time resolution of 15 ps and a 0.25-m monochro-
here were obtained on two single quantum dots. A detailednator. An additional cw argon ion laser emitting at 2.54 eV
macroscopic characterization of a similar sample was pub88 nm) was used in some experiments, in conjunction with
lished elsewher® Results obtained on other quantum dots inthe pulsed laser. The luminescence was collected by an op-
the same sample are all in agreement with the presented réical microscope with a numerical aperture of 0.5 and the
sults. The linewidths of different emission lines observedlaser excitation was focused on the targeted mesa with the
from single InP quantum dots is on the order of 3 meV,same microscope. The sample was placed in a temperature-

which is far broader than observed on single InAs 8ots  controlled cold finger He cryostat, with a temperature range
of 3.5-300 K, offering good temperature stability on an hour
time scale. Because of the very weak luminescence emanat-
Il. EXPERIMENTAL METHODS ing from a single quantum dot, the spectra were obtained
through several hours of integration. This micro-PL setup

The sample was grown by low-pressure MOVPE in aoffers a spatial resolution of about 1.8n.
horizontal rf-heated reactor, the details of which have been

described earlie!® The growth started with the deposition of
a 50-nm-thick GaAs buffer layer on(@00 GaAs substrate,
which was followed by the growth of a 300-nm-thick
Ga, 5lng 5P layer as the lower barrier. A short introduction of
TMIn produced the quantum dots which were then, after 12 Figure Xa) shows the time-resolved photoluminescence
s of growth interruption, capped by a &#n,sP layer 300 spectrum obtained from a single quantum ¢teferred to as

mesas obtained were Jm apart so that the exciting laser
beam could easily be focused on only one mesa. Mesas con-
taining single dots were identified by taking images of the

Ill. TIME-RESOLVED PHOTOLUMINESCENCE
WITHOUT BACKGROUND EXCITATION
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z %“AM State filling is clearly seen; several peaks appear at higher energies.
(b) shows the time evolution for energy regiofig (ii), and (iii).
0612 ns The lowest-energy pealk) shows a plateau before an exponential
decay, while higher-energy regions do not exhibit this behavior. In
Time (ns) (c) the simulated time evolution of the intensities is shown.
0-0.6 ns
159 162 165 tainty of about 0.1 ns. Different peaks are found to have
Energy (eV) different time constants. The time constant of all the dots

) (about 25 that we have measured is around 0.6-1.0 ns. If
FIG. 1. (a) PL spectrum of a single InP dédot 1) taken at 7 K 1he time constants were determined by a nonradiative chan-
under low excitation. Six peaks are clearly distinguishable, referreq.lel we would expect a larger spread in time constants, due
to as A-F.(b) Time evolution of the spectréc) PL decays of peaks o o the position of a nonradiative defect in the vicinity of
A B, C, and E. the dot. We thus attribute the observed time constants to the
. . . intrinsic recombination time constants of these quantum
dot J at 7 K. The dot was excited with the pulsed laser diodeyots The intrinsic recombination time constant may be in-

following th e h I q Jluenced by phonons, such as interface phonons and other
ollowing the excitation. The spectra in Fig(t) correspon types of phonongfor instance, localized to edges and cor-

to succes;ive time—integrf_;ltediwindows 0.6 ns long. In Fh%ers), which we however consider to be native to the dots.
Spectra, six peaks are .d|s.t|ngws',hable, A-F, from low to h,'ghl'he different intensities of the peaks observed cannot be ex-
energy, the lowest emission k_)elng at 1'61.5 eV and th_e h.'grblained by different transition probabilities, since at suffi-
est being at 1.645 eV. We will refer to this never-vanishinggienyy jow carrier density every electron-hole pair will even-
set qf peaks as the fundamental rr_lamﬂfld.The ENergy  tyally recombine. We instead attribute the intensity
spacing between successive peaks in the fundamental MaFferences to state-dependent captures.

fold is about 6 meV. Peak E shows the strongest intensity; |, Fig. 2 we present a photoluminescence spectrum from
from Fig. 1(b) it is clearly seen that this higher intensity peak 4.+ o At short delays we observe strong state filling, with

has the longest time constant: after 1.8 ns, peak E is the onlye, |ines appearing at energies above 1.64 eV. The lumines-
peak clearly visible. Peak E also shows the narrowest “n%ence decajFig. 2b] is shown for different peaks. Initially

width of 3 meV [full width at half maximum(FWHM)]. 5 heriod of almost constant photoluminescence intensity is
Previous studies have shown that there are states at an enefgy.oed under intense excitation for the low energy peaks
which is higher than the fundamental manif6ldThese ’ '

: . ... We attribute this to the fact that during this short time, the
higher-energy states can be observed both using state filling;\her of excitons cascading down from higher levels com-
and by photoluminescence excitation spectroséoffihe

‘ ; i ensates the number of excitons recombining in the funda-
states in the fundamental manifold are, however, experimeri}- :

R . : ental manifold levels.
tally distinguished from higher-energy states by showing no

i f il der | oY density. Th If we compare our results with those in Ref. 7, we find
sign o state fi Ing under ow_excnatmn power en5|t_y. e'strong similarities, despite the different material systems
oretical calculations, using six-bakd p theory, in conjunc-

. th th | ; . imatith " (strained InP quantum dots with sharp interfaces in our case
tion with the envelope function approximationas well as a5 quantum dots created by laser interdiffusion in the
four.—band calculation§; are in good agreement W'th,phOto' lattice matched AlGaAs/GaAs systenThe sizes of the dots
luminescence results and indicate about 100 levels in the d°§tudied here are much smaller than those studied in Ref. 7.

The excitation in this experiment is directly into one of the A eyperimental difference is that for the smallest dot stud-
excited states. Although we do not know the exact relaxation,  in Ref. 7. effects of a slow relaxation were found. which
process, we do know that the relaxation from higher-energy, o 4o not observe, demonstrating that the carrier relaxation

states 1o states in t.he fundamental manifold is not very sefg,echanism is sensitive to the type of quantum dot and/or the
sitive to the excitation enerdy. material system.

The time decay curves for different peaks are shown in
Fig. 1(c). The decays were fitted with the formula
IV. RATE EQUATION MODEL
I[(t)=exp —t/7),
To understand the nonexponential decay of low-energy
where 7 is the time constant. The first 3.5 ns following the peaks under strong excitation, we suggest a simple rate equa-
laser excitation were used for fitting. We estimate an uncertion model?>2!In our model the excitons are captured by the
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guantum dot in high-energy levels and then relax to lowempopulation of higher-energy levels goes up; in our mauel
levels. Relaxation to a lower level is only possible if the will increase. The expressions fg,, were chosen to ap-
lower level is empty, due to the Pauli exclusion principle. Inproximate as closely as possible the shape of the laser pulse
this model, we do not account for statistical fluctuatiéhs. observed with the streak camera; it must, however, be kept in
Although the charge carriers in a quantum dot cannot escapeind thatg,, stands for the creation of excitons, not for the
Coulomb effects, it is an oversimplification to use the termlaser pulse itself.
exciton if there is more than one electron-hole pair present in Results obtained with our four-level model fit well to our
the quantum dot. We still use the term, since many-particlexperimental data, as can be seen by comparing K. 2
effects have been shown to be weak in this sy8taswell  with Fig. 2b). Higher-energy levelgéabove the fundamental
as in the InAs/GaAs systefn. manifold have shorter time constants whereas low-energy
This cascade mechanidhtan be illustrated with a simple peaks start with an almost constant intensity before decaying.
four-level rate equation in which excitons are allowed to re-This plateau indicates that the feeding from higher levels
lax from higher-energy levels and populate lower levels. Thecompensates the recombination in lower levels until the
rise times of the photoluminescence peaks are short, fastgopulation of the higher levels vanishes.
than 100 ps. These experimentally observed short rise times The FWHM of the peaks that can be expected from
imply fast relaxation time constants,{;<100 ps). Under Heisenberg's relation id E=#4/At; taking At=1 ns, we
low excitation, no luminescence from the higher states isobtain 1.5ueV. This theoretical value is far below the 3
detected, implying that the excitons cascade down to lowneV observed experimentallfFig. 1). The origin of these
energies before they recombine with a time constapt. broad emission lines is not clear. It should be noted that the
The recombination time constant is therefore much largeobserved linewidth is larger than the spectral resolution of

than the relaxation time constant {./7.¢/>1). our system. For InAs quantum dots, the emission lines can
The rate equations are be as sharp as 3@eV ° It should be noted, that the peaks do
dno(t not get any sharper with time; 2 ns after the laser pLisg.
”dlf ) _ — oy (D) + @y (D[ 1—-ny(D)] 1(b)], peak E still has 3 meV FWHM.
+ w133(D[ 1= Ny (O] + @1na(H[ 1Ny (D], V. STATE FILLING
(1) In order to obtain some information on the recombination
time constants of peaks at an energy higher than the funda-
dny(t) mental manifold, a cw lasdemitting at 2.54 eYwas added
gt~ @22n2(D) 01y (D[1-ny ()] to the pulsed beam. Thus there was at all times a certain
population of carriers in the lower-energy states, which could
+ w3 (D[1—Ny(t) ]+ woana(H)[1—ny(1) ], be controlled by modifying the excitation power density of
7 the cw laser. For sufficiently high excitation power density
of the cw laser, the states in the fundamental manifold will
dny(t) be_ alrglost'fully populated and we start to observe state
BT w33N3(t) — wgnz(H[1—n4(1)] f|I!|ng. A '_ume-resolved measurement using the pulsed laser
will then give a measure of the recombination time constant
— woaa(D[1—ny(t) ]+ wagna(H)[1—ng(t)], of states above the fundamental manifold, since the relax-
ation to lower-energy states is now hindered. Figure 3 shows
3 time-integrated spectra for different excitation power densi-
dna(t) ties of the cw laser denotd@z, while the excitation power
A w4Na(t) — w1na(H[1—n1(1)] density of the pulsed laser is kept constant. For higher values
dt of Pg, the spectra become broader and luminescence from
_ _ _ _ higher-energy levels appear, due to state filling. The time
02aa(D[1=No(1) ]~ w3ana(1N5(V)] e\?olution of the intensities has been fitted using the formula
+9op: 4
[(t)=a+bexp —t/7), (6)
Jop="500e 450t~ 1)°, (5)

and the values of are given in Fig. 3. For peaks above the
Heren; is the population of level, w;; is the transition fundamental manifold we observe an increaserifup to

probability from levelj to level i, and g,, represents the 0.36 ng with increasingPg, in agreement with expectations.

creation of excitons by the laser in the high-energy levelsin Fig. 4 we show the results of the rate-equation model,

We assume that the probability for excitons to move up tovhere we have used the same parameters as in Sec. V. The

higher-energy levels with time is always zere;{=0 for calculated time evolution has also been fitted using (Bg.

<i). We usew;;=1/0.67 ns! and w;;=1/0.03 ns!in  Theoretically we also find an increase ofor peaks above

our calculations(where w;; is taken from the decay time the fundamental manifold for increasii®g, in agreement

without state filling. When the excitation is increased, the with the experiments. For peaks belonging to the fundamen-
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FIG. 3. Observing intense state fillifgn dot 1) by the addition Time (ns)

of a continuous-wave Ar laser in addition to the pulsed laser di- . .
. . o FIG. 4. Results of the rate-equation model, taking background
ode. The PL spectr@) were normalizedPg is the excitation power o " .
pectra) Ps P excitation into account. Columfa) shows the time evolution of

density of the cw laser. Decay profiles are presented for both pea . N : o
E and G, shown irb) and(c), respectively. Peak G only appears atkfandamental manifold peaks with increasing background excitation

. o ) - L . intensity. Column(b) shows the time evolution of state filled levels.
higher excitations under intense state filling conditions. The tim he time constants are indicated in the figure
constants of peak G are shorter than the time constants of peak E. : indi : 'gure.

tion model was found adequate to explain the experiments,

tal manifold, no changes are observed, which does not agr&fsing a recombination time constant of about 1 ns and a
with experiment. We nevertheless consider the agreemeng|axation time constant of about 30 ps.

with experiment to be good, especially since we did not ad-

just the parameters of the model. We conclude from this ACKNOWLEDGMENTS
experiment that the recombination time constant of peaks
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VI. CONCLUSIONS
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