PHYSICAL REVIEW B, VOLUME 63, 155313

Time-resolved studies of annealed InA§&aAs self-assembled quantum dots
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We have investigated the carrier dynamics in annealed quantum dots where the energy-level separation of
the optical transitions can be tuned between 68 and 19 meV. Photoluminescence transients obtained for
different excitation densities for the ground and excited states are well described by a random population
model, and values of the exciton lifetimes extracted. The ground-state radiative lifetimes are found to vary
from 800 ps in the as-grown sample to 490 ps in the sample annealed at the highest temperature. This is
attributed to shifts in the emission energy and changes in the electron and hole wave-function overlap as the
dot size increases with annealing. We find no evidence of inhibited relaxation of cépfierson bottleneck
when the intersublevel energy-level separation is much less than the LO-phonon energies. The rise times of the
transients remain fast at low excitation density, where the probability of Coulomb scattering is expected to be
low, meaning that another mechanism, possibly multiphonon scattering, is responsible for the fast relaxation
observed in self-assembled quantum dots.
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[. INTRODUCTION ation and radiative recombination in QD’s of different sizes
and compositions.
There is as yet no consensus regarding the carrier relax-
ation mechanisms that operate in self-assembled quantum [l. EXPERIMENTAL DETAILS
QOtS(QD,S)' A cleargr understanding of f[he carrie_r dynamics The samples were grown by solid source molecular-beam
in QD structures with discrete electronic states is of fundaépitaxy using As. A 200-nm GaAs buffer layer and a six

mental interest, but may also be helpful in achieving theperiod GaAs/AIAs 66 monolayers (ML) superlatticSL)

;Jhlurtnate“QfI]D Ias% pt(t-:;rformlflgcg. hlltb\_/tvas ongmallyl protF.)OS‘ed\/\/ere deposited at a substrate temperatiirg of 580 °C on

at a “phonon-botfieneck ™ INNIDITS carfier Telaxation 5 gg1) GaAs substrateTs was then reduced to 500 °C dur-
when the energy-level separatirie is not resonant with a i, jenasition of 25 nm of GaAs followed by 2 ML of InAs.
LO-phonon energyor a multiple of it. Such a mechanism - an interesting feature of our growth procedure is to deposit
would severely limit the radiative efficiency, but many stud-he |nAs at a low growth rate of 0.01 ML/s. This results in
ies attest to the strong emission from QD's, casting doubt ofe|atively large QD'’s with a small inhomogeneous linewidth
the phonon bottleneck process. Alternative relaxation mechays only 24 meV and a density of 2710° cm 2.Y7 The
nisms such as Auger or carrier-carrier scattefirgnterac-  dots were then capped with 25 nm of GaAs, anglis in-
tions with point defect§, or multiphonon processés’ in-  creased to 580 °C for deposition of another GaAs/AlAs SL
volving acoustic phonons have been proposed but noind a final 50-nm GaAs capping layer. All the layers were
critically assessed. undoped. 100 nm of SiOwas deposited onto a central por-

In this paper we address two issues of importance in QRion of the wafer, which was then cleaved into pieces, and
research. First, what is the main relaxation mechanism opeeach piece subjected to 10-s rapid thermal anneals in an ar-
ating in QD’s? Our method here is to perform time-resolvedgon ambient at temperatures between 675 and 780°C. This
measurements on a series of samples widfecan be var- provided a selection of QD samplésee Table )l having
ied so that it straddles the LO-phonon energies in theséifferent ground-state emission energies and state separa-
systems? This can be achieved simply by subjecting QD tions.
samples to post-growth rapid thermal anneals where interdif- LOW temperature(14 K) time integrated photolumines-
fusion of the In and Ga atoms results in larger dots with aence(TIPL) and PL decaytime-correlated single-photon
reduction in the average indium contéHt:5A slower relax-  counting measurements were made using an argon-ion-
ation rate and concomitant decrease in the emission intensity
should result ifAE is not resonant with an LQor multiple
LO) phonon energy. The second issue concerns the degree of
confinement in these structures; the relative values of th
exciton binding energy and AE would suggest that these

TABLE |. Optical characteristics of annealed quantum dots.

Anneal T E, CL energy FWHM AE
8ample (°C)  (eV) (eV) (meV)  (meV)

systems conform to the intermediate confinement regimei 1.047 1.429 24 68
with the exciton diameter being smaller than the dot. After 675 1.191 1.432 30 43
interdiffusion there should be a gradual evolution toward thec 700 1.248 1.432 28 36
weak confinement regime, where the exciton lifetime dep 750 1.342 1.446 15 26
creases with increasing dot volume. Hence a suitable sampte 780 1.393 1.463 10 19

series would allow an investigation of the processes of relax
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N tensities are observed for each sample. This suggests that the
M quality of the samples does not deteriorate upon annealing,
and implies that they are also free from significant nonradi-
% ative recombination in the dots. The optical transitions are
well resolved, making them ideally suited for time resolved
measurements. Table | lists the important parameters derived
¢ from the TIPL measurements for all the samples investigated
here. The full width at half maximunfFWHM) of the GS
peak exhibits a monotonic decrease with the annealing tem-
D perature, although the as-grown sample does not fit in with

this trend. This behavior was already reported’ The im-

PL. Intensity (arb. units)

portant point for this work is that the overlap of the emission
peaks remains small. The confining/wetting lag@t/WL)%°
E also exhibit a slight shitf with annealing, similar to the

interdiffusion effects reported for quantum wells.

B. Time-resolved measurements

Lo L1z 13 1415 Photoluminescence decay transients were obtained for all

Energy (eV) the samples at excitation powers of 347, 12.1, and
1.1 Wem 2, designated high, medium, and low-
FIG. 1. Low-temperaturél4 K) TIPL spectra for all samples respectively. Figure%ﬁ) shows tge results for samp® Al-

under high excitation conditions (347 W ¢f) with a pulsed T- though there have been many similar studies performed on
sapphire laser. Strong level filling is observed for all samples. The 9 Y P

23 ; ;
similarities in the spectra imply that the annealed samples retaift> 9rown QD Sample?g, in this paper we would like to

their dotlike properties. The peak at the highest energy in eac emonstrate the |mp0rta_nce of_ normah_zmg the transients in
spectrum corresponds to the CL/WL emission. order to extract the maximum information. The data shown

in Fig. 2(a) need to be normalized to account not only for the
getector spectral response but also for the relative emission
intensities of the transitions. In principle this can be achieved

exciting into the GaAs barrier~£1.60 eV). The laser was . ) .
focused to a~200um -diameter spot. The luminescence simply by measuring the detector counts at constant time for
each transition. An alternative method is to measure time-

di d with a SPEX 1404 double-grati h . :
was dispersec with a ouble-grating monochro solved photoluminescen€@RPL) spectra at different de-

mator and detected with a Hamamatsu microchannel plat i

with an extendedS1 response. The temporal resolution is ays 'after the 'as?r pulsg. The spectrally resolved §|gnal then
~30 ps. Time resolved PL measurements were made b rovides a good illustration of the temporal evolution of the

spectrallv resolvingresolution of 1 meV the sianal con- Ccarmier distribution among the QD levels. Figure 3 shows the
P y g Y g TRPL spectra for delays up te-3 ns for sampleC. It

tained within a+50-ps window with an adjustable delay. A S0 ;
relatively high spectral resolution is necessary if sharp pho_should be noted that similar PL transients and TRPL spectra

non resonances are present in the spectra. All the opticiere obtained for all the samples, and differences between

pumped Ti-sapphire laser delivering 1.2-ps pulses at 82 MH

spectra were normalized to account for the spectral respon > eez?:rr?lﬂgisv'\ggr?esr?cl)sc:s'ﬁeg' m( ; ehcé I(\a/.b-lt;zen Zt;;%ni;g?ts
of the detection system. " wn n Fig. v

cording to the TRPL spectra shown in Fig. 3 for all delays.

This process is repeated for medium and low excitation
Ill. EXPERIMENTAL RESULTS power.

A. Time-integr r
ime-integrated spectra IV. DISCUSSION

Figure 1 shows the low-temperature time integrated pho- ) ) ) .
toluminescence spectra obtained at high excitation The series of samples investigated here were specifically
(347 Wenr2) from the unannealed QD samplé)( and designed to investigate two outstanding issues rglgtlng to
samples cut from the same wafer and annealed for 10 s QD’S: the existence of a phonon' bottleneck that |nh!b|ts car-
675°C (B), 700°C (C), 750°C D), and 780°C E). rier r_elaxatlon, and tht_a influendé an_y)_of changes in the
Annealing shifts the ground-stat&S) emission energy, dot size and composn_lon on thg radiative decay rates. There
from 1.047 to 1.393 eV corresponding to a maximum bme__have been many previous studle_s that hav_e touched on _these
shift of ~350 meV. Each sample exhibits strong level- ISSUES; but we believe that their conclusions were limited
filing effects, and the separation of the optical transitionsPrimarily by sample range and quality. In what follows we

AE, decreases from 68 meV for the as-grown sample to 1 ill attempt to clarify the situation although, as will become
me{/ for sampleE. Since all the samples exhibit similar clear, a complete resolution will require further experiments.

level-filling behaviors with equally spaced excited states, we
conclude that the QD-like properties are retained after an-
nealing. Under lower excitation conditions, when only The phonon bottleneck was originally proposed to explain
ground-state emission is significant, similar integrated PL inthe poor luminescence efficiency of QD’s produced by pho-

A. Carrier capture and relaxation in annealed quantum dots

155313-2



TIME-RESOLVED STUDIES OF ANNEALED InAs/GaAs ... PHYSICAL REVIEW B3 155313

(b) 104 ps

312 ps

559 ps

780 ps

1274 ps
1638 ps
ps

[

PL Intensity (arb. units)

T T T

1.2 1.3 14
Energy (eV)

FIG. 3. Time-resolved PL from sampl€ at different delay

,"‘\\ times after the laser pulse. The time window was set to 100 ps

: "s,:" (=50 ps about the delay indicated on each specirdimese spec-

_m," i tra are typical of all samples studied. The data are normalized to

< » account for the detector response. These spectra, taken with a good
(\ spectral resolution£1 meV) show that no resonance is observed

in the PL time evolution, and that all the dots in the ensemble have

the same dynamical properties.

-
I
4 56 0123456

Time (ns) Time (ns)
. . . energy. Many experiments have shown that the rise times are
~ FIG. 2. (a) Experimental(dotted ling and (b) modeled(solid  fast, but these are usually performed at very high injection
line) PL decay transients obtained for samfleat excitation den-  (ates that would favor Auger scatterifj2’ which could

sities of 347,12.1, and 1.1 W cr from top to bottom. The decay pjge the phonon bottleneck effect. Moreover, they do not
rate is observed to increase for higher transitions, as expected. T an a wide range afE values. Heitzt al 22 3nd Morriset

modeled data show good agreement with the measured transierﬁ 26 reported relaxation lifetimes of around 40 ps, using

Wlth the correct PL intensity ratio between each transition. By & measurement systems with better temporal resolut®ps),
ducing the carrier density input in the model, the correct drops in

. ” Lo and any slowdown could therefore be detected by our sys-
the PL intensities at lower excitations are also reproduced. - .

tem. Therefore, we have performed experiments at different

tolithographic methods? However, as the results presented excitation densities, particularly low densities (1.1 wWcin
here and in other publications show, self-assembled QD’svhere Auger scattering should be weak, on samples
exhibit relatively high luminescence efficiencies. This im-where AE varies from 68 to 19 meV. Although the LO-
plies that the relaxation is not inhibited in these structuresphonon energies are not well known in QD samples, they are
Relaxation may of course occur via other mechanisms suctisually quoted to lie in the range 28—38 meV. We can there-

as Auger scattering? interactions with impuritie§,or mul-  fore expect a significant slowdown of the rise times for
tiphonon processes® A mechanism involving the presence samplesA andB for which AE is larger than any LO-phonon
of a quasi-continuum in the QD’s was also propoged. energy. A similar effect can be expected for santplevhere

In principle, time-resolved experiments can quantify car-AE is well below the LO-phonon energies.

rier relaxation rates. However, as will be pointed out in Sec. The measured values of the rise times for all the annealed
V, the shape of the decays is fairly insensitive to the exacsamples B—E) are indistinguishable, and close to the tem-
values of the relaxation times between states when thegeoral resolution of our system. In addition, there are no mea-
times are much smaller than the radiative lifetimes. Theresurable differences over the range of excitation levels em-
fore, only the rise times of the PL transients can provideployed (high, medium, or low This implies that the
information on carrier capture and relaxation in most casegelaxation between QD states for this rangeAd (19-43
Given the temporal resolution of our system, we are not ablgneV) is relatively fast(less than 40 pslf the relaxation was

to detect fast rise times which could be due to phonon resanuch faster for sampl€, where AE is close to the bulk
nances or to strong Auger scattering. However, we can detetiO-phonon energy, we could not detect it. However, we do
a decrease of the rise times if they become longer than 40 psee that the relaxation remains fés¢low 40 p$ for samples
The phonon bottleneck effect predicts such a decrease whéhand E, where longer times are predicted, and this is also
the interlevel spacind E is not resonant with a LO-phonon true under low excitation. Therefore, there must be another
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relaxation mechanism occurring in these samples, which, TABLE Il. Decay times of the ground-staterd®®) and first-
from the low excitation results, seems not to be Auger scatexcited-state £7"°%) signals, measured from the decays plotted in
tering. We cannot rule out a mechanism involving interactionFig. 2@ at long times, for sampl€ under different excitations.
with impurities® but it seems unlikely that such defects are
able to interact efficiently with such a wide range of samples. ~ EXxcitation o e
Multiphonon processed. O and LA) remain the most likely level (ps) (ps)
mechanism. For samplg, where the potential is very shal-

i High 701 4
low (70 meV between the GS and the WL/Cdirect cap- 'an 0 05
. . Medium 665 376
ture and relaxation from the CL/WL continuum could also Low 687 449

play a significant role. The as-grown sample exhibits some-
what different behavior than the annealed samples; we mea-

sure a Iongdedr. rjse tirr?e of thel orger of 150 prs]{)(?r its groun(*imating 7, based on the PL transients at high excitation,
ftat(?'f.llln a f|ft|on, this S?mpﬁ oes ”?tdex ! |t|the Strk?,”g/vhere state blocking of the ground and first excited states
evelfilling effects seen for the annealed samples at highgys to plateaus in the detected signal. For the duration of
excitation densitiessee Fig. 1 or the plafteau regions, which ¢ e plateau£1.5 ns), carriers emitted from these states are
are a strong feature of the PL transients of the annealegh, negiately replaced by carriers from higher-lying states,
samples. We believe this is a direct manifestation of slowet, |4 ihese states can be considered full during this time. As-
capture and relaxation in this sample where the separation Q@ ning that the radiative lifetimes of the ground and first

the states is 68 meV. Multiphonon relaxation in this sample,, citeq states are unaffected by the presence of carriers in the

would require the interaction with LA phonons gnd two LO upper statedtherefore neglecting coulombic interactions
phonons(and not one as for the other samp)eghich could the ratio of the PL intensities is given by
in

explain this slowdown. The presence of a quasicontinuum i
the doté* is also consistent with these results. Such a con- I, gy 7o
tinuum might easily extend to the bottom of the potential R= R
when it is shallom(samplesE andD) providing an efficient 0 Gom
relaxation. However, for deep potentials as in sanfpléne A similar method can also be used in cw experiméfishe
continuum of states may not extend to the first excited statgatio of the degeneracies for the two levels is usually quoted
leading to a slower relaxation time from the first excited stateasg; /go=2, and it is then possible to evaluatg knowing
to the GS, resulting in a longer rise time. 79 andR. However, the method requires an accurate estimate
Finally, we would like to point out that the rise times are of R and depends on an accurate normalization of the tran-
a convolution of capture and relaxation between the excitegients using the TRPL spectid.is measured to be 1.6, giv-
states, and only indicate whether the relaxation is fast or nong ;=855 ps for sampl€ [Figs. 2a) and 3. Comparing
An unambiguous determination of the value of the relaxatiorthis with 75, we see that the lifetime of the first excited state
time from the first excited state to the GS requires a pulseds only slightly longer than the GS value. This contrasts with
resonant population of the first excited state and an accuragevious worlké® which deduced much larger differences be-
measurement of the rise time of the GS emission. Furthetween r; and 7, for QD’s with similar emission energies.
experiment are therefore required to clarify this issue. The method presented here to derive the radiative lifetimes
does not rely on a measurement of the decay rate of the first
excited state, and we therefore believe it is more reliable.
B. Radiative lifetimes in annealed quantum dots As pointed out in Sec. Ill, the relaxation times are much

An aspect of self-assembled QD’s, which has not beerfaster than the radiative lifetimes. The random population
extensively studied is the influence of dot size, and compo(RP) modef" then predicts that the measured dee&§*of
sition on the radiative lifetime. The exciton Bohr radius is the first excited state at long times is given by
comparable with the as-grown dot size and this corresponds
to the intermediate confinement regime where the exciton 1 i+ Y0
binding energy is less thaAE. Estimates of the exciton TTeaS_ L Ty
binding energy are in the range 10—20 n&\Aand are com-
parable withAE in the samples annealed at the highest temWhereg is the degeneracy of the GSValues of 71"***for
peratures. Therefore we might expect annealed QD'’s to tendne excited states are extracted from Fig) 2and are listed
toward weaker confinement and the exciton lifetime to dein Table II. Again, there are no significant differences in the
crease with the increase in dot volufie. values obtained for the different excitation conditions. Insert-

The GS exciton lifetimer, can be estimated from the PL ing the values forry, and 77"**into Eq. (2) yields a negative
transients at long times, where feeding from higher-lyingvalue for 7, whengy=2, which is clearly unrealistic. The
states is negligible. The values for sam@eare listed in same applies to the other annealed samples. Other authors
Table 1l, and appear to be independent of the excitatiohave ignored(without justification the factor of 2 in this
level. Extracting values of the lifetime of the first excited equatior?® In our case, the measured values for the decays
state,r;, from the PL transients is a more difficult task, since show that the assumptiaiy=2 cannot be correct. However,
there is feeding from higher-lying states and relaxation to th@ssuminggy=1 leads to a value of,, in good agreement
ground state. Here we present an independent method of esith the one derived earlier. This implies that the dots be-

@

@
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TABLE IIl. Values of the radiative lifetimesin ps) of the tran- 1100
sitions used in the modeling for each sample. The fits are quite 1.0
sensitive to the exact values for the grou@b), first excited(X1), 1000 o x ..'
and second excitedX2) states. However, they are only slightly - “oos] e
influenced by the exact values of the higher-lying states, which are R A i *
consequently less reliable. These states still need to be included g 900
because they act as a reservoir under high excitation. ko
Z 800+
A B C D E g
£ 700-
GS 800 650 600 550 490 °
X1 920 783 720 611 563 =
X2 889 903 812 689 653 600 -
X3 1143 1083 941 917 N/A -
X4 1256 1300 1100 N/A N/A 500 )
T T T

1.0 1.1 1.2 1.3 1.4

have as if the degeneracy of the GS is only 1. One possible GS emission energy (eV)

explanation is that relaxation from the first excited state to

t_he ground state becomes_ Iong when the_ GS is only half- FIG. 4. Low-temperatur€14 K) radiative lifetimes obtained
f'!led (one_ electron-hole pa)erhls observatlon is also con- _from modeled fits to the PL decay transients for the ground state
sistent with phonon-assisted relaxat'on’_ where the SPIcircles and first excited statétriangles, plotted against the GS
should be conserved. To test for self-consistency of our datgymission energyH,). The solid line is the predicted variation of
we have applied the RP model to fit the decay transients. Age GS radiative lifetimer, from Eq.(3), assuming a constant over-
Bimberg and co-workers pointed otftthe results of the |ap. The inset gives the values of the overlap fadtBe|F,)|? de-
models are insensitive to values of relaxation times smalleguced from the experimental values gf and Eq.(3). Dotted lines
than 100 ps. We therefore assume the relaxation times to hge a guide for the eyes.

infinitely fast. The measured decay from the CL/WL is taken

to reflect the temporal evolution of the population of the o,ction in the radiative lifetimes as the dot volume in-
reservoir from which carriers are captured into the dot. A eaqes Extrapolating the trend to the energy corresponding
factor (similar to a generation rat8) is applied to this signal {5 {he CL/WL, where we expect a two-dimensional layer of
to allow for changes in the intensity of the signals at different it rm composition, would lead to a decay time of
excitation levels. The only other input parameters are the_ ,qq ps, in good égreement with values measured for

radiative lifetimes for each transition. The model is then ablqn Ga, _,As/GaAs quantum well23 The radiative lifetime
to predict the shape of the decays and the relative intensitiq§"freqaéntly quoted a4% '

of the signals from different states. Good fits to the data were

obtained for all the samples, but only when assuming degen-

eracies of 1, 2, 3... for the ground, first, second ex- 1 e’Epnw 5

cited states. For each sample, it is also important to include P ﬁKFC“:U)l , (©)]

in the model the exact number of excited statksir for Mo€oCo

sampledA, B, andC, three for sampl®, and two for sample

E) to predict the correct duration of the plateaus. This iswhere Ep is the Kane energytaken to be 22 e)/ n the

reasonable since the duration of the plateau of the GS undéefractive index of the dot materidédaken to be 3.6 w the

high excitation will depend strongly on the number of carri- emission frequency, andF|F,)|? the overlap of the elec-

ers that can be accommodated in the higher excited states #bn and hole wave functions. Assuming a constant overlap

a dot. The fits shown in Fig.(B) are extremely good, and the 7, is inversely proportional to the GS ener@y, and the

lifetimes for each state extracted from the model are listed irsolid line in Fig. 4 shows the predicted decreasefior the

Table Ill. For the model to be self-consistent, the data obannealed samples. However, the agreement with the experi-

tained at medium and low excitation density must also bemnental values is not perfect, and the predicted values are up

fitted by changingG only. These fits are shown in Fig(l8.  to 20% higher for the samples subjected to the highest-

The agreement is again very good for all the samples. Itemperature anneals. The difference can be explained by a

particular, the model predicts the correct changes in the relsslight increase in the overldpF|F,)[> with annealing, and

tive intensities of the states and the duration of the plateauthe inset to Fig. 4 shows the predicted variatio | F,, )|

which disappear for low excitation. Comparing the resultsusing the data forry and Eq.(3). The size of the dots in-

from the three methods—from the decays in the transientssreases with annealing and the diameter can be doubled for

from the plateaus in the PL transients and from the RRhe samples annealed at the highest temperatufehe ex-

model—we see that the agreement is good between the latteiton Bohr radius is comparable with the size of the as-

methods, placing greater confidence in the values obtainedgrown dots and there is penetration into the barrier, an in-
Figure 4 shows values of, and 7, plotted against the GS crease irf(F|F,)|? as the dot increases in size is plausible.

emission energy for all the samples. As expected, there is Binally, 7, is slightly larger thanr, in all the samples, con-

155313-5



S. MALIK, E. C. LE RU, D. CHILDS, AND R. MURRAY PHYSICAL REVIEW B63 155313
sistent with a smaller overlap of the electron and hole waveegions. The values obtained are in good agreement with the
functions in the excited states. results of the random population model, and the effect of the
degeneracies is discussed. Both the ground- and first-
excited-state lifetimes decrease with annealing. This de-
crease is mainly explained by the blueshift of the transitions.
Time-integrated and time-resolved measurements havehe slight deviation from this can be interpreted by an in-
been made on a series of annealed QD samples, where tbeease in the oscillator strengths as the volume of the dots
separation of the optical transitions lies in the range 19ncreases. The relaxation times between states in all the an-
<AE=<68 meV. The discrete nature of the electronic stateqiealed QD’s, as deduced from the PL rise times, are fast,
is not lost as a result of annealing, and the samples exhibivith an upper limit of 40 ps, even under low excitation den-
clear optical transitions from excited states. Using a combisities, implying that there is no strong phonon bottleneck
nation of PL decay measurements and TRPL spectra, the Peffect in self-assembled QD’s. It is likely that multiphonon
transients can be normalized, and values extracted for thecattering on the scale of a few tens of ps is responsible for
lifetime of the GS excitons. The lifetime of the first excited relaxation under these conditions. Only an as-grown sample

V. CONCLUSION

state can be deduced from measurements made at high exeiith a relatively wide intersublevel spacing exhibits a
tation densities where the PL transients exhibit flat plateawslightly slower relaxation.
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