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InNAs/GaAs quantum dots

C. A. Duarte, E. C. F. da Silva,? A. A. Quivy, M. J. da Silva, S. Martini, and J. R. Leite
Instituto de Fsica da Universidade de 8aPaulo, CP 66318, 05315-970 &®aulo, SP, Brazil

E. A. Meneses and E. Lauretto
Instituto de Fsica Gleb Wataghin, Universidade Estadual de Campinas, CP 6165, 17083-970 Campinas,
SP, Brazil

(Received 7 October 2002; accepted 27 February 003

PhotoluminescendéL) spectroscopy and atomic-force microsc@py¥M) were used to investigate

the size evolution of InAs quantum dots on G&2®l) as a function of the amount of InAs material.
Different families of islands were observed in the AFM images and unambiguously identified in the
PL spectra, together with the signal of the wetting layer. PL measurements carried out at low and
intermediate temperatures showed a thermal carrier redistribution among dots belonging to different
families. The physical origin of this behavior is explained in terms of the different temperature
dependence of the carrier-capture rate into the quantum dots. At high temperatures, an enhancement
of the total PL-integrated intensity of the largest-sized quantum dots was attributed to the increase
of diffusivity of the photogenerated carriers inside the wetting layer.2@3 American Institute of
Physics. [DOI: 10.1063/1.1568538

I. INTRODUCTION QDs to the wetting layer and/or GaAs barriéts*? An un-
usual enhancement of the PL signal coming from the QDs
was attributed to the gradual release of electrons from traps
25 the temperature was incread&d@he tunneling of carriers
MSetween dots has also been invoked to explain the unusual
reduction of the PL linewidth with increasing temperature
ap?%d to justify the faster redshift of the QDs’ emission energy

heterostructures have now . characteristics as good ith respect to the band gap of the bulk material constituting
quantum-well(QW) based devicesThese QDs are sponta- the QDs>*

neously formed during the epitaxial growth of strained layers
and consist of small three-dimensioné3D) islands of
strained material that start to develop on top of a two

Self-assembled InAs/GaAs quantum dd@Ds) have
been intensively investigated because they represent intere
ing systems for fundamental physics and became quite i
portant to the development of deviceas far as technologi-

In the present work, we carried out PL and atomic-force
microscopy (AFM) measurements on QD samples grown
) : . o . ‘with different InAs coverages but using a special structure
dimensional(2D) wetting layer(WL) above a_crltlcal th'CI.(' that allowed the investigation of the optical and structural
nessqc as a consequence of the accumu_lanon of elastic erBroperties of the QDs in the same sample. We observed that
ergy in the epitaxial layer. The morphalogical structure of thequasi—three—dimensional islands were present below the usual

InAs layer is maml_y determined by the amount of InAs Ma- critical thicknesdd, and acted as the precursors of the usual
terial (d,as) deposited on the surfaddyut also depends on

. QDs, as already observed by Heiral® Such structures
other growth parameters like the growth temperatig) (*° . . e :
Vil fI?Jx ratiop6 InAs deposition r%té as Wellpas the@t)kgick- confine carriers and give rise to bound states with an energy

. lower than the one of the wetting layer. They can be detected

ness,8 S’gemperature, and growth technique of the GaAs “aR the PL spectra, together with the emission coming from

layer.. the WL and the other families of QDs. We also pointed out
Although several works have already been devoted e influence of the temperature on the capture rate of the

studying the fundamental properties of quantum dots, there i hotogenerated carriers by the quantum dots and clearly evi-
no consensus about the mechanisms that govern the radiati &nced the carrier diffusion inside the wetting layer

recombination processes of photogenerated carriers in
temperature-dependent photoluminesceribé) measure-
ments. An unusual temperature dependence of the emissidh EXPERIMENTAL DETAILS

energy, of the full width at half maximum, and of the inte- All the samples were grown in a Gen Il MBE system on
grated intensity of the emission peaks related to the radiatiw&)p of an epi-ready GaA801) substrate that was fixed on a
recombination of confined carriers in QDs have already beeﬂmlybdenum block with liquid indium. The structure con-

reported:”™* The PL-intensity quenching with increasing gisted of a 0.25:m-thick GaAs buffer followed by an InAs
temperature is commonly attributed to nonradiative recombiTayer with a (nomina) thicknessd, s, a 0.10xm-thick
nAs» .

nation centers or to the thermal escape of carriers from thgs; as parrier and, on the top, a second InAs layer identical to
the first one. After the growth of the GaAs buffer at 570 °C,
dElectronic mail: euzicfs@macbeth.if.usp.br the substrate temperature was increased to 610 °C to smooth
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6280 J. Appl. Phys., Vol. 93, No. 10, 15 May 2003 Duarte et al.

1504 93DS (a) SQDs (b)

100- 201 it

A

o
|
_
o

~ SQDs LQDs | LQDs

1 Mk

[T1
20 40 60 80 100 O 20 40 60 80 100

o

Density of QDs (um‘z)

SQDs (o) g0 LQDs (d)
LQDs
20 I I
| i 60+
I 401
104
FIG. 1. 1X1 um? AFM images showing the surface morphology of the top ‘
InAs layer for the samples with a coverage(af 1.50, (b) 1.75, (c) 2.00, 204
and(d) 2.50 ML. The total gray scale of the respective images is 100, 200,
300, and 300 A. SQDs
0 H | H 0 .—J‘l—n‘ﬂﬂﬂ
h ‘ dl d 510°C | q d it the i 0 20 40 60 80 100 O 20 40 60 80 100
the surface and lowered to °C in order to deposit the firsi . 2 ; A
b Height (A) Height (A)

InAs layer. The first 100 A of the second GaAs barrier were
grown at 510°C and then the temperature was increased t9G. 2. Height histograms of the structures detected in the respective images
570°C to grow the rest of the barrié®00 A). The smooth-  of Fig. 1. The different types of families are indicated by SQ&sall QD3
ing procedure of the GaAs surface was realized once agairfePs (large QD$ and Q3Ds(quasi-3D clusters
before the growth of the second InAs layer. A growth rate of
0.1 monolayer per secondiL/s) and 1.0 ML/s were used
for the InAs and GaAs material, respectively, together with
an arsenic beam-flux equivalent pressure o186 © Torr. ~ Shown herg showed that there were no QDs, as expected.
A set of five samples was grown with a different value of With further InAs deposition dj,as=1.50 ML), an accurate
d,na from sample to sample: 1.00, 1.50, 1.75, 2.00, and 2 5@nalysis of the image and size distribution revealed the pres-
ML. In the rest of the text, each sample will be designated byence of three different types of structures. The largest QDs,
the nominal thicknesd,,as of its InAs layer. with an average base=338 A, average heiglit=69 A, and
The structural data of the quantum d¢gize distribution — areal densityD,=2 um~2 will be referred to here akrge
and density were obtained in ambient conditions with a QDs(LQDs). A second family of QDs with the same density
Nanoscope llla AFM, from Digital, operating in contact as the previous one, but with a smaller size=(200 A, h
mode with a sharpened tip located at the apex of a “V"- =28 A) was denominated asmall QDs (SQDS. Although
shaped S|I|con-n|tr|_de canglever. Optimized _feedback parampoth types of QDs can not be called a family at the current
eters and a weak interaction between the tip and the samplgage of their evolution, we shall show briefly that they will
led to high-quality and reliable images that allowed the in-turn into two distinct families in the samples with a larger
vestigation of %he QD morphology as a function of the InAs-|nAs thickness. In thedj,as=1.50 ML sample, these two
f|In;|_ th:cknes?. tThe P'; meaiﬁrlc_em(_edn';]s \lfyerefperfolrrzt?[d ';‘O%nfamilies coexist with a much larger densityD{=316
optical cryostat operating with iquid Netium from =4 to wm™?) of even smaller structureb €& 157 A, h=7 A) with
K. The samples were excited with the 5145 A line of an . . .
; ; a height of 2—4 ML that will be called quasi-3@3D) clus-
argon laser at a power density of 100 Wfcrithe lumines- : . . ‘
: ters, in analogy with the terminology adopted in Ref. 3.
cence signal was analyzed by a monochromator and detecte . .
For the samples with a larger amount of InAs material,

by a Ge detector cooled with liquid nitrogen. the AFM images pointed out an increase of the density of the
SQDs and LQDs and a decrease of the density of the Q3D
clusters, indicating that the latter act as the precursors of the

Figure 1 shows the AFM images recorded on the toptwo families of larger QDs, as already observed by Heitz
InAs layer of four samples of the set and Fig. 2 reports theet al® Indeed, in our AFM images the total QDs’ density in
height distributions of the QDs in the respective images othe last sample dj,as=2.50 ML) is roughly equal to the
Fig. 1. For the sample witl,,,s=1.00 ML, the imagegnot  density of Q3D structures in samptg,as=1.50 ML. The

IIl. QUANTUM-DOT SIZE DISTRIBUTION
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FIG. 3. 2 K PL spectra of all the samples of the set with an InAs coverage
of (a) 1.00,(b) 1.50,(c) 1.75,(d) 2.00, and(e) 2.50 ML. The samples were

excited with a power density of 100 W/@and a photon energy of 2.41 eV. FIG. 4. Temperature-dependent PL spectra of the sample with an InAs cov-

erage of 1.50 ML. The measurements were carried out with a power density
of 10 W/cn? and a photon energy of 2.41 eV. The dotted lines connecting

. . L the peaks are only a guide to the eyes.
sequence of height histograms clearly shows that, initially, P vads Y

the Q3D structures are transformed into SQDs that, with fur-

ther InAs deposition, tum into LQDS. Fafinas=2.00 ML, from the Q3D clusters observed in the AFM images. This

the two families of SQDs and LQDs coexist, as shown in . 3
. . . . _ peak was previously observed by Hegtzal” in QD samples
Fig. 20), and differ only by the mean height of their mem with 1.15 and 1.5 ML of InAs and also related to the pres-

bers. Since the LQDs already reached their maximum allow- : : .
able size, due to strain-energy considerations, they can n&t'c¢ of Q3D clusters. Since in this type of structure the

grow further and their size does not change during the whol O;:T:tr;;}t a'tlr?;gatrr:aeu\slsglllca(lso?":;?gg?end ':S rcgfhthsitrzont?:r:
evolution of the QDs until their coalescence, as already Y, they y y q

pointed out by da Silvaet all® In the last stages of their ?Q:,SWZE (;/Vltr;;;/vdldttoh ;f Ze;:rl &?owﬁﬁzeem'?;fomzva
evolution (d,,as=2.5 ML), there is a significant increase of : xp bp W 1SS!

the density of the LQDs at the expenses of the SQDs as Caﬁqlso csnglgtered as a QW with a width of 1 Mtlue to their
be seen in Fig. @). arglEir erlug ampled, ,.=1.75 ML, the emissi lated

Although the QDs on the bottom InAs layer are morpho- the V\?[ ;ne dsargpQZEI)nAsst:uc:[ures a{rte ﬁ:?;'ssfrnsbrsee?&to
logically different from the ones of the top layéyecause of 9

the extra GaAs cap laygrwe expect their evolution to be iﬂpl_e)c trt?](c)_(e?]' _Incre?smg t;he SInABs covgraL\geiﬁgAth.OO
similar” We shall show in Sec. IV that all the features of the M=) thé emissions from the SQDs and LQBispectrum

. . . .. _(d)] have comparable intensities due to their similar areal
top QD layer observed in the AFM images can be |dent|f|eu( : . .
in the PL spectra of the buried structures as well, density[Fig. 2(c)]. When the density of the SQDs decreases

with further InAs coveraged;,as=2.50 ML), only the emis-
sion of the LQDs is observeldpectrum(e)] since the areal
density of the LQDs is several times larger than that of the
A PL spectrum recorded dt=2 K is presented in Fig. 3 SQDs.
for each sample of the set. The narrow peak at 1.476 eV PL measurements on the samplgas=1.50 ML as a
[spectrum(a), d;,as=1.00 ML], which evolves into a wider function of temperature exhibited a very interesting behavior
peak at 1.450 eV with increasing InAs depositi@pectrum and will be discussed now. The emissions related to the
(b), djnas= 1.50 ML] is attributed to the recombination of the LQDs and SQDs were clearly observed together with the
heavy-hole exciton in the WL. The redshift of the WL peak signal coming from the WL and Q3D islands when the opti-
is associated with the increase of the mean width of the 2[zal measurements were performed as a function of tempera-
layer with further InAs coverage. The PL spectrum of theture with a lower excitation poweiR(,,.= 10 W/cnt) than in
sample with 1.50 ML of InAs also revealed two emissionsFig. 3. These PL spectra are shown in Fig. 4 where it is
around 1.42 and 1.32 eV. The nature of the 1.42 eV peak wgsossible to observe that the peaks related to the LQDs and
recently ascribed in the literature to carrier localization insideSQDs are already well defined and appear in the same spec-
In-rich islands located at the second interface of an InGaAsral region as the ones observed in the samples with a higher
QW (i.e., of the InAs WL in our cageas a consequence of In InAs coverage. Only the tail of the intense WL peak is
segregatiort® We attribute the 1.32 eV peak to the emissionshown in order to better visualize the weaker emissions com-

IV. PL MEASUREMENTS
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ing from the other structures. We can see that, with increassiency at low temperature, there will now be a stronger es-
ing temperature, there is a quenching of the Q3D clusters anchpe of the carriers from the smallest QDs with increasing
WL emissions, meanwhile the emissions from the LQDs andemperature. In this way, when the sample temperature is
SQDs become the most pronounced features. Although theised, the capture process of carriers by the smallest struc-
areal density of the LQDs and SQDs are similar in thistures(Q3D island$ is no longer efficient, yielding a gradual
Samp|e 5a: 2 Mmfz) and much smaller than the one of the transfer of the PL intensity from the highest-energy peaks to
Q3D clusters, in the temperature rangesZ<136 K the the lower-energy ones, as observed in our optical data. The
peak ascribed to the SQD emissions is more intense than tfact that the integral of the PL intensity remains almost con-
other ones, whereas beyofid=136 K the LQD peak be- stant from 2 to 136 K together with the observation that, at
comes dominant in the PL spectra. high temperature, the LQD peak becomes dominant in the
It is clear that, when the temperature is increased, therBL spectradespite the very low areal density of those struc-
is a gradual transfer of the PL intensity from the high-energytures confirm that the transfer of carriers between different
to the lower-energy peaks, indicating that the largest-sizetemilies of QDs originates mainly from the different tem-
QDs become the main recombination path. This behavioperature dependency of the carrier-capture probability of the
reflects the influence of temperature on the capture rate of theonfining structures, instead of other thermally activated pro-
photogenerated carriers by the quantum dots and can be eesses. For instance, it is important to point out that, in this
plained as follows. The capture process consists of two egample, the carrier tunneling between individual quantum
sential parts: the transport of carrides real spatial transfer dots does have a minor contribution to the transfer process
of carriep to the close proximity of a QD and their energy because the average distance between neighboring QDs was
relaxation from the fundamental state of the WL to the low-estimated to be about 600 A. In such conditions, resonant
est discrete energy level in the InAs QD. If the incidentand assisted interdot tunnelingy static defects or lattice
radiation has an energy larger than the band gap of the GaAdbrations become very ineffective due to the small overlap
material, essentially all the carriers are generated into thBetween the envelope functions of spatially distant &ots.
thick GaAs barriers surrounding the InAs layers. However,  For temperatures above 136 K, an anomalous increase of
we observe that the emission from the thin WL is severathe integrated PL intensity by a factor of 4 was observed
orders of magnitude larger than the GaAs emission, meaninpstead of the usual reduction of the optical signal resulting
that there is a strong diffusion of the carriers from the GaAdrom the nonradiative transitions that are more pronounced at
barriers to the WL. Once inside the WL, the excess energy olfigh temperatures. This peculiar behavior is a direct mani-
the carriers is released either by a féstv ps emission of festation of the diffusion enhancement of the photogenerated
optical phonons or by a much slower emission of acousticarriers inside the WL. At such temperatures, the escape of
phonons® During this relaxation time, the carriers are ablethe carriers out of the Q3D structures is so strong that they
to move freely over a long distance within the WL, will most can only recombine through the QDs. Although the areal
probably pass in the near vicinity of a strong capturing centedlensity of those structures is very low, the carriers can now
(a QD or a Q3D structupeand, in order to be trapped, will be diffuse over very long distances and encounter new LQD and
obliged to relax in energy. Since the main temperatureSQD structures that were not accessible at lower tempera-
dependent contribution to the capture process is due to phadre. This enhancement of the effective diffusivity of the car-
non scattering, the capture probability by the QDs will beriers in the WL with temperature thus yields an increase of
inversely proportional to the number of phonons involved inthe PL intensity of the largest QDs.
the relaxation mechanism. Thus, at low temperature, the Yoon et al?® showed that an increase of the carrier dif-
larger QDs will have a lower capture rate due to the largefusion in QWs could be obtained by increasing the lattice
energy difference between the onset of the WL and the QRemperature or the energy of the photon used to excite the
transition energies. Indeed, time-resolved PL studies showeshmple. Thus, a simple way to confirm that the anomalous
that larger InAs QDs have a much larger rise tith66 p3?®  temperature behavior of our PL data is due to an enhance-
for the ground state luminescence than small @®p9,2t  ment of the carrier motion in the WL is to excite the sample
showing the faster capture rate of the carriers from the Wlwith a laser radiation whose energy is quasiresonant with the
into the smaller QDs. Although these data were obtained iWL emission in order to minimize the kinetic energy of the
different experimental conditions, a large QD will always carriers injected in the sample. In such experimental condi-
have a longer rise time than a smaller QD when they ar¢ions, the thermalization time will be very small and the car-
simultaneously probed in the same samfale we did here  riers will not be able to diffuse over long distances before
because the rise time is mostly related to the carrier diffusiomeing captured. The results of such an experiment are shown
within the WL and to the energy relaxation toward the lowestin Fig. 5 where it can be seen that the emissions of the LQDs
discrete level of the QD. Since the latter phenomenon is @and SQDs do not become the dominant features in the PL
multiple-phonon process, a large QD will need morespectra as a function of temperature, unlike in Fig. 4. Since
phonons than a smaller one because the difference betwedre carriers are excited with a very low kinetic energy, they
the WL energy level and the lowest level of the QD is larger.are almost immobile and no strong enhancement of the dif-
With increasing temperature, there is a competition befusion takes place in the WL. In this way, a real spatial
tween the energy loss of the carriers by phonon emission angansfer of carriers to the vicinity of remote LQDs and SQDs
the energy gain by phonon absorption. So, for the same red suppressed. For structures with a low density of quantum
sons that led the smaller QDs to have a higher capture effdots, Wanget al?* estimated a very large capture time of 350
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LQD; . SQDIs ' ' ' emissions we were able to observe a redistribution of carriers
Q3D among different dots’ families that occurred through their
transfer inside the WL. We observed that the efficiency of the

130 K (x 100) capture(or emission process intgout of) the different QD
structures determined the behavior of the QD optical emis-

)

-‘2 100 K (x 20) sions: in the 2T=136 K range, carriers confined within the
> smaller structures are thermally activated to the WL, diffuse
-CEU laterally, and then are retrapped by the lower-energy states of
< 75K (x 10) the larger quantum dots. We also showed that the increase of
= the total integrated PL intensity f@r>136 K was due to the
S 50 K (x 2,5) enhanced lateral diffusion of carriers to empty neighboring
I= dots out of the area illuminated by the pumping laser.
T [k
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