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Optical properties of InAs quantum dots: Common trends
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We compare results obtained in several tens of samples grown by molecular-beam epitaxy under different
growth conditions with a substantial amount of data found in the literature. By plotting the photoluminescence
(PL) peak energy[t,) of the quantum dotQD) bands as a function of the nominal thickness of deposited InAs
(L) three regions are clearly evidenced in tHg, (L) plane. Below the so-called critical thickneskJ,
three-dimensional precursors of QD’s show a smooth dependence of their emission energyrasmdL .,

QD's show a steep dependencegf on L, independent of the growth conditions. Finally, foe2 ML one

observes a saturation of the PL energy. This energy assumes only discrete values dependent on the growth
conditions, which is attributed to the aggregation of quantum dots with different faceting.
[S0163-182609)01311-9

The interest in the properties of self-assembled quantum The self aggregation of 3D QD’s of fixed shape but in-
dots (QD’s) is continuously growing because of the greatcreasing dimensions should begin fox L. and stabilize at
potential of these structures for new devices, in particulafarger L’s. However, QD’s may be shaped like pyramids,
low-threshold current lasers for optoelectronic applicationsyyncated pyramids or lenses, and their aspect ratios, namely,
It is quite important, therefore, to understand completely thgpe pyramid height-to-base ratios, span from 0.1 to 0.6.
dependence of the QD optical properties and morphology ojjqregver, QD's in heterostructures with the same values of
growth conditions and to gain a full control of the dot | gypihjt emission bands with different peak enerdigsand
growth. These goals have not yet been achieved since tge shapes, which is explained in terms of excited states,
results of the large number of theoretical and experimentaljgterent families of dots, or multimodal distributions of dot
works on QD’s seem to be model or sample dependent. g g

From a theoretical standpoint, models for the growth of |, this paper, we present a common key towards a better
pseudomorphic heterostructuriesthermal equilibrium con-ngerstanding of the optical properties of InAs/GaAs QD’s,
dition predict an initial two-dimensional2D) growth. For oo by us or in different laboratories around the world.

thicknesses of deposited 2D layer exceeding a critical \yhen the ensemble of the investigated samples is consid-
value L., the growth evolves into the Stranski-Krastanow g oq  three regions are clearly evidenced in thg,()

(SK) mode. In the case of the widely investigated INAS/GaASy|ane, which correspond to three different growth regimes.
heterostructure, yalues d'f_c ranging .from 1.0 10 1.8 ML | the first regime, for lowk- values, lens-shaped 3D precur-
have been predicted by including in the theory the masgqs of QD's are deposited. In the second regime, 3D QD's
transport, the strain relief, ripening processes, or by takingaqin to grow with sizes and aspect ratios rapidly increasing
|nto’ ?Egount the evolution of stable 2D platelets into,,:i increasingL. In the last regimef, exhibits a weak
QD’s. . . . s . dependence oh, as in the first regime. The photolumines-
From the experimental point of view, a unifying picture of cence(PL) spectra, now, exhibit bands peaked at a number
the results reported in the literature can be hindered by thg¢ qiscrete energies for the same amount of InAs deposited
molecular-beam epitaxyMBE) growth condit_ic_)ng, which layer, as confirmed by comparison with most of the data
normally are far from thermodynamical equilibrium. NON- ¢,nq in the literature A comparison with existing theoreti-
equmblnum effects may then cqntr_|bute sizably to the QD ¢4 models and the analysis of the few cross-sectional high-
formation proces.The QD emission energy depends on eqojtion transmitted electron microscofyRTEM) micro-
growth rates, growth temperaturesT, molecular-beam graphs reported in the literature suggest that those bands are
fluxes,” and on thicknesses, temperatures, and growth techy e 1o emission from pyramidal QD's with facetings related
niques of GaAs cap layefs:'® The change from 2D to tg the growth conditions.
three-dimensional(3D) morphology, therefore, is more e have performed PL measurements on several series of
subtle and complex than in a simple SK pictiteand ex-  |nAs/GaAs structures grown by MBE or atomic layer MBE
perimental values df ; reported in the literature range from- (ALMBE) (Ref. 19 in different Varian Genll chambers, un-
less than 1 to 1.8 M8 der various conditions. Samples in the first seESB),
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FIG. 2. Peak emission energieslvef the main bands observed
in the present work in the PL spectra of samples grown by MBE or
ALMBE under various conditions. Dashed lines are guides to the
eye and define three different regions in the plane. Cross-sectional
HRTEM micrographs have been obtained for samples labeled by
capital letters.

FIG. 1. PL spectra of some InAs QD’&a) Four samples with
similar InAs coveragel.~3 ML. Samplesa, 8, and § have been
grown by MBE under different conditions, sample has been
grown by ALMBE. (b) Samples from theS series, with various
values ofL in regions Il and IIl.

grown at the Fondazione Ugo Bordoni, consist of a singlep|. spectra of the samples in region Il often exhibit rich
InAs quantum well with 0.6<L<2 ML, grown at stryctures like those shown in Fig(kl and the spectral
420°C'2% The other samples have been grown at CNR+weight shifts from higher to lower energy for increasing
MASPEC. Those prepared by MBE consist of QD’s depos- In region Il (L=2 ML), the rate of change d&, with L

ited at 500 °C(seriese,B,y) and at 520 °C(§) and GaAs goes back to that observed fors1.5 ML, with the excep-
cap layers grown at 350°C for 5 ML and then at 600 °Ction of the ALMBE samples whose emission energy is the
(a,B) or entirely at 500 °Qy) or at 520 °C(5). The ALMBE  lowest among all investigated samples and is independent of
structures {) have QD’s and caps grown at 460 °C and atdeposited InAs layer, at least fr=2 ML. Each series of
360°C, respectively. The growth of part of caps at low samples gives rise to an independent set of emission ener-
temperatures is aimed at reducing the interaction betweegies. Only discrete values of the QD emission energy can be
dots and caps. The samples have been obtained in a single-observed for a fixed..

growth process by keeping the substrate fixed at a tilt angle In Figure 3, values oE,, taken from the literaturé2'-2

with respect to the molecular beafisThis has allowed us to have been plotted vk. Data refer to InAs QD’s grown by
study samples with 1.2 ML =< 2 ML but otherwise iden- MBE, under the most different and uncorrelated conditions
tical. All PL measurements have been performed at 10 Kpf growth. Only one samplef, has been grown by low-
with excitation wavelengths of 488 or 780 nm. pressure metal organic vapor phase epitdx§-MOVPE).?2

In Fig. 1(a), we show the PL spectra of four samples, all
with the same InAs coveragé -3 ML). The peak energy 1.5 .
of the QD band changes by about one tenth of an eV from e
sample to sample. The band centered-dt2 eV exhibits a o
fine structure, which seems less evident in the other bands, Ve M
although they are all 50-meV wide. In Fighl, we show the s ae
PL spectra of thed samples withL ranging from 1.7 to 3.1 1.3f o
ML. The PL spectra are now characterized by the presence
of a few QD bands. Some band shows a fine structure, as
found for the 1.2 eV band in Fig.(8).

The peak recombination energies of the most intense QD
PL bands observed in our samples are reported in Fig. 2 as a 1.0F
function of L. Different symbols refer to different series of
samples. Most surprisinglyhe peak energies follow a well- LA
defined patternas shown by the dashed lines, guides to the 1 2 3 4
eye, which define three different regions — I, I, and Ill —

in the (E,,L) plane. o , FIG. 3. Peak emission energies isof the main PL bands

In region | (L=1.5 ML), the recombination energies de- \oported in the literature for samples grown by MBE, with the ex-
pend linearly orL, with a slope of the order 40 meV/ML.  ception of sampleA, grown by LP-MOVPE. Data given by open

In region Il (1.5sL=2 ML), namely, around the critical circles have been taken from Ref. 7, all others from Refs. 18,21—26.
thicknessE, changes much faster with(about 0.6 eV/ML  The dashed lines are exactly the same as in Fig. 2. Cross-sectional
than in region | and all data lie roughly on the same straighHRTEM micrographs have been reported for samples labeled by
line. Under proper excitation and detection conditions, thecapital letters.
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The dashed lines are exactly the same as in Fig. 2. The agregteeper slope dE, vs L in region Il is related to the coinci-

ment between the data taken _from the literature and_the b&ent change of both QD dimensions and shajiestead of
havior observed for our data is excellent, thus providing &jimensions only, as it occurs in regions | and.IBeveral
strong, additional evidence that thB{,L) plane is intrinsi-  y no of QD's can coexist in this region, as shown in Fig.
caI_Iy divided into threg regions, the third one being chara_c—l(b)_ A fast change of, with L in region Il has also been
terized by the same discrete allowed values of the QD em'sr'eported in Ref. 7 for gamples grown by keeping the sub-

sion _energy at fix_edL Qetermined from Fig. 2. The qyate fixed at a tilt angléas done for oury sampleg For
soqndness of this P'C“!re IS fL_thher supported by the Obsel't'hose samples, the slope Bf vs L was decreasing with the
vation t_hat sample; with similarg,, L) _values have a]so growth rateRg . The data reported as open circles in Fig. 3
similar line shapes, i.e., the same full width at half maximum ..o peen obtained in samples grownRa~0.1 MLs, a

. . - 7 . 1
(FWHM) and band multiplicity. value close to that used to grow our samples. In this case, the

An intrinsic, most likely morphological, property of the ; ;
InAs/GaAs heterostructure should characterize regions |, ”Fs)lroer;in\{v?esséﬁgghly 0.65 eV/ML, in good agreement with

and lll. Let us start our discussion from region Ill. A few of Let us now make a comment on the critical thickness
the samples reported in Figs. 2 and 3 have been characterlzggncept_ Region Il should reduce to a vertical line if the

both optically and morphologically by cross-sectional _ ... : . L
28 2 . critical thicknessL . were independent of growth condition.
HRTEM.=® These samples are indicated by capital letirs As a matter of fact, the data reported in Fig(s2eg and 8

F, A M, S N, andG and their results have been reported inserie;‘. show that. . depends on growth temperature, at least
_ . y - C L 1
Refs. 20,2226, respectively. QD's in samplenave (410 in agreement with a theoretical model that takes into account

lateral surfaces and an aspect rati®.12 (0.10 in sample . . ;
L . mass transfet Moreover, this model predicts an exponential
B). SamplesSandN have QD's with(113) [and(114) in the increase of the QD density with the InAs coveragEhus,

case of sampl@&l] lateral surfaces, while QD’s in samp(@ e : : . . ; .

. . the critical thickness is an experimentally ill-defined quantity
have(110) or (320 lateral surfaces. Finally, an aspect ratio g, o ¢ depends othe sensitivityof the technique used to
of 0.6 has been reported for samge Therefore, different measurd. . 30

-

dot lateral faceting characterizes the samples connected In In conclusion, a systematic analysis of the PL spectra in

region Il by the four different dashed lines in Figs. 2 and 3. roperly prepared sets of samples has allowed us to find
This picture is quite consistent with theoretical estimates o ell-defined trends in the QD peak emission energyLvs

em|SS|_(()jn Ienre]:rgleskt)aquallto 1”2] 1.1, ?rt1d 1.103?\/ for Qgsl";"thrlhese trends are common to the most part of the data re-
pyramidal snape, base length equal to o nm, and fa er%orted in the literature for samples grown by MBE. Initially,
faceting(510, (113, or (110, r.esp'ectwelf The calculated for low-L values, 3D precursors of QD’s start to grow. They
dependence d&, on the QD size is barely dependent on thehave a lens shape, lye on a well-defined wetting layer and are

QD shape(an_d likewise the dashed lines in_region lll are capable to localize free carriers. Then,laBicreases, QD’s
paralle), and is of th_e order of .32 m_eV{nm_. This slop'e WQUId begin to develop with shapes that tend to be pyramids with
correspond to a quite sharp size distribution of QD.S' with Facet orientations, which depend on growth conditions. Fi-
vanar;cg ]?f 0.7Dng1Lfkc))r adFWHM .Of olrltljer 50g1e\)/i l.e., that nally, for higher values oL, single families of pyramidal
repLorte or Qd' ands n r?glog " ’_I:i?epl'_ga . fQD’s with “equilibrium,” growth-dependent shapes domi-

€L us now discuss regions 1 and 1. 1he EMISSIONS O 546 the dot ensemble. Only a discrete number of QD emis-
samples witfL in regloréol (see Figs. 2 and)3are related to sion energies can, therefore, be observed for a fixethis
SEhprecur;sorls of QD t TT.ey aref Ienz-sfhaped structgres picture is supported by cross-sectional HRTEM and is con-
with a quite low aspect ratio, as found for samiean sistent with theoretical predictions. Finally, the lowest emis-

(s\t/\r/tln_r)\gl_)ll_h|ntern'<:11ictlr;gnWI:hl t'?ed l:ndti”y'gg \;vettl:lg rlayer;] bsion energy has been obtained, at least to the best of our
- Ihe emissions refated 1o the precursors ca Enowledge, for ALMBE grown samples. Its value is inde-

seen only for samples grown at the lowest temperaturg -, 2%~ = o compatible with the exploitment of

(420t C) an?l are SO'T‘et tgnts %Ir_’nev lower than those of th nAs/GaAs QD’s for devices centered at the second window
guantum wells associated to . of optical fibers?

For L increasing in region Il, the QD shape evolves from
that of the precursors in region | towards those in region Il We thank A. Patanand A. Polimeni for the contribution
defined by lateral facets whose orientations are related to thgiven at a preliminary stage of this work. This work was
growth conditions, as discussed above. Dots in region llpartially supported by CNR PF-MADESS. One of the au-
therefore, have aspect ratios and PL emission energies lyirthors(A.S.B)) is grateful to the ICTP-TRIL for financial sup-
between those of 3D precursors and pyramidal QD’s. Theort.
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