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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 (Ep) of the quantum dot~QD! bands as a function of the nominal thickness of deposited InAs
~L! three regions are clearly evidenced in the (Ep ,L) plane. Below the so-called critical thickness (Lc),
three-dimensional precursors of QD’s show a smooth dependence of their emission energy onL. AroundLc ,
QD’s show a steep dependence ofEp on L, independent of the growth conditions. Finally, forL*2 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.
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The interest in the properties of self-assembled quan
dots ~QD’s! is continuously growing because of the gre
potential of these structures for new devices, in particu
low-threshold current lasers for optoelectronic applicatio
It is quite important, therefore, to understand completely
dependence of the QD optical properties and morphology
growth conditions and to gain a full control of the d
growth. These goals have not yet been achieved since
results of the large number of theoretical and experime
works on QD’s seem to be model or sample dependent.

From a theoretical standpoint, models for the growth
pseudomorphic heterostructuresin thermal equilibrium con-
dition predict an initial two-dimensional~2D! growth. For
thicknesses of deposited 2D layerL exceeding a critical
value Lc , the growth evolves into the Stranski-Krastano
~SK! mode. In the case of the widely investigated InAs/Ga
heterostructure, values ofLc ranging from 1.0 to 1.8 ML
have been predicted by including in the theory the m
transport, the strain relief, ripening processes, or by tak
into account the evolution of stable 2D platelets in
QD’s.1–5

From the experimental point of view, a unifying picture
the results reported in the literature can be hindered by
molecular-beam epitaxy~MBE! growth conditions, which
normally are far from thermodynamical equilibrium. No
equilibrium effects may then contribute sizably to the Q
formation process.6 The QD emission energy depends
growth rates,7 growth temperaturesTG , molecular-beam
fluxes,8 and on thicknesses, temperatures, and growth te
niques of GaAs cap layers.1,9,10 The change from 2D to
three-dimensional~3D! morphology, therefore, is mor
subtle and complex than in a simple SK picture,11 and ex-
perimental values ofLc reported in the literature range from
less than 1 to 1.8 ML.12–18
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The self aggregation of 3D QD’s of fixed shape but i
creasing dimensions should begin forL>Lc and stabilize at
larger L ’s. However, QD’s may be shaped like pyramid
truncated pyramids or lenses, and their aspect ratios, nam
the pyramid height-to-base ratios, span from 0.1 to 0
Moreover, QD’s in heterostructures with the same values
L exhibit emission bands with different peak energiesEp and
line shapes, which is explained in terms of excited sta
different families of dots, or multimodal distributions of do
sizes.

In this paper, we present a common key towards a be
understanding of the optical properties of InAs/GaAs QD
grown by us or in different laboratories around the wor
When the ensemble of the investigated samples is con
ered, three regions are clearly evidenced in the (Ep ,L)
plane, which correspond to three different growth regim
In the first regime, for low-L values, lens-shaped 3D precu
sors of QD’s are deposited. In the second regime, 3D Q
begin to grow with sizes and aspect ratios rapidly increas
with increasingL. In the last regime,Ep exhibits a weak
dependence onL, as in the first regime. The photolumine
cence~PL! spectra, now, exhibit bands peaked at a num
of discrete energies for the same amount of InAs depos
layer, as confirmed by comparison with most of the da
found in the literature. A comparison with existing theoreti
cal models and the analysis of the few cross-sectional h
resolution transmitted electron microscopy~HRTEM! micro-
graphs reported in the literature suggest that those band
due to emission from pyramidal QD’s with facetings relat
to the growth conditions.

We have performed PL measurements on several serie
InAs/GaAs structures grown by MBE or atomic layer MB
~ALMBE ! ~Ref. 19! in different Varian GenII chambers, un
der various conditions. Samples in the first series~FUB!,
7620 ©1999 The American Physical Society
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grown at the Fondazione Ugo Bordoni, consist of a sin
InAs quantum well with 0.6 <L<2 ML, grown at
420°C.12,20 The other samples have been grown at CN
MASPEC. Those prepared by MBE consist of QD’s dep
ited at 500 °C~seriesa,b,g) and at 520 °C~d! and GaAs
cap layers grown at 350 °C for 5 ML and then at 600
~a,b! or entirely at 500 °C~g! or at 520 °C~d!. The ALMBE
structures (z) have QD’s and caps grown at 460 °C and
360 °C, respectively.9 The growth of part of caps at low
temperatures is aimed at reducing the interaction betw
dots and caps. Theg samples have been obtained in a sing
growth process by keeping the substrate fixed at a tilt an
with respect to the molecular beams.13 This has allowed us to
study samples with 1.2 ML&L& 2 ML but otherwise iden-
tical. All PL measurements have been performed at 10
with excitation wavelengths of 488 or 780 nm.

In Fig. 1~a!, we show the PL spectra of four samples,
with the same InAs coverage (L;3 ML!. The peak energy
of the QD band changes by about one tenth of an eV fr
sample to sample. The band centered at;1.2 eV exhibits a
fine structure, which seems less evident in the other ba
although they are all 50-meV wide. In Fig. 1~b!, we show the
PL spectra of thed samples withL ranging from 1.7 to 3.1
ML. The PL spectra are now characterized by the prese
of a few QD bands. Some band shows a fine structure
found for the 1.2 eV band in Fig. 1~a!.

The peak recombination energies of the most intense
PL bands observed in our samples are reported in Fig. 2
function of L. Different symbols refer to different series o
samples. Most surprisingly,the peak energies follow a wel
defined pattern, as shown by the dashed lines, guides to
eye, which define three different regions — I, II, and III —
in the (Ep ,L) plane.

In region I (L&1.5 ML!, the recombination energies de
pend linearly onL, with a slope of the order 40 meV/ML.

In region II (1.5&L&2 ML!, namely, around the critica
thickness,Ep changes much faster withL ~about 0.6 eV/ML!
than in region I and all data lie roughly on the same strai
line. Under proper excitation and detection conditions,

FIG. 1. PL spectra of some InAs QD’s.~a! Four samples with
similar InAs coverage,L;3 ML. Samplesa,b, andd have been
grown by MBE under different conditions, samplez has been
grown by ALMBE. ~b! Samples from thed series, with various
values ofL in regions II and III.
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PL spectra of the samples in region II often exhibit ri
structures like those shown in Fig. 1~b! and the spectra
weight shifts from higher to lower energy for increasingL.

In region III (L*2 ML!, the rate of change ofEp with L
goes back to that observed forL&1.5 ML, with the excep-
tion of the ALMBE samples whose emission energy is t
lowest among all investigated samples and is independen
deposited InAs layer, at least forL*2 ML. Each series of
samples gives rise to an independent set of emission e
gies. Only discrete values of the QD emission energy can
observed for a fixedL.

In Figure 3, values ofEp taken from the literature18,21–26

have been plotted vsL. Data refer to InAs QD’s grown by
MBE, under the most different and uncorrelated conditio
of growth. Only one sample,A, has been grown by low-
pressure metal organic vapor phase epitaxy~LP-MOVPE!.22

FIG. 2. Peak emission energies vsL of the main bands observe
in the present work in the PL spectra of samples grown by MBE
ALMBE under various conditions. Dashed lines are guides to
eye and define three different regions in the plane. Cross-secti
HRTEM micrographs have been obtained for samples labeled
capital letters.

FIG. 3. Peak emission energies vsL of the main PL bands
reported in the literature for samples grown by MBE, with the e
ception of sampleA, grown by LP-MOVPE. Data given by ope
circles have been taken from Ref. 7, all others from Refs. 18,21–
The dashed lines are exactly the same as in Fig. 2. Cross-sect
HRTEM micrographs have been reported for samples labeled
capital letters.
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The dashed lines are exactly the same as in Fig. 2. The ag
ment between the data taken from the literature and the
havior observed for our data is excellent, thus providing
strong, additional evidence that the (Ep ,L) plane is intrinsi-
cally divided into three regions, the third one being char
terized by the same discrete allowed values of the QD em
sion energy at fixedL determined from Fig. 2. The
soundness of this picture is further supported by the ob
vation that samples with similar (Ep ,L) values have also
similar line shapes, i.e., the same full width at half maximu
~FWHM! and band multiplicity.27

An intrinsic, most likely morphological, property of th
InAs/GaAs heterostructure should characterize regions I
and III. Let us start our discussion from region III. A few o
the samples reported in Figs. 2 and 3 have been characte
both optically and morphologically by cross-section
HRTEM.28 These samples are indicated by capital lettersB,
F, A, M, S, N, andG and their results have been reported
Refs. 20,22–26, respectively. QD’s in sampleM have~410!
lateral surfaces and an aspect ratio;0.12 ~0.10 in sample
B). SamplesSandN have QD’s with~113! @and~114! in the
case of sampleN] lateral surfaces, while QD’s in sampleG
have~110! or ~320! lateral surfaces. Finally, an aspect ra
of 0.6 has been reported for sampleA. Therefore, different
dot lateral faceting characterizes the samples connecte
region III by the four different dashed lines in Figs. 2 and
This picture is quite consistent with theoretical estimates
emission energies equal to 1.2, 1.1, and 1.0 eV for QD’s w
pyramidal shape, base length equal to 11.3 nm, and la
faceting~510!, ~113!, or ~110!, respectively.29 The calculated
dependence ofEp on the QD size is barely dependent on t
QD shape~and likewise the dashed lines in region III a
parallel!, and is of the order of 32 meV/nm. This slope wou
correspond to a quite sharp size distribution of QD’s, with
variance of 0.7 nm for a FWHM of order 50 meV, i.e., th
reported for QD PL bands in region III, see Fig. 1~a!.

Let us now discuss regions I and II. The PL emissions
samples withL in region I ~see Figs. 2 and 3! are related to
3D precursors of QD’s.20 They are lens-shaped structur
with a quite low aspect ratio, as found for sampleF, and
strongly interacting with the underlying ‘‘wetting layer,’
~WL!. The emissions related to the 3D precursors can
seen only for samples grown at the lowest tempera
(420 °C) and are some tens of meV lower than those of
quantum wells associated to WL.

For L increasing in region II, the QD shape evolves fro
that of the precursors in region I towards those in region
defined by lateral facets whose orientations are related to
growth conditions, as discussed above. Dots in region
therefore, have aspect ratios and PL emission energies l
between those of 3D precursors and pyramidal QD’s. T
re
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steeper slope ofEp vs L in region II is related to the coinci-
dent change of both QD dimensions and shapes~instead of
dimensions only, as it occurs in regions I and III!. Several
types of QD’s can coexist in this region, as shown in Fig
1~b!. A fast change ofEp with L in region II has also been
reported in Ref. 7 for samples grown by keeping the su
strate fixed at a tilt angle~as done for ourg samples!. For
those samples, the slope ofEp vs L was decreasing with the
growth rateRG . The data reported as open circles in Fig.
have been obtained in samples grown atRG;0.1 ML/s, a
value close to that used to grow our samples. In this case,
slope was roughly 0.65 eV/ML, in good agreement wit
present results.

Let us now make a comment on the critical thicknes
concept. Region II should reduce to a vertical line if th
critical thicknessLc were independent of growth condition
As a matter of fact, the data reported in Fig. 2~seeb andd
series! show thatLc depends on growth temperature, at leas
in agreement with a theoretical model that takes into accou
mass transfer.1 Moreover, this model predicts an exponentia
increase of the QD density with the InAs coverage.1 Thus,
the critical thickness is an experimentally ill-defined quanti
since it depends onthe sensitivityof the technique used to
measureLc .30

In conclusion, a systematic analysis of the PL spectra
properly prepared sets of samples has allowed us to fi
well-defined trends in the QD peak emission energy vsL.
These trends are common to the most part of the data
ported in the literature for samples grown by MBE. Initially
for low-L values, 3D precursors of QD’s start to grow. The
have a lens shape, lye on a well-defined wetting layer and
capable to localize free carriers. Then, asL increases, QD’s
begin to develop with shapes that tend to be pyramids w
facet orientations, which depend on growth conditions. F
nally, for higher values ofL, single families of pyramidal
QD’s with ‘‘equilibrium,’’ growth-dependent shapes domi-
nate the dot ensemble. Only a discrete number of QD em
sion energies can, therefore, be observed for a fixedL. This
picture is supported by cross-sectional HRTEM and is co
sistent with theoretical predictions. Finally, the lowest emi
sion energy has been obtained, at least to the best of
knowledge, for ALMBE grown samples. Its value is inde
pendent onL and compatible with the exploitment of
InAs/GaAs QD’s for devices centered at the second windo
of optical fibers.9

We thank A. Patane` and A. Polimeni for the contribution
given at a preliminary stage of this work. This work wa
partially supported by CNR PF-MADESS. One of the au
thors~A.S.B.! is grateful to the ICTP-TRIL for financial sup-
port.
n,
-
.

*On leave from Dept. of Physics, Univ. of the Punjab, Laho
54590, Pakistan.

1B. A. Joyce, J. L. Sudijono, J. G. Belk, H. Yamaguchi, X. M
Zhang, H. T. Dobbs, A. Zangwill, D. D. Vvedensky, and T.
Jones, Jpn. J. Appl. Phys., Part 136, 4111~1997!.

2B. W. Wessels, J. Vac. Sci. Technol. B15, 1056~1997!.
3I. Daruka and A.-L. Barabasi, Phys. Rev. Lett.79, 3708~1997!.
4Y. Chen and J. Washburn, Phys. Rev. Lett.77, 4046~1996!.
-

.
.

5C. Priester and M. Lannoo, Phys. Rev. Lett.75, 93 ~1995!.
6A.-L. Barabasi, Appl. Phys. Lett.70, 2565 ~1997!; B. G. Orr

et al., Europhys. Lett.19, 33 ~1992!.
7J. M. Gérard, J. B. Ge´nin, J. Lefebvre, J. M. Moison, N. Leb-

ouché, and F. Barthe, J. Cryst. Growth150, 351 ~1995!.
8L. Samuelson, S. Anand, N. Carlsson, P. Castrillo, K. Georgsso

D. Hessman, M-E. Pistol, C. Pryor, W. Seifert, L. R. Wallen
berg, A. Carlsson, J-O. Bovin, S. Nomura, Y. Aoyagi, T



nn

J.

M

I.
e

.

S.
ys

pp

tt.

et

P
J.

re

i,
d

nd

H

.

d

B.

.

ys.
.
l-

.

.

M.

,

Jr.,

ys.

n,
J.
.

op-
are

. B

in
s

PRB 59 7623OPTICAL PROPERTIES OF InAs QUANTUM DOTS: . . .
Sugano, K. Uchida, and N. Miura, inProceedings of the 23rd
ICPS, edited by Matthias Scheffler and Roland Zimmerma
~World Scientific, NJ, 1996!, p. 1269, and references therein.

9A. Bosacchi, P. Frigeri, S. Franchi, P. Allegri, and V. Avanzini,
Cryst. Growth175/176, 771 ~1997!.

10J. M. Garcia, T. Mankad, P. O. Holtz, P. J. Wellman, and P.
Petroff, Appl. Phys. Lett.72, 3172~1998!.

11R. Heitz, T. R. Ramachandran, A. Kalburge, Q. Xie,
Mukhametzhanov, P. Chen, and A. Madhukar, Phys. Rev. L
78, 4071~1997!.

12A. Polimeni, A. Patane`, M. Capizzi, F. Martelli, L. Nasi, and G
Salviati, Phys. Rev. B53, R4213~1996!.

13M. Colocci, F. Bogani, L. Carraresi, R. Mattolini, A. Bosacchi,
Franchi, P. Frigeri, M. Rosa-Clot, and S. Taddei, Appl. Ph
Lett. 70, 3140~1997!.

14T. R. Ramachandran, R. Heitz, P. Chen, and A. Madhukar, A
Phys. Lett.70, 640 ~1997!.

15A. Madhukar, Q. Xie, P. Chen, and A. Konkar, Appl. Phys. Le
64, 2727~1994!.

16D. Leonard, K. Pond, and P. M. Petroff, Phys. Rev. B50, 11 687
~1994!.

17G. S. Solomon, J. A. Trezza, and J. S. Harris, Appl. Phys. L
66, 991 ~1995!.

18Qianghua Xie, A. Konkar, A. Kalburge, T. R. Ramachandran,
Chen, R. Cartland, A. Madhukar, H. T. Lin, and D. H. Rich,
Vac. Sci. Technol.13, 642 ~1995!.

19ALMBE is a variant of MBE where the In and As beams a
alternatively supplied to the growing surface, see Ref. 9.

20A. Patane`, M. Grassi Alessi, F. Intonti, A. Polimeni, M. Capizz
F. Martelli, L. Nasi, L. Lazzarini, G. Salviati, A. Bosacchi, an
S. Franchi, J. Appl. Phys.83, 5529~1998!.

21O. Brandt, L. Tapfer, R. Cingolani, K. Ploog, M. Hohenstein, a
F. Phillip, Phys. Rev. B41, 12 599~1990!; 44, 8043~1991!; S.
S. Dosanjh, P. Dawson, M. R. Fahy, B. A. Joyce, R. Murray,
Toyoshima, X. M. Zhang, and R. A. Stradling, J. Appl. Phys.71,
1242~1992!; M. Grundmann, inFestkörperprobleme, Advances
in Solid State Physics, edited by R. Helbig ~Viewveg,
Braunschweig/Wiesbaden, 1996!, Vol. 35, p. 123; M. Grund-
mann, J. Christen, N. N. Ledentsov, J. Bo¨hrer, D. Bimberg, S. S.
Ruminov, P. Werner, U. Richter, U. Go¨sele, J. Heydenreich, V
.

tt.

.

l.

t.

.

.

M. Ustinov, A. Yu. Egorov, A. E. Zhukov, P. S. Kop’ev, an
Zh. I. Alferov, Phys. Rev. Lett.74, 4043~1995!; A. Ksendzov,
F. J. Grunthaner, J. K. Liu, D. H. Rich, R. W. Terhune, and
A. Wilson, Phys. Rev. B43, 14 574~1991!; A. F. Tsatsul’nikov,
N. N. Ledentsov, M. V. Maksimov, A. Yu. Egorov, A. E
Zhukov, S. S. Ruvimov, V. M. Ustinov, V. V. Komin, I. V.
Kochnev, P. S. Kop’ev, and Zh. I. Alferov, Semiconductors30,
938 ~1996!; Hao Lee, Weidong Yang, and Peter C. Sercel, Ph
Rev. B 55, 9757 ~1997!; M. J. Steer, D. J. Mowbray, W. R
Tribe, M. S. Skolnick, M. D. Sturge, M. Hopkinson, A. G. Cu
lis, C. R. Whitehouse, and R. Murray,ibid. 54, 17 738~1996!;
R. Heitz, A. Kalburge, Q. Xie, M. Grundmann, P. Chen, A
Hoffmann, A. Madhukar, and D. Bimberg,ibid. 57, 9050
~1998!; R. Heitz, M. Veit, N. N. Ledentsov, A. Hoffmann, D
Bimberg, V. M. Ustinov, P. S. Kop’ev, and Zh. I. Alferov,ibid.
56, 10 435~1997!.

22F. Adler, M. Geiger, A. Bauknecht, F. Scholz, H. Schweizer,
H. Pilkuhn, B. Ohnesorge, and A. Forchel, J. Appl. Phys.80,
4019 ~1996!.

23J.-Y. Marzin, J.-M. Ge`rard, A. Izrael, D. Barrier, and G. Bastard
Phys. Rev. Lett.73, 716 ~1994!.

24S. Solomon, J. A. Trezza, A. F. Marshall, and J. S. Harris,
Phys. Rev. Lett.76, 952 ~1996!.

25Y. Nabetani, T. Ishikawa, S. Noda, and A. Sasaki, J. Appl. Ph
76, 347 ~1994!.

26M. Grundmann, N. N. Ledentsov, R. Heitz, L. Eckey, J. Christe
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