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This paper focuses on the strain-induced self-organization, or “self- assembly” effect, pro-
ducing quantum dots. Particularly the following aspects will be addressed: (i) the phe-
nomenology of the 2D-3D morphology transition, (ii) the effects of materials choices and
growth conditions on density, size and homogeneity of dots, (iii) manipulations to get later-
ally aligned and vertically stacked dot structures and (iv) optical properties of free-standing
and buried dots of InP grown on GalnP/GaAs(001). Free-standing as well as buried dots
of InP on GalnP/GaAs show luminescence and quantum confinement effects which depend
on the size of the islands. Luminescence arising from single dots will be demonstrated.

I. Introduction

Low dimensional semiconductor structures have
reached great interest due to their modified electronic
and optical properties. Quantum dot structures, which
provide electron confinement in three dimensions, can
be grown in-situ, without using lithography, by the
so called “self-assembly” effect or Stranski- Krastanow
(SK) growth mode. In this growth mode at a certain
critical thickness, an initially two-dimensional (2D) epi-
taxial layer under compressive strain relaxes into self or-
ganized three-dimensional (3D) coherent islands (dots),
and a remaining thinner 2D wetting layer. By forming
3D islands the strain can relax in three dimensions and
the total energy of the system is reduced.

Typical SK-systems investigated so far are is-
lands formed by the materials Sij_;Gez/Si [1],
Gaj_zIngAs/GaAs [2,3] Gaj_zInyAs/AlGaAs [4],
InP/GalnP [5-7], InP/GaAs [8], InAs/InP [9] and
GaSb/GaAs [10]. Detailed studies about the island
formation mechanism, mainly for the material combi-
nations Sij_,Ge,/Si and InAs/GaAs have been done
using molecular beam epitaxy (MBE) [3,11-16] as well
as theoretical modeling [14,17-20]. Important param-

eters with the view of potential applications of such

structures are the density and the size of the in-situ
formed islands. Based on our experience in growing InP
dot structures in a metal-organic vapour phase epitaxy
(MOVPE) deposition system [7,21-23] we will show in
the following that these parameters are to some degree
determined by the deposition conditions. By this, also
the dot-specific properties of these structures can be

deliberately manipulated.

II. Phenomenology of the 2D-3D morphology

transition

The 2D-3D transition s clearly driven by strain.
Therefore, the typical SK-systems are combinations of
highly strained materials (with the epilayer under com-
2-3 re-

lease mechanism for the 2D-3D transition is a nucle-

pression and a misfit of typically larger than

ation process, following the general rules of nucleation
and growth from a supersaturated mobile phase. A
schematics of the process as discussed in ref. [23] is
shown in Fig. 1. It shows qualitatively the changes in
the total energy of a mismatched system vs. time. We
assume that epilayer material (under compression) is
deposited with a constant deposition rate until point X

is reached. The plot can be divided into three sections:



period A (2D deposition), period B (2D-3D transition)
and period C (ripening of islands).
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Figure 1. Schematics of total energy vs. time for the 2D-
3D morphology transition. A: 2D layer-by-layer growth, B:
2D-3D-transition, C: ripening phase. tcw is the critical
wetting layer thickness, F4 is the barrier for formation of
3D islands, X is the point where a pure strain-induced tran-
sition becomes possible (no thermal activation). Between Y
and Z a slow ripening process continues.

Period A: In the beginning the deposition follows
a 2D layer-by-layer mechanism which leads to a per-
fect wetting of the substrate. The accumulated elastic
strain energy E(el) increases linearly with the deposited
volume:

E(el) = Cm? At (1)

(with C: elastic coefficients, m: misfit, A: area and
t: thickness of the epilayer). At the point t¢y, (the
critical wetting layer thickness) we leave the stable 2D
growth and enter into an area in which 2D growth is
metastable. A supercritically thick wetting layer builds
up, which means that the epilayer is potentially ready
to undergo a transition towards a Stranski-Krastanow
morphology. It is obvious that the extension of this
range of metastability (and with it the amount of ma-
terial which is available for 3D island growth) depends
primarily on the height of the transition barrier £ 4.

Period B: We presume that, if the 2D-3D transi-
tion starts around point X in Fig.1l, then it continues
without further materials supply, simply by consuming
the excess material accumulated in the supercritically
thick wetting layer. This period can be divided into
two steps: nucleation and growth.

i) Nucleation: Exactly at point X a pure strain-
induced 2D-3D transition becomes possible. However,
at real growth temperatures an activated nucleation

sets in before reaching X. The activation energy for this
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nucleation process is B4 — Fg (with Fg: the excess en-
ergy in the metastable 2D layer). If we tentatively as-
sume that thickness fluctuations lead to the formation
of critical nuclei, then the classical nucleation theories

predict for the simplest case [24]

dN/dt = const o exp[—(Ea— Eg)/kT] (2)

(with dN/dt: the number of critical nuclei created per
time and o: the “supersaturation”, i.e., the concentra-
tion of mobile excess material at the surface). As soon
as the first islands are created, E'p decreases due to
more efficient strain relaxation within the 3D islands
in comparison to the 2D layer and ¢ decreases since
the islands start to grow and to consume the material
which is available and mobile enough to reach the is-
lands. The consequence is that nucleation is restricted
to a short time-span in the beginning of the 2D-3D
transition. Thus this nucleation step defines the sur-

face density of the dots.

ii) Growth of islands: Due to the high supersatu-
ration in the beginning of this period the islands are
“pushed” to grow. The absolute growth rates can be
extremely high.
580° in a few seconds (1-3s) up to 12-18 nm in [001]
direction (compare the typical MOVPE growth rates

InP islands, for example, grow at

in the order of 0.3 nm/s!). Since the growth rate on
low-index facets in the kinetically controlled regime
and also the diffusional transport towards the islands
is strongly temperature- dependent, the islands grow
faster at higher temperatures. Consequently, also the
drop in supersaturation and the increase of the activa-
tion barrier for thermally activated nucleation is faster
(eq.2). Fewer islands will be formed in the initial nucle-
ation period and the excess material can be distributed
over fewer islands which can then grow to larger sizes.
This inverse behaviour of density and size is gener-
ally observed for islands of InP/GalnP [8], InAs/GaAs
[25,26] and GalnAs/GaAs [27], see also our results be-

low.
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Figure 2. Schematics of deformation of lattice planes in and
around a coherent island. The change in the local strain en-
ergy density at the surface when islands are formed is shown
in the upper part of the Figure.

Another growth aspect 1s the rather high size-
homogeneity of coherent SK dots. Fig.2 illustrates the
strain energy density along the surface of substrate and
island. This energy density is proportional to the chem-
ical potential of the material at the surface. We see
the surface of the island as the sink in this potential,
whereas we find a maximum at the edge of the island.
The minimum is caused by the partial strain relaxation
in the islands and this is the driving force for mate-
rial to crystallize at the islands surface. The maxi-
mum 1s caused by the high strain at the edge of the
island [28,29] and its propagation along the substrate,
which increases the inherent misfit between substrate
and wetting layer material around the islands. This
should be a driving force to decompose the material in
this area, where the wetting layer was already super-
critically thick before the islands were formed.

This strain field effects also the size-development.
Since this potential surrounding the coherent islands
increases with increasing island size (exactly with in-
creasing aspect ratio), it acts simultaneously as a bar-
rier for material transport towards the islands with
the consequence that smaller islands will be favoured
to grow faster than larger islands, thus narrowing the
size-distribution (this is in contrast to the so-called
“Ostwald-ripening”).

Period C: Ripening. Between the points Y and
Z in Fig.1 the process has lost most of the excess en-

ergy. The mobile material is consumed and the po-

tential differences between slightly smaller and larger
islands maintain a slow further reaction, mediated by
surface diffusion, towards equilibrium (Ostwald ripen-
ing [24] or stable dot-arrays [14]).

ITI. Density, size and homogeneity of dots as a

function of deposition parameters

II1.1. Experiments

The following experiments were done under low-
pressure MOVPE conditions (100 mbar) in a RF-
Trimethylgallium (TMG),
trimethylindium (TMTI), PHs, AsHs and GaAs (001)-

substrates were used in Hs as the carrier gas. The gas

heated reactor cell.

switchings were done by a flow- and pressure-balanced
vent/run switching system. The switch from growth
of GaAs toward growth of GalnP or InP was always
done by inserting a thin (2ML) deposition of GaP [21].
Samples for AFM measurements were annealed for 12
s under PH3 at deposition temperature before cooling

down.

II1.2. The different steps seen by photolumines-
cence (PL)

Fig.3 shows the development of 5K PL spec-
tra of GaAs(001)/GalnP (300nm)/InP/GalnP(300nm)
hetero-structures, grown at 580 °C and with different
amounts of InP [7]. Up to 1.2 ML InP the deposition
results in extended areas of 2D quantum wells, 1 and 2
ML thick, producing the sharp luminescence peaks at
1.95 and 1.92 V. For 1.8 ML the quantum well lumi-
nescence broadens, indicating a roughening of the InP/
GalnP interface. Finally, for 2.4 ML deposition a new
luminescence with a doublet centered at 1.64 appears,
which is characteristic for fully developed dots of InP,
typically 45x60 nm at the base, 13 nm in height [30].
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Figure 3. 5K  Photoluminescence  spectra of
GalnP/InP/GalnP heterostructures with different amounts
of InP (MOVPE, 580 °C). The peak at 1.5 eV originates
from the GaAs substrate, the peak at 1.97 eV from the
GalnP barrier. The insert shows calculated energy values
for emission from biaxially strained InP quantum wells.

III. 3. Size and density of islands grown at dif-

ferent temperatures

These experiments were done by deposition of 2ML
GaP + 3.5 ML InP on GaAs. Fig.4 shows the top-
view AFM images. The density of the islands clearly
decreases with increasing deposition temperature as a
consequence of a shorter nucleation period due to faster
materials diffusion and island growth. Due to the lower
initial density of islands, the excess material distributes
over fewer islands and, consequently, the size of the
islands increases with temperature. The inverse be-
haviour of size and density is clearly visible in the graph
of Fig.4.

In Fig. 4 is shown that an extrapolation towards
lower temperatures roughly also fits to the observed
size and density of islands of InAs on GaAs. The gener-

ally smaller size of InAs/GaAs islands in comparison to
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InP/GaAs islands, commonly attributed to the higher
strain in the InAs/GaAs system, seems to be in first
order an effect of growth at lower deposition tempera-

tures.
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Figure 4. 1.5 x 1 pm® AFM images (shadow mode) of InP
dots grown on GaAs at different temperatures. The graph
shows the height of the fully developed coherent islands (cir-
cles) and the surface density (squares) versus the reciprocal
growth temperature. Open circles are taken from Ref. [8].
Deposited amount of InP: 3.5 ML.

I11.4.

different deposition rates

Size and density of islands grown with

The AFM images of 2ML-
GaP+3.5ML InP on GaAs are shown in Fig.5. The de-
position rate was varied between 0.5 and 3.5 ML/s. The

of depositions

high uniformity of the islands size indicates that mainly
coherent ”fully developed” islands were grown. It can
clearly be seen that the island density is decreasing
for increasing temperature and decreasing deposition
rate. Another effect is that the islands grown at higher
temperatures are larger than the islands grown at lower
temperature. These observations are in agreement with
already reported results in the refs. [8,22,23,25 26 31-

33]. This inverse behaviour between density and size of
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the islands finds its natural explanation by using a sim-
ple kinetic model of nucleation and growth [22] where
the nucleation step takes place during a short time
period only in the beginning of the 2D-3D transition.
The formation of 3D nuclei leads to strain relaxation
and to a decrease of the strain potential as the driv-
ing force for the 2D-3D transition. The probability
for further nucleation reduces drastically. Therefore,
the amount of excess material at the surface, i.e. the
material of the supercritically thick wetting layer plus
impinging atoms due to deposition, will preferentially
be incorporated into the already existing Islands. By
this distribution of material it follows that the average
island size has to increase for decreasing density, at the

same coverage.

Figure 5. AFM images, 2 x 2 pum?, of InP islands grown
on GaAs. The temperature was 610 °C for a), b) and ¢),
and 640 °C for d), e) and f). The deposition rates were 0.5
ML/s for a) and d), 1.2 ML/s for b) and €) and 3.5 ML/s
for ¢) and f). The total amount of InP was 3.5 ML in all
cases. All images are viewed in shadowed mode.

At this point it should be mentioned that the ob-
served behaviour ls not a specifics of MOVPE growth.

The characteristic length scale of surface processes is
often written as L o« (D/R)Y, where the exponent 7 is
determined by the actual process. For sub-monolayer
deposition v varies between 1/6 and 1/4 [34]. For SK-
growth v is close to 1/2, as is shown by the slope of the
Other
strained materials combinations show the same be-
haviour. See for instance InAs/GaAs [26] and SiGe/Si
[33], both grown by MBE, which are included in Fig.
6.

line obtained for low values of R in Fig. 6.
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Figure 6. The average island separation, L. as a function
of D/R. The 580 °C, 610 °C and 640 °C curves account
for InP islands on GaAs. These three curves tend to reach
saturation values for L, related to the saturation densities,
for sufficiently low D/R. The values for InAs/GaAs were
extracted from ref. [26] and those for Si/Ge from ref. [33].

IT1.5. Towards positioning of dots

In order to overcome the randomness in the local
distribution of dots one has the possibility to align them
laterally or to stack them vertically. In both cases one
needs a pattern of preferential nucleation sites. These
pattern can be: single [11] or bunched [35] surface steps,
etched pattern [36,37], pattern produced by overgrowth
of metal structures [38] or in case of vertical stacking:
patterned strain fields, produced in a first “seed”-layer
of dots [2,39-41]. Fig.7 shows aligned InP dots grown
on patterned GaAs/W/GalnP surfaces (MOVPE, 580
°C, W-stripes 100 nm in widths, overgrown by GaAs/
GalnP [38]). At the moment the detailed mechanisms

are not well understood. The dots in this case nucleate



in rews along the bottom of the trench as well as along

the upper part of the side-wall. In similar structures
with ridges instead of Lrenches the islands were found 1o
nucleate in rows on top of the ridse. This alignment has
also a concentration offect: when we count the islands,
including the “vacancies”, along the line k) in Fig.T, we
corne to an average of about 10 dots/ um, correspond-
ing to a surface density of 10'° dots/em® and an aver-
age distance of 100 nm between the dots. This distance
i shorter than the average of about 200 wm observed
for a random deposition of 4 ML InP. A way to bring
the islands closer together is vertical stacking, where
a fiest “seed”-layer of dots is overgrown by the barrier
material, In subsequent depositions of islands the ar
rangement in the layer helaw may be reproduced. One
can imagine that the eombination of lateral alignment
and vertical stacking opens a deor for highly advanced
materials engineering work on a nano-scale, using such
dots as the building blocks.
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Figure 7. L % 1 gm® topview AFM image [shadow maode |
of aligned InP islands grown on 2 patterned Cabs/GalnP
structure. a} Height profile across a trench, Note the lo-
cation of the left island at the upper part of the sidewall.
The artew marks the position of a smaller “baby™-igland in
mitrar position. b)) Height profile along the izland row at
the edge of the trench. The linear 1D islond density (hy
counting alse the “vavancies") iz o=10 iglands pm =,

IV, Optical properties
GalnP /GaAs

of InP dots on

InP islands have an important spectroscopic advan-
tage gince they emit light in & wavelength range whers
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the most sensitive detectors work, TEM shows that the
[nP islands are truneated pyramids with a height of 19
15 nm and a base of 40 nm x 50 nm [30], This makes
the InF island an interesting low-dimensional system,
being on the border between a QW and a quantum
det. Caleulating the electronic structure in such a pyra-
mid shaped quantum dot give fully guantised electron
states, rather equidistantly spaced by some 10 meV,
The hols states are, mainly due to the larger effective
mas3, only split by about 1 meV_ Each island has sev-
eral electron states, in contrast to the InAs islands in
ivads, allowing, for example, the study of interacticn
hetween localised carriers.

The PL corresponding to the islands is strongly non-
linear with excitation power densities above approxi-
mately 40 W/em® The high- energy side of the PL
peak grows rapidly all the way up to the GalnP barrier
emission. Tn ref. [42] this is shown to be due te the
successive filling of the states in the InP islands.

In usual PL ¢xperiments the PL signal is averaged
over a large number of islands with slightly different
properties, thus inducing an inhomogenous broadening
of the spectral features. To ohserve details that are
normally obscured by the inhomogenous broadening it
is mecessary to perform spectroscopy on a gingle InF
island.  The luminescence spectrum of a single zero-
dimensional object with well saparated, discrets eneTgy
slates, is expected fo consist of sharp lines, with a peak
width determined by the life time broadening. In the
InAs/GGaAs 5-K system, sharp lines are reported when
less than seme hundred islands are excited,

Single islands of InP on GaloF are selected by mea-
suring through different 0.5 mm® holes in a gold mask.
A PL spectrum obtained in such a hole is shown in
Fig. B together with 2 normal PL gpectrum. The lu-
mingscence between 1.6 eV and 1.7 &V in the micro-PL
spectrum, originates from a single InP island . The most
remarkable feature is that this single island gives rise to
several luminescence peaks, as is more clearly shown in
Fig. 9 [5l]. The multiple emission lines of the InP is-
land reveal that the relaxation within the set of states
that give rise to the PL manifold is slower than the
recomnbination rate. This is confirmed by PLE eXper-
iments, in which excitation energies within the energy

range of the PL manifold gives very weak luminescence.
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Excitation energies above the PL manifold, however, of-
ficiently pump the huninescing statez. The slow relax-
ation within the PL manifold 12 in contrast to the case
of quantum wells which exhibit only & single emizsion
line since relaxation by emission of phonons efficiently

brings all carrisrs to the bottom of the lowest suliband.
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{meicro-PLY

PL PLE

photoluminescence intensity (arb. units)

—_—

1,6 1,65 1,7 1,75

energy (eV)

Figure . Emission spectrum of a single buried InF quan-
tome dot. Also shown are the PL excitation spectra of af the
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A possible reason for the poor relaxation within the
PL manifcld of the InP islands 12 & phenomenon known
a5 the phonon bottlenech [43,44], stating that neither
optical nor acoustic phomon scattering is efficient in
zero-dimensional svstems.  This smhject, however, s
slill controversial [43]. Sinece the InP islands are rather
large, the slow relaxation can also be explained if the
non-relaxing states are localized in different regions of

an island

The state filing shows up in the single w=land as a
population of discrete high energy peaks as the sxcita-
tion demsily is increased. These 10 high energy peaks
coincide in enepgy with resonances observed in PLE and
thay are therefore interpreted as excited states. Detoct
ing on any peak in the PL manifeld gives the same res-
onanees in PLE, providing an important proof that one
islard give rise to all the emission in the PL manifald

The line width of the peaks in the PL manifold ia
about 1 meV. This is significantly larger than the life
time broadening, which, based on time- resolved PL.
ig expectod to be 1 pe¥, Line widths on the order of
1 me¥ have alse been observed in ofther QI systems
[4I'I'r.-'lf]. However, in the cases of InAs 1slands in Gads
[48] and excitons Jocalised in potential fuctuations in a
QW [49,50], much sharper FL lines are detected. Such
shacp lines are found also in the present study. This is,
for example, the case for the 1.70 oV emission in the
micto-PL spectrum of figure 8. These sharp PL lines

originate 1o smaller InP 1slands.

The main result of the single izland spectrozeapy is
the slow relaxation rate, loading Lo multiple emizsion
pesks, and the rather broad line width of aboct 1 meV,
These findings still lack a satisfyving explanation, in par-
ticular in view of the observations of single and for sharp
lines that has hesn reported from other quantum dot
aystems, It should be noted, however, that not many
other spectroscopic studies on traly single islands have
been dome. Speculating, a general trend sesmns to be
that small dets have sharp and, possibly, single emis-
gsion lines while larger dots have broader and multiple
[46] emission lines. In our InP islands, the smission, and
thus alse the reduced relaxation, is spresd over abeut
50 meV (elose to the 40 meV of an optical phonon).
In a small dot with large enough confinement, hew-

ever, there might be caly one state available within




10

these 50 meV, thus resulting in a single emission line.
The most probable canse of the line width broadening
for the InP islands is & coupling between exeitons and
Due to
the considerable amount of strain in the 5-K izlands,

aeoustic phonons via the pieso electric field,

the piero electric field is expected to be large. A line
width broadening of 1 meV is thus net onlikely.

Y. Summary

Ve have demonstrated that density and size of
quantum dots grown in-sitn by MOVPE can be ma-
nipulated to some degres by varving the deposition pa-
rameters. The generally observed inverse behaviour of
density and size finds its natural explanation by using a
simple model of nucleation and growth where the nucle-
ation step takes place during a short time period only
in the bcgirlning of the 2D-3D transition. The control
of the nucleation step for dot formation is therefore the
main tool to define the dot parameters. By using appro-
priately patterned surfaces the dots can be positioned
al special surface sites,

Phetolumineseenee measurements of single InP dots
show multiple emission peaks due to a slow relaxation
rate between the different states It can be speculated
whether this is a consequence of the “bottleneck™- ef-

fect.
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