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Stability of InAs quantum dots
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We monitor the postgrowth desorption of self-assembled InAs quantum dots with electron diffraction. A
kinetic model is presented that quantitatively describes the temperature and arsenic pressure dependence of the
postgrowth dot lifetimes. The central findings establish the stabilization of the InAs quantum dots by an arsenic
flux, the importance of the precursor state for the impinging arsenic molecules, and layer-by-layer desorption
starting from the dot-top. In a second step the model results are employed to refine the description of the
growth process providing a now complete picture of the here relevant desorption mechanisms. The such
calculated sticking coefficient matches quantitatively our temperature-dependent measurements of the critical
time up to quantum dot formation.
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Self-assembling mechanisms that enable the contro
generation of crystalline quantum-size structures are a fa
nating aspect of physics. A very prominent example
strain-induced InAs quantum dots grown on GaAs in
Stranski–Krastanov mode.1 Being artificial atoms they in-
trigue from a fundamental point of view. But self-assemb
quantum dots are also very attractive for device applicati
such as quantum dot lasers. The properties of these qua
dots are crucially dependent on the parameters of the gro
procedure.2 Applying molecular beam epitaxy~MBE!, the
central parameters are the temperature, the indium and
senic flux, and the deposition time. The influence of th
parameters is quiet complex and is not yet completely
solved. As the most important parameter the tempera
controls the surface activity of the adsorbants which is fina
responsible for the quantum dot formation,3 the intermixing
with gallium from the substrate,3–6 and the desorption o
atoms from the surface. Until now, very little attention h
been paid to the latter process and the influence of the
senic flux. In this work, we applyin situ electron diffraction
to study the temperature and arsenic pressure dependen
the desorption process during growth as well as in the p
growth regime. A kinetic desorption model is develope
which demonstrates quantitative reproduction of the exp
mental data.

The measurements are performed in a solid-source M
system equipped with a valved-cracker cell for arsenic. In
experiments described here, the cracker temperature is
sen according to As4 emission and the valve is used to pr
cisely control the As4 flux in a range corresponding to a flu
gauge reading between 1.931026 and 1.531025 Torr. In
order to calibrate the flux-gauge reading, the method
scribed in Ref. 7 is applied. We find an As4 flux of 7.6
31014 cm22 s21 at a flux gauge reading of 5.
31026 Torr. Under consideration of a maximum As4 stick-
ing coefficient of 0.5 as in the GaAs system,8 one gets an
effective As1 flux to the surface ofFAs (ML/s)54.53105

times flux gauge reading~Torr!.
Starting from flat~001! oriented GaAs substrates, first

GaAs buffer layer is grown at 600 °C in order to smooth
the surface. Before InAs deposition the growth is interrup
to reduce the growth temperature to 433–548 °C. We st
0163-1829/2002/66~7!/075307~4!/$20.00 66 0753
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the InAs quantum dot formation as well as the postgrow
behavior with reflection high-energy electron diffractio
~RHEED! using 12-keV electrons. During growth, after th
critical time tC , a transition from a two-dimensional~2D!
growth related RHEED pattern at the early stages of dep
tion to transmission diffraction of three-dimensional~3D!
features is found. Inset~a! of Fig. 1 shows a RHEED pattern
typical for 3D quantum dot-like islands, which is recorde
directly after depositon of 2.0-ML InAs. The additional in
tensity tails so-called chevrons that are attached to each
are attributed to the side-facets of the dots.9 Detailed descrip-
tions of the experimental procedure and of RHEED measu
ments during the InAs quantum dot formation are given
Refs. 3 and 10.

The postgrowth stability of the InAs quantum dots is stu
ied under variation of the temperatureT and of the arsenic
flux FAs . For the arsenic flux dependent desorption expe
ments, the quantum dots are grown with substrate temp
ture T5518 °C, indium fluxF In50.1 ML/s, InAs coverage
u In52.0 ML, andFAs54.8 ML/s. At the end of InAs depo-
sition, the indium shutter is closed and the arsenic flux
adjusted with the valve or even completely stopped by cl
ing the main-shutter in the MBE growth chamber. In t
temperature-dependent desorption experiments, the temp
ture is adjusted prior to the InAs deposition, since a co
trolled variation of the temperature requires significan
more time than the experimental time scales. In order
obtain a quantitative measure of the time scales relevant
ing the postgrowth regime, the intensity of a 3D growth r
lated RHEED spot@indicated by the arrow in inset of Fig
1~a!# is recorded. An example of the measured RHEED ti
evolution is plotted in Fig. 1. In these measurements,
define the time at which the indium shutter is closed at
50. We find the general trend that, after a period with nea
constant intensity, the intensity decreases down to the re
pearance of a 2D surface morphology.

In a growth model employed previously for lower tem
peratures, where desorption is not relevant, we expect
during a growth-stop the quantum dot height increases
the diameter slightly shrinks.3 Since this behavior does no
explain our RHEED measurements at higher temperatu
©2002 The American Physical Society07-1
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we attribute our observations to the additional process
desorption and a resulting dissolution of the quantum d
As a quantitative characterization of the quantum dot li
time, we define the timetD up to the instant at which the 3D
reflex intensity becomes lower than that of 2D reflexes wh
now arise. This is observed in the recorded spot intensity
a sharp minimum at cutoff of the monotonous decrease
corresponding 2D RHEED pattern is shown in inset~b! of
Fig. 1. In our experiments, the quantum dot lifetimetD can
be significantly enhanced by a reduction of the tempera
~Fig. 2! as well as by a higher arsenic flux~Fig. 3!. As an
example, atT5518 °C, tD increases from approximately 7
without arsenic flux to more than 200 s by applying an
senic fluxFAs56.0 ML/s. This result clearly demonstrate
the stabilization of the InAs quantum dots by an impingi
arsenic flux. From the experimental temperature depende
of tD at FAs 5 0 we estimate the activation energ
E53.53 eV and the prefactort052.05310222 s assuming
Arrhenius type behaviortD5t0exp(E/kBT), wherekB is Bolt-
zmann’s constant. We note the surprising small prefac
similar to the one found in Ref. 11. The physical possibil
of such small prefactors has been motivated in Ref. 11. H
ever, a detailed theoretical understanding is not availabl
present.

To model the above-mentioned experiments, we ass

FIG. 1. Time evolution of the RHEED reflex intensity~bulk
line! together with the calculated quantum dot volume~dashed
line!, and the corresponding RHEED patterns. The sudden incr
of the RHEED signal prior to the indium shutter closure reflects
2D to 3D transition. Insets:~a! InAs quantum dots after depositio

of 2.0-ML InAs in @ 1̄10#-azimuth, the arrow points to the 3D-typ
reflex that is used for the measurement of the time-dependent in
sity, ~b! 2D morphology in the postgrowth regime 160 s after dep
sition is stopped, the arrow points to the 2D reflex used for
time-dependent measurements. The 2D pattern reappear after a
tD . The parameters areT5524 °C andFAs54.8 ML/s.
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that after deposition of 2.0-ML InAs a ML-thick InAs wet
ting layer has been formed and that the remaining materia
accumulated in the quantum dots. From atomic force micr
copy, we find a typical dot density of 2.031010 cm22 cor-
responding to an average number of 51 900 atoms per
Assuming pyramid-shaped dots with volumeVP and an
angle12 a of 26° between the substrate and the pyramid si
facets, the initial pyramid height ishP521 ML. From dif-
fraction theory, the intensity of a diffracted spot is propo
tional to the diffracting volume. This establishes th
measured time evolution of the 3D RHEED spot in Fig. 1
an important result, since the initially small and subsequen
rapidly increasing desorption rate points out layer-by-la
desorption starting from the pyramid-top instead of
evaporation from the initially large pyramid side-facets. T
quantum dot volume evolution calculated assuming layer-
layer desorption~see the layer model in the following! pro-
vides qualitative reproduction of the time evolution of th
RHEED signal in Fig. 1.

In the following, we start with a simple continuum mod
that allows an analytical treatment of quantum dot deso
tion, but without consideration of impinging fluxes. An e
panded layer based model that includes fluxes of In and A
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e
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-
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FIG. 2. Measured~symbols! and calculated~line! temperature
dependence of the postgrowth quantum dot lifetimetD . Two values
of the arsenic flux are chosen:FAs50 ML/s andFAs54.8 ML/s.
The inset shows Arrhenius plots of the data.

FIG. 3. Dependence of the measured~symbols! and the cal-
culated ~line! time tD on the arsenic flux at a temperatu
T5518 °C.
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STABILITY OF InAs QUANTUM DOTS PHYSICAL REVIEW B66, 075307 ~2002!
applied to calculate the stabilization of the dots by arsenic
well as the indium sticking coefficient during growth.

The size of the square area on top of a truncated pyra
with volume V is A5@6 cot(a)(VP2V)#2/3. An atom of spe-
cies j may desorb from this area after its lifetimet j
5t0,j exp(Ej /kBT), where t0,j is a prefactor, andEj is the
energy barrier for desorption. Since for desorption of b
species, indium as well as arsenic, bonds between ind
and arsenic layers must be broken, we take the respe
lifetimes as approximately equal witht In5tAs5tx . Due to
desorption, the volume of the pyramid is reduced accord
to dV(t)/dt52A(t)/tx , whereV andA are in units of the
respective number of atoms. WithV(t50)5VP , one gets
V(t)5VP2(4/3)(cota)2(t/t)3 and for the pyramid heigh
h(t)5hP2(t/t). Therefore, the quantum dot lifetime be
comes tD5(hP2hc)t0 exp(2E/kBT) and represents the re
duction of the dot height from initiallyhP down to the criti-
cal height hc53 ML for the 3D to 2D transition of the
RHEED signals according to Ref. 3. The comparison w
the experimental data forFAs50 yields EIn5EAs
53.53 eV andt0,In5t0,As51.14310223 s.

In our expanded model, the pyramids consist of altern
ing indium and arsenic layers with indexl 51•••hP , start-
ing from the bottom indium layerl 51. The maximum num-
ber of atoms in each layerAl5@2 cota(hP2l)#2 reflects the
pyramid-shape. The quantityXl describes the filling-level of
the layerl and is unity directly after deposition. Desorptio
reducesXl and, thus, the total island volumeV5( lAlXl .
The filling-level evolution obeys for the indium layers

dXl /dt5F In2~Xl2Xl 11!/t In , ~1!

and for the arsenic layers

dXl /dt5FAs~Xl 212Xl !2~Xl2Xl 11!/tAs . ~2!

These equations consider the capping of atoms in a ce
layer by those in a layer over it. That means, atoms fr
layer l can only desorb once enough atoms from layerl 11
have already been removed. The set of coupled rate e
tions ~1! and~2! is solved iteratively in order to calculatetD
in the postgrowth regime with a finite arsenic fluxFAs. 0
but in the absence of an indium fluxF In . As described pre-
viously, tD represents the time up to the reduction of t
pyramid height down tohc53.0 ML. Values of tD calcu-
lated for FAs50 agree very well with the results of th
above-mentioned continuum model.

As a very important result, the calculatedtD show a linear
dependence on the arsenic flux, which is not in agreem
with the experimental finding of a nearly saturatedtD at
higher values ofFAs ~Fig. 3!. This qualitative disagreemen
indicates a more complex incorporation mechanism for
senic. In order to refine our model, we include a precur
state for the impinging As4 molecules. Such precursor stat
are well established in literature for description of arse
incorporation on GaAs surfaces.8 As a simplification, we as-
sume that the precursor state is populated with arsenic a
and that every impinging As4 molecule produces two atom
according to the maximum sticking coefficient of 0.5. T
coverageupr of the precursor layer is given by
07530
s

id

h
m
ive

g

t-

in

a-

nt

r-
r

c

ms

dupr

dt
5FAs~12upr!2

upr

tpr
2

uprS (
l 5As

~Xl 212Xl ! D
t tr

, ~3!

where the first term describes the incorporation rate of
pinging arsenic, the second term the desorption rate, and
third term the rate of transition from the precursor into t
chemisorbed state prior to incorporation, with the lifetim
tpr up to desorption from the precursor state and the tra
tion lifetime t tr . The corresponding activation energies a
Epr and Etr . As an approximation we assume that the la
term in Eq.~3! is negligibly small and thatupr is in equilib-
rium with

upr5FAs /@tpr
211FAs#. ~4!

To include the precursor layer in our model,FAs in Eq. ~2! is
replaced byupr /t tr . For the analysis of the flux depende
data in Fig. 3, the remaining two parameters are determi
from a fit as tpr (T5518 °C)50.695 s and t tr (T
5518 °C)50.00568 s. Assuming equal prefactors for
processes, we can calculate the activation energiesEpr
53.57 eV andEtr53.24 eV. Figure 3 demonstrates th
quantitative reproduction of the experimental data. As an
ditional important validation for the model, we calculate t
temperature-dependence oftD at a fixed arsenic fluxFAs
54.8 ML/s using the same set of parameters. The very g
agreement between the calculated and the measured
times, visible in Fig. 2, demonstrates the ability of our mod
to describe the central desorption mechanisms during
postgrowth regime.

FIG. 4. The upper panel shows the calculated indium stick
coefficienta In as function of the temperature at different values
the arsenic flux. In the lower panel, measured~symbols! and calcu-
lated~lines! values of the critical timetC up to quantum dot forma-
tion are plotted vs temperature. For the calculated lines, In/Ga
terdiffusion is neglected, which is important atT,520 °C~Ref. 3!.
7-3
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In further experiments, the effect of desorption during t
growth process is studied. For this, we measure the timetC
up to quantum dot formation as function of the growth te
perature according to Refs. 3 and 10. In these measurem
F In50.04 ML/s,FAs54.5 ML/s, andT5433–548 °C. Two
regimes can be distinguished in the data: whereas up
520 °C there is only a slight increase oftC , at higher tem-
peraturestC rises very abruptly~Fig. 4!. For temperatures
higher than 543 °C no clear 3D growth related RHEED p
tern is found. This increase oftC with T contradicts a simple
thermally activated behavior. To explain the small increase
the data up to 520 °C, we refer to Ref. 3, where this effec
attributed to segregation of gallium from the substrate i
the InAs film, which reduces the effective lattice mismat
and, thus, increasestC . The much stronger increase forT
.520 °C is not explainable within this picture. Here we a
sume that desorption comes into play.

To apply our desorption model to growth conditions, t
initial conditions becomeXl(t50)50. We calculate the in-
dium sticking coefficienta In5u In /(F Int) during 25-s depo-
sition with F In50.04 ML/s and the indium coverageu In .
The wetting layer is neglected in this approach. Figure
shows values ofa In calculated under variation ofT for dif-
ferent values ofFAs . In all cases, we finda In.1 up to a
certain temperature, followed by a strong decrease. A hig
arsenic flux increases this transition temperature. As an
ample, a In50.9 is found at T5497 °C for FAs
50.04 ML/s, and atT5542 °C for FAs540 ML/s. These
examples establish the relevance of desorption proce
even at usual growth temperatures and the importance o
arsenic flux value. A reduced sticking coefficient lengthe
the time that is required for the deposition of a certa
.
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amount of material according totC5t0 /a In , where F Int0

gives the desired film thickness in the case ofa In 5 1. This
approach is applied to explain the experimental temperat
dependence oftC at higher growth temperatures. Usingt0

545 s, we find good agreement as is demonstrated in Fig
As a remarkable point, the literature reports strong e

dence for a temperature-dependent intermixing of the In
quantum dots with gallium from the substrate.3–6An average
gallium content up to 50% in the dots can be achieved in t
way. That means, in principle, desorption of both spec
might be of relevance. On the other hand, regarding the h
activation energy for desorption of bulk-like gallium and th
corresponding high temperatures of at least 750 °C,13 we as-
sume that gallium desorption is not relevant at the tempe
tures considered here. This is supported by our experime
finding of only one activation energy as is visible in th
temperature-dependence oftD ~Fig. 2!.

Our results establish the importance of desorption p
cesses that cannot be neglected during growth of s
assembled InAs quantum dots at the technologically relev
temperatures. In particular, desorption of indium causes
effects: first the total amount of material stored in the qua
tum dots will be reduced and second the dots become m
gallium rich. Both effects crucially modify the electroni
properties of the quantum dots. A sufficient arsenic flux
duces the indium desorption and, thus, enhances the ind
sticking coefficient and the postgrowth quantum dot lifetim
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