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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.

DOI: 10.1103/PhysRevB.66.075307 PACS nuniber61.14.Hg, 68.35.Rh, 81.07b, 81.15.Hi

Self-assembling mechanisms that enable the controllethe InAs quantum dot formation as well as the postgrowth
generation of crystalline quantum-size structures are a faschehavior with reflection high-energy electron diffraction
nating aspect of physics. A very prominent example arqRHEED) using 12-keV electrons. During growth, after the
strain-induced InAs quantum dots grown on GaAs in thegyitical time tc, a transition from a two-dimension42D)
Stranski—Krastanov modeBeing artificial atoms they in-  growth related RHEED pattern at the early stages of deposi-
trigue from a fundamental point of view. But self-assembled;;,\ 4 transmission diffraction of three-dimension(@D)

guantum dots are also very attractive for_device applicatio”?eatures is found. Insés) of Fig. 1 shows a RHEED pattern,
such as quantum dot lasers. The properties of these quant ical for 3D quantum dot-like islands, which is recorded
dots are crucially dependent on the parameters of the growt] '

. . directly after depositon of 2.0-ML InAs. The additional in-
proceduré. Applying molecular beam epitaxyMBE), the v tail lled ch that ttached t h ¢
central parameters are the temperature, the indium and at\gnS' y tails so-cafled chevrons that aré attached to each spo

senic flux, and the deposition time. The influence of thesé'© attributed to the side-facets of the dbBetailed descrip-

parameters is quiet complex and is not yet completely retions of the experimental procedure and of RHEED measure-

solved. As the most important parameter the temperaturB€nts during the InAs quantum dot formation are given in
controls the surface activity of the adsorbants which is finallyRefs. 3 and 10.
responsible for the quantum dot formatidthe intermixing The postgrowth stability of the InAs quantum dots is stud-
with gallium from the substrat&,® and the desorption of ied under variation of the temperatufeand of the arsenic
atoms from the surface. Until now, very little attention hasflux Fs. For the arsenic flux dependent desorption experi-
been paid to the latter process and the influence of the aments, the quantum dots are grown with substrate tempera-
senic flux. In this work, we applin situ electron diffraction  ture T=518°C, indium fluxF,,=0.1 ML/s, InAs coverage
to study the temperature and arsenic pressure dependence@f=2.0 ML, andF,,=4.8 ML/s. At the end of InAs depo-
the desorption process during growth as well as in the posisition, the indium shutter is closed and the arsenic flux is
growth regime. A kinetic desorption model is developed,adjusted with the valve or even completely stopped by clos-
which demonstrates quantitative reproduction of the experiing the main-shutter in the MBE growth chamber. In the
mental data. temperature-dependent desorption experiments, the tempera-
The measurements are performed in a solid-source MBRure is adjusted prior to the InAs deposition, since a con-
system equipped with a valved-cracker cell for arsenic. In therolled variation of the temperature requires significantly
experiments described here, the cracker temperature is chaore time than the experimental time scales. In order to
sen according to Asemission and the valve is used to pre- obtain a quantitative measure of the time scales relevant dur-
cisely control the Agflux in a range corresponding to a flux ing the postgrowth regime, the intensity of a 3D growth re-
gauge reading between X920 © and 1.5<10°° Torr. In  |ated RHEED spofindicated by the arrow in inset of Fig.
order to calibrate the flux-gauge reading, the method dei(a)] is recorded. An example of the measured RHEED time
scribed in Ref. 7 is applied. We find an Aflux of 7.6  evolution is plotted in Fig. 1. In these measurements, we
x10" cm2s! at a flux gauge reading of 5.5 define the time at which the indium shutter is closedt as
X 10™° Torr. Under consideration of a maximum Astick-  =0. We find the general trend that, after a period with nearly
ing coefficient of 0.5 as in the GaAs systérone gets an constant intensity, the intensity decreases down to the reap-
effective Ag flux to the surface oF s (ML/s)=4.5x 10° pearance of a 2D surface morphology.
times flux gauge readingrorr). In a growth model employed previously for lower tem-
Starting from flat(001) oriented GaAs substrates, first a peratures, where desorption is not relevant, we expect that
GaAs buffer layer is grown at 600 °C in order to smoothenduring a growth-stop the quantum dot height increases and
the surface. Before InAs deposition the growth is interruptedhe diameter slightly shrink§Since this behavior does not
to reduce the growth temperature to 433-548 °C. We studgxplain our RHEED measurements at higher temperatures,
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FIG. 2. Measuredsymbolg and calculatedline) temperature
dependence of the postgrowth quantum dot lifettge Two values
of the arsenic flux are chosefs=0 ML/s andF,=4.8 ML/s.
The inset shows Arrhenius plots of the data.

that after deposition of 2.0-ML InAs a ML-thick InAs wet-
ting layer has been formed and that the remaining material is
accumulated in the quantum dots. From atomic force micros-
copy, we find a typical dot density of 2010 cm™? cor-

FIG. 1. Time evolution of the RHEED reflex intensitpulk  responding to an average number of 51900 atoms per dot.
line) together with the calculated quantum dot volurfdashed  Assuming pyramid-shaped dots with volumé& and an
line), and the corresponding RHEED patterns. The sudden increamq(‘;ﬂéL2 a of 26° between the substrate and the pyramid side-
of the RHEED signal prior to the indium shutter closure reflects thefacets, the initial pyramid height iSp=21 ML. From dif-
2D to 3D transition._lnsets(a) InAs quantum dots after deposition fraction theory, the intensity of a diffracted spot is propor-
of 2.0-ML InAs in[110]-azimuth, the arrow points to the 3D-type tional to the diffracting volume. This establishes the
reflex that is used for the measurement of the time-dependent intefneasured time evolution of the 3D RHEED spot in Fig. 1 as
sity, (b) 2D morphology in the postgrowth regime 160 s after depo-gn jmportant result, since the initially small and subsequently
sition is stopped, the arrow points to the 2D reflex used for therapidly increasing desorption rate points out layer-by-layer
time-dependent measurements. The 2D pattern reappear after atira@sorption starting from the pyramid-top instead of re-
to. The parameters afe=>524°C andFas=4.8 ML/s. evaporation from the initially large pyramid side-facets. The
juantum dot volume evolution calculated assuming layer-by-

we attribute our observations to the additional process o q , he | del in the followi
desorption and a resulting dissolution of the quantum dot ayer esorptl_or(seet € layer modet in the fo owlmg)ro-
vides qualitative reproduction of the time evolution of the

As a quantitative characterization of the quantum dot life- ) o

time, we define the timg, up to the instant at which the 3D RHEED S|gnal_|n Fig. 1. . . .

reflex intensity becomes lower than that of 2D reflexes which In the following, we start with a simple continuum model

now arise. This is observed in the recorded spot intensity a@at aIIows_ an analytlg:al treatment Of. quantum dot desorp-

a sharp minimum at cutoff of the monotonous decrease. Aon, but without consideration 9f impinging fluxes. An ex-

corresponding 2D RHEED pattern is shown in inésit of panded layer based model that includes fluxes of In and As is

Fig. 1. In our experiments, the quantum dot lifetimgecan

be significantly enhanced by a reduction of the temperature

(Fig. 2) as well as by a higher arsenic flikig. 3). As an 0.0

example, all =518 °C, t increases from approximately 7 s

without arsenic flux to more than 200 s by applying an ar- 200}

senic fluxF,s=6.0 ML/s. This result clearly demonstrates

the stabilization of the InAs quantum dots by an impinging w

arsenic flux. From the experimental temperature dependence “* ool

of tp at Fps = O we estimate the activation energy

E=3.53 eV and the prefactdp=2.05x 10 ?? s assuming

Arrhenius type behaviar, =tyexpE/kgT), wherekg is Bolt- ol

zmann’s constant. We note the surprising small prefactor o 1 2 3 2 5 & 7

similar to the one found in Ref. 11. The physical possibility As flux, F,_ (MU/s)

of such small prefactors has been motivated in Ref. 11. How-

ever, a detailed theoretical understanding is not available at FIG. 3. Dependence of the measureymbol$ and the cal-

present. culated (line) time tp on the arsenic flux at a temperature
To model the above-mentioned experiments, we assumé=518°C.
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applied to calculate the stabilization of the dots by arsenic as
well as the indium sticking coefficient during growth. 40 g 9pr( I:EAS (X|1—X|))

The size of the square area on top of a truncated pyramid —Pf _ Fa(l—6 r)_ﬁ _ . (3)
with volumeV is A=[6 cot(@)(Vp—V)]?2. An atom of spe- dt P T Tir

cies j may desorb from this area after its lifetimg  \here the first term describes the incorporation rate of im-
=to; exp(;/keT), wherety, is a prefactor, ands; is the  pinging arsenic, the second term the desorption rate, and the
energy barrier for desorption. Since for desorption of bothhird term the rate of transition from the precursor into the
species, indium as well as arsenic, bonds between indiuhemisorbed state prior to incorporation, with the lifetime
and arsenic layers must be broken, we take the respective yp to desorption from the precursor state and the transi-
lifetimes as approximately equal with,=7os= 7. DU 10 tjon Jifetime r,,. The corresponding activation energies are
desorption, the volume of the pyramid is rgducgd accordngpr andE,, . As an approximation we assume that the last
to dV(t)/dt=—A(t)/7y, whereV andA are in units of the  term in Eq.(3) is negligibly small and thab),, is in equilib-
respective number of atoms. WiNi(t=0)=Vp, one gets  jum with

V(t)=Vp—(4/3)(cota)(t/7)® and for the pyramid height

h(t)=hp—(t/7). Therefore, the quantum dot lifetime be- 0p,=FAS/[TFjr1+ F sl (4
comestp=(hp—hg)tyexp(—E/kgT) and represents the re- . ) ) .
duction of the dot height from initially down to the criti- 10 include the precursor layer in our models in Eq. (2) is

cal heighth,=3 ML for the 3D to 2D transition of the replaped_byapr/rtr. For_the analysis of the flux depende_nt
RHEED signals according to Ref. 3. The comparison withdata in Fig. 3, the remaining two parameters are determined

the experimental data forFa—=0 yields En=Ens [TOM a fit as 7, (T=518°C)=0.695 s and 7, (T
=3.53 eV and ,=toa=1.14x10" 23 s, =518°C)=0.00568 s. Assuming equal prefactors for all

In our expanded model, the pyramids consist of alternatProcesses, we can calculate the activation energigs
ing indium and arsenic layers with indéx1---hp, start- — -/ €V andE,=3.24 eV. Figure 3 demonstrates the

ing from the bottom indium layer= 1. The maximum num- quantitative reproduction of the experimental data. As an ad-
ber of atoms in each layeX =2 cota(he—)J? reflects the ditional important validation for the model, we calculate the

pyramid-shape. The quantid; describes the filling-level of tlamperature-d(_apendence of at a fixed arsenic fluf
the layerl and is unity directly after deposition. Desorption —4-8 ML/s using the same set of parameters. The very good
reducesX; and, thus, the total island volumé=S A X, . agreement between the calculated and the measured life-

times, visible in Fig. 2, demonstrates the ability of our model
to describe the central desorption mechanisms during the

dX /dt=F,— (X;—= X, )/ 7n, (1)  postgrowth regime.

The filling-level evolution obeys for the indium layers

and for the arsenic layers

1.0}
dX/dt=Fas(Xj—1=X) = (X; =X+ 1)/ Tps- 2 osl
These equations consider the capping of atoms in a certain 06
layer by those in a layer over it. That means, atoms from <
layer| can only desorb once enough atoms from layed 5 04r
have already been removed. The set of coupled rate equa- 02
tions (1) and(2) is solved iteratively in order to calculatg L F,,=0.04MUs
in the postgrowth regime with a finite arsenic fltbas> 0 M
but in the absence of an indium flu,. As described pre- o5l
viously, tp represents the time up to the reduction of the L F, =0.04 MUs
pyramid height down tdh,=3.0 ML. Values ofty calcu- 60 F, =45MUs
lated for Fos=0 agree very well with the results of the 55}
above-mentioned continuum model. @ 50l
As a very important result, the calculatggdshow a linear o I
dependence on the arsenic flux, which is not in agreement 45}
with the experimental finding of a nearly saturated at a0l
higher values of »¢ (Fig. 3). This qualitative disagreement apl®y o
indicates a more complex incorporation mechanism for ar- 440 460 480 500 520 540 560

senic. In order to refine our model, we include a precursor
state for the impinging Asmolecules. Such precursor states
are well established in literature for description of arsenic g 4. The upper panel shows the calculated indium sticking
incorporation on GaAs surfacB#s a simplification, we as- coefficienta,, as function of the temperature at different values of
sume that the precursor state is populated with arsenic atongge arsenic flux. In the lower panel, measufegmbolg and calcu-
and that every impinging Asmolecule produces two atoms |ated (lines) values of the critical timeéc up to quantum dot forma-
according to the maximum sticking coefficient of 0.5. Thetion are plotted vs temperature. For the calculated lines, In/Ga in-
coveraged,, of the precursor layer is given by terdiffusion is neglected, which is important &< 520 °C(Ref. 3.

Temperature (°C)
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In further experiments, the effect of desorption during theamount of material according to-=to/a,, Where Ft,
growth process is studied. For this, we measure the time gives the desired film thickness in the casexgf = 1. This
up to quantum dot formation as function of the growth tem-approach is applied to explain the experimental temperature-
perature according to Refs. 3 and 10. In these measuremeragpendence of. at higher growth temperatures. Usiltg
Fin=0.04 ML/s,Fp=4.5 ML/s, andT=433-548°C. TWo  _45 g e find good agreement as is demonstrated in Fig. 4.
regimes can be distinguished in the data: whereas up 10 ag 5 remarkable point, the literature reports strong evi-
520°C there is only a slight increase f, at higher tem- 000 for 5 temperature-dependent intermixing of the InAs

peratureste rises very abruptly(Fig. 4). For temperatures : .
. > quantum dots with gallium from the substrdté€ An average
higher than 543 °C no clear 3D growth related RHEED pat'gallium content up to 50% in the dots can be achieved in this

tern is found. This increase of with T contradicts a simple ay. That means, in principle, desorption of both species

thermally activated behavior. To explain the small increase o ight be of relevance. On the other hand, regarding the high

the data up to 520 °C, we refer to Ref. 3, where this effect i, ation energy for desorption of bulk-like gallium and the

attributed to segregation of gallium from the substrate 'ntocorresponding high temperatures of at least 756™@e as-

the Inﬁ\s f|Ir_n, which reduhces theheffectwe Igttlce m'S;natChsume that gallium desorption is not relevant at the tempera-
and, thus, increasey . The much stronger increase f0r o5 considered here. This is supported by our experimental
>520°C is not explainable within this picture. Here we as'finding of only one activation energy as is visible in the

sume that desorption comes into play. N temperature-dependence tgf (Fig. 2.

__To apply our desorption model to growth conditions, the o resylts establish the importance of desorption pro-

initial conditions become|(t=0)=0. We calculate the in-  eqqes that cannot be neglected during growth of self-
dium sticking (ioefflaenra,n: Oin/ (Fit) during 25-s depo-  555embled InAs quantum dots at the technologically relevant
sition with F,=0.04 ML/s and the indium coveragl,.  temperatures. In particular, desorption of indium causes two
The wetting layer is neglected in this approach. Figure 4uects: first the total amount of material stored in the quan-

shows values ofy, calculated under variation of for dif-  {m dots will be reduced and second the dots become more

ferent values ofFs. In all cases, we findy,=1 up 10 @  galjum rich. Both effects crucially modify the electronic
certain temperature, followed by a strong decrease. A high&fqperties of the quantum dots. A sufficient arsenic flux re-

arsenic flux increases this transition temperature. As an eXj,ces the indium desorption and, thus, enhances the indium

ample, @,=0.9 is found at T=497°C for Fas  sticking coefficient and the postgrowth quantum dot lifetime.
=0.04 ML/s, and afT=542°C for Fps=40 ML/s. These

examples establish the relevance of desorption processes The author would like to thank S. Mendach and W.
even at usual growth temperatures and the importance of tHéansen for very helpful discussions, C. Weichsel for AFM
arsenic flux value. A reduced sticking coefficient lengthengneasurements, and the “Deutsche Forschungsgemeinschaft”
the time that is required for the deposition of a certainfor financial support via HA 2042/3 and via SFB 508.
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