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Segregation-enhanced etching of Cd during Zn deposition on CdSe quantum dots
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CdSe/ZnSe quantum structures grown on GaAs~001! by molecular-beam epitaxy were systematically inves-
tigated by high-resolution x-ray diffraction and high-resolution transmission-electron microscopy. Half of the
initial Cd deposit redesorbs when migration-enhanced epitaxy is used instead of conventional molecular-beam
epitaxy for the overgrowth of the CdSe by ZnSe. This result is explained by a segregation model accounting for
an enhanced redesorption of Cd due to Cd segregation and replacement of Cd by Zn in the topmost surface
layers. The observed intermixing of CdSe/ZnSe can be explained by this model.
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The system CdSe/ZnSe is in the center of interest bec
of its high lattice mismatch of about 7%, which is expect
to result in self-assembled quantum dots during epita
growth1–4 and its possible application for optoelectronic d
vices in the yellow/green/blue spectral range. Recently
strong intermixing leading to broadened ternary quant
structures was reported by different groups,5–11but the origin
of this intermixing is still under discussion. From the wide
studied system InAs/GaAs, which has a similar lattice m
match, the importance of surface segregation for intermix
is well known.12 Surface segregation was also observed
the system CdSe/ZnSe~Refs. 5 and 10! but the rather sym-
metrical depth profiles of composition found by hig
resolution transmission-electron microscopy~HRTEM! are
commonly interpreted in terms of interdiffusion.11 However,
this results in Cd diffusion constants, which are orders
magnitude higher than those determined by annea
experiments.9,11 In order to clarify the role of surface segre
gation, we have varied the method of ZnSe-cap-layer de
sition under controlled conditions. Conventional molecul
beam epitaxy ~MBE! and migration-enhanced epitax
~MEE! have been used for cap-layer growth. The situation
the growing surface is changed drastically in the latter c
due to alternate supply of group-II and -VI elements. T
influence of the overgrowth parameters is systematic
studied by high-resolution x-ray diffraction~HRXRD!, graz-
ing incidence x-ray diffraction~GIXRD!, and HRTEM.

HRXRD as well as HRTEM give information about th
incorporated amount of CdSe. Additionally, HRTEM pr
vides knowledge on the depth distribution of Cd, which
hardly accessible by HRXRD due to the small scattering v
ume of CdSe quantum-dot structures. Structural informa
on extremely thin layers at the sample surface can be
tained by GIXRD despite the small scattering volume. T
enables to investigate the structural properties of CdSe q
tum dotsbeforeovergrowth by ZnSe.

The samples were grown at 280 °C on GaAs~001! sub-
strates in a twin-chamber MBE system~EPI 930! equipped
with Zn, Se, and Cd elemental sources for II-VI lay
growth. The CdSe layers were deposited by MEE at 0.
ML per second and are embedded in a 40–50-nm-thick Z
buffer layer and a 20–25-nm ZnSe cap layer. The inten
CdSe layer thickness varies from 0.8 ML to 2.8 ML. Tw
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different sample series were investigated, which differ in
method of the cap-layer growth. The CdSe is directly capp
with ZnSe by common MBE for sample series 1 using
VI/II beam equivalent pressure ratio~BEPR! of 2:1 ~i.e., sto-
ichiometric conditions! and a growth rate of 0.5 ML/s. In
contrast, the first 5 ML of ZnSe are deposited by MEE
0.025 ML/s for sample series 2. To study the effect of t
VI/II flux ratio, two samples were grown where the CdSe
overgrown by conventional MBE using a growth rate of 0
ML/s and a BEPR of 4:1 and 1:1, respectively. One sam
with a nominal deposit of 4.9-ML CdSe and without a ZnS
cap layer was grown also for GIXRD investigations.

The HRXRD measurements were performed using a hi
resolution x-ray diffractometer~Philips MRD! with a sealed
Cu anode, a 43Ge(220) monochromator, and a receivin
slit. The GIXRD measurements were done at beamline B
at the Hamburg Synchrotron radiation facility~HASYLAB !
employing a focused beam at a photon energy of 9.6 ke

A Philips CM20/UT operating at 200 kV with a poin
resolution of 0.19 nm was used for HRTEM. The specime
were prepared by mechanical grinding followed by xen
ion milling to electron transparency.

HRXRD enables to derive very accurately the total~i.e.,

FIG. 1. Experimental~solid! and theoretical~dashed! ~004!
v/2u scans for the samples capped by MBE~series 1! and MEE
~series 2! with a CdSe deposition of 5 MEE cycles.
©2001 The American Physical Society11-1
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integrated! CdSe content in the quantum structures.7 Figure 1
shows ~004! v/2u scans for two samples of series 1 a
series 2, which differ nominally only by the cap-layer-grow
conditions. Clear differences between the diffraction profi
of the two samples are visible. In addition, Fig. 1 conta
theoretical diffraction profiles calculated on the basis
dynamical-diffraction theory. The nearly perfect accordan
between the measurements and simulations enables to e
the total CdSe content in the samples very accurately.
difference between the two experimental curves is cause
a clearly different amount of CdSe in the two samples. T
total CdSe content for all samples of series 1 and 2 is p
sented in Fig. 2. The samples of series 2 contain only ha
the CdSe, which is found in the samples of series 1 at
same CdSe deposit. Thermal CdSe desorption cannot ex
this observation because CdSe does not desorb at tem
tures up to 330 °C. This was verified by heating of samp
with uncapped CdSe layers at temperatures of up to 360
for several minutes. In this control experiment, a ZnSe
layer was deposited afterwards by conventional MBE a
the amount of CdSe was determined by HRXRD. The Cd
desorption rate was only 0.0012 ML/s at 360 °C.

Figure 3 exemplary shows the HRTEM micrograph o
sample of series 2, which was evaluated by digital analy

FIG. 2. Amount of CdSe determined by HRXRD vs number
CdSe MEE cycles with the ZnSe overlayer grown by MBE a
MEE. The lines represent linear fits to the data.

FIG. 3. HRTEM micrograph evaluated byDALI for 5 MEE
cycles CdSe of series 2. The relative vertical lattice constant is g
scale coded. The inset shows the depth profile averaged from
arrow to the right side of the micrograph. The error bars give
statistical error.Da/a50.04 corresponds to about 27% Cd usi
HRXRD for calibration.
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of lattice images5 ~DALI !. Compositional fluctuations can b
seen that act as quantum dots.13 A strong intermixing of
CdSe and ZnSe and a rather symmetrical depth profile of
nominal binary CdSe layer are clearly visible, too. If th
intermixing is caused by interdiffusion, it must occur part
already during the CdSe deposition because of the low C
growth rate of 0.029 ML/s. Thus the influence of interdiff
sion was studied by GIXRD measurements on nominal 4
ML-thick CdSe without a ZnSe cap layer. Figure 4 presen
reciprocal space map for the~202! reflection. Using this re-
flection, strain and composition of the layers can
separated.14 Dynamical calculations show that a simple kin
matical evaluation is valid for this reflection. The signal
binary, partly relaxed CdSe is visible, which is superimpos
by a modulation due to the finite size of the ZnSe buf
layer. The evaluation yields a strain parameter ofg50.6.
This strong relaxation is attributed to the rather large Cd
thickness in case of this sample. The absence of intermix
before overgrowth is significant giving direct evidence f
the importance of Cd surface segregation.

It was reported that the Cd sticking coefficient is strong
reduced if Zn and Cd are deposited at the same time un
group-II-rich conditions.15,16 The basic differences betwee
MEE and conventional MBE are the very low growth ra
and the deposition under alternately extremely group-II- a
group-VI-rich conditions for MEE. Indeed, we find a simila
CdSe reduction of about 33% by changing the VI/II flux ra
from group-VI- to group-II-rich conditions during CdS
overgrowth by MBE. This proves the importance of the VI
flux ratio for the investigated process. Our experimental
sults can be explained by a segregation model, which ta
into account partial redesorption of the Cd. During MEE, C
atoms from the topmost surface layers are replaced by
atoms. Due to the smaller binding energy of Cd adatoms

f

y
he
e

FIG. 4. Reciprocal space map for the~202! reflection of nominal
4.9-ML CdSe without cap layer measured by GIXRD. The intens
is gray-scale coded. The relaxation triangle of CdSe is given
comparison. A strain parameterg51 corresponds to a pseudomo
phic layer,g50 to a fully relaxed layer.
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ZnSe in comparison to Cd adatoms on CdSe, this proc
results in an effective redesorption of Cd that can be sum
rized as segregation-enhanced etching of Cd during Zn d
sition. It should be mentioned that besides the top la
some layers below also must be affected because the m
mum CdSe loss would be 1 ML otherwise for all sampl
Muraki et al.17 proposed a model for the concentratio
dependence of the segregating element on the layer de
Extending this model by a surface-desorption probabi
(12r ) of the segregating element yields

x5x0~12R!
12~Rr!n

12Rr
, n<N,

x5x0~12R!
12~Rr!N

12Rr
~Rr!n2N, n.N,

wherex0 is the nominal concentration,R is the segregation
probability,N is the nominal number of deposited monola
ers, andn is the number of the ongoing monolayer. In an
ogy to the model of Murakiet al.17 it is assumed thatR is
independent ofn. Although this assumption fails forx0 ap-
proaching 1, it describes underlying atomic processes
sufficient approximation even for thin quantum dot layers
shown below.

In our experiments, we observe the redesorption of hal
the deposited Cd. Within our model this can be reprodu
by various combinations of the segregation probabilityR and
the desorption probability (12r ) independent of the nomina
CdSe thicknessN. Nevertheless, a minimal segregation pro
ability is implied, which is 0.5 for a total of 50% Cd loss. A
upper limit of R50.6 results from a comparison of the ca
culated composition profiles with the profiles determined
DALI , keeping in mind the errors ofDALI . Thus a segregation
probability of R50.5–0.6 can be extracted. Figure 5 exe
plarily shows the calculated depth profiles obtained forN
52, R50.55, andr 50.18~50% Cd loss! or r 51.00~no Cd

FIG. 5. Calculated composition profiles for nominal 2-M
CdSe, a segregation probability of 0.55, and a sticking probab
of 0.18 ~50% Cd desorption! and 1.00~no Cd desorption!.
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loss!, respectively. The concentration profile forr 50.18 is
nearly symmetrical. Thus we like to point out that nea
symmetrical concentration profiles do not necessarily r
out the presence of surface segregation during growth.

The calculated concentration profiles assumingR50.55
andr 50.18 are narrower than the depth profiles obtained
DALI ~see inset of Fig. 3!, but the averaging of the HRTEM
over the specimen thickness has to be taken into accoun
a detailed comparison. Due to this averaging, a monola
roughness of interfaces results in an apparent broadenin
the CdSe film. Secondly, Cd interdiffusion can cause an
ditional broadening of the experimental concentration p
files. If interface roughness is neglected for the moment,
determined diffusion constants are 2310219cm2/s–1.8
310218cm2/s for the samples of series 2. As the samp
were prepared under experimentally identical conditio
such large differences in the diffusion constant are unlike
Hence these differences must be attributed to a strong va
in the interface roughness in different HRTEM sample
Thus 2310219 cm2/s is the upper limit for a diffusion con
stant which is in accordance with our experimental resul

Rosenaueret al.5 reported a composition profile for
CdSe film grown at 300 °C corresponding to a segrega
probability R50.6. Peranioet al.11 published a mean segre
gation probabilityR50.55 for samples grown at 280 °C
Both values are comparable with that of this work. Th
agreement is surprising due to the low growth rate of ME
However, our upper limit for the diffusion constant is thre
orders of magnitude lower than that reported by Pera
et al.11 The maximum value for the diffusion constant,
extrapolated to growth temperature from annealing exp
ments for undoped samples,5,18,19 is of the order of
10220cm2/s. Thus it is only one order of magnitude small
than our result. The remaining difference can be explain
by the presence of interface roughness~indicated by the ar-
row in Fig. 3!, which is neglected in our analysis.

In conclusion, we find a Cd redesorption of 50% if th
ZnSe cap layer was grown by MEE compared to MBE. T
could be quantitatively explained by a segregation mod
which takes into account a partial redesorption of segre
ing Cd atoms. The underlying process can be summarize
segregation-enhanced etching of Cd during Zn deposit
The used model leads to nearly symmetrical composit
profiles pointing to the fact that such profiles are not nec
sarily caused by interdiffusion. We demonstrated that no
termixing occurs before overgrowth for the samples un
study, indicating the importance of surface segregation
CdSe/ZnSe quantum-dot structures. The presented ex
mental results give evidence that the growth conditions d
ing overgrowth of the CdSe by ZnSe are of particular imp
tance when discussing the intermixing process of CdSe
ZnSe. This proves that Cd interdiffusion is not the ma
cause for intermixing under common growth conditions.

The authors are grateful to A. Rosenauer and D. Gerth
for providing theDALI software. This work was supported b
the Deutsche Forschungsgemeinschaft.
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