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Surface Exchange and Shape Transitions of PbSe Quantum Dots during Overgrowth
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Epitaxial overgrowth of PbSe quantum dots is shown to drastically affect their shape and composition
due to anion exchange reactions. As shown by scanning tunneling microscopy, for PbTe capping layers
this results in a complete truncation of the dots. Introduction of EuTe into the cap layer leads to an
effective suppression of the anion exchange process. This preserves the original dot pyramids and induces
a large stress concentration on the surface which further alters the overgrowth process.
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Self-assembled semiconductor quantum dots are of
great importance for optoelectronic devices. Their synthe-
sis is based on the Stranski-Krastanow growth mode of
lattice-mismatched heteroepitaxy in which three-
dimensional (3D) surface nanoislands spontaneously nu-
cleate on a 2D wetting layer to relax the elastic energy of
the system [1]. For practical device applications, these dots
have to be covered by a protective capping layer in order to
suppress surface oxidation as well as nonradiative carrier
recombination. Experimental studies have indicated, how-
ever, that during this capping process a strong redistribu-
tion of the dot material takes place [2—11]. For example, Si
capping of Ge nanoislands was found to result in a reverse
shape transition from multifaceted domes to pyramids
[3,4], and self-assembled InAs dots tend to be transformed
into shallow lens- [6—9] or ring-shaped [2,9] structures.
This modifies the electronic properties as well.

In this Letter, we focus on the role of the chemical
composition of the capping layer on the overgrowth pro-
cess of self-assembled PbSe quantum dots. Using in situ
scanning tunneling microscopy, we reveal that an intricate
interplay between surface exchange and shape transitions
occurs. This strongly depends on the cap layer composition
and not only influences the surface evolution but also the
final shape and composition of the dots. While for pure
PbTe overgrowth, anion exchange leads to a rapid dot
dissolution, this is effectively suppressed by the introduc-
tion of EuTe into the capping material. Thus, the pyramidal
structure of the native PbSe dots is completely preserved.
The reduced intermixing induces a high stress concentra-
tion on the cap surface such that deep holes and trenches
are formed due to repulsion of deposited adatoms. The
comparison with theoretical calculations shows that the
structure of these trenches exactly mirrors the surface
strain distribution and that the trenches are filled up only
when the surface stress falls below a critical value.

The samples were grown by molecular beam epitaxy
onto PbTe (111) buffer layers [12,13]. Their structures
consist of 5 monolayers (ML) PbSe dots followed by
Pb,_,Eu, Te capping layers with composition varying be-
tween xg, = 0 and 8% and thicknesses from 10 to 200 A.
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Identical growth conditions were used for all samples with
a substrate temperature of 350 °C and PbSe and PbEuTe
flux rates of 0.12 and 1 ML/sec, respectively. Because of
the —5.4% lattice mismatch, PbSe dots are formed at a
critical coverage of 1.5 ML, and at 5 ML the surface is
uniformly covered by dots with a density of ~250/um?.
Immediately after growth, the samples were quenched to
room temperature and transferred to an attached ultrahigh
vacuum scanning tunneling microscopy (STM) chamber.
Surface imaging was performed at a sample bias of 1-2 V
and selected samples were also characterized by ex situ
atomic force microscopy.

Figure 1(a) shows the 3D surface image of the initial
uncapped PbSe islands, representing the starting condition
for the overgrowth experiments. From a statistical analysis,
the as-grown dots display an average height of 110 Aand a
base width of 205 A, both with a dispersion of *+12%. All
dots exhibit an identical pyramidal shape defined by three
low-energy {100} side facets [12,13] and a triangular base
aligned along the (110) directions. In the first set of experi-
ments, the dots were capped with PbTe layers and the
surface evolution captured by STM. As revealed by
Fig. 1, with increasing cap thickness a rapid shrinking of

FIG. 1. Surface images (0.3 X 0.25 um?) of 5 ML PbSe dots
covered with different PbTe cap thicknessgs: (a) Uncovered dots.
(b)—(d) Cap thickness of 20, 30, and 40 A, respectively.
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dot height and transition in shape occurs. Already after
20 A PbTe deposition [Fig. 1(b)], the dots are transformed
into truncated pyramids and their height is reduced to half
of the original value. At 30 A cap thickness [Fig. 1(c)], the
surface has become almost completely flat with just the top
1-3 ML of the pyramid trunks still sticking out through the
capping layer. Thus, the whole upper part of the dots has
been completely dissolved. The flat top plateaus of the dots
show a substantial rounding of the corners and the width
has notably increased compared to the original dot pyra-
mids indicated by white triangles in Fig. 1(c). Thus, the dot
material has been redistributed towards the island edges.
Further incrementing the cap thickness to 40 A [Fig. 1(d)]
renders a completely planarized surface with the usual
200 nm wide monolayer terraces typical for PbTe epilayers
[13]. In addition, however, evenly distributed shallow tri-
angular surface depressions appear on these terraces. Their
density exactly matches the density of the buried dots and
thus, they stem from the local lattice distortions induced by
the dots.

A strikingly different surface evolution takes place when
the dots are overgrown with Pb ¢, Eug ogTe capping layers.
This is demonstrated by the series of STM images dis-
played in Fig. 2. At 80 A cap thickness, the PbSe pyramids
still stick out through the cap layer [Fig. 2(a)] and their tips
remain visible even at 100 A cap thickness [Fig. 2(b)]. In
addition, the apices of the dots clearly retain the triangular
shape of the pristine PbSe pyramids as evidenced by the
STM images shown as insets. Thus, the native PbSe dots
are completely preserved and the deposited capping mate-
rial just fills up the space between the islands. Although at
this stage, the surface between the dots is already rather
flat, deep trenches remain at the perimeter of the dots; i.e.,
the growth is strongly suppressed at the pyramid edges.
The peculiar structure of the trenches, revealed by the inset

FIG. 2. STM images (0.5 X 0.5 um?) of 5 ML PbSe dots
covered with PbggyEugsTe cap thicknesses of 80, 100, 140,
and 160 A from (a) to (d), respectively. The enlarged images
around single dots are shown as insets.

of Fig. 2(b), consists of a 200 A wide triangular shaped
denuded zone around the apex of the dots and additional
deep holes at the pyramid corners. The depth of the
trenches increases from 2-3 ML at 80 A cap thickness to
5-8 ML at 100 A cap thickness. As a result, the apices
remain visible even at 120 A cap thickness that exceeds the
original dot height. As growth further proceeds, the
trenches eventually merge together and just one single
~10 ML deep hole is left above each island [STM image
of Fig. 2(c)]. The corresponding zoomed-in STM image
signifies that the inner structure of these holes still displays
the triangular symmetry of the original PbSe dots elon-
gated along the (211) corner directions. Only after further
PbEuTe deposition, the holes start to be filled up such that
at 160 A a completely planar surface is regained
[Fig. 2(d)]. On the wide and flat monolayer terraces of
this surface again the signature of the buried dots in form of
shallow triangular surface depressions appear.

For a quantitative analysis of the overgrowth process,
STM surface profiles were measured across the dots along
the [110] direction. The results are displayed in Figs. 3(a)
and 3(b) for both sets of samples. For the PbTe case, the
profiles show a rapid transition from sharp to truncated
pyramids within 30 A cap deposition. For the PbEuTe case,
the island tips are preserved up to a cap thickness of 120 A,
and even at 140 A, the islands still reach to the bottom of
the holes. To characterize this behavior, the apparent height
hyp of the dots indicated by arrows in Fig. 3 was measured
as a function of cap thickness. The values are plotted in
Fig. 3(e) for PbTe (@) and PbEuTe (M) capping layers,
including also data obtained by AFM ([J). As indicated by
the solid lines, in both cases, the dot height decreases
linearly with increasing cap thickness d. The dependence
is described by /,, = (hy — k)d, where hj is the initial dot
height and £ is a scaling constant that characterizes plana-
rization properties of the growth process. For usual thin
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FIG. 3. STM surface profiles across PbSe dots capped with
different PbTe (a) or PbEuTe (b) cap thicknesses. The scale is the
same for all profiles and the shaded areas indicate the dot part
penetrating through the cap surface. (e) Average apparent dot
height £, plotted as a function of PbTe (@) and PbEuTe (M) cap
thickness ((1: AFM data). The different mechanisms determin-
ing the surface evolution are illustrated in (c) and (d).
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film deposition, k is generally less than one, with the lim-
iting case of k = 0 for conformal overgrowth. For PbEuTe
capping, the fit of the experimental data yields a value of
k = 1, representing the ideal case when growth takes place
exclusively in between, but not on top of the islands as
shown schematically in Fig. 3(d). For PbTe overgrowth, k
exceeds this value by as much as a factor of 3. This signifies
that an additional process comes into play that induces a
negative growth of the island tops at a rate that is 2 times as
large as the deposition rate driven by strong intermixing
between the dots and the capping material via anion sur-
face exchange. Generally, intermixing is quite favorable in
strained-layer heteroepitaxy because it effectively reduces
the lattice mismatch and thus, the total energy of the
system. This is because the increase of the volume of
strained material induced by intermixing is outweighed
by the concomitant reduction of the strain energy per
unit volume. The reduced lattice mismatch, on the other
hand, reduces the driving force for strain-induced coherent
islanding [1]. Therefore, as the Se concentration at the top
of the dots is reduced, the material starts to migrate toward
the island edges to form more planar surface structures.
This is illustrated schematically in Fig. 3(c).

Our model is supported by several control experiments.
First of all, we find that PbSeTe ternary layers on PbTe are
stable against strain-induced coherent islanding when the
Se concentration drops below a critical value of about 40%.
Thus, intermixing indeed destabilizes the PbSe dots when
the alloying is sufficiently large. Second, the characteristic
shape transition is observed only for overgrowth but not
during post growth annealing. This indicates that a direct
exposure of PbSe with Te atoms is required for the dis-
solution process. Particular support comes from the dra-
matic effect of introduction of EuTe into the capping layer.
Its role was clarified by an additional set of experiments
which showed that predeposition of EuTe layer as thin as
0.2 ML onto the islands before PbTe overgrowth is suffi-
cient to inhibit the dot dissolution process. This proves that
atom exchange at the surfaces of the dots is the decisive
mechanism for island dissolution. The dramatic effect is
explained by the very large difference in binding energy of
EuTe compared to the lead salt compounds, where the
EuTe value of 7.9 eV per atom pair [14] is nearly twice
as large as that for PbSe or PbTe. As a result, the energy
barrier for surface exchange is drastically increased.

The consequence for the structure and composition of
the buried dots is revealed by analysis of the submonolayer
surface depressions observed on the fully planarized cap
surfaces. These depressions arise from the elastic lattice
distortions around the dots and their amplitude and shape is
directly linked to the structure of the buried dots. For a
quantitative analysis, line profiles were measured across
the surface depressions and averaged over several dots.
The results are displayed as solid lines in Figs. 4(c) and
4(d) for 40 A PbTe and 160 A PbEuTe cap layers, respec-
tively. To deduce the corresponding dot structure, the
surface depressions were modeled assuming coherently

strained dots with variable size, shape, and chemical com-
position. The resulting lattice deformations were calcu-
lated using the Fourier method [8]. The PbTe capped
dots were modeled as truncated rounded pyramids with a
height of & = 30 A, but varying averaged base width b,
facet angle «, and composition c; as shown schematically
in Fig. 4(a). The PbEuTe capped dots were modeled as
sharp pyramids with {100} facets, a height of 110 A, and
possible vertical gradients in the Se concentration from c,,
at the base to c, in the apex were accounted for [Fig. 4(b)].
From a whole set of calculations we find that the base width
and sidewall angle mainly affect the profile shape, whereas
the depth mainly depends on the dot composition. This is
illustrated by Figs. 4(c) and 4(d), where the profiles calcu-
lated for different dot compositions are plotted as dashed
lines together with the experimental data, using b = 340 A
and a = 20° for PbTe, and b = 230 A and @ = 54° for
PbEuTe capped dots. For the PbTe case, clearly a good fit is
obtained for a Se concentration of 60%, indicating a high
degree of Se/Te intermixing. This is attributed partly to
intermixing already taking place during the growth of the
dots. For the PbEuTe capped dots [Fig. 4(d)], for a good fit
the Se content must increase from 83% at the base to 100%
at the top. Since the original dot structure is essentially
preserved, this gradient must be present already within the
uncapped dots. Also from the simulations, the dot width is
significantly smaller and the side wall angle much steeper
than for PbTe covered dots. This again supports our asser-
tion that for the latter a large amount of material is redis-
tributed toward the island edges.

Knowing the structure of the buried dots, we can clarify
the question of why trenches and holes are formed during
PbEuTe but not during PbTe overgrowth. For this purpose,
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FIG. 4. Top: Buried dot structure used for the elasticity calcu-
lations for (a) PbTe and (b) PbEuTe capped dots. Bottom:
Averaged STM surface profiles (solid lines) measured over
buried dots for (c¢) 40 A PbTe and (d) 160 A PbEuTe cap layers
in comparison to surface profiles (dashed lines) calculated for
different Se concentrations c. The best fit yields for the PbTe
capped dots ¢, = 60%, h = 30 A, b=340 A, and « = 20°.
For the PbEuTe capped dots 7 = 110 A, b=230A,and a =
54° and cg, increases from 83% at the base to 100% at the top.
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FIG. 5. Surface strain energy distributions on the cap layer
calculated for the dot structures derived in Fig. 4: (a) Truncated
rounded dot capped with 40 A PbTe, (b) sharp pyramidal dot
capped with 100 Aor (c) 140 A PbEuTe. Darker colors represent
regions of higher strain and the isoenergy contour spacing is 2,
70, and 6 meV /atom pair for (a) to (c), respectively. Bottom:
Energy maxima of the strain distribution plotted as a function of
PbTe (@) and PbEuTe (M) cap thickness. Open symbols indicate
the structures where trenches are observed by STM, solid sym-
bols indicate structures with completely planarized cap layer.

we calculate the strain energy distribution on the surface of
the capping layer to assess the stress concentration induced
by the buried dots. As input parameters we use the shape
and composition of the buried dots obtained above, but we
consider only the situation of a fully planar cap surface,
noting that the stress concentration will be even enhanced
by the trenches at the island edges. Figures 5(a)—5(c) show
the calculated surface strain energy distributions for PbTe
and PbEuTe cap layers with 40, 100, and 140 A thickness,
respectively. For thin PbTe cap layers, the surface is
strained just above the edges of the islands, thus forming
a ringlike stress concentrated region. For the 100 A
PbEuTe cap layer [Fig. 5(b)], a triangular shaped stress
concentrated region is formed along the pyramid edges
with strongly enhanced stresses at the pyramid corners.
Strikingly, the energy contour lines mirror the descending
step structure within the trenches seen in the STM images
[Fig. 2(b)], and the deep holes formed at the pyramid
corners are located exactly at the regions of highest stress
concentration. As the PbEuTe thickness increases, the gap
between the strain maxima closes and a single central
strain maximum is formed [see Fig. 5(c)]. Comparing
this strain distribution to the structure of the pits in the
STM images [Fig. 2(c)], again a striking one-to-one cor-
respondence of the isostrain energy contour lines with the
monolayer step structure within the pits appears. For the

PbTe cap layers, the absence of trenches is readily ex-
plained by comparing the magnitude of the energy maxima
plotted in Fig. 5(d) as a function of cap thickness.
Evidently, in both cases the stress concentration rapidly
decays with increasing cap thickness, but the values for
PbEuTe cap layers of up to 440 meV /atom pair are much
higher than those for PbTe layers of less than 15 meV. The
latter is due to the lower Se concentration as well as the
rounding of the pyramid edges. For the 140 A PbEuTe cap
layer where pits are still present on the surface, the strain
energy maxima are still as high as 40 meV, whereas at
150 A the strain energy drops to 20 meV and the pits on the
surface disappear. Thus, this value represents the critical
strain energy required for repulsion of the deposited ada-
toms and indeed, for all structures with lower stress con-
centration no pits or trenches are observed by STM, neither
for PbTe nor for PbEuTe capping layers.

In conclusion, overgrowth of PbSe quantum dots indu-
ces pronounced shape transformations due to anion surface
exchange reactions, leading to a significant shrinking of
height as well as rounding of shape. This process can be
suppressed by the introduction of a barrier layer by which
the pyramidal structure of the native dots is completely
preserved. Our results underline the importance of inter-
mixing processes for the structure of the buried dots and
demonstrate that the control of the cap layer composition is
an effective means for tailoring the structure of quantum
dots as required for device applications.
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