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capping layer on the formation of InAs quantum dots*

J. M. UIIoa,a) C. Celebi, and P. M. Koenraad
COBRA Inter-University Research Institute, Eindhoven University of Technology, P.O. Box 513,
NL-5600MB Eindhoven, The Netherlands

A. Simon, E. Gapihan, A. Letoublon, and N. Bertru
Laboratoire d’études des Nanostructures Semiconductrices (LENS), INSA-Rennes, F-35043 Rennes Cedex,
France

I. Drouzas and D. J. Mowbray
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

M. J. Steer and M. Hopkinson
Department of Electronic and Electrical Engineering, University of Sheffield, Sheffield SI 3JD, United
Kingdom

(Received 14 September 2006; accepted 27 December 2006; published online 27 April 2007)

The impact of the capping material on the structural properties of self-assembled InAs quantum dots
(QDs) was studied at the atomic scale by cross-sectional scanning tunneling microscopy. Capping
with lattice matched layers and with strained layers was analyzed. When the different capping
materials are lattice matched to the substrate, the differences in the QD properties can be dominated
by chemical effects: InAs/InP QDs capped with InP have a 2 ML smaller height than those capped
with InGaAs or InGaAsP due to As/P exchange induced decomposition. The height of the dots is
found to be much more strongly affected when strained capping layers are used. InAs/GaAs, QDs
capped with InGaAs are considerably taller than typical GaAs-capped dots. When GaAsSb is used
as the capping layer, the dots are almost full pyramids with a height of 9.5 nm, indicating that dot
decomposition is almost completely suppressed. This indicates that the dot/capping layer strain
plays a major role in inducing dot decomposition during capping. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2722738]

I. INTRODUCTION

Self-assembled InAs quantum dots (QDs) have attracted
much attention in the last years due to promising applications
such as QD lasers,l’2 single electron tlransistors,3 etc. InAs
QDs are commonly created by Stranski—Krastanov growth
mode when InAs is deposited on a substrate with a bigger
lattice constant, like GaAs or InP.* Once created, the QDs are
subsequently capped, a step which is required for any device
application. Although a lot of effort has been dedicated to
understand the QD growth mechanism, there are relatively
few studies focused on the effect of the capping plrocess.5_13
Some of these studies have already shown significant differ-
ences in size, shape, and composition between uncapped and
capped QDs. For example, an important collapse of the QD
height has been reported for InAs/GaAs QDs capped with
GaAs, 81012 revealing the big influence of the capping pro-
cess on the structural properties of the QDs. The existing
structural studies of buried InAs/GaAs QDs have been
mainly devoted to GaAs-capped QDs. Nevertheless, different

*This paper is based on a talk presented by the authors at the 28th Interna-
tional Conference on the Physics of Semiconductors, which was held
24-28 July 2006, in Vienna, Austria. Contributed papers for that confer-
ence may be found in "Physics of Semiconductors: 28th International Con-
ference on the Physics of Semiconductors,” AIP Conference Proceedings
No. 893 (AIP, Melville, NY, 2007); see http://proceedings.aip.org/
proceedings/confproceed/893.jsp.
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materials such as InGaAs and GaAsSb are nowadays used to
cap InAs/GaAs QDs in an effort to extend its emission wave-
length to the technologically interesting 1.3—1.55 um
region.m_19 For InAs/InP QDs, capping materials other than
InP, like InGaAsP, have also successfully been used for laser
applications.zo*22

The use of different capping materials strongly affects
the emission wavelength and therefore should strongly affect
the QD electronic and/or structural properties, such as size,
shape, composition, strain, band-offsets, etc. Indeed, critical
issues occurring during capping like dot decomposition, in-
termixing, segregation, As/P exchange, and phase separation
in the capping layer depend on the capping material. To un-
derstand the impact of the capping material on the structural
properties of the QDs is consequently of crucial importance.
Cross-sectional scanning tunneling microscopy (XSTM) is a
suitable technique for this purpose, because it allows to asses
the structure of the capped dots at the atomic scale.

In this work, we have used XSTM to analyze at the
atomic scale how capping with different materials influence
the structural properties of InAs QDs in GaAs and InP. The
role of the different effects occurring during capping (inter-
mixing, segregation, As/P exchange, compositional modula-
tion in the capping layer, etc.) is determined. First we study
the capping with lattice matched layers (with respect to the
substrate), where the chemical effects could dominate the
process. For that we study InAs dots grown on (311)B InP

© 2007 American Institute of Physics
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that were capped by either InP, InGaAs, or InGaAsP (the last
two materials being nominally lattice matched to InP). Then
we studied the capping with strained layers to reveal the role
of strain. For that we used InAs QDs grown on (100) GaAs
capped with InGaAs and GaAsSb strain reducing layers.
While strong morphological differences are found when
strained layers are used, the difference between various lat-
tice matched capping materials is more subtle, although also
relevant for device applications.

Il. EXPERIMENTAL DETAILS

The samples used in the study of the lattice matched
capping (Sec. III A) were grown by gas source molecular
beam epitaxy (MBE) on a Si doped (311)B oriented InP
substrate. This substrate orientation is very attractive for la-
ser applications because, in comparison with InAs dot for-
mation on conventional (100) InP substrates, a higher density
of dots having a smaller size dispersion has been achieved on
(311)B InP substrates.”**! Indeed, room temperature lasers
with low threshold current density emitting at 1.5 um were
recently demonstrated.” In the analyzed sample the growth
temperature was set to 480 °C. The QDs were formed by
depositing 2.1 (100) equivalent monolayers (ML) of InAs at
0.33 ML/s on InP buffer layers. A low As flux was supplied
to the surface during the InAs deposition to enhance the for-
mation of small QDs.”' After island formation, a 30 s growth
interruption under As flux was performed before the growth
of the capping layer. Three QD layers, separated by 40 nm,
were grown under the same conditions but capped with dif-
ferent materials: 40 nm of InP in the first layer, 20 nm of
lattice matched Ing 53Gay 47As in the second layer (followed
by 20 nm of InP), and lattice  matched
Ing 37Gag 13AS0.285P0.715 in the third one. The growth rates
were 1.4, 0.6, and 1.1 ML/s, respectively.

The samples used in the study of the capping by strained
layers (Sec. III B) were grown by solid source MBE on a n*
Si doped (100) GaAs substrate. In the two analyzed samples,
2.7 ML of InAs were deposited at 500 °C and 0.1 ML/s on
an intrinsic GaAs buffer layer. In the first one, the QD layer
was capped with a 6 nm thick Ing 5GaygsAs layer grown at
500 °C, while in the second a 6 nm GaAsg75Sby,s layer
grown at 475 °C was used. The growth rate was 0.5 ML/s in
both cases.

The XSTM measurements were carried out at room tem-
perature on the [110] or [1-10] surface plane of in situ
cleaved samples under ultrahigh vacuum (p<4
% 107" Torr) conditions. Polycrystalline tungsten tips pre-
pared by electrochemical etching were used. The images
were obtained in constant current mode during which both
the topography and current images were recorded simulta-
neously. All the images shown in this article were taken at
high voltage (~3 V). Under these conditions the electronic
contrast is strongly suppressed and the measurement reflects
mainly the topographic contrast, which is due to the outward
relaxation of the cleaved surface due to compressive strain.”?

J. Appl. Phys. 101, 081707 (2007)
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FIG. 1. (Color online) Large scale XSTM image of the structure showing
the entire layer stack which comprises the InAs dot layers labeled with A, B,
and C (Vimple==2.5 V., Iyyuue= 100 pA). Growth direction: [113], lateral di-
rection: [1-10].

lll. RESULTS

A. Capping with lattice matched layers (InAs/InP
QDs)

A large-scale filled states XSTM image of the studied
structure (described in Sec. IT) is shown in Fig. 1, in which
the three QD and capping layers can be observed. The QD
layers capped with InP, InGaAs, and InGaAsP are labeled A,
B, and C, respectively.

A number of individual QDs were analyzed within each
layer in order to extract information relative to its composi-
tion, size, and shape. Figure 2 shows the high voltage filled
states image of a single dot in layer A. Atomic details are
resolved in this image, in which the group V elements, i.e.,
As and P, are imaged. From the homogeneity of the contrast,
it can be deduced that the QD composition is quite uniform
and close to 100% InAs.

All the observed dots in this layer have a similar trun-
cated pyramidal shape with a flat top facet. The height and
base length distribution of a number of dots showed an av-
erage height of 2.9+0.2 nm and a maximum base length of
32+2 nm. The difference in the outward relaxation of the
dots and the wetting layer (WL), as indicated by the bright-

FIG. 2. (Color online) (a) XSTM topography image and (b) current image
of a single InAs dot and the wetting layer (layer A) capped with InP
(Viampte==3-0 V, Iynn1=100 pA). Both of the images show the low aspect
ratio of the dot having a flat top facet. In the current image As atoms can be
clearly seen within the P rows of the InP capping layer. Growth direction:
[113], lateral direction: [1-10].
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FIG. 3. (Color online) Distribution profile of As atoms from the InAs WL
(layer A). Above a concentration of 25%, atom counting is not reliable and
only a lower limit of the real value is obtained. The inset depicts the mea-
sured (dotted line) and the calculated (solid line) outward relaxation of the
InAs wetting layer based on the As profile that is indicated by the solid line
in the main figure.

ness in the STM image that reflects the local height of the
surface under the STM tip, is quite small [see Fig. 2(a)]. This
indicates a high As concentration in the WL. Moreover, the
measured magnitude of the outward relaxation of the WL is
much higher than that observed in InAs/GaAs WLs.* This is
surprising as the compressive strain in the InAs/GaAs case is
more than twice that of the InAs/InP system and, thus, for
equally thick wetting layers in both systems a reduction by a
factor of more than 2 in the outward relaxation for the case
of InAs/InP should be expected. We explain this by the pres-
ence of a very thick WL which contains much more InAs
material than the nominal 2.1 ML that were deposited during
the dot formation.

The outward relaxation of the WL was calculated by
means of the analytical expression derived in Ref. 25 for the
outward relaxation of a quantum well, which assumes that
the elastic response is linear and isotropic. The WL was
modeled including the effect of the asymmetric As profile,
which is likely created during the switching between phos-
phorus to arsenic flux or by As carryove:r.26 This can be seen
in Fig. 2(b) in which the bright spots in the capping layer
correspond to As atoms in the InP matrix. Just as in the case
of an InAs WL in GaAs, in which there is an asymmetric In
profile due to segregation, we used the phenomenological
model of Muraki e al.”’ to model the As profile. The total
amount of deposited As is determined by fitting the calcu-
lated relaxation profile to the measured one.** The result of
this fitting and the corresponding As profile are shown in Fig.
3. We obtained a total amount of InAs of 4 ML. The latter is
almost twice the nominal value of deposited InAs. The origin
of this extra InAs is the As/P exchange reaction at the InAs/
InP interface during the dot formation process. During the
growth interrupts used before and after the dot formation
process, the structure is kept under an As flux promoting the
exchange of P by As and thus increasing the amount of de-
posited InAs. Such an exchange has also been reported to
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FIG. 4. Current image of two dots and the WL in a sample similar to layer
A but grown with a higher As flux (Vgmpie==2.0 V, Iyynne=50 pA). The WL
goes deep into the substrate (compare with Fig. 2) and it is not aligned with
the base of the dots. Growth direction: [113], lateral direction: [1-10].

give rise to the formation of InAs QDs and InAs quantum
wires on InP surfaces where only a growth interrupt was
used under an As flux without the additional In
deposition.zg’29 The large amount of InAs in the wetting layer
is supported by the distribution of As in the WL obtained by
directly counting the As atoms in the XSTM images. In Fig.
3 we plot the number of counted As atoms as a function of
the distance in the growth direction. This method is accurate
for As concentrations lower than about 25%, because above
those values it becomes complicated to distinguish individual
As atoms in InP. The profile based on the counting is shown
in Fig. 3, together with the profile that was used to the fit the
outward relaxation. The agreement is quite good in the range
of validity of the counting method.

The effect of the As/P exchange reaction would be stron-
ger if the growth interrupt time after dot formation would be
longer, or if the As flux would be higher. A sample with a
similar QD layer to the previously analyzed one (layer A) but
in which the As flux was increased was also studied. Figure
4 shows a filled states image of a dot in this sample. The
effect of the As/P exchange is stronger now, as evidenced by
the fact that the InAs WL is going deeper into the InP sub-
strate. The dots are protecting the InP from the As flux and
the result is that their base is not aligned with the base of the
WL. This is a good example of how a chemical effect like
As/P exchange can modify the grown structure.

The small height of the dots capped with InP suggests an
As/P exchange during the capping process. This effect
should be eliminated by using InGaAs as the capping mate-
rial and therefore lattice matched Ing 53Gag 47As was used in
the second QD layer. Two dots in this layer are shown in Fig.
5. The height and base length distribution of a number of

FIG. 5. (Color online) XSTM topography image of two adjacent InAs dots
(in layer B) capped with InGaAs, (Vmpie==3.0 V, lyynper= 100 pA). The im-
age reveals the presence of a strain induced lateral phase separation in the
InGaAs capping layer. Growth direction: [113], lateral direction: [1-10].
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FIG. 6. (Color online) XSTM image of two InAs dots (in layer C) capped
with InGaAsP alloy showing a flat base and top (Vimpie==2-5 V, lypper
=100 pA). Growth direction: [113], lateral direction: [1-10].

single dots was again investigated, giving an average height
of 3.5+0.2 nm and a maximum length of 29+2 nm. These
dots are in average 0.6 nm higher than those capped with InP,
which corresponds to ~2 ML of InAs. This indicates that the
height of the dots was reduced by ~2 ML due to dot decom-
position induced by As/P exchange during InP capping. This
value is in a good agreement with the 2 ML reduction of the
In(As,P)/InP quantum well width reported in Ref. 30. The
observed difference cannot be due to the different growth
rates. It has been shown that the effect of the growth rate on
the height of InAs/InP QDs is such that the higher the growth
rate, the bigger the dot height.31 Since the QDs capped with
InP (higher growth rate) are smaller than the others, the dif-
ference should be due to the capping material itself.

The top facet of the dots capped with InGaAs is less well
defined and is more curved than that of the dots capped with
InP (compare Figs. 5 and 2). This is likely due to phase
separation in the capping layer, which we analyze next. The
inhomogeneous topographic contrast in the InGaAs layer
(Fig. 5) reveals the presence of an inhomogeneous strain
distribution, which must be due to the presence of In-rich
(brighter) and Ga-rich (darker) regions. This phase separa-
tion is a strain driven process in which the In adatoms on the
growth surface migrate toward the regions on top of the dots
to minimize the strain, creating a columnar-like In rich re-
gion above the dots. This process has been observed in co-
lumnar InGaAs QDs grown on GaAs,32 as well as in InAs/
GaAs QDs, where capping with InGaAs has been shown to
induce an increase of the dot size.>> In our case, the phase
separation directly affects the QDs by creating a rough top
interface in which the In content decreases gradually.

In the third layer, a lattice matched InGaAsP alloy was
used as the capping material (Fig. 6). The average dot height
was 3.4+0.2 nm, and the maximum measured base length
27+2 nm. As in the case of InGaAs, the height of the dots is
higher as those capped with InP where the dot partially dis-
solved due to the As/P exchange. This means that, although
there is phosphorous in the capping layer, there is no dot
height reduction due to an As/P exchange. The shape re-
sembles that of a truncated pyramid with a flat top interface.
More remarkable is the fact that the phase separation in the
capping layer is much weaker than in the InGaAs. We think
that the Ga-P bond strength (54.9 kcal/mol) which is stronger
than the In-As bond strength (48.0 kcal/mol) and Ga-As
bond strength (50.1 kcal/mol) limits the phase segregation in
InGaAsP as compared to InGaAs. The resulting weak phase
separation does not affect the dot shape or size, as is evi-
denced by the well defined dot facets. Indeed, this material

J. Appl. Phys. 101, 081707 (2007)

FIG. 7. (Color online) Topography image of an InAs/GaAs QD capped with
INGaAs (Vgmple==3 V. lyne1=55 pA). The big white regions are cleavage
induced defects. Growth direction: [001], lateral direction: [110].

has been successfully used as capping layer in InAs/InP
(311)B QD lasers emitting near 1.55 wm with low threshold
current density.22

B. Capping with strained layers (InAs/GaAs QDs)

As mention in Sec. I, previous studies have already
shown a significant reduction of the InAs/GaAs dot height
after capping7’8’10_12 with GaAs, the most commonly used
capping material. The amount of strain between the partially
relaxed dot and the capping layer could play an important
role in this process. It has already been reported that QDs
capped with InGaAs instead of GaAs tend to retain their
shape during initial stages of capping.34’35 Nevertheless,
those studies were performed using plan-view STM and
atomic force microscopy, so the final buried dots could not
be observed. To study the role of strain, we used XSTM to
analyze samples in which the dots were capped with InGaAs
and GaAsSb strain reducing layers (described in Sec. II).

Figure 7 shows a high voltage filled states image of an
InAs/GaAs QD capped with InGaAs. The dot is 7.0+£0.5 nm
high, considerably higher than the typical GaAs-capped QDs
(around 4 nm high).s’“’12 The In composition in the capping
layer was deduced by the analysis of the outward relaxation.
The measured outward relaxation was compared to the one
calculated using continuum elasticity theory. A finite element
calculation is performed to solve the three-dimensional prob-
lem, in which an isotropic material is considered. The fit
shown in Fig. 8 was found when a 8.5 nm thick layer (as
measured from the XSTM images) with 17% In content is
considered in the calculation. The In content is close to the
nominal value (15%). The lattice mismatch between the top
of the dot (considering that it is completely relaxed) and the
capping layer is now 0.056, about 17% smaller than in the
case in which GaAs capping is used. This small difference
seems to be enough to reduce considerably the dot decom-
position during capping and the result is that the dot height is
increased by almost a factor of 2. It could be argued that the
increase in dot height is due to strain induced compositional
modulation in the capping layelr,33 as we mentioned in Sec.
II. Although part of the increase in dot height could be due to
that effect, we think that its contribution should be very
small, since no traces of compositional modulation are ob-
served in the capping layer. The role of the strain can be
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FIG. 8. (Color online) Measured (dotted line) and calculated (solid line)
outward relaxation profiles of the InGaAs capping layer. An 8.5 nm thick
layer (as measured from the images) with a 17% In content was considered
in the calculation. The inset shows a high pass filtered topography image of
the InGaAs capping layer (V=-3 V, I;,a=55 pA). The big white regions
are cleavage induced defects.

clarified by using GaAsSb as the capping material because in
this case the InAs dot height cannot increase due to phase
separation in the capping layer.

Figure 9 shows a filled states image of an InAs/GaAs
QD capped with GaAsSb. The group V elements are imaged
in this measurement so the bright spots are Sb atoms in the
As matrix. Contrary to what happens when capping with
GaAs,’ the capping layer perfectly wets the dots. Sb segre-
gation into the GaAs layer is also observed. The dot height is
now 9.5+£0.2 nm, much higher than that of GaAs-capped
dots, and the dot is almost a full pyramid with a diagonal
base length of 32+2 nm. This clearly indicates that the dots
are preserved during capping. By comparing the measured
outward relaxation to the calculated one [see Fig. 10(a)], we
can deduce the Sb content in the capping layer. The fit shown
in Fig. 10(a) is obtained for a 25% Sb content. The fit is quite
good in the region of the layer itself, but deviates above the
layer. This is likely due to the effect of the Sb segregation,
which is not included in the model but is clearly present in

FIG. 9. (Color online) Filled states topography image of an InAs/GaAs QD
capped with GaAsSb (V==3 V, I;;.;=52 pA). The bright spots are Sb at-
oms in the As matrix. The white circles and the dark feature are cleavage
induced defects. Growth direction: [001], lateral direction: [110].

J. Appl. Phys. 101, 081707 (2007)
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FIG. 10. (Color online) (a) Measured (dotted line) and calculated (solid line)
outward relaxation profiles of the GaAsSb capping layer. An 5 nm thick
layer [as measured from (b)] with a 25% Sb content was considered in the
calculation. (b) Topography image of the GaAsSb capping layer (V=
=3V, Iyma=52 pA). The bright spots are Sb atoms in the As matrix. Sb
segregation into the GaAs layer is clearly present.

the structure, as can be seen in Fig. 10(b). The lattice mis-
match between the top of the dot (considering that it is com-
pletely relaxed) and the capping layer is now 0.048, smaller
than for the InGaAs capped QDs analyzed before. That is
probably the reason why the GaAsSb-capped QDs are big-
ger. This seems to indicate that strain plays a major role in
inducing dot decomposition during capping and that decreas-
ing the dot/capping layer lattice mismatch can strongly re-
duce dot decomposition. The fact that InAs/GaAs QDs
capped with InGaAs, and especially with GaAsSb, are bigger
than those capped with GaAs is a main factor to explain the
observed increase of the emission wavelength.

IV. CONCLUSIONS

XSTM has been used to analyze at the atomic scale the
effect of the capping material on the structural properties of
self-assembled InAs QDs. Capping with lattice matched lay-
ers was studied by analyzing InAs/InP (311)B QDs capped
with InP, InGaAs, and InGaAsP. The As/P exchange on the
InAs/InP interface during the growth interrupts is shown to
increase the amount of InAs in the wetting layers. The As/P
exchange takes place also on the dot surface when the QDs
are capped with InP, reducing the dot height by about 2 ML.
This phenomenon can be avoided by using InGaAs as the
capping material, but in that case a strong strain driven phase
separation appears, giving rise to In rich regions above the
dots and a degradation of the dot interface. If the quaternary
alloy InGaAsP is used instead of InGaAs, the phase separa-
tion is much weaker and well defined interfaces are obtained.
The impact of the capping material was found to be much
stronger when it implies a change in strain. Capping with
strained layers was studied using InAs/GaAs QDs capped
with InGaAs and GaAsSb. In both cases the QDs are bigger
than the typical GaAs-capped QDs. In the case of GaAsSb-
capped QDs, in which the lattice mismatch between the dot
and the capping layer is the smallest, dot decomposition is
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almost completely suppressed. This indicates that the dot/
capping layer strain plays a major role in inducing dot de-
composition during capping.
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