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The optoelectronic properties of InAs/GaAs quantum dots can be tuned by rapid thermal annealing.
In this study, the morphology change of InAs/GaAs quantum dots layers induced by rapid thermal
annealing was investigated at the atomic-scale by cross-sectional scanning tunneling microscopy.
Finite elements calculations that model the outward relaxation of the cleaved surface were used to
determine the indium composition profile of the wetting layer and the quantum dots prior and post
rapid thermal annealing. The results show that the wetting layer is broadened upon annealing. This
broadening could be modeled by assuming a random walk of indium atoms. Furthermore, we show
that the stronger strain gradient at the location of the quantum dots enhances the intermixing.
Photoluminescence measurements show a blueshift and narrowing of the photoluminescence peak.
Temperature dependent photoluminescence measurements show a lower activation energy for
the annealed sample. These results are in agreement with the observed change in morphology.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4770371]

Self-assembled quantum dots (QDs) fabricated by heter-
oepitaxial growth have attracted much attention in the last
decade. The zero-dimensional nature of these nanostructures
can be exploited in optoelectronic devices, such as QD
lasers,"? single-photon emitters,” single-electron transistors,*
and spin-manipulation.”® Control over the emission wave-
length is important in such devices and academic studies.
The two most widely exploited parameters to tune the emis-
sion wavelength are the QD height and the composition.
Decreasing the height raises the energy levels of the QD and
increases the interband transition energy, while intermixing
of QD and host material lowers the potential barrier. Both
processes lead to a blueshift of the emission wavelength.
Various techniques exist to control the height, e.g., double
capping,” indium-flush,® Sb-capping,” while the composition
can readily be tuned by supplying the appropriate material
during the epitaxial growth of the QD layers. However, both
techniques require delicate tuning of the growth parameters.
In this respect, the technique of post growth rapid thermal
annealing (RTA) is much simpler. It is generally accepted
that RTA leads to intermixing in InAs/GaAs QDs'®™"® and
that the technique can blueshift the emission wavelength of
the QDs over a relatively large energy range (up to
350 meV).

In this paper, we report on the effect of RTA on InAs/
GaAs QD layers. Cross-sectional scanning tunneling micros-
copy (XSTM) was used to study the morphology of QD
layers in as grown and annealed samples with atomic resolu-
tion. Finite element (FE) calculations that model the outward
surface relaxation of the cleaved sample are used in conjunc-
tion with XSTM results to precisely determine the composi-
tion of the QD layers. A simple diffusion model that
describes the change in morphology is proposed. Low tem-
perature and temperature dependent photoluminescence (PL)
measurements were performed on both samples.
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The sample consists of InAs/GaAs QD layers grown by
MBE on a n-doped (001)-oriented GaAs substrate. First, a
200nm GaAs buffer layer was grown at 570 °C, followed by
35nm GaAs grown at 510 °C, the nominal growth tempera-
ture. Next, a sequence that consists of a Si d-doping layer,
15nm GaAs, 2.4 monolayer (ML) InAs, 15nm GaAs, a Si
o-doping layer, and 20nm GaAs was repeated ten times. The
d-doping layers were inserted to obtain an average occupation
of one electron per QD," but are of no further interest in the
current study. Finally, the sample was capped with 45 nm GaAs.

The PL-measurements were done in a variable tempera-
ture optical cryostat. The QD layers were excited by the
532nm line of a frequency-doubled Nd:YAG laser. Typical
excitation powers were ~4 W cm 2.

The RTA was done using an AG Associates HeatPulse
410 system. The sample chamber was purged with room
temperature N, gas. The sample was heated to 950°C at a
rate of 80°Cs™! and held at 950 °C for 30 s, after which it

FIG. 1. Topographic XSTM images of two typical stretches of the QD layer
in (a) the as grown and (b) the annealed sample. The arrows indicate the
growth direction.

© 2012 American Institute of Physics
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FIG. 2. (a) XSTM close-up of a typical part of the WL in the as grown
sample. (b) Outward surface relaxation, averaged over 50 nm, as measured
with XSTM (red line) and the result of the FE calculations (blue line). The
arrows indicate the growth direction.

was rapidly cooled to room temperature. The sample surface
was completely covered with a GaAs substrate in order to
avoid sublimation induced arsenic losses.

The XSTM measurements were performed at room tem-
perature under UHV conditions (p < 5 x 10~!! mbar) on in
situ cleaved (110)-surfaces. All measurements were done at
high negative bias voltage and low tunnel -current
(V= =3V, I=40pA). At these tunnel conditions and with
the color scale used, InAs (GaAs) rich regions appear bright
(dark). Upon cleavage of a strained material system, the sur-
face relaxes. This minute displacement of the surface can be
recorded in careful XSTM measurements. In conjunction
with FE calculations, this information can be used to deduce
the local composition of the material system.”* In the cur-
rent paper, the outward surface relaxation induced by the
wetting layers (WLs) and QDs is modeled by 2D and 3D FE
calculations, respectively.

Figure 1 shows topographic XSTM images of two typi-
cal stretches of the QD layer in the as grown and the
annealed sample. In both cases, the WL and QDs can clearly
be distinguished. The difference between the two cases is
striking: the dimensions of both the WL and the QDs appear
much larger in the annealed sample. Evidently, the RTA has
a dramatic influence on the morphology of the QD layers.
This will now be investigated in more detail, first for the
WLs followed by the QDs.

A close-up of the WL in the as grown sample is shown
in Figure 2(a). Individual indium atoms as well as the atomic
planes can be distinguished. The WL is found to start
abruptly (within one bilayer), followed by a decay of the in-
dium concentration in the direction of growth. From previous
work, it is known that the decay can be described by the phe-

nomenological model proposed by Muraki ef al.*?
0, n<l
x(n) = ¢ xo(1 —R"), 1<n<N,

xo(1=RMR™™N n>N
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FIG. 3. (a) XSTM close-up of a typical part of the WL in the annealed
sample. (b) Outward surface relaxation, averaged over 50 nm, as measured
with XSTM (red line), the result of the FE calculations for the as grown
indium profile (dotted black line) and the convoluted indium profile (blue
line). The arrows indicate the growth direction.

where xp = 1 is the nominal indium concentration of the
WL, n the ML index, N the total amount of deposited in-
dium, and R the indium segregation coefficient. The above
model is used as input in the FE modeling of the outward
surface relaxation induced by the WL. By adjusting the pa-
rameters R and N until the calculated outward surface relaxa-
tion (blue line, Figure 2(b)) matches the outward surface
relaxation as measured by XSTM (red line, Figure 2(b)), the
decay of the indium concentration can be determined. We
find R = 0.88 = 0.01 and N = 1.45 £ 0.05, which are typical
values for InAs/GaAs WLs.?***

In Figure 3(a)), a typical stretch of the annealed WL is
shown. In striking contrast to the as grown sample, in the
annealed sample the WL is much thicker, the lower GaAs/
WL interface diffuse, and the indium concentration along
the growth direction decreases more slowly. In Figure 3(b),
the experimentally observed outward surface relaxation of
the annealed WL (red line) is compared with the calculated
outward surface relaxation of the as grown WL (dotted black
line). We find that the two do not match, which is not sur-
prising given the observed redistribution of indium. To
model the redistribution, we convolute the indium concentra-
tion profile with the 1D normal distribution

f(za O-z) = exp_%(af)z

)

1
0.V21

with z the position coordinate along the growth direction and
g, the standard deviation, the only parameter used for fitting.
Physically, a convolution with the normal distribution means
that the indium atoms are subjected to a random walk during
annealing. Note that, this is a first order model in which the
extension of the random walk, g, is taken to be independent
of the indium concentration. The original (red line) and a
convoluted indium concentration profile (blue line) are
shown in Figure 4. The convoluted profiles were used as
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FIG. 4. Indium composition profile that yields the best fit with the outward
surface relaxation of the as grown WL (red line), and the result of the convo-
lution of this profile with a normal function (blue line). The arrow indicates
the growth direction.

input for the FE calculations. An excellent fit of the calcu-
lated with the experimentally observed outward surface
relaxation was found for ¢ = 5*1 ML, see Figure 3(b).

We now turn our attention to the QDs. Approximately 50
QDs were observed in both samples. The average QD height in
the annealed sample was found to be 4 = 0.5 nm, with a width
in the 4-10nm range. Again, FE calculations are used in con-
junction with the observed outward surface relaxation to deter-
mine the composition profile. The QDs were modeled, analog to
Ref. 22, as truncated pyramids with a linear increasing (bottom
to top) indium fraction flanked by the WL as determined above.
Due to the arbitrary position of the cleavage plane in XSTM, we
have no a priori way of knowing how a particular QD is
cleaved. This problem can be circumvented by selecting one of
the widest QDs in the ensemble for our analysis. In this way,
one can be reasonably sure that the selected QD is cleaved
through its center. In Figure 5(a/c), one of the widest QD from
each sample is shown. As with the WLs, a clear difference
between the two is observed: the as grown QD is much more
localized and appears much brighter. Note that the range of the
color scale is the same in both images. The enhanced brightness
of the as grown QD is the result of a larger outward surface
relaxation due to a higher indium concentration.

The best match with the observed outward surface relax-
ation of the as grown QD was found for x =0.55 (bottom)
and x = 0.85 (top), see Figure 5(b/e). The fit could be slightly
improved by adding an exponential indium decay in the
growth direction on top of the QD (xo = 0.09, same decay
rate as the WL). In our previous work on InAs QDs, this fea-
ture was also found.**

The annealed QDs are modeled by convoluting the as
grown QDs with a 3D normal distribution (o, = ¢, = 7).
The best fit of the FE calculations to the experimentally
observed outward surface relaxation was found for
o = 10x1 ML, see Figure 5(d/e). Note that, the maximum
indium fraction in the QD has now dropped to x =0.36. The
extension of the random walk, o, is significantly larger than
in case of the WL. For quantum wells, it has been shown that
the diffusion length of the constituent atoms is not fixed but
instead is a function of the local gradient in strain.®> The
same was speculated in previous investigations of RTA on
InAs/GaAs QDs.lO’12 These studies were based on
PL-measurements and simulations, and as such, the results

Appl. Phys. Lett. 101, 243113 (2012)
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FIG. 5. Typical QDs as observed with XSTM in the (a) as grown and (b) the
annealed sample. The range of the color scale is the same for both cases. The
arrows indicate the growth direction. (b) and (d) Corresponding QD models
that yield the best fit with the observed outward surface relaxation. The contour
lines are every 2.5%, ranging from 0% to 90%. (e) Outward surface relaxation
through the center and 5 nm off-center of the as grown and the annealed QD.

could not directly be linked to the morphology of the QD
layer. Here, the juxtaposition of XSTM and FE calculations
unambiguously shows the change in morphology of the QD
layer and the difference in strength of intermixing in the WL
vs. QDs. The intermixing is due to two contributions. The
first contribution is thermal activated random diffusion of
atoms, which is independent of the indium concentration.
The second contribution is non-random drift of atoms due to
local strain gradients. At the location of the QDs, the strain
gradients are larger compared to the WL, resulting in a local
increase of intermixing. Unfortunately, it is not possible to
separate these two contributions in the current work. Both
contributions are (nearly) symmetrical and on the same
length-scale. As a result, the solution of the calculated
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FIG. 6. (a) Normalized PL-spectra (6 K) taken on the as grown (red line)
and the annealed (blue line) sample. (b) Temperature dependence of the
peak PL-intensity for the as grown (red dots) and the annealed (blue dots)
sample.

outward surface relaxation is not unique. Nevertheless, the
current results show that the diffusion at the QD region can
be considered as isotropic, excluding previous suggestions
that lateral or vertical diffusion is favored.'*"’

As shown above, RTA causes intermixing between the
QDs and the host material. This has consequences for the
emission properties. Figure 6(a), shows PL-spectra taken on
both samples. The peak PL-position is shifted towards higher
energy after RTA. As the XSTM results show, indium diffuses
out of the QDs and is replaced by gallium. This results in an
increase of the QD band gap and hence a blueshift. In addition,
the intermixing of QD and host material increases the size of
the QDs, and as a consequence, the ratio between size fluctua-
tions and the average QD size decreases. This causes the QD
band gaps in the ensemble to become much more similar to
one another, and consequently, the full width half maximum
(FWHM) of the inhomogeneously broadened PL-line drops.

Temperature dependent PL-measurements were per-
formed on both samples, see Figure 6(b). The quenching of the
PL-intensity, /, when the temperature, 7, is increased is well
described by an exponential dependence, I ~ ¢®4/%7  shown
by the straight lines in Figure 6(b). The activation energy, Ej,,
is lower after RTA. With increasing temperature, it is known
that photo-excited carriers in the QD are thermally excited into
the WL and thereby quench the PL-intensity.”® This is
explained by the blue shift of the QD PL-emission after
annealing, which brings the QD band gap in the annealed sam-
ple much closer to the band gap of the WL, hence the activa-
tion energy decreases.

Appl. Phys. Lett. 101, 243113 (2012)

To summarize, we have investigated the morphology
change of InAs/GaAs QDs induced by RTA on the atomic
scale by means of XSTM. We show that the WL and the
QDs are subjected to direction independent indium diffusion
on the nanometer scale. The diffusion is found to be signifi-
cantly larger at the position of the QDs where the strain is
locally higher. Low temperature PL-measurements show a
blueshift and narrowing of the PL-peak. Temperature de-
pendent PL-measurements show a decrease in the activation
energy for the annealed sample. Both results are in agree-
ment with the observed change in morphology.
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