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Atom probe tomography (APT) has been used to study In,Ga,_,As quantum dots buried in GaAs.
The dots have an average base width of 16.1 = 1.1 nm and height of 3.5+ 0.3 nm, but a wide range
of sizes. APT composition profiles across the dots are similar to a previous study by cross-sectional
scanning transmission electron microscopy, but show significant gallium incorporation (average x
=0.22+0.01). The direct three-dimensional nature of the APT data also reveals the complex spatial
distribution of indium within the dots. Data such as these are vital for optimizing the performance
of quantum dot materials and devices. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2918846]

The physical properties of quantum dot systems depend
on many parameters, e.g., chemical composition, morphol-
ogy, and chemical environment.' In order to adjust specific
properties, comprehensive nanoscale information about the
dots and their surroundings is required. However, the analy-
sis of overgrown quantum dots is challenging. Numerous
attempts at analyzing such dots have been published, mainly
using either transmission electron microscopy (TEM)*™? or
scanning tunneling mic:roscopy.'o_15 X-ray techniques'é‘17
have also been applied. A major problem is the fact that
overgrown quantum dots are hard to observe without uncov-
ering them. Thus, past microscopic studies have mainly fo-
cused on cross-sectional investigations. A recent approach
aimed at a direct compositional analysis of buried quantum
dots using aberration-corrected scanning TEM (STEM).’
With a combination of high-angle annular dark-field
(HAADF) imaging, electron energy-loss spectroscopy, and
computer calculations, it was possible to obtain information
about the indium distribution. However, such TEM tech-
niques are still essentially two-dimensional, and assumptions
must be made about the three-dimensional (3D) shape of the
dots. For example, Wang et al.’ assumed a facetted quantum
dot, in the form of a truncated pyramid, in order to derive
composition profiles from their TEM data. The present study
shows that pulsed-laser atom probe tomography (APT)
uniquely enables direct 3D, high spatial resolution imaging,
and chemical analysis of buried InGaAs quantum dots, pro-
viding additional insights into these materials.

The material investigated was a quantum dot layer sys-
tem consisting of 30 pairs of 2.62 ML of InAs overgrown by
30 nm GaAs. This alternating layer system was grown on a
GaAs substrate and was capped with 60 nm GaAs and 30 nm
AlAs. The growth itself was carried out without interruption
using molecular beam epitaxy at base pressures between 2
and 5X 107" Torr. The InAs layers were grown at 485 °C
with 0.28 A/s and the GaAs cap at 600 °C with 3 A/s using
an As, source.
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APT investigations require sharp needle-shaped tips with
a radius of curvature smaller than 100 nm and a small taper
angle. For the present study, a dual-beam focused ion beam
based lift-out and annular milling procedure was applied us-
ing a FEI NanoLab 600 with an in sifu Omniprobe microma-
nipulator, at Imago Scientific Instruments, Madison, WI,
USA. A lift-out sample was cut out from a flat piece of
material perpendicular to the (001) surface.”® In order to
avoid gallium implantation and ion-beam damage, a protec-
tive ~60 nm thick nickel layer was sputtered on top of the
sample material. Further protection was ensured by deposi-
tion of a 100—200 nm thick platinum layer using ion-beam
platinum deposition. Moreover, cleanup steps at low ion
beam current and acceleration voltage were aplplied in order
to remove ion-beam damaged surface regions. ?

The instrument used for this study was an Imago Scien-
tific Instruments LEAP™ 3000X Si local-electrode atom
probe equipped with a diode-pumped Nd: YVO, solid-state
laser operating at the second harmonic frequency of 532 nm
with a pulse duration of <15 ps. Analyses were performed at
20-30 K base specimen temperature, 250 kHz laser pulse
repetition frequency, and laser pulse energies of approxi-
mately 0.01-0.06 nJ with a laser spot size of ~2-3 um.
These analyses resulted in significant datasets containing
tens of millions of ions and crossing up to ten layer pairs.
Data were reconstructed using TVAS™ APT software incorpo-
rating standard reconstruction algorithms.20

Figure 1 shows a 3D atom map of the quantum-dot ma-
terial along its growth direction. For a clear representation,
only the detected indium atoms are displayed. The quantum
dots are represented by small regions of higher indium ion
counts located on the wetting layer. Detailed analysis of the
data shows the quantum dots have a lens shaped morphology.
No clear indication for faceting could be visualized in the 3D
APT data representation; however, cross-sectional indium
profiles taken through the dots, as in Fig. 2, suggest a trun-
cated pyramidal shape as has been indicated by other
studies.” The base lengths range from 11.3 to 30.7 nm along
the major axis and from 6.9 to 24.8 nm for the minor axis,
with an average base length aspect ratio of 1:1.5*0.1. The
dot heights range from 1.6 to 6.9 nm and the average dot

© 2008 American Institute of Physics
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FIG. 1. (Color online) APT atom map showing the indium atoms within
three consecutive wetting layers and their associated quantum dots (ar-
rowed). For clarity, the gallium atoms of the capping layers and the arsenic
atoms of the wetting and capping layers are not shown. The indium atoms
apparent between the wetting layers are considered to be background noise.

height is 3.6 £0.3 nm. Individual In,Ga,_,As quantum dots
have compositions in the range of x=0.11-0.35, with the
mean composition measured as x=0.22*=0.01. These varia-
tions are critical in controlling the materials properties, since
the compositions will affect the InGaAs bandgap, and the
size determines the positions of the energy levels within the
quantum dot.

Figure 2 shows a two-dimensional indium concentration
profile based on a 2 nm thick slice through a representative
quantum dot. It should be emphasized that the limited thick-
ness of the slice allows the local compositional fluctuations
within the dot to be revealed. The two-dimensional concen-
tration profile shows very clearly the different indium re-

Growth direction

10 nm

FIG. 2. (Color) Two-dimensional indium concentration profiles obtained
from a 2 nm thick slice cut through the center of a quantum dot parallel to
the growth direction. The colors are directly related to the indium concen-
tration in the slice, where red implies the highest indium content of x
~0.28 in In,Ga,;_,As and blue the absence of indium (apart from indium
counts cansed by background noise). The intersecting cylinders (1), (2), and
(3) were used to calculate the one-dimensional indium profiles in Fig. 3(a).
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FIG. 3. (Color online) (a) One-dimensional indium composition profiles
from the three different regions of the single quantum dot shown in Fig. 2,
as indicated by the cylinders: (1) intersecting the indium rich core (-@-), (2)
beside the core (-A-), and (3) through the wetting layer (-CJ-). Exemplary
error bars are given on the left side of the graph for x=0.05 and x=0.25. [(b)
and (c)] Results from the STEM investigations of Wang et al. (Ref. 9): (b)
HAADF image and (c) corresponding indium composition profile, reprinted
with permission.

gions within the quantum dot, consisting of an indium-rich
core that is vertically centered but laterally shifted. The shifts
seen in different dots are in similar directions within a single
layer, and in different directions from one layer to another,
suggesting that the observation is a genuine feature of the
quantum dots and not an artifact of the data collection and
reconstruction procedures used in APT. Cross-sectional TEM
work by Lemaitre et al.® has also suggested lateral indium
content variations. It is interesting to note that recent in-
depth analysis of the light emission from InGaN epilayers
have indicated the presence of complex strain fields associ-
ated Wlth the transition from planar to Stranski—Krastanow
growth % There may be a link between these complex strains
and the complexity of composmon variations seen in the
present work. Santoprete et al.” have argued, based on an
atomistic interdiffusion model that chemical disorder within
pyramidal quantum dots significantly reduces the strain field
inside the dots.

Figure 3 shows three one-dimensional concentration pro-
files through a quantum dot and the wetting layer, generated
from the 3 nm diameter cylinders shown in Fig. 2. One of
them intersects the indium-rich core with the maximum in-
dium content (-@- graph). Here, the indium-rich core con-
tains up to x=0.28=0.04 indium in In,Ga,_,As depending
on the actual position of the intersecting cylinder. The spa-
tially averaged indium concentration of this particular dot is
x=0.18 £0.01. In order to clarify the differences between the
quantum dot and the wetting layer, a concentration profile
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(-O-graph in Fig. 3) was also calculated through the wetting
layer, showing a lower maximum indium concentration here
of x=0.20 %= 0.04 A direct comparison with the work of Wang
et al’ indicates similar concentration profiles for indium
(Fig. 3). In contrast, the maximum indium concentration in
the dot as concluded from APT investigations is significantly
smaller, although that of the wetting layer is comparable.
Moreover, no evidence was found for an almost pure InAs
region within this dot or any of the large number of others
evaluated. This is explained by the higher capping tempera-
ture used here, compared to that used for the material studied
by Wang ez al. (480 °C),” which would lead to stronger in-
termixing of gallium and indium. Although the model does
not include capping, kinetic modeling of intermixing during
quantum dot formation by Heyn ef al. has shown that at
higher growth temperatures more gallium from the substrate
layer is incorporated into the growing dots.?* In their model,
choosing a value of 2.3 eV as the activation energy for gal-
lium atoms to jump onto the wetting layer surface gives a
quantum dot composition of x=0.2 at 600 °C, as seen here,
but x=1 at 480 °C as seen by Wang et al’

APT provides a powerful method for 3D characterization
of buried quantum dots. This study has revealed the variabil-
ity of dot size and shape, the complexity of their chemistry,
and the degree of intermixing between the dots/wetting lay-
ers and the GaAs capping layers. APT is complementary to
other techniques, in particular TEM, but importantly pro-
vides direct atomic-scale measurement of the size, shape, and
chemistry of the quantum dots without making assumptions
about any of these parameters in interpreting the data. Infor-
mation such as this is vital not only in optimizing the prop-
erties of the quantum dot materials, but also for maximizing
the reproducibility and reliability of devices.
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