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Abstract

We investigated metal-organic vapor phase epitaxy grown droplet epitaxy (DE) and Stranski—
Krastanov (SK) InAs/InP quantum dots (QDs) by cross-sectional scanning tunneling
microscopy (X-STM). We present an atomic-scale comparison of structural characteristics of
QDs grown by both growth methods proving that the DE yields more uniform and shape-
symmetric QDs. Both DE and SKQDs are found to be truncated pyramid-shaped with a large
and sharp top facet. We report the formation of localized etch pits for the first time in InAs/InP
DEQDs with atomic resolution. We discuss the droplet etching mechanism in detail to
understand the formation of etch pits underneath the DEQDs. A summary of the effect of etch pit
size and position on fine structure splitting (FSS) is provided via the k - p theory. Finite element
(FE) simulations are performed to fit the experimental outward relaxation and lattice constant
profiles of the cleaved QDs. The composition of QDs is estimated to be pure InAs obtained by
combining both FE simulations and X-STM results. The preferential formation of {136} and
{122} side facets was observed for the DEQDs. The formation of a DE wetting layer from As-P
surface exchange is compared with the standard SKQDs wetting layer. The detailed structural
characterization performed in this work provides valuable feedback for further growth
optimization to obtain QDs with even lower FSS for applications in quantum technology.

Supplementary material for this article is available online
Keywords: quantum dots, X-STM, droplet epitaxy, morphology, InAs etch pits

(Some figures may appear in colour only in the online journal)

1. Introduction

-V semiconductor quantum dots (QDs) are considered
promising building blocks for quantum technologies such as
quantum computing, quantum communication, and quantum

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

0957-4484/22/305705+09$33.00 Printed in the UK

information technology [1-6]. Entangled photon emission
from the QDs can be generated naturally with a small fine-
structure-splitting (FSS) between the exciton eigenstates. The
asymmetry of QD wavefunction due to the variations in QD
size, shape, strain, and composition is the main source of FSS
[7]. Strain-induced formation of QDs in conventional
Stranski—Krastanov (SK) growth has some limitations such as
direct contact with a two-dimensional (2D) wetting layer
(WL), preferential elongation of the QDs, and strain-driven
intermixing of QDs all of which can strongly increase the FSS

© 2022 The Author(s). Published by IOP Publishing Ltd
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[8, 9]. Some of the limitations of SK growth can be mini-
mized by droplet epitaxy (DE) [10, 11] growth, which
involves the splitting of group III and V fluxes, initially
forming group III droplets and later crystallization of the
droplets in a group V environment to form QDs.

The most important step in DE is the formation of group
I droplets, which allows independent control over the size and
density of the QDs. The droplet formation mainly depends on
group III (In) molecular flux and the substrate temperature,
which can be tuned to obtain the desired size and density of the
QDs. The formed droplets are then crystallized in a group V
(As) rich environment to form QDs. DEQDs formation is
governed by the dissolution and adsorption of group V element
by the droplet and the surrounding surface. The final shape
(QDs, quantum disks, quantum rings, quantum dashes)
depends on the crystallization kinetics based on group V flux
and crystallization temperature [12]. Also, the formation of
nanostructures is strongly influenced by the growth surface
reconstruction prior to the droplet deposition [12, 13]. DE is
preferable to SK growth as it provides more degrees of freedom
to optimize the QDs and reduce FSS [14]. Various techniques
are available to reduce FSS in QDs such as growing QDs on
(111) surfaces where the underlying Cs, crystal symmetry
assists in obtaining shape uniform QDs [15-19] and fabrication
of QDs in locally etched pits to minimize anisotropy in QDs
size and shape the so-called local droplet etching [20, 21].
InAs/InP self-assembled QDs emitting in the telecom range
(~1550 nm) have been developed recently with a small FSS as
a result of reduced lattice mismatch and improved growth
techniques [14, 22, 23]. The InAs/InP QDs have shown
superior coherence in emission compared to other QD systems
leading to highly indistinguishable photons [24].

The fundamental understanding of growth mechanisms
(DE and SK growth) is essential for the precise tuning and
optimization of QD devices for various applications. Cross-
sectional scanning tunneling microscopy (X-STM) is one
such technique that can probe the semiconductor QDs with
atomic resolution to study not only the QDs morphology but
also various effects of overgrowth such as leveling of QDs
apex, intermixing, segregation, etc., [25-31]. In the current
study, we investigated the morphology and composition of
InAs/InP self-assembled QDs grown by both DE and SK
growth by X-STM and finite element (FE) simulations. We
provided an atomic-scale comparison of structural character-
istics of QDs grown by both growth techniques proving that
the DE is preferable in obtaining more uniform and sym-
metric QDs compared to SK growth [14, 24, 32, 33]. Similar
samples were used to perform other experiments such as
atomic force microscopy (AFM), FSS experiments, photo and
electroluminescence, device fabrication, etc., and are reported
elsewhere [6, 24, 33]. A detailed explanation of a partial WL
formation in DEQDs is given in comparison with the standard
SKWL. A mechanism of droplet etching is discussed in detail
to understand the etch pit formation underneath the QDs. FE
simulations are performed to fit the experimental local lattice
constant and outward relaxation profiles of the cleaved QDs
obtaining an estimation of QD composition. The detailed

structural analysis performed in this work provides feedback
for further growth optimization of the QDs.

2. Experimental methods

As reported in [14] both DEQDs and SKQDs were grown on
InP (100) substrate in a low-pressure metal-organic vapor
phase epitaxy reactor with H, as carrier gas. For the DEQDs,
the In droplets were formed on an InP buffer layer at a temp-
erature of 400 °C in the absence of group V flux. The size and
the density of the QDs can be controlled independently by
optimizing the temperature and the amount of indium flux. The
In droplets are then crystallized in an As-rich environment
starting at a temperature of 400 °C until the substrate temper-
ature reaches 500 °C. The DEQDs were capped with 30 nm of
InP followed by excess InP at a growth temperature of 640 °C.
The SKQDs were grown on an InP buffer layer at a growth
temperature of 500 °C at a low growth rate of 0.05nm s '
leading to a low density of InAs QDs. The QDs were capped
with 30 nm of InP at 500 °C followed by more InP at 640 °C.
All the X-STM measurements were performed in a
conventional Omicron low-temperature STM at liquid nitro-
gen temperature (77 K) under ultra-high vacuum (UHV)
4-6 x 107" mbar. The measurements were carried out on a
clean {110} surface freshly obtained by cleaving the sample
in UHV. STM-tips were made of polycrystalline tungsten
wires obtained by electrochemical etching followed by baking
and Ar sputtering inside the STM preparation chamber under
UHV. All the X-STM images of the QDs were acquired in
constant current mode. Due to the atomic arrangement of the
{110} surfaces of Zincblende crystals, only every second
monolayer along the growth direction is visible in the X-STM
images [34]. For filled-state imaging at high negative bias
voltages, group V sublattice (P and As) was imaged, while in
empty-state imaging at positive bias voltages, group III sub-
lattice (In) was imaged. The FE simulations were performed
using the structural module on COMSOL: Multiphysics and
the created QD model was based on the X-STM structural
characterization. A detailed explanation of FE simulations is
given in section S-2 of the supplemental information (avail-
able online at stacks.iop.org/NANO/33/305705/mmedia).

3. Results and discussion

3.1. Size, shape, and composition

In figure 1, we show filled-state topographic X-STM images of
DEQDs (a and b) and SKQDs (c and d) measured at a bias
voltage (V,) =—3.0V and a tunnel current (/) =50 pA. The
color contrast in the image represents the relative height of the
STM tip with respect to the cleaved surface. The compressively
strained InAs QDs relax outward after cleaving giving rise to a
bright contrast. Note that the filled-state imaging was performed
at a high negative bias voltage to suppress any electronic
contribution (electronic contrast) to the topography leading to a
pure structural contrast [35, 36]. From figures 1(a) and (b), it is


http://stacks.iop.org/NANO/33/305705/mmedia

Nanotechnology 33 (2022) 305705

R S R Gajjela et al

Figure 1. X-STM filled-state topographic images of InAs/InP DEQDs (a), (b) and SKQDs (c), (d) taken at bias voltage (V;,) = —3.0 V and
tunnel current (/) = 50 pA. The dark to bright contrast represents an outward relaxation of ~0.25 to 0.45 nm of the cleaved QDs depending

on QDs size. The white arrow indicates the growth direction [100].

(a] T T T T T T T T (b) T T T T T T T T
8+ 9 - Y T T
7 4 _’Q’ | ]
; v Ba e gt -_
4 G s S
L O ]
€ AL Y E
c 5 @ ® ”*’ a3 & 7] ::’ Base length =
?GE';‘L— = . @ .'!" ] E e _.‘
== F’J,r-—ﬁ Q g -
31 '!5—1 7 |9 1
4 -_!-4 6 - a
24 i
) 4- 1
14 - 2 i
0 T T T T T T T T 0 T T T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Base length (nm)

Base length (nm)

Figure 2. Height versus base length (a) and top length versus base length (b) of 58 DEQDs measured from filled-state X-STM images with a
linear fit (blue) to the experimental data points. On the top corner of (b), the most probable shape of the DEQDs is given with a red line

indicating the cleaving plane.

evident that the QDs are trapezoidal (truncated pyramid in 3D)
shaped with (b) being the biggest DEQD found during the
X-STM measurement with a base length of 38.0 = 0.8nm and a
height of 6.5+0.5nm. All the DEQDs observed in the

experiment showed a flat top facet with a sharp interface. For
the SKQD in figure 1(c), multiple side facets can be seen with
the increasing height, while the SKQD in figure 1(d) is trape-
zoidal (truncated pyramid in 3D) shaped with a higher base



Nanotechnology 33 (2022) 305705

R S R Gajjela et al

length (73.0 £0.8nm for ‘¢’ and 70.0 0.8 nm for ‘d’) and
height (11.7£0.5nm for ‘¢’ and 7.5+ 0.5nm for ‘d’) com-
pared to DEQDs. This is in good agreement with the AFM
analysis reported in [14] for QDs grown under similar growth
conditions especially the height of the DEQDs. From the AFM
analysis [14], it is clear that the DEQDs appeared uniform in
both directions ([110] and [1 T 0]), while the SKQDs showed a
preferential elongation along [110].

The cleaving position of the sample is arbitrary and need
not be through the center of every single QD, so depending on
the cleaving position we observed varied heights and base
lengths in the X-STM images. The relation between height and
base length can be exploited to approximate the 3D size and
shape of the QD. The height versus base length of all 58
DEQDs measured by X-STM is plotted in figure 2(a) with a
linear fit in blue and is used to determine the orientation of the
QD with respect to the cleaving plane by a simple geometrical
model reported by Bruls ez al [27, 37]. From figure 2(a), it is
apparent that there is a linear relationship between the height
and base length of the DEQDs and the QD height saturated at
6.0-6.5nm. Even though DEQDs are better than SKQDs in
terms of size and shape uniformity, the deviation (1.0 nm)
from the linear fit indicates a small inhomogeneity in QDs size
and shape, also observed in AFM images of similar QDs [14].

As already mentioned, all the DEQDs have a flat and sharp
top facet (as shown in figures 1(a) and (b)) and the length of the
top facet is plotted as a function of base length in figure 2(b).
The clear-cut linear dependence between top length and base
length suggests that the cleaving plane is parallel to the diag-
onal of a near square-based truncated pyramid. The deviation
from the linear fit suggests a small inhomogeneity in QDs
shape. Logically, the maximum base length and top length are
observed when the cleaving is through the center of the QD. As
our QDs resemble model 2 from Bruls et al [37], the actual
base length of the DEQDs is /2 times smaller than the
reported diagonal base length. The absence of triangular-shaped
QDs in X-STM images indicates that the top facet is very big
(up to 18 nm) and flat as represented in the top left corner of
figure 2(b) with a red dotted line indicating the cleaving plane.
The height difference of the DEQDs observed in X-STM and
AFM of similar QDs [14] is less than 1 nm. We can safely
assume that the flat top facet is indeed formed before the
completion of the full capping procedure and there is a little
dissolution of QDs apex [38, 39]. The density of DEQDs in the
sample is estimated to be 8-9 x 10® cm 2. The density of
SKQDs is even lower (1-2x10® cm™2) than the density of
DEQDs making it difficult to find many QDs in the X-STM
measurement to provide a similar analysis for the SKQDs.
However, from the AFM images of the uncapped SKQDs
grown under similar conditions, it is clear that the density of
SKQDs is lower and the SKQDs are elongated in [110], while
the DEQDs appeared nearly uniform in both [110] and [1 T 0]
[14]. The uniform contrast in figure 1 represents the uniformity
in the composition of the QDs [29, 40-42]. The DEQDs in
figures 1(a) and (b) show uniform contrast throughout the QDs
except for some minor ‘P’ intermixing close to the QD edges.
Conventional SKQDs show significant variation in the QDs
composition [25], but we observed a uniform contrast also in

SKQDs see figures 1(c) and (d). This observation brings us to
the conclusion that the composition of both DEQDs and
SKQDs is close to pure InAs, which is further supported by
examining the current images (shown in section S-1 of the
supplemental material) of the same QDs shown in figure 1 as
they are more sensitive to the local changes in composition.
The change in the current response of the associated atoms and
the suppressed topographic contrast makes it easy to identify
alloy fluctuations within the QDs. A pure QD (e.g. InAs) gives
rise to a uniform contrast in the current image.

To further support our argument on QD composition, we
performed FE simulations using structural data from X-STM.
The determination of the local lattice constant of the cleaved
surface provides an estimation of the QD composition.
Figure 3(a) shows a measured lattice constant profile of the
biggest QD (shown in figure 1(b)) with a calculated lattice
constant in red. Note that the lattice constant of the QD is much
higher than the bulk InAs (0.60583 nm), this is due to the
displacement of atomic rows upon cleaving. The outward
relaxation of the cleaved QD is a function of QD size, com-
position, and overall strain distribution, which can be easily
measured by X-STM height profiles shown in figure 3(b). The
measured outward relaxation (black) of the cleaved QD is
compared with the calculated relaxation profile (red) in
figure 3(b). Since the X-STM images suggested pure InAs QDs,
the FE simulations are performed by taking pure InAs as QD
composition. A detailed explanation of FE simulations is pro-
vided in section S-2 of the supplemental material. From both
figures 3(a) and (b), it is evident that the calculated lattice
constant and outward relaxation profiles with a pure InAs
composition fit very well with the experimental data thus,
strengthening our argument that the DEQDs are indeed pure
InAs. The linear elastic approximation of our FE simulations
provides an effective solution but obtaining an exact solution is
much more cumbersome due to the number of assumptions
made in the FE simulations (refer to section S-2 of the sup-
plemental material). We believe that this caused a small dif-
ference of ~20 to 30 pm between the experimental and
calculated profiles, which can be seen in both figures 3(a) and
(b). In general, the atomic corrugation of the surface can shift
the experimental profiles in the order of 50 pm [43, 44] thus, the
20-30 pm difference is well within the acceptable range. By
combining X-STM and FE simulations, it is evident that the
observed DEQDs have pure InAs composition with some
intermixing close to the edges. As already mentioned, due to the
low density of SKQDs, the obtained structural data is limited
and it is not possible to construct a reliable 3D model for FE
simulations. The uniformity in topographic and current images
implies that the composition of the SKQDs is also close to pure
InAs, which could be a result of a lower lattice mismatch
between InP and InAs compared to the InAs/GaAs system.

3.2. InAs Etch pits

The most interesting observation of the current work is the
presence of etch pits underneath the DEQDs, as shown in
figure 4. Almost every single QD measured by X-STM was
found to be decorated with an etch pit with sizes ranging from 1
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Figure 3. Local lattice constant profile (a) and STM height profile (b) of the biggest DEQD are shown in figure 1(b) as a function of position
in the growth direction (from left to right). The measured lattice constant and outward relaxation is given in black with calculated profiles in
red obtained via FE simulations, considering pure InAs for QD composition.

Figure 4. X-STM filled-state topographic images of the InAs etch
pits in InP underneath the DEQDs with the etch pit position
changing from left (a), to the center (b), and to the right (c and d)
taken at Vi, = —3.0 V and [, = 50 pA. The position of the etch pit is
arbitrary and the arrow indicates the growth direction [100].

bilayer (BL) to 6 BLs depending on the cleaving position. We
categorize the QDs into two classes: (1) DEQDs with an etch pit
of 1-2 BLs extended all over the QDs base length as shown in
figures 1(a) and (b); (2) DEQDs with a deep (up to 6 BLs) and
localized etch pit arbitrarily positioned underneath the QDs as
shown in figure 4. Around 90% of the DEQDs found during the
X-STM experiments are class 1, while the rest are class 2.

On top of that, we found an inverse correlation between the
size of the etch pit and the QD. Class 1 DEQDs have a larger
base length and height with a 1-2 BLs etch pit while class 2

DEQDs have a smaller height and base length with a deep (~6
BLs) and localized etch pit. This suggests that the etch pits are
formed immediately after the droplet deposition. Because of the
etching, the total amount of In available for the QD formation is
lower for the droplets with deeper etch pits, hence smaller QDs.
In figures 4(a) to (d), we show X-STM filled-state topographic
images of the DEQDs with etch pits at various positions
underneath QDs (from left to right). On the other hand, there is
no indication of etch pit formation in SKQDs (figures 1(c) and
(d), and there have never been any reports of etch pit formation
in any SKQDs. Similar etch pit formation was observed for
GaAs/AlGaAs DEQDs, where the mechanism of etch pit for-
mation (local etching) was studied in detail both theoretically
and experimentally [45-49]. In the GaAs/AlGaAs system, Ga
droplets are formed on the AlGaAs buffer layer in the absence
of As flux and the droplet liquefies the AlGaAs layer dissolving
both Al and As. Due to the limited solid solubility and the
concentration gradient, the As diffuses out of the droplet and
crystallizes at the edges thereby etching the substrate locally.
The etching rate can be controlled by growth kinetics and flux
leading to a variety of nanostructures such as quantum disks and
rings [12]. Even though the local droplet etching method of
growing nanostructures is gaining interest as it can fabricate
QDs with reduced asymmetry in QDs size and shape, the
research into the In droplet etching on InP is limited [21, 22].
However, we can extrapolate a similar explanation, which was
given for GaAs/AlGaAs QDs [48] to the InAs/InP system.
The reaction kinetics and the thermodynamic equilibrium
between the In droplets and the InP play a crucial role in
determining the etching rate and so the size of the etch pit.
Considering the growth temperature of 400 °C, the phase
diagram of In/InP indicates that both the liquid In and solid
InP are stable phases [50]. The formed In droplets liquefies the
InP buffer layer (local etching) and the P easily diffuses out of
the droplet. During the crystallization, it is possible that the As
can diffuse deep into the droplet and crystallize at the liquid-
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solid interface giving rise to nearly pure InAs even in the etch
pits [49, 51, 52]. The uniform contrast in figure 4 led us to the
conclusion that the etch pits are also nearly pure InAs. How-
ever, dedicated experiments with In droplets under various
growth conditions are required to improve the fundamental
understanding of the etching mechanism in In/InP system
which is outside the scope of this work. It can be seen from
figure 4 that there is an InP(As) layer matching the height of
the QD with a tiny amount (a few percent) of As. During the
capping of the QDs, the incoming P can drive As from the QD
apex to the sides forming a dilute InP(As) layer close to the
QD. The thickness of this layer matches the QD height and we
observed that when we move away from the QD, this InP(As)
layer disappears quickly within 10 nm from the QD.

Shape asymmetry of the QDs due to the presence of
localized etch pits can strongly influence the FSS of the QDs.
For this reason, we performed a detailed analysis of the effect
of etch pit size and position on the FSS. In this analysis, the
excitonic configuration of several QD geometries was simu-
lated numerically. k- p envelope function theory [53-55] was
used to obtain the single-particle electron and hole QD states.
The single-particle states were then combined in a configura-
tion interaction calculation to compute the different exciton
energy levels. The detailed results will be presented in a future
dedicated theoretical article, however here we report some
major observations. We considered two situations to assess the
effect of etch pit size and position. First, we fixed the position
of the etch pit and increased the base length of the etch pit.
Second, the size of the etch pit was kept constant while the etch
pit position was shifted along the diagonal axis. The increase of
the base length appeared to reduce the FSS approximately by a
factor of 2 for an etch pit base length as big as the QD. This is
mainly due to the reduction in the overlap between the electron
and hole wavefunction due to the leakage of both single-par-
ticle states into the etch pit region. On the other hand, shifting
the position of the etch pit increased the FSS by almost 40
times compared to the situation in which the same etch pit is
centered. Therefore, a QD with a perfectly centered etch pit has
lower FSS when compared to a QD with an off-centered etch
pit. As controlling the etch pit position is not possible via
conventional growth, the class 1 QDs appear to be the logical
choice to obtain QDs with lower FSS.

3.3. QD side facets

Another notable observation from our X-STM experiments on
DEQD:s is the orientation of QD side facets with respect to the
base plane (100). We determined the side facet miller indices of
the QDs by measuring the angle between the side facets and the
base plane, as shown in figure 5, where the left facet is at an
angle of 47.7° 4+ 2° while the right facet is found to be at an
angle of 28.2° 4+ 2°. In figure 5 we color-coded the side facets
based on the facet angle, where black represents the base plane
(100), green represents one of the {122} planes, and pink
represents one of the {136} planes. Michon et al [56] per-
formed a detailed thermodynamic analysis of QDs size and
shape showing the formation of {136} side facets for the InAs/
InP QDs. The same {136} facets were also observed for (InGa)

— (100)
— {122}
— {136}

DE

Figure 5. X-STM image showing the side facets of QDs along with
faceted etch pit. The different colors represent: black (100) plane;
green {122} plane; pink {136} plane. The white arrow indicates the
growth direction [100]. X-STM image shown here has been taken
from the [28] and modified to show the side facet angles with the
base plane (100). Reproduced from [28]. CC BY 4.0.
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Figure 6. The angle of the left (a) and right (b) facets of the DEQDs
with respect to the base plane (100) as a function of base length
measured by X-STM. On the right, a frequency plot is shown to
observe the distribution of facet angles.

As QDs in GaP reported by Robert et al [57, 58]. Another
interesting observation is that the etch pit appeared to have
mirror symmetry with the side facets of the QD, as shown in
figure 5. The left facet of the etch pit is parallel to the {136}
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Figure 7. X-STM filled-state topographic images of the wetting layer in DEQDs (a) and SKQDs (b) taken at V, = —3.0 V and ; = 50 pA
present a clear difference from one another. The arrow indicates the growth direction [100].

plane and the right facet is parallel to the {122} plane. We also
identified a small (100) plane at the bottom of the etch pit.

We measured the facet angles of all the DEQDs found
during the X-STM measurement. In figure 6, we show the
measured angles of the left facet (a) and right facet (b) as a
function of base length along with their distribution. It is clear
from figure 6(a) that the left facet has two preferable facets one
making 28° 4 2° ({136} plane) and the other 47° & 2° ({122}
plane) with the base plane (100). The trend is clearly visible in
the frequency plot given on the right side of figure 6(a). On the
other hand, the right facet of almost all the DEQDs has a
{136} plane making an angle of 28° + 2° with a (100) base
plane. On whole, around 70% of the measured DEQDs have
{136} planes for both left and right facets. The final facets of
the QD are strongly dependent on the reaction kinetics at the
growth front leading to the same or different side facets on all
QD sides. The provided indices for the side facets are purely
based on the angle between side facets and the base plane
(100). It is a rudimentary observation and in situ surface STM
measurements are necessary to confirm this observation. Also,
measurements on samples with different growth conditions
and a study of growth kinetics are needed to provide a detailed
explanation for the formation of different QD facets, both are
outside the scope of this work. However, the increased
asymmetry of QDs due to the different side facets might
contribute to a further increase in the FSS.

3.4. DE versus SK wetting layer

In SKQDs, it is impossible to form QDs without a WL, on the
other hand, there is no such constraint in DEQDs. We now
shift our focus to the X-STM observation of WL formation in
both DE and SKQDs. Figure 7 shows the X-STM filled-state
topographic images of the DEWL (a) and SKWL (b). We

observed a discontinuous layer of InAs(P) for DEWL as
shown in figure 7(a). The estimated composition of the WL is
InAs,P,,, where x=~0.65 was obtained via the atom
counting method [59] and also by comparing the outward
relaxation profiles of the DE and SKWLs as shown in
figure 8. The discontinuity in the DEWL is clearly visible in
the X-STM image. The discontinuous WL formation is
associated with the As-P exchange at the growth surface
[60-62]. It is well-known that the As can easily replace P
during the arsenization of the In droplets [60]. As we can see
from figure 7(b), the SKWL is a standard continuous 2D layer
with a thickness of 1-2 BLs and pure InAs in composition. By
growing QDs in DE mode, we can avoid the formation of a
2D WL that undermines the 3D confinement of charge car-
riers in the QDs. Based on the X-STM analysis of the WL, the
growth conditions can be further optimized to suppress the
As-P exchange at the growth surface.

STM height profiles of both DEWL and SKWL are
shown in figure 8 as a function of position in the growth
direction. As mentioned earlier the SKWL is a standard 2D
WL whereas the DEWL is a discontinuous layer with As-rich
regions. The outward relaxation of the cleaved surface
strongly depends on the composition of the grown layers. In
figure 8, the STM height profile taken at an As rich (DEWL1)
and As poor (DEWL2) region is shown in comparison with an
SKWL. It is obvious that the SKWL with pure InAs relaxed
higher (~0.11 nm) than the discontinuous DEWL (~0.08 nm)
further supporting our observations on WL formation. The
formation of a discontinuous WL might be analogous to the
formation of In rich islands in InAs submonolayer QD growth
[59, 63], where the ML high In rich islands are formed and
are stacked to form a QD [64]. In the DE case, there is an
excess In on the surface after droplet formation as the surface



Nanotechnology 33 (2022) 305705

R S R Gajjela et al

0,12 SKWL 4
DEWL1 |
E o0 —— DEWL2 |
£
5 I
2 0084 ]
m \
x \
©
2 006 |
-E ( f
@
% 0,04 |
o [100]
0024 .y ahrs st AN g |
| rl[»;‘,\mumru'lﬁ ‘ Ty
o ; ! ! T T T T

0 5 10 15 20 25 30
Position (nm)

Figure 8. The STM height profile of the DEWL and SKWL as a
function of position in the growth direction. On the top left corner,
images from figure 7 are given with arrows indicating the position
and direction of the STM height profiles. The black arrow indicates
the growth direction [100].

is In terminated. Once the epitaxial surface is exposed to
AsHj to allow the crystallization of the In droplets, the excess
In on the InP surface can react with As to form InAs rich
regions along with the As-P surface exchange, forming a
discontinuous layer of InAs(P). The composition and thick-
ness of these InAs(P) depend on the AsH; flow, growth
temperature, and exposure time. The formation of the InAs(P)
layer can be minimized by controlling the growth parameters
or by growing an interlayer (such as lattice-matched InGaAs)
[23] to avoid the surface As-P exchange.

4. Conclusions

In summary, we investigated and compared the structural
characteristics of InAs/InP DE and SKQDs through atomic-
resolution X-STM analysis. We showed that the DEQDs have
better uniformity in terms of QDs size and shape compared to
conventional SKQDs. X-STM (both topographic and current)
images in conjunction with FE simulations, obtained pure
InAs for QDs composition with very little intermixing close
to the edges of the QDs. We found that the In droplets drill
into underlying InP via a local etching process forming
localized etch pits. During the crystallization, the As can
diffuse all the way into the etch pit providing a pure InAs
composition for the etch pits. A summary of the effect of etch
pit size and position on FSS obtained via the k- p theory was
presented. According to the calculations, a QD with a per-
fectly centered etch pit has lower FSS than a QD with an off-
centered etch pit. We showed that the InAs/InP DEQDs have
preferential {136} planes for both left and the right facets of
the QDs with occasional {122} for the left facet. We observed
a partial WL for DEQDs due to the surface As-P exchange,
while the SKQDs have a standard 2D WL with a thickness of
1 BL. Overall, the structural analysis presented in this work
uncovers not only the morphology and composition of the

QDs but also the presence of etch pits underneath the DEQDs
providing valuable feedback to the growers for further growth
optimization of the QDs to reduce the fine structure splitting.
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