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Influence of surface nano-patterning on the placement of InAs quantum dots
D. Del Gaudio,"® L. K. Aagesen,"®"® S. Huang," T. M. Johnson," B. D. Faeth,2 H. Lu,’

R. M. Ziff,® and R. S. Goldman"®

'Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA
Department of Physics, Cornell University, Ithaca, New York 14853, USA
3Department of Chemical Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA

(Received 6 October 2017; accepted 21 July 2018; published online 21 September 2018)

We have examined the influence of spontaneous nano-patterning on the placement of InAs quan-
tum dots (QDs) on (Al)GaAs surfaces using an experimental-computational approach. Both
atomically flat and mounded surfaces, generated via a surface instability induced by the Ehrlich-
Schwoebel barrier, are employed as templates for the subsequent deposition of InAs QDs. Using
height profiles from atomic-force micrographs, we simulate QD deposition with a 2D phase field
model, which describes the time evolution of the InAs layer driven by a chemical potential gradi-
ent. For flat surfaces, phase-field simulations result in QD densities comparable to experimental
observations. For mounded surfaces, the simulations reveal QDs preferentially positioned in
regions of positive curvature (substrate valleys), e.g., at the edge of surface mounds, consistent
with the anisotropic QD placement observed experimentally. We discuss the role of curvature-
driven diffusion in the spontaneous ordering of QDs, demonstrating the applicability of this mecha-
nism to AlGaAs mounds. Published by AIP Publishing. https://doi.org/10.1063/1.5008518

I. INTRODUCTION

The control of lateral ordering of self-assembled semi-
conductor quantum dots (QDs) is desirable for a wide range
of solid-state applications, including lasers, solar cells, and
thermoelectrics, as well as quantum computing and telecom-
munication devices.'™ Lateral ordering of QDs is often
achieved via lithographic patterning with photons, focused-
ion-beams, electron beams, or block-co-polymers;‘sf8 how-
ever, these methods require multiple fabrication steps and
often introduce lattice defects.”™"! Therefore, bottom-up
methods, which do not require extrinsic patterning, have
been pursued.'? For example, deposition kinetics have been
exploited to achieve vertical alignment of QD multi-
layers.">™'" In these cases, the first layer of QDs is typically
distributed isotropically; following the deposition of a spacer
layer, anisotropic strain accumulation drives the vertical
alignment of subsequent layers of QDs.'*™'®

Recently, lateral QD alignment has been achieved using
surface nano-patterning methods, such as lithography-etched
mesas'® and nano-holes obtained via arsenic-debt epitaxy.?’
Alternatively, in-sifu nano-patterned surfaces may be
obtained using the step-bunches associated with surface
“mounds” induced by the Ehrlich-Schwoebel energy barriers
that prevent adatoms from stepping down the edges of sur-
face islands.>' QDs have been reported to decorate step
edges (such as on the side of mounds) at the nucleation
stage,zz_24 while fully formed QDs have been observed to
align themselves along the base of the mounds.”> However,
the influence of the surface morphology on QD positioning
after the nucleation stage, i.e., during growth and coarsening,
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is not well understood. For free-standing nanocrystals,*® and
those formed on artificially flat?’® and patterned surfa-
ces,zg_31 the time evolution of the surface has been simulated
using phase-field models based upon the Cahn-Hilliard equa-
tion, with free energy functionals that account for bulk, inter-
facial, and (where appropriate) elastic energies. In this work,
we perform a phase-field simulation of QD nucleation and
growth in two dimensions (growth direction and one perpen-
dicular direction) using the measured substrate surface pro-
file as the initial condition. We use atomic-force
micrographs of GaAs surfaces prepared by molecular beam
epitaxy, with and without naturally forming elongated sur-
face “mounds,” as input into the phase-field simulations. Our
combined computational-experimental approach reveals that
QDs grown on mounded substrates nucleate earlier than
those grown on flat substrates. As the growth progresses
beyond the nucleation stage, preferential positioning of QDs
in regions of larger positive curvature, such as at the edge of
the mounds, is observed. We compute polar-pair correlations
of the QD positions from atomic-force micrographs for
(Al)GaAs substrates as a function of increasing lateral
mound angle, revealing a tendency for QD alignment on
mounded surfaces. We discuss the influence of curvature-
driven diffusion on the spontaneous ordering of QDs, dem-
onstrating the applicability of this mechanism to (Al)GaAs
mounds.

Il. EXPERIMENTAL METHODS

All of the layers were grown on GaAs (001) substrates
using solid Ga, Asy, and In sources. Buffers consisting of a
series of bilayer height steps, termed “flat buffers,” and those
containing elongated ‘“mound”-like features, termed
“mounded buffers,” were prepared. An initial 300-500 nm
GaAs layer was deposited at 580°C, using an As,/Ga

Published by AIP Publishing.
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beam-equivalent pressure (BEP) ratio of ~30. For the flat
GaAs buffers, three subsequent annealing steps were per-
formed: 15min at 580°C, 15min at 530°C with half the
original As, flux, and finally 10 min at 370 °C without Asy.
We note that in Ref. 15 the flat GaAs buffers were termed
“high-low” (HL) buffers, reflecting the growth and annealing
temperatures. For the mounded GaAs buffers, an additional
20nm GaAs layer was deposited at 500 °C, without subse-
quent annealing. In Ref. 15, the mounded GaAs buffers are
termed “low” (L), reflecting the growth temperature of the
final GaAs layer. To prepare the mounded AlGaAs buffers, a
50nm Aly;Gag;As layer was deposited at 580 °C with a V/
IIT BEP ratio of ~25, followed by a 3 min annealing step at
580 °C, without sample rotation.

Following buffer growth, the 2D to 3D growth mode
transition, indicative of QD formation, was monitored using
reflection high-energy electron diffraction. For the GaAs
buffers, InAs was deposited at 500 °C, using a growth rate of
0.1 ML/s. The total InAs deposition time was 26 s, corre-
sponding to an average InAs layer thickness of 2.6 ML
=0.79 nm. For the AlGaAs buffers, InAs was deposited at
545°C, using 25 to 29 repeats of 5 s InAs deposition fol-
lowed by 25 s annealing in As4. For all AlGaAs buffers, an
InAs growth rate of 0.03 ML/s was used, with 125145 s
total deposition time, corresponding to 3.75 ML
(1.1nm)—4.35 ML (1.3 nm) InAs layer thicknesses.

Following growth of both the buffers and QDs, the sur-
face morphology was examined ex-situ with tapping mode
AFM, using etched Si probes with ~2nm tip radius. The
resulting AFM images were sequentially processed via
image-wide 2nd order polynomial background subtraction,
line-by-line alignment by median matching, and image-wide
planar background subtraction.>® In Fig. 1, AFM topography
images are presented for various buffers prior to and follow-
ing QD deposition. For GaAs buffers prior to QD deposition,
Fig. 1(a) reveals a relatively flat surface (0.22nm RMS
roughness), with a series of bunched steps,'> while Fig. 1(c)
reveals a mounded GaAs surface. For the mounded GaAs
surface, line-cuts selected from the image in Fig. 1(c) reveal
average mound lengths (~800nm), widths (~200nm), and
heights (~3nm), with 1.8° mound inclination angle,15 con-
sistent with earlier reports.'*> For the AlGaAs buffers prior
to QD deposition, Figs. 1(e) and 2(g) reveal, respectively,
average mound lengths of 320nm and 490 nm, widths of
110nm and 140 nm, and heights of 2.1 nm and 3.5 nm, with
(e) 2.7° and (g) 5.1° mound inclination angles.

The morphologies of QDs grown on the flat and
mounded (Al)GaAs buffers are captured in the AFM images
in Figs. 1(b), 1(d), 1(f), and 1(h). It is evident that the QDs
grown on the flat surface [Fig. 1(b)] have a larger diameter
and a lower density than the QDs grown on the mounded sur-
faces [Figs. 1(d), 1(f), and 1(h)], consistent with earlier
reports. To quantify the QD sizes, densities, and relative
positions, we use a 3-step algorithm to identify the QDs in
several images spanning an area >3 um? First, the
Laplacian of the AFM topography image is computed, and
clusters of adjacent pixels within the bottom 48%*6% of
the Laplacian values are considered possible QDs. Next, the
volume of each pixel cluster is computed as Vy — V-, where

J. Appl. Phys. 124, 115307 (2018)

1200 nm j

FIG. 1. Atomic force micrographs of buffer surfaces before and after QD
growth. (a)/(b) Flat GaAs (mound angle = 0°), (c)/(d) GaAs (mound angle
= 1.8%), (e)/(f) AlGaAs (mound angle = 2.7°), and (g)/(h) AlGaAs (mound
angle =5.1°). The color-scale ranges displayed are (a) 2nm, (b) 10nm, (c)
6nm, (d) 6nm, (e) 4nm, (f) 12nm, (g) 10nm, and (h) 20 nm. Chains of QDs
are highlighted by semi-transparent lines.

Vy is the sum of the pixel heights multiplied by the pixel
area and V is the volume of the estimated background under
the pixel cluster.>* The background is estimated by solving
Laplace’s equation V>f; = 0 with the heights and slopes of
the pixels along the border of the pixel cluster as boundary
conditions.™ We discard those pixel clusters with volume
<1%=*0.8% of the volume range, as they are most likely due
to noise. Finally, we calculate the height of all pixel clusters
and define as QDs those with heights >8%=*1.7% of the
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FIG. 2. Phase-field model simulation of QD nucleation and growth on flat vs. mounded surfaces. (a) Thickness of the InAs layer (above the flat GaAs substrate)
from phase-field simulation at the start of the simulation (dashed line), after 4600 deposition time units (dtu) (dot-dashed line), corresponding to the onset of the SK
transition, and after 6600 dtu (solid line). (b) Details of (a), with solid arrows denoting nucleation of QDs at the SK transition, and dashed arrows denoting the shift
in position of the QDs during further deposition. The open and filled squares indicate the position of a QD nucleus and the QD resulting from the evolution of the
QD nucleus, respectively. (c) line-cut across atomic force micrograph of the flat surface. (d) Details of (c) showing the portion of the flat substrate corresponding to
the sections of InAs layers in (b), with the shaded portion of the substrate indicating a step, the open square indicating the position of a QD nucleus, the filled square
indicating the position to which the QD shifts during deposition, and the dashed arrow indicating the direction of the shift on the substrate. (e) Thickness of the InAs
layer (above the mounded GaAs substrate) from phase-field simulation at the beginning of the simulation (dashed line), after 4400 dtu (dotted-dashed line), and after
6600 dtu (solid line). Downward arrows mark QDs that end up positioned at the edge of mounds. (f) Details of (e), with solid arrows denoting nucleation of QDs at
the SK transition (open triangles), and dashed arrows denoting the shift in position of the QDs during further deposition (filled triangles), and asterisks denoting QD
nuclei that disappear due to coarsening. (g) line-cut across atomic force micrograph of the mounded surface, with shaded portions marking the mounds and upward
arrows marking the edges of the mounds. (h) Portion of the mounded surface in (g) corresponding to the sections of InAs layers in (f), with the shaded portion mark-
ing a mound and curved lines indicating the positive curvature regions at the edge of the mound. The open and filled triangles mark the positions of QD nuclei and
the positions of QDs resulting from the evolution of the QD nuclei, respectively. The dashed arrows indicate the direction of the QD shift.

height range. The 2D QD densities and average QD diame- the QD positions. The QD positions are then scaled by the

ters are captured in Table I. average nearest-neighbor (NN) QD separation.
To quantify the influence of the mounds on QD cluster-

ing, polar pair correlation functions of the QD positions are
computed. For each QD, a circularly uniform mass distribu- For the 2D phase-field simulations of QD growth, initial
tion is assumed, and the QD centers of mass are identified as surface profiles consisting of [110]-oriented line-cuts were

lll. COMPUTATIONAL METHODS
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TABLE I. Mound inclination angle and relative terrace width, and average
NN QD separation, 2D QD density, and QD diameter, for various substrates
with varying mound inclination angles.

Mound NN QD 2D QD
inclination Terrace width separation  density QD diameter

Substrate angle (°) (nm) (nm) 10" em™) (nm)

GaAs 0 58 24 +0.1 375
AlGaAs 0 54 24 +0.1 27*3
AlGaAs 0.6 26 55 22+0.1 26 =4
GaAs 1.8 9 33 64 *+0.2 275
AlGaAs 2.7 6 89 0.8=*1 31 =7
AlGaAs 3.1 5 175 02=*1 28 =7
AlGaAs 5.1 3 38 92+0.7 21 %6

selected from 1 ,umz, 512 x 512 pixels, AFM images such as
those shown in Figs. 1(a) and 1(c). Thus, for the flat and
mounded GaAs surfaces, the initial surface profiles are repre-
sented by the black lines in Figs. 2(c) and 2(g). For the flat
surface in Fig. 2(c), the maximum height variation is 0.9 nm,
corresponding to <2 ML. For the mounded surface in Fig.
2(g), the maximum height variation is 2.9 nm, corresponding
to <5 ML. In Fig. 2(g), three mounds are indicated by high-
light, with widths of 130nm, 120nm, and 140nm, and
heights of 1.3nm, 2.4nm, and 1.1 nm, which correspond to
lateral inclination angles of 1°, 1.5°, and 1.5°, respectively.

The nucleation and growth of InAs QDs on flat and
mounded surfaces were simulated using a phase-field
model,'® describing the evolution of the system comprising
three physical phases: vapor, InAs layer, and GaAs surface.
The phase of the system at each point in the simulation is
represented by a set of order parameters, (¢, ¢,, ¢3). In the
vapor, (d)lﬂ ¢27 ¢3) = (1707 0)7 in the InAs, (¢17¢27 ¢3)
= (0,1,0); and in the GaAs, (¢, d,, ¢3) = (0,0,1). The
subscripts 1, 2, and 3 will be hereon used for quantities rela-
tive to the vapor, InAs, and GaAs phases, respectively. The
order parameters are constrained such that (¢, + ¢,
+¢3) = 1. It is assumed that the GaAs phase remains
unchanged throughout the deposition, and adatom diffusion
is limited to the vapor/InAs layer interface.

The time evolution of ¢, is described by the Cahn-
Hilliard equation with a source term for depositionlg’%’27

9,

—V.M S
o V- MVy +S8,

where M = 16Ms¢>(1 — ¢,)* is the functional form of the
In adatom mobility, using In adatom mobility value
MS:Ds/(’))12£12>36 and Vp is the chemical potential

TABLE III. Parameters for phase-field model simulations.

J. Appl. Phys. 124, 115307 (2018)

TABLE II. Materials parameters for GaAs, InAs, and Alj 3Gag ;As.

Parameter Symbol InAs (p =2) GaAs (p =3) AlypsGag,As
Lattice parameter (A)  a!)  6.05837 5653257  5.6556"
e, 833" 1197 -
Sti S ici
iffness coefficients CYI)ZZ 45317 53.87 _
(GPa)
c, 39.6'7 59.4!7 -

gradient for In. S = dRn, ¢,(1 — ¢,) is the deposition term,
where d is the deposition rate, R is a random number ranging
from 0.9 to 1.1, which provides noise in the deposition flux,
and n, is the z-component of the surface normal, which
accounts for the orientation of the surface in calculating the
flux normal to the surface from the deposition rate. The
chemical potential is u = 6%, where F is a free energy func-
tional similar to that in Ref. 16

]

where W;; are the free energy barriers and o;; are the energy
gradient coefficients. The elastic energy density f,; is given
by

3.3 o2
DD Wididf — Vo Vg +fu|dV, (D)

i=1 j=it1

1 2 2
fo = EZ Z Cijnt (€5 — n9yj) (exr — ndwr), 2

ij=1kl=1

where Cyy; are the stiffness coefficients, ¢; is the strain ten-
sor, 0;; is the Kronecker delta (6;; = 1 for i = j, 6;; = 0 for
i #J), and n = 1,Q(¢,) where 5, is the misfit strain of the
InAs lattice relative to the GaAs lattice®” (see Table III), and
0(¢:) = (3> — 2¢?), which is an interpolation polynomial.
The stiffness tensor coefficients are interpolated using

1 2) 1 3) 1
Ciju = CE/J)/ + 0(¢,) (CE/H - Cz(jk)l) + 0(¢3) (ng/'k/ - Ct(jjk)l)’
where ij’z)l are the stiffness coefficients for phase p. Note

that the functional form of misfit leads to misfit between
InAs and vapor, as well as InAs and GaAs, but, as will be
discussed later, the vapor will be treated as a compliant
material with a very small elastic modulus and thus will not
alter the results.

For each time step, the Cahn-Hilliard equation and the
mechanical equilibrium equation V-6 =0, where ¢ is the
stress tensor, were solved iteratively, whereby the order
parameters ¢, resulting from the Cahn-Hilliard equation
were used to calculate the stress tensor for the mechanical

vapor — InAs vapor — GaAs InAs — GaAs
Parameter Symbol p=19g=2) p=149g=3) p=2,4q=3)
Interfacial energy (J/m?) VYpq 0.704% 1.04% 0.100*
Interfacial thickness (nm) lyq 391 391 3.91
Misfit strain (%) o - - 7.17
Free energy barriers (J/m?) Wy 7.64 x 108 1.13 x 10° 1.08 x 10
Energy gradient coefficients (J/m) o2 5.84 x 107° 8.60 x 107? 8.28 x 10710

rq
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equilibrium equation, and the displacement field u resulting
from the mechanical equilibrium equation was used to com-
pute the elastic energy f;; for the Cahn-Hilliard equation in
the next iteration. Thus, the InAs layer evolution is described
by a generalization of Fick’s law that employs a chemical
potential gradient (in lieu of a concentration gradient),”®
which takes into account the elastic energy of the strained
InAs layer and the InAs/vapor and InAs/GaAs interfacial
energies.'®%¢

The phase-field model was parameterized as follows. The
interfacial energy and interfacial thickness between phases i
and j are denoted 7y; and ¢;;, respectively (see Table III). The
parameters W;; and o;; in the free energy functional I were
determined using the relations (; = v/20;//W;; and 7y;
= 0;,/W;;/3 (see Table III). The stiffness coefficients used
for InAs and GaAs are listed in Table II. The vapor phase is
treated as an elastically compliant solid with C l(j}()[ =10"*C z%
Based on the experimentally set deposition rate of 0.1 ML/s'?
and surface diffusion coefficient Dg = 2.85 x 10~ "' cm?%/
5,***3 the phase-field deposition rate d = 0.00775 s~ and
adatom mobility value Mg = 6.19 x 1072 m>/(J s) were set
in accordance with the analysis of Ref. 36. The governing
equations were rendered dimensionless using a characteristic
energy density scale E* = W, = 7.64 x 108 J/m’, length
scale for both the x and z direction L = 78.1 nm and time
scale 1 = 12.9 s. The Cahn-Hilliard equation is solved using a
Crank-Nicolson scheme in which the fourth-order evolution
equation for ¢, (the InAs layer) is split into two second-order
equations for ¢, and p. The simulation domain is discretized
using a  dimensionless  isotropic  grid  spacing
Ax = Az = 0.025, corresponding to the horizontal resolution
of the line-cut across the atomic force micrograph
(Ax-L=Az-L=0.025 x 78.1nm = 1.96nm). As a result,
the z grid spacing is too large to resolve the thickness of the
initial measured wetting layer (WL). Consequently, the simu-
lation results associated with the film thickness and time scale
of evolution should be interpreted qualitatively, and thus, the
simulated InAs layer thicknesses and simulation times are
reported in dimensionless length units (dlu), and dimension-
less time units (dtu), respectively. On the other hand, we pro-
vide the results for the lateral direction with physical unit
(nm), as the features along that direction are well resolved and
they arise from the actual substrate surface features. Though
this prevents fully quantitative comparison between the simu-
lation and experiment, the trends observed in simulations
nonetheless provide important physical insights into QD evo-
lution. The discretized equation for each time step
(At =4 x 1072) is solved using a multi-grid method with
Gauss-Seidel iterations.** No-flux boundary conditions are
imposed in both x and z directions. Mechanical equilibrium is
also solved using a multi-grid method with Gauss-Seidel itera-
tions on a succession of progressively coarser grids (termed
“Gauss-Seidel smoothing™),*> with zero-displacement bound-
ary conditions at the bottom, left, and right sides of the com-
putational domain, and a traction-free boundary condition at
the top of the domain. The simulation is terminated at 6600
dtu.

J. Appl. Phys. 124, 115307 (2018)

IV. RESULTS AND DISCUSSION

For the flat and mounded surfaces, the simulated InAs
layer thicknesses following deposition are shown in Figs.
2(a) and 2(e), respectively, while the line-cuts across atomic
force micrograph used for the simulations are shown in Figs.
2(c) and 2(g), respectively. For the flat surface, the InAs
layer thicknesses following simulated deposition for 0, 4600,
and 6600 dimensionless time units (dtu), are shown in Fig.
2(a), above the corresponding AFM line-cut for the flat sub-
strate in Fig. 2(c), as dashed, dotted-dashed, and continuous
lines, respectively. At the start of the simulation, the InAs
thickness is set at 1.45 dlu. Following 4600 dtu of deposition,
the formation of small QD nuclei with a linear density of
1.6 x 10° cm ™' is apparent, marking the onset of the SK tran-
sition, at which point the wetting layer thickness is ~3.8 dlu,
while the average QD nuclei height and diameter are
1.3 £ 0.1 dlu and 48 = 3 nm, respectively. The computed NN
QD separations range from 51 nm to 76 nm, resulting in a
computed NN QD separation range of 43% of the average
NN QD separation. After 6600 dtu, the WL thickness is
reduced to ~3 dlu, while the QDs have grown to an average
height and diameter of 6.3 = 0.4 dlu and 46 = 1 nm. The NN
separations have values between 49 nm to 66 nm, resulting in
a NN separation range of 30% of the average QD diameter.
The time-dependent reduction of the range of NN separa-
tions suggests that the QDs evolved towards a more uniform
placement on the flat substrate. The linear density of the
QDs remains 1.6 x 10° cm_l, which is similar to but clearly
different from the measured average linear density of QDs of
1.0 x 10°cm ™", computed using the average count of QDs
crossed by 6 horizontal lines chosen at random positions on
each AFM image, shown in Fig. 1(b). However, quantitative
agreement is not expected because the simulations assume a
translational symmetry in the third direction (not included in
the 2D simulation domain), which is inconsistent with isotro-
pic morphology and distribution of the QDs grown on the
flat surface. Therefore, the discussion below will be qualita-
tive in nature.

To examine the details of QD evolution on the flat sur-
face, we focus on four QDs in Fig. 2(b), whose position corre-
sponds to the section of the substrate shown immediately
below in Fig. 2(d). In Fig. 2(b), solid arrows indicate the posi-
tions of QD nuclei, and dashed arrows indicate the height and
position of the QD as they evolve following the nucleation at
the onset of the SK transition at 4600 dtu. Following nucle-
ation, some QD nuclei shift their position, as exemplified here
by the QD nucleus marked by the open square, which appears
to have nucleated on the top edge of a surface step,
highlighted on the substrate in Fig. 2(b); however, by 6600
dtu, the QD (marked by the filled square) has moved towards
the right, down the step, as indicated by the dashed arrow.

For the mounded surface [Figs. 2(f) and 2(h)], the InAs
layer thicknesses following simulated deposition for 0, 4400,
and 6600 dtu are shown in Fig. 2(e), above the corresponding
AFM line-cut for the mounded surface in Fig. 2(g), as dashed,
dotted-dashed, and continuous lines, respectively. At the start
of the simulation, the InAs layer thickness is again set at 1.45
dlu. Following 4400 dtu deposition, the formation of small
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QD nuclei with a linear density of 2.1 x 10°cm ™" marks the
SK transition. In this case, the WL is ~4.1 dlu thick, while the
average QD nuclei height is 0.28 = 0.05 dlu. The NN QD sep-
arations range from 14nm to 59 nm, resulting in a NN QD
separation range of 102% of the average NN separation,
which is much larger than that of the QD nuclei on the flat sur-
face (43%), suggesting a mounding induced increase in the
non-uniformity of placement of the QD nuclei. After 6600
dtu, the QDs have grown to an average height of 7.9 = 0.5
dlu, while the WL has thinned to ~3.1 dlu, suggesting a net
diffusion of In from the WL to the QDs. The NN QD separa-
tions range from 53nm and 102 nm, resulting in a NN QD
separation range of 72% of the average NN QD separation,
which is also much larger than that of the QDs on the flat sur-
face (30%), again suggesting increased non-uniformity of
placement of the QDs. After 6600 dtu, the linear density of
the QDs is 1.4 x 10°cm ™", which is in agreement with the
measured average linear density of QDs of 1.4 x 10°cm ™'
shown in Fig. 1(d). While the difference between the QD den-
sities at the onset of the SK transition (4600 dtu) and at 6600
dtu on the flat buffer is negligible, the difference between QD
density at the onset of the SK transition (4400 dtu) and at
6600 dtu on the mounded buffer is 0.7 x 10°cm ™", which can
be explained by coarsening, as predicted by established ther-
modynamic models.*® Additionally, it is apparent that many
QDs [marked by downward arrows in Fig. 2(e)] are positioned
above substrate valleys [marked by upward arrows in Fig.
2(g)]. These valleys are more pronounced on the mounded
buffer than those on the flat surface and often occur on the
edges of mounds.

We now examine further details of the QD evolution on
the mounded surface. In Fig. 2(f), we focus on three QDs,
which formed above the substrate region in Fig. 2(g).
Similar to Fig. 2(b), solid arrows indicate the positions of
QD nuclei, and dashed arrows indicate the height and posi-
tion of the QDs as they evolve following the nucleation at
the onset of the SK transition at 4400 dtu. Following nucle-
ation, some of the original QD nuclei (marked by asterisks)
disappear due to mass transport to the larger QDs, while
other QD nuclei (marked by open triangles) shift their posi-
tions, resulting in the QDs marked by the filled triangles. It
is apparent that those nuclei that have appeared on top of the
lateral slopes of a mound, highlighted in Fig. 2(h), shift
towards the bottom edge of the mound during growth, where
the substrate presents a more pronounced concave curvature
(marked by the semi-transparent curves).

We now examine the influence of the surface curvature
on the time evolution of the simulated InAs layer. Figure 3
shows the average InAs layer thickness as a function of time,
for surface regions with curvatures ranging from
—0.002nm " to +0.002nm " (corresponding to equivalent
curvature radius R > 500 nm). The local substrate curvature
KGaas 18 calculated as

Z”a . X
GaAs ( ) 7 (3)
(1 + Z/GaAs(x)z)

where zgaas(¥) is the GaAs height profile and zg,,,(x) and
Zgaas(X) are the first and second derivative of zgaas(x). We

KGaAs (X) =
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FIG. 3. Influence of surface curvature on the evolution of simulated InAs
layer thickness. (a) Evolution of the InAs layer thickness as a function of time
for the flat surface, with the dashed line representing the average thickness of
the InAs layer above regions of the substrate with curvature between
—0.002nm™" and Onm ™" (low peaks), and the dotted-dashed line representing
the average thickness of the InAs layer above regions of the substrate with cur-
vature between Onm ™" and 0.002nm ™" (shallow valleys). (b) Evolution of the
InAs layer thickness as a function of time for the mounded surface, with the
dotted line representing the average thickness of the InAs layer above regions
of the substrate with curvature between —0.004nm ' and —0.002nm ™'
(higher peaks), the dashed line representing the average thickness of the InAs
layer above regions of the substrate with curvature between —0.002nm ™" and
Onm ™' (low peaks), the dotted-dashed line representing the average thickness
of the InAs layer above regions of the substrate with curvature between
Onm ™" and 0.002nm ™" (shallow valleys), and the continuous line representing
the average thickness of the InAs layer above regions of the substrate with cur-
vature between 0.002nm ™" and 0.004 nm ™" (deeper valleys).

note that zj,, (x) provides distinction between valleys
(positive values) and peaks (negative values). To obtain the
local substrate curvature on a length scale comparable to the
QD diameter, for each value of x; and zgaas(x;), we utilize a
portion of the substrate profile between x; —d/2 and
X;+d/2, where d=40nm is the average diameter of
the simulated QDs. This portion of the substrate
ZGaas([xi — d/2, x; + d/2]) is fitted with a 4th order polyno-
mial. The curvature value kgaas(X;) is then calculated using
first and second derivatives algebraically obtained from the
polynomial fit.

For the flat surface [Fig. 3(a)], the InAs thickness data,
subdivided into two 0.002nm ™' wide curvature bins over a
curvature range of —0.002 nm ! to +0.002 nmfl, are shown
as dashed and dotted-dashed curves. The two curvature bins
correspond to low peaks and shallow valleys, respectively.
In the earlier instants of the simulation (t <4600 dtu), the
average InAs layer thickness is independent of curvature, as
shown by the overlap of the dashed and dotted-dashed curves
in Fig. 3(a). When the InAs layer reaches the onset of the SK
transition at 4600 dtu, which corresponds to 4.5 dlu, the lines
for the x = (0, 0.002]*” nm~' bin (dashed) and the x =
[-0.002,0] nm~' bin (dotted-dashed) are no longer
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overlapping, as the average layer thickness increases
(decreases) in regions with positive (negative) curvature.
Thus, during the SK transition, there is a migration of In
from surface regions with negative curvature (e.g., the apices
of peaks) to surface regions with positive curvature (valleys),
leading to curvature-driven diffusion.**° This curvature-
driven diffusion induces the formation of QD nuclei during
the SK transition, in the absence of anisotropic surface stress,
as In migrates from the WL to the QD. The resulting thin-
ning of the WL above regions with negative curvature
(peaks) is consistent with previous PFM simulations, in
which the WL is thinned at the shoulders of artificial
mesas.>! After 6600 dtu, at which the InAs layer has 6.3 dlu
total average thickness and the separation between the
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dashes and the dots-dashes has grown to 2 dlu, indicating
that further curvature-driven diffusion has occurred.

For deposition on the mounded surface in Fig. 3(b), the
InAs thickness data, subdivided into four 0.002 nm~—' wide
curvature bins over a curvature range of —0.004nm~' to
+0.004nm ! (corresponding to R > 250 nm), are repre-
sented by dotted, dashed, dotted-dashed, and solid curves.
The four bins correspond to taller peaks, low peaks, shallow
valleys, and deeper valleys, respectively. In the earlier
instants of the simulation (t <4400 dtu), the average InAs
layer thickness again is independent of curvature, as shown
by the overlap of the dot, dashed, dotted-dashed, and solid
curves. When the InAs layer reaches the onset of the SK
transition at 4400 dtu, which corresponds to 4.3 dlu, the

AlGaAs

Sl P ermerm e O

AlGaAs

7.50

4.69
3.75
2.81
1.88
0.94
0.00

Polar pair correlation

FIG. 4. Analyzing the alignment of QDs along the surface mounds. Polar pair correlation functions (PPCF) of the positioning of MBE-deposited InAs QDs on
nano-patterned surfaces for QD separation from O to 10-dny, with inset details for QD separation from O to 2-dyy, for the following surfaces/mound inclination
angles: (a) GaAs/flat, (b) Aly3Gag;As/flat, (¢) Alg3Gag7As/0.6°%, (d) GaAs/1.8°, (e) Alg3Gag7As/2.7°, (f) Aly3Gag7As/3.1°, and (g) Alg3Gag7As/5.1°. For all
InAs QD arrays grown on mounded surfaces, the presence of peaks in the PPCF at 90° and 270° suggests the formation of QD chains along the mounds.
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curves are no longer overlapping, as the average layer thick-
ness increases (decreases) on surface regions with positive
(negative) curvature. For the mounded surface, the separa-
tion between the dotted and the solid curves, after 6600 dtu
deposition, corresponding to an average total thickness of
6.3 dlu, increases to 6.5 dlu, while the separation between
the dashed and dotted-dashed curves is 2 dlu. Thus, on the
mounded surfaces, the curvature-driven diffusion is most
significant from the highest peaks to the deepest valleys.
Interestingly, the onset of the SK transition also occurs ear-
lier (4400 dtu) on the mounded surface in comparison to that
of the flat surface (4600 dtu).

The increase in the curvature-driven diffusion from the
wetting layer to QDs on the mounded surface provides the
opportunity to study the influence of the surface morphology
on QD clustering. We noted above that regions of positive
curvature (i.e., valleys) are predicted to function as preferen-
tial sites for QD placement. Since the edge of a mound is a
region of positive curvature, we explore alignment of MBE-
grown InAs/(Al, Ga)As QDs along mound edges using a 2D
polar pair correlation function (PPCF) analysis of QD posi-
tions. Taking an experimentally identified QD as the origin
of a polar coordinate system, we subdivide the system into
annular sections of Ar =0.1-dyny and A0 = Ar/r, where
dnn is the average NN QD separation. For each annular sec-
tion, we count the number of QDs contained therein, and we
divide the count by the area of the annular section, obtaining
a polar coordinate-dependent local density (“polar density”).
The computation of the polar density is repeated for each
experimentally identified QD over several AFM images cov-
ering an area between 2 and 40 um?”. The single QD-centered
polar densities are all summed up and the result is divided by
the total number of QDs, obtaining an average polar density
of QDs. Finally, the average polar density is normalized by
the average QD density, obtaining the 2D PPCF. A circularly
symmetrical PPCF (i.e., independent of ) suggests no sig-
nificant alignment of QDs, while the presence of peaks in the
PPCEF for a given 0 indicates a tendency for QDs to align in
chains along that direction.

Using the mound lateral inclination angle to represent
the “strength” of the mound-induced surface patterning, we
compare 2D PPCF for a variety of mounded surfaces. In Fig.
4, we show PPCF of QDs on surfaces with mounds whose
inclination angle ranges from essentially 0° (flat GaAs sur-
face from Fig. 1(c) and an Aly3Gag;As surface) to 5.1°
[Alp3Gag;As surface from Fig. 1(h)]. Mound terrace widths
and average NN QD separation for all surfaces are reported
in Table I. Terrace widths w are calculated as w = (0p/2)/
tanf, where a is the lattice parameter (see Table II), and 0 is
the mound inclination angle. For the flat GaAs and
Alp;Gag;As surfaces in Figs. 4(a) and 4(b), we observe no
dependence of PPCF on 0. For the mounded GaAs surface
with lateral inclination angle 1.8° in Fig. 4(d), and the
Alp;Gag,As surfaces with lateral inclination angle 0.6°,
2.7°, and 3.1°, in Figs. 4(c), 4(e), and 4(f), the PPCF shows
QD alignment for 0 ~ 90°, 270° (vertical direction), consis-
tent with QD chains positioned along the edges of mounds.
For the mounded surface with lateral inclination angle 5.1°
in Fig. 4(g), there appear to be several peaks around the
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center, with a faint elongation along the 90° and 270°, con-
sistent with dense QD chains, all next to each other [see Fig.
1(h)]. Thus, vertical QD alignment appears on mounded sur-
faces, presumably due to the onset of curvature-driven diffu-
sion from the WL to the QDs.

V. CONCLUSIONS

In summary, we have studied the influence of sur-
face nano-patterning (mounds) on QD positioning, using
a combined computational-experimental approach. For
both flat and mounded surfaces, QDs nucleate via the
SK transition. However, the SK transition occurs earliest
on the mounded surfaces. Furthermore, for the mounded
surface, QD growth is assisted by coarsening, with
enhanced WL to QD transfer, and vertical alignment,
indicating the significant role of curvature-driven diffu-
sion. PPCF analysis reveals isotropic QDs on flat surfa-
ces and dense QDs chains aligned along the mounds for
all mounded surfaces. The surface mounds enable the
spontaneous ordering of the QDs via curvature-driven
diffusion. This approach is expected to be applicable to
a wide variety of mounded surfaces.
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