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etched nanoholes
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Abstract

We describe a method to control the shape of nanoholes in GaAs (001) which combines the technique of local
droplet etching using Ga droplets with long-time thermal annealing. The cone-like shape of inverted nanoholes
formed by droplet etching is transformed during long-time annealing into widened holes with flat bottoms and
reduced depth. This is qualitatively understood using a simplified model of mass transport incorporating surface
diffusion and evaporation. The hole diameter can be thermally controlled by varying the annealing time or annealing
temperature which provides a method for tuning template morphology for subsequent nanostructure nucleation.
We also demonstrate the integration of the combined droplet/thermal etching process with heteroepitaxy by the
thermal control of hole depth in AlGaAs layers.
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Background

The self-assembled patterning of semiconductor surfaces

by liquid metal droplets [1-6] has been established as an

important technique for the fabrication of novel semi-

conductor nanostructures. This so-called local droplet

etching (LDE) is fully compatible with the demanding

requirements of molecular beam epitaxy (MBE) and can

be integrated into the growth of semiconductor het-

erostructures. The utilization of metal droplets during

semiconductor epitaxy has a long tradition, starting in

1990, when Chikyow and Koguchi established droplet epi-

taxy [7]. There, the metal droplets are crystallized under,

e.g, an As flux for the fabrication of semiconductor quan-

tum dots or rings [8-12]. In contrast to droplet epitaxy,

droplet etching takes place at significantly higher temper-

atures and low As flux. This process drills nanoholes into

the substrate which are surrounded by walls crystallized

from arsenides of the droplet material [13]. A schematic

of the droplet etching process is shown in Figure 1a,

and typical atomic force microscopy (AFM) images of

surfaces with droplet etched nanoholes are contained in

Figures 2a,b.
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1Institut für Angewandte Physik und Zentrum für Mikrostrukturforschung,
Jungiusstraße 11, Hamburg 20355, Germany
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Nanoholes drilled by LDE can be filled with a material

different from that of the substrate and so have several

important advantages for the self-assembly of quantum

structures. For example, this allows the creation of strain-

free GaAs quantum dots [14-16] with the capability to pre-

cisely adjust the dot size by filling the holes only partially.

Furthermore, the realization of ultra-short nanopillars

[17] has been demonstrated. In particular, the nanopil-

lars represent a novel type of nanostructure for studies of

one-dimensional thermal [18] or electrical [19] transport.

The process of droplet etching is performed in two

steps. First, Ga is deposited and self-assembled Ga

droplets are formed in the Volmer-Weber growth mode

[20]. In a second post-growth thermal annealing step,

the initial droplets are transformed into nanoholes. Dif-

fusion of As from the GaAs substrate into Ga droplets,

driven by a concentration gradient, is the central process

for droplet etching [13]. This is accompanied by removal

of the droplet material, probably by detachment of Ga

atoms from the droplets and spreading over the sub-

strate surface [19]. In this work, the influence of long-time

annealing on the morphology of the nanoholes is studied

at temperatures above the GaAs congruent evaporation

temperature [21] where we demonstrate that thermal des-

orption and surface mass transport of substrate material

becomes relevant.

© 2014 Heyn et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.
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Figure 1 Schematic of the droplet etching process and AFM images. (a) Schematic of the combined droplet and thermal etching process with
deposition of Ga as droplet material during 2.5-s deposition time, droplet etching up to removal of the droplet material, and subsequent thermal
etching during long-time annealing. (b) 1.7×1.7 µm2 top-view AFMmicrographs illustrating the different stages for T = 650°C. The as-grown
droplets with average height of 120 nm are visible at zero annealing time ta = 0 s. At ta = 120 s, all droplet material has been removed and
nanoholes with average depth of 68 nm have been formed. After ta = 1,800 s, the hole width has been substantially increased by thermal etching.
(c) Color-coded perspective AFM images of the micrographs from (b).

Methods

The samples discussed here are fabricated using solid-

source molecular beam epitaxy on (001) GaAs substrates

with a valved cracker cell for As4 supply. The Ga flux is

adjusted for a GaAs growth rate of 0.8 monolayers (ML)/s.

The As flux during GaAs buffer layer growth corresponds

to a flux gauge reading of 1×10−5 Torr. During droplet

etching, the As flux is minimized to less than 1×10−7 Torr

by closing the As valve, the As cell shutter and in addition

the main shutter in front of the sample during annealing.

After growth of a 100-nm-thick GaAs buffer layer at

a temperature T = 600°C to smooth the surface, the

As shutter and valve are closed and the temperature

is increased to the annealing temperature of 630°C to

670°C. Ga is the deposited for 2.5 s corresponding to a

droplet material coverage θ = 2.0 ML. After deposition

of the droplet material, the initial droplets are trans-

formed into nanoholes during post-growth annealing for

a time ta. After annealing, the samples are quenched

by switching off the substrate heater. Figure 1a shows a

sketch of the whole process including the shape mod-

ification of the droplet etched nanoholes during long-

time annealing, and Figure 1b,c displays typical atomic

force microscopy (AFM) images visualizing the different

stages.

Results and discussions

The purpose of this study is to examine droplet etching

processes at high temperature. Previously, the generation

of nanoholes by LDE with Ga droplets has been demon-

strated in the temperature regime between 570°C and

620°C [13]. Figure 2a,b establishes that droplet etching

with Ga on GaAs is possible also above the congruent

evaporation temperature of 625°C [21,22]. The holes have

an average depth of 68 nm at T = 650°C (Figure 2c) which

is more than four times deeper compared with previous

Ga-LDE results [13].

A summary of the temperature-dependent structural

characteristics of the nanoholes is plotted in Figure 2d.

The hole density N decreases with T in accordance with

previous results on Ga- [13] or Al-LDE [23]. A particu-

larly interesting observation is that the holes have very

low densities (≃ 106 cm−2). This demonstrates that high

T droplet etching can be used to generate low-density

nanohole templates for the subsequent creation of well-

separated nano-objects following deposition. The hole

diameter increases with T, which is related to the increas-

ing volume of the initial droplets V ≃ θ/N at conditions

with reduced density N. Also, the hole depth increases

with T. This temperature-dependent trend of hole depth

is in agreement with previous experimental results [13,23]
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Figure 2 GaAs surfaces after Ga-LDE at temperatures above the GaAs congruent evaporation temperature. The Ga droplet material
coverage is 2.0 ML and the annealing time ta = 120 s. (a) AFM images of LDE nanoholes for etching at T = 630°C. (b) AFM images of LDE nanoholes
for etching at T = 650°C. (c) Linescans of a nanohole from (b). (d) Average hole density N, diameter and depth as function of the process
temperature. The hole diameter is taken at the plane of the flat surface, and the hole depth is defined as the distance between the flat surface plane
and the deepest point of the hole.

and has been modelled by a simple scaling law with a

temperature-dependent etching rate [23]. More elabo-

rate models considering the nanohole morphology are

discussed in [13,24].

We now consider the influence of the annealing time

ta on nanohole morphology at constant temperature

T = 650°C. Figure 3a,b shows Ga droplets on a GaAs sur-

face prepared with immediate quenching of the sample

after droplet deposition (ta = 0). The occurrence of Ga

droplets at temperatures above the GaAs congruent evap-

oration temperature has already been studied previously

[25,26], but there the droplets were formed by Langmuir

evaporation. In the present samples, the droplet density

of 1.9×106 cm−2 is almost equal to the nanohole den-

sity obtained at the same temperature (Figure 2d), which

establishes that every initial droplet forms a nanohole.

These droplets have an average height of 120 nm and

average diameter of 470 nm (Figure 3c). This yields an

average ratio between the droplet height and its radius of

0.51 ± 0.03 corresponding to a contact angle of 54°. Pre-

vious experiments [23] for Al-LDE on AlGaAs yielded a

contact angle of 66°, which neither depends on tempera-

ture nor on droplet material coverage.

At ta = 120 s, all initial Ga droplets have been trans-

formed into nanoholes with walls (Figure 2). This process

is called local droplet etching and has already been studied

previously [1,6,13]. The time during which droplet etch-

ing takes place is given by the time up to complete removal

of the droplet material. Using a model of the LDE process

described in [13], for Ga-LDE at T = 650°C, an etch-

ing time of 12 s is predicted. After this time, the droplet

material is removed and droplet etching stops.

A central result of this work is obtained during long-

time annealing at high temperature where the droplet

etched holes are observed to widen. Figure 4 shows an

example of a sample prepared at ta = 1,800 s. Large

holes are visible with an average diameter of the hole

opening of 1,050 nm. The density of these large holes

is 1.4×106 cm−2, which is almost equal to the density

of droplet etched nanoholes obtained for ta = 120 s

at the same temperature (Figure 2d). This supports our

assumption that the large holes are modifications of the
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Figure 3 GaAs surface with as-grown droplets. (a) AFMmicrograph of a GaAs surface with as-grown droplets after deposition of 2 ML Ga at
T = 650°C without annealing. (b) Color-coded perspective view of a single Ga droplet. (c) Linescans of the droplet from (b). The average contact
angle is 54°.

nanoholes drilled by droplet etching. Beyond the widen-

ing of the hole diameter, the long-time annealing also

substantially modifies the shape of the holes. In detail, the

side facet angle of the holes after droplet etching is in the

range of 27° to 33°, whereas the average side facet angle of

the large holes is about 5°. Furthermore, the bottom part of

the inverted cone-like shaped LDE holes is rather peaked,

whereas the large widened holes have a flat bottom plane

of about 250 nm in diameter (Figure 4c). Finally, no walls

are visible around the deep hole openings.

Figure 5a shows a direct comparison of typical AFM

linescans from an as-grown droplet, a nanohole after

droplet etching and a thermally widened large hole. The

data confirm that the outer diameter of the walls around

the droplet etched nanholes is almost equal to that of

the initial droplets. This relationship has already been

observed previously but at lower process temperatures [6].

The dependence of the hole opening diameter on the

annealing time is plotted in Figure 5b. We observe an

increasing diameter up to ta = 1,800 s followed by a satu-

ration. The increasing hole opening diameter corresponds

to a lateral etching rate of Rth = 0.2 nm/s (Figure 5b).

A saturation is also observed for the hole depth, which

decreases up to ta = 1,800 s and saturates for higher ta
(Figure 5b).

The evolution of nanoholes during annealing depends

on surface mass transport processes which include direct

evaporation and surface diffusion. Although such pro-

cesses will depend in detail on the binary nature of

GaAs, the main features of hole evolution can be qual-

itatively understood using standard models of surface

evolution [27]. For simplicity, assuming isotropic surface

Figure 4 GaAs surface with thermally widened holes. (a) AFMmicrograph of a GaAs surface with large thermally widened holes after Ga droplet
etching and 1,800-s annealing at T = 650°C. (b) Color-coded perspective view of a single large hole. (c) Linescans of the hole from (b).
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Figure 5 Comparison of linescans and dependence of hole
opening diameter, side facet angles and hole depth on ta. (a)
Comparison of AFM linescans from an as-grown droplet (ta = 0 s,
blue line), a nanohole after droplet etching (ta = 120 s, black line) and
a thermally widened large hole (ta = 1,800 s, red line). Dependence of
(b) the diameter of the hole opening, (c) the side facet angles at the
bottom αb and top αt part of the holes and (d) of the hole depth on
the annealing time ta . The dashed line in (b) corresponds to an
estimated lateral etching rate of Rth = 0.2 nm/s.

energy, the chemical potential of the surface can be

written as

μ = μ0 + �γ
(

κx + κy
)

(1)

where γ is the isotropic surface energy,� is an atomic vol-

ume, and κx and κy are the two principal curvatures at a

given position of the surface in x and y planes, respectively.

Each curvature is taken to be positive for convex and

negative for concave surfaces. μ0 is the reference chem-

ical potential of the planar surface. In the case of direct

evaporation into the vacuum, for small surface slopes, the

removal of material from the surface will be proportional

to the surface chemical potential in Equation 1. Figure 6a,b

displays a schematic cross section of a nanohole formed

by droplet etching, and Figure 6a schematically represents

the magnitude of the expected evaporation rates based on

the variation of κx. This clearly predicts a reduction in the

hole side-wall angle and a decrease in hole depth because

of the reduced evaporation rate of the hole bottom com-

pared with the planar surface, leading to the morphology

in Figure 6c. For the case of mass transport by surface

diffusion, the flux along the surface is given by

J = −M∇μ (2)

where M is the surface mobility. Figure 6b schematically

represents the flux driven by gradients in chemical poten-

tial, and it can be seen that this also favours a decreasing

hole side-wall angle and hole depth in agreement with the

morphology in Figure 6c. Although anisotropic surface

energy must also play an important role in the evolving

morphology, this simple model of surface mass trans-

port is qualitatively consistent with the general form of

thermally widened holes, observed experimentally.

We therefore propose that long-time annealing a hole

of a given size prepared by LDE will produce a final mor-

phology which is approximately independent of annealing

temperature (within the range studied) as the diame-

ter, depth and side facet angles associated with the hole

saturate with time (Figure 5). Although this might be con-

sistent with our simple model of surface evolution for

shallow surface profiles, evidence of faceting in Figure 5a

suggests that surface energy anisotropy may also play a

role in suppressing the hole morphology time evolution.

To study the influence of the process temperature on

the widened holes, we have fabricated two additional

samples both with ta = 1,800 s. For the first sample, a

temperature of 650°C was applied during droplet deposi-

tion and 670°C during annealing. This sample has large

holes with average diameter of 900 nm and average depth

of 28 nm, which is in agreement with the samples fab-

ricated at 650°C and ta ≥ 1,800 s shown in Figure 5b,c.

This demonstrates that an elevated temperature during

annealing alone does not modify the hole size. On the

other hand, a sample fabricated at a temperature of 670°C

during both droplet deposition and annealing shows sig-

nificantly larger holes with average opening diameter of

1,270 nm, average depth of 40 nm and flat bottom plane

with 300-nm diameter. This finding indicates that the size

of the droplet etched holes influences the size of the large

holes after thermal treatment. For deposition and anneal-

ing at T = 650°C, droplet etched holes have a depth of
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Figure 6 Cross-sectional schematic of the proposedmass transport leading to thermally widened nanoholes shown in (c). In (a), the
length of the arrows qualitatively represent the magnitude of material evaporation rates from various positions on the surface of a droplet etched
nanohole. Similarly, in (b), the length of the arrows qualitatively represent the magnitude of diffusive flux across the surface.

68 nm (Figure 2d). After 1,800-s long-time annealing, the

depth is reduced to 35 nm, which is approximately half.

For T = 670°C, droplet etched holes of about 80-nm depth

are expected (Figure 2d). Here, the long-time annealing

also approximately halves the depth.

The combined droplet/thermal etching process can, in

principle, be integrated with heteroepitaxy. To explore this

further, we consider an extension of the method to incor-

porate AlGaAs layers. As a first approach, hole formation

in an AlGaAs layer with 35% Al content is investigated.

Figure 7 AlGaAs surfaces after droplet etching, annealing, and overgrowth. (a) AFMmicrograph of an AlGaAs surface (35% Al content) after
Ga droplet etching and 120-s annealing at T = 680°C. (b) AFMmicrograph of an AlGaAs surface after Ga droplet etching and 1,800-s annealing at
T = 680°C. (c) AFMmicrograph of sample where large holes (see Figure 4) are overgrown with 20-nm AlGaAs (35% Al content). (d) Color-coded
micrograph of a single hole from (c). (e) AFM linescans of the hole from (d).
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For this, 2.0 ML Ga droplet material is deposited at

T = 650°C followed by annealing at the same temperature.

Figure 7a shows an AFMmicrograph of a reference sample

with droplet etched holes but without long-time annealing

(ta = 120 s). As a first point, we notice that the struc-

tural properties of the droplet etched holes depend on

the substrate material. Nanoholes droplet etched on GaAs

have a density of about N = 2×106 cm−2 and a depth of

d = 68 nm (Figure 2d), whereas etching on AlGaAs under

otherwise identical conditions yields N = 1.2×107 cm−2

and d = 20 nm. An AlGaAs sample with droplet etch-

ing and long-time annealing (ta = 1,800 s) is shown in

Figure 7b. Obviously, no widening of the holes in AlGaAs

is visible. The hole depth of d = 21 nm is unchanged by

the long-time annealing within the measurement error,

and only the shape of the wall around the hole opening

has changed. We attribute this result to a higher thermal

stability of AlGaAs in comparison to GaAs [28].

In a second approach, we have overgrown large widened

holes with 20-nm AlGaAs (35% Al content). The large

holes are prepared at T = 650°C and ta = 1,800 s (see

Figure 4a). After overgrowth, large holes are still visible

(Figure 7c,d). AFM profiles (Figure 7e) show that the hole

depth is reduced from 35 to 25 nm and that the overgrown

holes are strongly elongated along the [110] direction. We

have already demonstrated the fabrication of GaAs quan-

tum dots with controlled size and shape by partial filling

of symmetric LDE holes in AlGaAs [14,15]. Filling of holes

shown in Figure 7c,d would suggest the possibility of cre-

ating elongated quantum dots, where polarized emission

is expected.

Conclusions

Long-time thermal annealing of nanoholes, formed ini-

tially in GaAs surfaces by Ga local droplet etching,

leads to a substantial but controlled shape modifica-

tion. The inverted cone-like droplet etched nanoholes

are transformed during long-time annealing into signif-

icantly widened holes with flat bottoms and reduced

depth. Therefore, the combined droplet/thermal etching

process represents a fundamental extension of conven-

tional droplet etching [1,6,13]. This is demonstrated, e.g.

by strongly increased hole diameters of more than 1 µm

using droplet/thermal etching in comparison to conven-

tional droplet etching with diameters of 50 to 200 nm

[23]. The hole shape evolution can be qualitatively under-

stood by a simplified model of mass transport by surface

diffusion and direct evaporation. The hole diameter can

be controlled by varying the annealing time or anneal-

ing temperature, offering a new means of manipulating

hole morphology for possible applications as templates for

nanostructure nucleation. Finally, in an initial approach,

the integration of the combined droplet/thermal etching

process with heteroepitaxy has been demonstrated.
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