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Highly versatile ultra-low density GaAs quantum dots fabricated by filling
of self-assembled nanoholes
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GaAs quantum dots (QDs) of ultra-low density (ULD) are fabricated by filling of nanoholes in

AlGaAs surfaces. The holes are drilled using self-assembled local droplet etching with Al droplets.

By precisely controlling the arsenic flux and the substrate temperature, the QD density is reduced

down to the 106 cm�2 range uniformly over the whole wafer. The QD size is precisely adjustable

via the hole filling level. By this, the optical emission energy of the QDs can be adjusted over a

wide energy range of at least 120 meV. The surface visibility of ULD QDs allows their simple

integration into lithographic processing. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4756945]

Single, well-separated semiconductor quantum dots (QDs)

of low density are very interesting for applications such as

single-photon sources, for instance, in the field of quantum

cryptography,1,2 or as qubits for quantum computing.3 In addi-

tion, there is high interest in the fundamental properties of the

QD electronic states and their tunability.4

Very efficient methods to fabricate QDs with good opti-

cal quality base on self-assembling mechanisms that are

employed during molecular beam epitaxy (MBE) processes.

Different methods have been established in the past, which

mainly differ in the self-assembly mechanism and the mate-

rials involved. Most of these methods base on the Stranski-

Krastanov (SK) growth mode, making feasible, e.g., InAs5–8

QDs in GaAs or InP and SiGe9,10 QDs on Si. However, the

strain on which the SK growth is based causes piezoelectric

fields that influence the optoelectronic properties. Further-

more, unintentional intermixing11,12 with substrate material

has a strong impact on the composition, homogeneity, size,

and shape of the dots.

Another method is the droplet epitaxy, in which, for

instance, Ga droplets are formed in Volmer-Weber growth

mode and subsequently crystallized into GaAs QDs when an

arsenic flux13 is switched on. Droplet epitaxy is very flexible

regarding the choice of the materials and allows the creation

of strain-free GaAs QDs in AlGaAs, a system that is almost

strain-free and thus not available with the SK method. How-

ever, due to the random nucleation during the Volmer-Weber

growth, the QD size distribution is rather broad. Furthermore,

the method requires low process temperatures (T¼ 300 K)

that are far from optimal growth temperature so that crystal

defects and background impurities may be incorporated.

As an alternative to the above self-assembly mecha-

nisms, recently several approaches to create QDs by filling

of nanoholes punched into the semiconductor surface have

been demonstrated. The nanoholes are prepared by ex situ
pre-patterning,14 in situ strain-selective etching of buried

InAs islands with AsBr3,15 or in situ local droplet etching

(LDE).16–19

Here we apply the LDE technique for QD generation.

This technique avoids lithographic steps for pre-patterning

and does not require special equipment for AsBr3 etching in

the MBE semiconductor growth chamber. The method thus

is fully compatible with the very demanding ultra-high vac-

uum requirement of semiconductor-MBE. The method can

be applied to different material systems: LDE nanoholes in

GaAs are filled with InAs to form InAs QDs with optimized

properties20 or nanoholes in AlGaAs with GaAs to create

GaAs QDs.21–24 The LDE GaAs QDs are strain-free and

transmission electron microscopy (TEM) of QD cross-

sections do not indicate any crystalline defects,25 which is

supported by the very good optical quality of the QDs.

So far, LDE GaAs QDs have been fabricated with typi-

cal densities of 4� 108 cm�2.21 First single-dot photolumi-

nescence (PL) measurements on such samples have been

demonstrated.21 However, it is difficult to clearly isolate

individual dots, since on average four QDs are directly

excited by the laser spot and sensed in a typical micro-PL

setup. Furthermore, diffusion of excitons leads to excitation

of additional dots in the surrounding. Common approaches

to obtain a dot density suitable for single-dot spectroscopy

employ, e.g., flux gradients across the wafer during dot mate-

rial deposition. Thus, at the end, only small fraction of the

wafer area is usable.

This letter describes the controlled generation of ultra-

low density (ULD) QDs with about 100 times lower densities

down to 3� 106 cm�2 uniformly over the whole wafer. In

addition to the fabrication method and the resulting QD mor-

phology, first PL spectra are presented to demonstrate the

QDs good optical properties.

The samples were fabricated in a solid-source MBE sys-

tem equipped with an arsenic valved-cracker cell. Details of

the standard LDE process have been described previ-

ously.18,19 In brief, after growth of a 200 nm Al0:33Ga0:67As

layer, the As flux is strongly reduced, and Al droplets are de-

posited in Volmer-Weber growth mode. For Al droplet depo-

sition, an Al flux is chosen corresponding to an AlAs growth

rate of 0.4 monolayers (ML) per second. The Al shutter is

closed after 8 s, so that the Al coverage is 3.2 ML. In a post-

growth annealing step of 300 s duration, As diffusion from

the substrate into the droplet material leads to nanohole for-

mation beneath the Al droplets.18 The dissolved arsenic crys-

tallizes with the droplet metal in walls surrounding the

0003-6951/2012/101(14)/143106/4/$30.00 VC 2012 American Institute of Physics101, 143106-1
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nanoholes. Since we use Al droplets, the walls consist of

AlAs, which is optically inactive.21 For QD generation, the

nanoholes are filled by pulsed GaAs deposition with cycles

of 0.5 s deposition time and 10 s pause, respectively. Finally,

the GaAs QDs are capped with 200 nm Al0:33Ga0:67As. A

second LDE step with identical parameters is performed on

the crystal surface for atomic force microscopy (AFM)

inspections. A sketch of the LDE QD fabrication is shown in

Fig. 1(a).

Figure 2(a) shows an AFM image of an AlGaAs surface

after LDE under conditions used in previous works.22 These

non-optimized conditions are a process temperature between

570 �C and 620 �C and a minimized As flux corresponding to

a flux gauge reading of FAs < 5� 10�8 Torr. The latter

value is two orders of magnitude smaller compared to a typi-

cal arsenic flux during GaAs growth of 8:0� 10�6 Torr at a

growth rate of 0:8 ML=s. The minimized arsenic flux is

achieved by completely closing both the shutter and the

valve of the As cell. The resulting holes show a bimodal

depth distribution with shallow (depth < 5 nm) and deep

(depth >10 nm) holes. Examples of shallow S and deep holes

D are indicated by arrows in Figs. 2(a)–2(c).26 After hole fill-

ing, the optical emission is dominated by the completely

filled shallow holes with broad size distribution.22 Shallow

hole formation can be suppressed, with LDE performed at a

higher temperature T¼ 650 �C. This requires an additional

AlAs layer for surface thermal stabilization grown prior to

droplet deposition. During the filling, the deep holes are only

partially filled, yielding highly uniform QDs of adjustable

size (Fig. 1(c)).21

Here we introduce an alternative method for the sup-

pression of shallow hole formation. We observe that with an

optimized As flux during droplet deposition (Fig. 1(d)) shal-

low hole formation can be avoided. This technique strongly

reduces the nanohole density down to the 106 cm�2 regime

at process temperatures above 600 �C. To control FAs, the As

cell shutter stays open during the whole LDE process. The

minimum FAs with closed valve is 1:0� 10�7 Torr. During

annealing after droplet deposition, the main shutter in front

of the sample is closed. This yields FAs < 1� 10�7 Torr,

which is sufficiently low to suppress droplet crystallization

during the annealing step. Figs. 2(a)–2(c) show AlGaAs

surfaces after LDE with Al droplets at varied FAs from FAs

< 5� 10�8 up to FAs ¼ 8� 10�7 Torr and a process tem-

perature of 620 �C. The valve used in our study allows to

reproduce As flux gauge readings with a precision of

FAs60:2 �10�7 Torr. The surface morphology does not

change significantly for LDE at FAs up to 3� 10�7 Torr.

With FAs increasing above 3� 10�7 Torr, the number of

shallow and deep holes starts to decrease (Fig. 2(b)). As a

central point, at FAs ¼ 8� 10�7 Torr, the situation changes

qualitatively. Now, the formation of shallow holes is

strongly suppressed and only deep holes of ultra-low density

remain visible on the surface (Fig. 2(c)). At even higher

FAs > 1� 10�6 Torr, also the formation of deep holes is

suppressed. The complete freeze out of nanohole formation

at high As background pressures is in accordance with previ-

ous observations.27 An overview of the densities of shallow

and deep holes at different FAs is presented in Fig. 2(d).

With FAs between 7 and 9� 10�7 Torr, we have a small but

reliably adjustable regime where only deep ULD nanoholes

are drilled with depth of at least 20 nm.

Figure 3(a) shows an AFM image of a typical ULD

nanohole together with corresponding linescans. Clearly

visible is the few nanometer high AlAs wall around the hole

opening and the anisotropy of the wall thickness. We find

significantly higher walls along [1�10] direction. Due to the

thickening, the holes are anisotropic as well, slightly elon-

gated along [110] direction.

FIG. 1. (a) Scheme of the three process steps for the fabrication of GaAs

QDs by utilizing LDE: Al droplets deposition in Volmer-Weber mode, hole

etching during post-growth annealing, and QD generation by hole filling

with GaAs and AlGaAs capping. The walls surrounding the hole openings

consist of optically inactive AlAs21 and, thus, are not shown in (b)-(d). (b)-

(d) Scheme of different types of GaAs QDs realized by applying the LDE

technique. (b) Non optimized LDE on AlGaAs yields non-uniform nano-

holes and a broad QD size distribution with mostly completely filled holes.22

(c) Homogeneous, partially filled nanoholes are generated by integrating an

AlAs layer before the etching step.21 (d) The present ULD QDs are fabri-

cated by optimizing the As flux FAs during droplet deposition.

FIG. 2. (a)-(c) Atomic force microscopy images of LDE samples with varied

arsenic flux FAs during droplet deposition as indicated. On all samples, LDE

was performed at T¼ 620 �C substrate temperature, with 3.2 ML Al, and an

annealing time of 5 min. A typical shallow hole is marked by S and a deep

hole by D in the AFM graphs. (d) Density of shallow (blue squares) and

deep holes (red triangles) in dependence of FAs. The lines are guides to the

eye. The ULD regime, where exclusively deep holes are formed, is shaded.

143106-2 Sonnenberg et al. Appl. Phys. Lett. 101, 143106 (2012)
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An interesting feature of these QDs is the surface visibil-

ity after capping. This is demonstrated in Fig. 3(c), where an

about 5 nm high hillock indicates the position of the buried

QD, even for 200 nm cap layer thickness. This enables the

simple integration of ULD QDs into post-growth processed

device components like electrodes.

Figure 4(a) shows that the density N of the ULD nano-

holes can be varied over a wide range from 3:4� 106 up to

1:2� 108 cm�2 by the process temperature T at constant

FAs ¼ 8� 10�7 Torr. The following analysis is based on the

assumption that every deposited droplet forms a nanohole so

that the hole density is identical to the density of the initial

droplets. The experimental densities are well reproduced by

model calculations using a simple scaling law:28 N ¼ jexp

½En=ðkBTÞ�, where En ¼ 1:55 eV is a characteristic energy

and j ¼ 1:2� 10�2 cm�2 a constant (Fig. 4(a)). The good

agreement suggests that also in the ULD regime droplet

nucleation takes place in Volmer-Weber growth mode. In

comparison to nucleation of Ga droplets on AlGaAs18,29

with En ¼ 0:54 eV, the present En for Al droplets is signifi-

cantly higher. This is probably caused by a higher energy

barrier for surface diffusion Es, which for the case of com-

plete condensation of three-dimensional clusters is linked

to the characteristic energy via:28 En ¼ pðEs þ Ei=iÞ, with

p¼ I/(iþ 2.5), the critical cluster size i, and the energy of a

critical cluster Ei. Possible reasons for a higher Es in the

present experiments are the usage of Al instead of Ga drop-

lets or the higher As background pressure, which is expected

to modify the surface reconstruction. An additional contribu-

tion to the higher En might be originated by a higher detach-

ment rate of atoms from a droplet29 and a consequently

higher i.
In order to estimate the hole depth d, we assume that the

radius r of the hole opening equals the droplet radius and

that the droplets are shaped like semi-spheres. Furthermore,

we assume that all deposited material (Al in this case) is

stored in the droplets. This yields an average number of atoms

inside a droplet: v ¼ h=n, with the coverage h ¼ 3:2 ML

of deposited Al, the droplet density n ¼ N=N0 normalized to

the density N0 ¼ 6:25� 1014 cm�2 of surface states for

group III elements. The droplet volume is V ¼ vðVM=NAÞ,
with Avogadro’s constant NA and the volume VM of

one mole of Al. Assuming a semi-sphere like droplet

shape V ¼ ð2=3Þpr3, the hole depth becomes: d ¼ rtanðaÞ
¼ tanðaÞ½3hN0=ð2pVMjexp½EN=ðkBTÞ�Þ�1=3

, with the angle a
between the hole sidewall and the flat surface. The good

reproduction up to T¼ 600 �C of the measured hole depth

by this simple approach using a ¼ 12� (Fig. 4(b)) indicates

that the above approximations are reasonable. The value of

a ¼ 12� is in close agreement with AFM measured side

wall angles. On the other hand, at high temperatures

T > 600 �C, the observed densities N deviates to lower val-

ues (Fig. 4(a)) accompanied by larger hole depth values

(Fig. 4(b)), which might indicate the onset of additional

processes not covered by this model such as Ostwald

ripening.29

Single-dot spectroscopy was performed using micro-PL

at T¼ 6.3 K with a focused He-Ne laser for excitation at

k ¼ 632:8 nm. Mapping PL measurements proof the ULD of

the QDs and show only QD related radiation from well local-

ized spots with density equal to the AFM measured hole den-

sity. In Fig. 5, PL spectra are plotted from a typical ULD

GaAs QD at varied excitation power. Two main peaks are

visible, which are identified as exciton X and biexciton XX

lines from their power dependence.23,24 The biexciton peak

is always red-shifted compared to the exciton. The red-shift

corresponds to an energy of 2.28 meV for this sample. The

additional peaks emerging below 1.616 eV at high excitation

intensity are attributed to multiexcitonic complexes.

As a very important advantage, the size of the present

QDs can be varied in a controlled fashion by the GaAs filling

level. To estimate the QD height hQD, we apply the approxi-

mation described in Ref. 21. We assume that all GaAs depos-

ited into the nanohole opening diffuses downwards to the

center of the hole, filling the hole from its bottom. The holes

are shaped like inverted cones approximately. With the

FIG. 3. (a)-(c) AFM pictures and corresponding

line scans along [110] and [1�10] crystal direc-

tions of ULD nanoholes. The samples are fabri-

cated at FAs ¼ 8� 10�7 Torr and T¼ 630 �C.

After etching, the nanoholes were covered with

an AlGaAs layer of different thicknesses as indi-

cated. (c) The buried holes are still visible after

covering with 200 nm of AlGaAs.

FIG. 4. (a) Density N of the nanoholes as function of the process tempera-

ture T measured and calculated as is described in the text. (b) Hole depth d
measured and calculated.

143106-3 Sonnenberg et al. Appl. Phys. Lett. 101, 143106 (2012)

Downloaded 04 Oct 2012 to 31.19.186.195. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



radius of the hole opening and the hole depth, the dot height

hQD is calculated from the amount of filled GaAs in units of

the number of filling pulses. Figure 5(b) shows the position

of the exciton peak for several samples with varied hQD.

Clearly visible is the tunability of the peaks over a wide

range from 1.56 to 1.68 eV via the number of filling pulses.

The splitting between exciton and biexciton peaks is plotted

in Fig. 5(c). At the accuracy of our measurements, exciton-

biexciton splitting shows no systematic dependence on hQD.

We find an average value of 260:5 meV.

In conclusion, we demonstrate that the density of droplet

etched nanoholes can be precisely controlled with the As

background pressure and process temperature. In particular,

holes of ultra-low density in the 106 cm�2 regime are possi-

ble. These are used to create GaAs QDs of adjustable size by

filling controlled amounts of deposited GaAs material. The

QDs exhibit high optical quality with sharp excitonic peaks.

The emission energy can be tuned over a wide range by

choice of the QD size. These QDs are thus well suited for

applications, in which the presence of single, well-separated

quantum dots is a central issue of the functionality. Further-

more, the QDs can be easily located by using AFM even af-

ter capping with 200 nm AlGaAs. This enables the direct

addressing of specific QDs for further nanostructuring.
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and GrK 1286 and Christian Strelow and Matthias Klingbeil
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FIG. 5. (a) Power dependant single-dot PL spectra from a 8.1 nm high QD.

The exciton X and biexciton XX peaks are marked and their splitting of

2.28 meV is indicated. The spectra are vertically shifted for clarity. (b) Exci-

tonic emission energies EX, and (c) exciton-biexciton splitting EX � EXX in

dependence of the QD height hQD given by the number of GaAs filling

pulses. Every data point represents at least five individual QDs on the

sample.

143106-4 Sonnenberg et al. Appl. Phys. Lett. 101, 143106 (2012)

Downloaded 04 Oct 2012 to 31.19.186.195. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissionsView publication stats

http://dx.doi.org/10.1126/science.290.5500.2282
http://dx.doi.org/10.1103/PhysRevLett.84.2513
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1038/nmat1658
http://dx.doi.org/10.1063/1.111502
http://dx.doi.org/10.1103/PhysRevLett.73.2252
http://dx.doi.org/10.1063/1.111456
http://dx.doi.org/10.1116/1.587088
http://dx.doi.org/10.1103/PhysRevLett.64.1943
http://dx.doi.org/10.1103/PhysRevLett.65.1020
http://dx.doi.org/10.1103/PhysRevLett.65.1020
http://dx.doi.org/10.1103/PhysRevB.58.R15981
http://dx.doi.org/10.1103/PhysRevB.64.165306
http://dx.doi.org/10.1063/1.2372448
http://dx.doi.org/10.1063/1.119882
http://dx.doi.org/10.1103/PhysRevLett.92.166104
http://dx.doi.org/10.1103/PhysRevLett.92.166104
http://dx.doi.org/10.1063/1.2713745
http://dx.doi.org/10.1063/1.2713745
http://dx.doi.org/10.1063/1.2981517
http://dx.doi.org/10.1063/1.2981517
http://dx.doi.org/10.1063/1.3254216
http://dx.doi.org/10.1103/PhysRevB.83.165302
http://dx.doi.org/10.1007/s11671-010-9771-2
http://dx.doi.org/10.1063/1.3133338
http://dx.doi.org/10.1007/s11671-009-9507-3
http://dx.doi.org/10.1007/s11671-010-9687-x
http://dx.doi.org/10.1088/1367-2630/14/5/053004
http://dx.doi.org/10.1016/j.jcrysgro.2011.09.005
http://dx.doi.org/10.1016/j.jcrysgro.2008.11.001
http://dx.doi.org/10.1063/1.3079789
http://dx.doi.org/10.1088/0034-4885/47/4/002
http://dx.doi.org/10.1103/PhysRevB.76.075317
https://www.researchgate.net/publication/232031390

