Creating quantum dots by charge density fluctuations
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A quantum dot (QD) is a semiconductor nanostructure in which analestrcon-
fined in all three spatial directions thus resulting into a disa@ero-dimensional (0D) energy
spectrum. An ideal QD is characterised by a deep, close to parabofinement potential
that can accommodate several equally spaced energy levelSUth a confinement can be
achieved in semiconductor structures by different techniques incladiomg diffusion and
implantation [2,3], nanolithography [4], electrostatic gating [5,6], assembly [7], and col-
loidal synthesis [8]. This work describes a novel method to cee@®. We show that nano-
scale spatial fluctuations of charge inside a semiconductor centdieed by randomly dis-
tributed interstitial ions and produce a confinement potential witbhaspectrum of 0D en-
ergy levels. Our theoretical model reproduces our experim@ntahgs well, and provides
further insights into some recent results concerning the obseredt@D-like spectra in ex-
periments of resonant tunnelling in bulky (#¥it) semiconductor devices with quantum wells
[9-11].
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Fig.1a) A sketch of the sample with schematic profile of éhectro-
static potential created by a nanocluster of positive (ionised donor) ions
placed near the QW) Typical 1(V) of p-i-n RTD with electrostatic
QDs created by thermally diffused Mni and MBE grown &).Grey-
scale plot of the conductance for p-i-n RTD with a p-(GaMnlgyer

as a function of the applied bias and magnetic field applieall@ato

the current. Dashed lines represent the fit by the Darwik-Eoergy
spectrum.



In order to study a potential created by a random charge digiribnta semiconduc-
tor structure, we have carried out two sets of experiments sainples depicted schemati-
cally in Fig. 1 a). The first type of experiments involves thusiion of interstitial Mn (Mg)
from the p-type GaMnAs layer towards the quantum well. Usorgrolled annealing [11]
we created a layer of randomly distributed positively chafdexf® ions electrostatically
separated from the diffusion source (GaMnAs p-type layer). Inrs¢icend sets of experi-
ments, we used GaAs resonant tunnelling diodes (RTDs) in whightreduce a few layers
of disordered positive charge {$ons) during MBE growth.

The layers were processed into circular mesas of diametqur@0®Measurement of
voltage-current characteristics of our samples revealed shsopareces for both annealed
GaMnAs RTDs and GaAs RTDs with Si dopping [Fig. 1 b)], whichtgpecal for tunnelling
via a series of single quantum states. Resonances in the ASaRIRD are shifted by
~150mV towards lower biases by the reduced hole chemical potentGdMhAs material.
In strong magnetic fields (up to 32T) applied parallel to the ntufperpendicular to the QW
plane) we observed a clear diamagnetic shift of the firehssgce (ground state) with orbital
momentum L = 0, and equally spaced states with L = 1...9 (Fig. 1c)sgdwtrum shows
striking resemblance to the Fock-Darwin spectrum of an ideah&ihonic oscillator in a
perpendicular magnetic field B (red lines in Fig. 1c), which arises from Q&)s [
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Fig. 2. Numerical simulation of electrostatic potential fior 20nm
that is induced by the randomly distribut@dMn; ions after anneal-
ing, orc) Siions in 10 layerd) andd) represent the energy spectra of
an electron confined in the deepest minimum of the potential shown i
a), b).

To support our experimental results we simulated numerically ttelbdition of
Mn;i** and Si, and then calculated the corresponding potential inducedamdam set of
ions. In the first case, the positiomisindividual Mn in the plane perpendicular to the growth
were defined by random numbers corresponding to “white noise” dbumidistribution,
with the ion density along the growth axis z given by the diffusion profile C(z):
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where Cp = 5x10° cm® is a typical concentration of Min the (GaMn)As for 3% of Mn
[13], D is the Mn diffusion coefficientDo = 3x10* m%s, Q = 1.5eV [14], anda=15FC and
ta=3 hours are the annealing temperature and tiespectively. We neglect Coulomb inter-
actions between the Mions since they have a low concentration in thensic GaAs layer
for these annealing conditions. The numerical sioms involved 2x10Mn;*2 ions occupy-
ing a volume of 5000 x 5000 nnT, whered is the distance from the central QW plane to
the (GaMn)As/GaAs interfacdn the second case, the same amount of randonthybdied
Si ions with the same in-plane coordinates form@ddlyers with equal numbers of ions
spread to an area 5000 x 5000°nm

The results of our simulations are summarized @ Ej which illustrates the poten-
tials induced by random sets of ions a),c), andctireesponding energy spectra for the ob-
tained potentials b),d). For both types of iondritiation, sufficiently large fluctuations of
charge density induce a few deep potential minise® [Fig. 2 a),c)By solving numerically
the 2DSchrddingerequation of an electron in one of these minimthapresence of a per-
pendicular magnetic field B, we obtain the magnaotrum shown in Fig2 b),d). It is
clearly seen that our calculations are in very gagieement with experimental energy spec-
trum in Fig. 1 c). Remarkably, our results do nepehd qualitatively on the method of for-
mation of random distribution.

In summary, we have found that a random distributbions in a (GaMn)As p-i-n
RTD leads to the formation of well-defined GaAs wjwan dots with a very deep confining
potential. We observe a rich spectrum of Fock-Darwin-like efatwith high orbital angular
momenta. By adjusting the annealing conditions @ndihie separation between the p-
(GaMn)As layer and the GaAs QW, it should be pdssib control the depth of the QD po-
tential and the characteristic spacing of its etegt energy levels [11]. Owapproachcould
be exploited to form low-dimensional confinementgmtials in functional spintronic devices
containing (GaMn)As or other materials, and to gtiuthdamental science,g., imaging the
wave functions of QDs containing several electrons.

References

[1] D. Bimberg, M. Grundmann, and N. N. Ledentsov,
Quantum Dot Heterostructures (Wiley, New York, 1999).

[2] F. E. Prins et al., Appl. Phys. Lett. 63, 1402 (1993).

[3] L. Besombes et al., Phys. Rev. Lett. 93, 207403 (2004).
[4] M. A. Reed et al., Phys. Rev. Lett. 60, 535 (1988).

[5] R. C. Ashoori et al., Phys. Rev. Lett. 71, 613 (1993).

[6] S. Tarucha et al., Phys. Rev. Lett. 77, 3613 (1996).

[7] L. Goldstein et al., Appl. Phys. Lett. 47, 1099 (1985).

[8] A. P. Alivisatos, Science 271, 933 (1996).

[9] E. R&séanen et al., Phys.Rev. B 70, 115308 (2004).

[10] J. Kénemann et aPhysica E22 434 (2004).

[11] O. Makarovsky et al, Phys. Rev. Lett 101, 226@108).
[12] B. L. Johnson and G. Kirczenow, Europhys. Lett. 51, 367 (2000).
[13] T. Jungwirth et al., Phys. Rev. B 72, 165204 (2005).

[14] K.W. Edmonds et al., Phys. Rev. Lett. 92, 037201 (2004).



