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The behaviour of electrons in certain quantum confined systems is described. The topics are
the effective spin-splitting factors in two-dimensional structures, the exchange interaction
of excitons confined in InAs/GaAs quantum dot systems, the magnetoresistance of 2D- and
1D-channels where the ballistic electron motion is perturbed by randomly deposited aerosol
lead- particles, and on a 1D switching device, the Y-branch switch, where mode evolution
rather than quantum interference effects are used.

I. Introduction

There is a large interest in understanding the
physics of artificial quantum confined systems!t]. Today
such objects can readily be manufactured in different
semiconductors where the small effective masses make
the quantisation effects easy to observe. The interest
comes from a fundamental point of view, several novel
and surprising effects have already been discovered, as
well as from an application point of view. In the latter
case the hope is that mesoscopic-, or even nano-objects,
shall be useful for further miniaturisation of devices and
circuits.

In this paper we will describe some of our recent
investigations of the behaviour of electrons in different
quantum confined systems. First, we will review our
studies of band structure parameters, and in particular
the effective spin-splitting factors, in low dimensional
structures. We will continue by describing our first
results on magneto- optical investigations of quantum
dot systems. This will be followed by a description of
our investigations of the magnetoresistance of 2D- and
1D-channels where the ballistic electron motion is per-
turbed by randomly deposited aerosol particles. These
nano-particles are either metallic or superconducting,
with well defined diameters between 30 - 300 nm. We
will, finally, present studies of a 1D switching device,
the Y-branch switch, where mode evolution rather than

quantum interference effects are used.

II. Band structure parameters in low dimen-

sional systems

The band structure is well known for most common
bulk semiconductors, but for low-dimensional struc-
tures such as quantum wells, quantum wires and quan-
tum dots, the details are still not understood. The aim
is to understand the band structure of low- dimensional
systems to such a precision, that theoretical modelling
of arbitrary materials and geometries can be performed.
In order to realise this, fundamental parameters have to
be measured and understood. A band structure param-
eter representing a high degree of precision is the effec-
tive spin splitting factor, ¢*. This effective spin split-
ting can be calculated within most theoretical models.
Accurate experimental determination of g¢* is, there-
fore, of fundamental importance in solid state physics
since 1t provides a sensitive test of band structure cal-
culations and theoretical concepts in generall=4,

The experimental work(®=7] was performed on p-
modulation doped Gaglny_,As single quantum well
(SQW) and multiple single quantum wells (MQW)
grown by metal organic vapour phase epitaxy
(MOVPE) either lattice-matched (2g,=0.47) to InP
having different well thicknesses, or with varying com-
position (0.4 < zg, < 0.6) but fixed QW thickness
(d=15 nm). For further details see Ref. 5.

The optically detected resonance (ODMR) exper-

iments were performed at 24 GHz using a 4T mag-
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net system. For the resonance experiments the circu-
larly polarized components of the photoluminescence
(PL) emission in Faraday configuration were analyzed
by a combination of linear polarizers and a photo-elastic
stress modulator.

A PL spectrum from a d=15 nm Gag 47Ing 53As/InP
QW shows a single line at 0.83 eV with a half width of
8 meVI®l. The line is due to band to band recombina-
tion between the first electron and heavy hole subband
(e1hhy). The emission is circularly polarized (magnetic
circular polarized emission, MCPE) with the degree of
polarization depending on temperature and the applied
magnetic field. This behaviour 1s caused by an unequal
spin population in the Zeeman split states and 1s a nec-
essary condition to perform magnetic resonance exper-
iments. The difference in occupation is changed by res-
onant microwaves, and the magnetic resonance signal is
observed as a change of the MCPE signal (see Fig. 1).
Using the resonant magnetic field B,.s and the constant
microwave energy AF,, the ¢* values were calculated

in the spin S=1/2 formalism by the relation

AE,w =g " ppBres (1)
where pup is the Bohr magneton. For this particular
sample, and for the magnetic field parallel to the QW
growth axis we obtain a g*-value of g = —3.27 £ 0.04.
When rotating the sample from the < 001 > towards an
in-plane direction [011], the g*-value decreases signifi-
cantly. The ¢g*-value was determined from the standard

expression for a g-tensor in axial symmetry
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Figure 1.  ODMR detected on the magnetic circular

polarized emission (MCPE) signal of a 15 nm single
Gao.47Ing 53 As/InP QW at T= 1.6 K. From Ref. 5.
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g (0) = (gﬁ cos? 0 4 g3 sin” 9)1/2 (2)

where 6 is the angle between the magnetic field and the
quantum well plane. The solid line in Fig. 2 is the
result when using g; = —1.88 £0.04.

Alternating the QW width at constant alloy com-
position (zg, = 0.47) changes the g*- values as well
as the g/gL ratio (Fig. 2).
(d=100 nm) a g* = —4.01 4 0.04 resonance is obtained,

which is isotropic within the experimental uncertainty.

In the quasi-3D case

With increasing quantisation (decreasing QW width)
the anisotropy increases to g /g1 = 4 for d=6 nm, the
thinnest QW for which ODMR could be observed. The
strained samples with different compositions in the QW
(d= 15 nm) showed substantial changes of the g|- and
the g, -values. Both g and g, increase approximately
linearly with Ga content in the investigated composi-
tion range, but the anisotropy ratio g) /gL remains al-

most constant.

It can be shown that only the population difference
within the electron Kramers doublet gives rise to cir-
cular polarization of the PL, and that the spin reso-
nances take place at the edge of the lowest conduction
subband®=71. A prerequisite to observe ODMR is the
introduction of spin transitions within the life-time of
the decaying system. For the standard cw-ODMR, tech-
nique, life-times must be longer than & 0.1us. There-
fore, it 1s not surprising that the few, existing exper-
imental results are obtained on type-II QW’ s or su-

per lattices(3=11],

Here the electrons and holes are
separated in real space. This separation of the carri-
ers leads to recombination times in the microsecond
range. The observation of spin resonance signals in
our type-I QW structures is, therefore, apparently fa-
cilitated by the spatial separation of the electron and
hole wave-functions caused by the one-sided modula-
tion doping. Investigations of the PL lifetimes show,
however, that the increase of the lifetimes is too small
to explain the results. Another possible reason may
be the admixture of p-type states in the pure spin-up
and spin-down s-type wave-functions of the conduction
band due to the electric field, k - p interaction and in-

[12]

version asymmetryl <!, This could, in principle, lead to

a relaxation of the pure magnetic dipole selection rules
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and an increased spin-flip probability through electric

dipole spin transitions.
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Figure 2. g (solid circles) and g1 (open circles) for different
well widths in Gag.arIng s3As/InP QW’s. The solid line is

the result of a calculation (see Ref. 5).

These data give an experimental proof of quan-
tum confinement-dependent anisotropy of ¢* as pre-
dicted by Ivchenko and Kiselevl4l.
the g-values as a function of QW width for the un-

A calculation of

strained Gag a7lng 53As/InP system[5] leads to quanti-
tatively good agreement with experimental data (see
Fig. 2). Tt is, however, a difficult task to calculate the
g1 -value, since an accurate choice of basis functions is
non-trivial.

The calculation of g)-values in the case of d=15
nm QW’s with varying alloy composition is in prin-
ciple possible, but at present the information regard-
ing interband coupling terms in the case of compres-
sive and tensile strain is not available. The calculation
of g, including electric field-, quantum confinement-
, and strain-effects, approximating the interband cou-
pling terms from a linear interpolation between the
lattice-matched Gag 47Ing s3As and the binaries, is in
reasonable agreement for higher zg,-values, but devi-
ates for smaller zgg-valuesl®]. The calculation of the
g1 -value is, for the above-mentioned reasons, even more
difficult in this case.

ITI. Magneto-optics of quantum dot systems

The possibilities to create semiconductor structures
where the electron motion is restricted in all three
dimensions have received considerable attention dur-

ing the last years. Strained quantum dots formed
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during morphological transition from two dimensional
layer by layer growth to three dimensional Stranski-

[13] island growth is one of the promising

Krastanov
techniques to form such quantum dots*4. The result-
ing embedded islands have electronic properties with
3D confinement defined by ideal heterointerfaces. This
gives opportunities to study the physical properties of
these zero- dimensional objects. Here we will describe
some results from studies of the exchange interaction of

excitons confined in such quantum dot systems!'®.

InAs islands embedded in GaAs were grown by
chemical beam epitaxy (CBE). After a growth of 2
monolayers of InAs and a growth interrupt a steady
state 3D island nucleation was observed using reflection
high energy electron diffraction (RHEED). The approx-
imate height and diameter of the InAs islands are 3 nm
and 12 nm, respectively.

The PL spectrum shows a broad (FWHM = 100
meV) peak at 1.24 eV which is attributed to InAs is-
lands with a slight size variation. Because of the strain
and confinement situation in the dot the PL feature is
assigned to the exciton transition between electron and
heavy hole states in the islands. Under the influence of
a magnetic field the Hamiltonian describing the states

is given by

Hexciton = He + Hhh + Hexchange (3)

representing the Zeeman interaction of electrons, heavy
holes and the exchange interaction, respectively. The
energies of the four eigenstates evolve in a magnetic
field as schematically shown in Fig. 3. A is the ex-
change constant introducing a splitting of the spin par-
allel and antiparallel pairs of states. The states are de-
noted by the hole and electron spin directions |4, & >.
Of those only the two |£, F > are optically allowed and
emit circularly polarized photons. At certain magnetic
field values the optically allowed states cross the opti-

cally inactive states. These fields are

Brew = A/(1pgnn)(4)

Bre,e = A/(pBge) (4)

where LC denotes level crossing.
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Figure 3. Schematic excitonic level diagram in the presence
of a magnetic field.

When applying a magnetic field using a constant
detection energy, a circular polarization P = (¢~ o™t)
was observed (Fig. 4). At specific magnetic fields a
pronounced increase of the signal was found, the field
position depends on the detection energy. The peak
shifted to higher magnetic field as the detection energy

was reduced.

The experimental results can be understood in the
following model. Our excitation generates heavy hole
excitons in all four states. The population in the lev-
els split by the magnetic field thermalizes, the exact
distribution depends on spin relaxation and radiative
recombination times. It is, however, only the optically
allowed levels that contribute to the PL signal. At the
level crossings the optically allowed levels are fed by
the inactive levels, leading to an increase of the ¢~ and
ot components, respectively, at the two level crossing
fields. We identify the experimentally observed increase
of the ¢~ component to the level crossing at Brc,n. We
could not detect the second level crossing in the avail-
able fields range < 187. This might be expected since
the coupling is smeared out over a large magnetic field
(see Fig. 3) and might be difficult to detect.
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Figure 4. A collection of ¢~ — o traces, as well as PL
(the three upper curves) intensity as a function of magnetic
field. The inset shows the resulting peak magnetic fields as
a function of detection energy within the PL peak.

Individual InAs dots with different size and shape
variations luminesce at different energies. Therefore,
the dependence of Brc , on detection energy within the
island PL peak gives direct information of the exciton
exchange interaction as a function of the dot sizel'?]. As
can be seen in Eq. 4, A and gpp, influence the position
of the level crossing. It is known that both parame-
ters can be influenced by quantum confinement, and,
therefore, two explanations for the observed behaviour

can be given!'?]

. Here we will only recapitulate one, the
reduced exchange interaction energy A due to a large
leak out of the envelope function into the barrier. Theo-
retical studies show that with increasing quantum con-
finement the electron wave function will leak out into
the surrounding GaAs barrier. The heavy hole state
18, however, not affected as drastically due to its larger
effective mass. The result is a smaller overlap of the
wave functions for smaller dot sizes, leading to smaller
A and lower Brc p in agreement with the experimen-
tal observations. Even though the g5 1s unknown, we
can estimate the exchange interaction as a function of
dot size by using Eq. 4 and the extreme values of the
g-values of InAs and GaAs. The result is presented in
Fig. 5. As the dot size we have used half the base size of
the dot. It should be noted that the quantisation effect
on the gpj values is not considered here. For compari-

son, the exchange energies in AlGaAs/GaAs QW’s are

typically one to two orders of magnitude smaller.
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Figure 5. Estimates of the excitonic exchange splitting as a
function of dot size.

IV. Magnetotransport of perturbed 2D- and 1D-

channels

For the study of ballistic transport and quantum in-
terference effects such as the ballistic point contact!*™],
the Weiss oscillations!'® and the Aharonov-Bohm
effect!®], a laterally perturbed two-dimensional elec-
tron gas (2DEG) in a modulation-doped GaAs/AlGaAs
structure is often used. Restrictions and modulations
of the potential landscape are usually established by
electrical potentials created by etching or gating tech-
niques. Recently, inhomogeneous magnetic fields have
also been used as a tool to influence the movement

of electrons(20-231,

Most techniques require photo- or
electron- beam-lithography techniques to obtain the de-
sired patterning of the sample. Another approach to
obtain electric or magnetic potential variations is to
randomly place metal particles on top of a 2DEG sam-
ple. Electric potential variations due to a change of the
surface states at the location of the particles or due to
thermal stress can be anticipated. The typical length
scale of the modulation is then given by the grain size
and the particle density. We have carried out such ex-
periments using 33 nm large silver particles on top of a
2DEG, which resulted in an increase of the mobility of
the 2DEG.

If superconducting particles are used, they are ex-

pected to expel an external magnetic field due to
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the Meissner effect, and thus create magnetic in-
homogeneities in the plane of the 2DEG. This has
been demonstrated using type-I superconducting lead

(23-25]  Here we describe some further observa-

powder
tions when reducing the size of the lead particles and
their average separation, even to well below the mean

free path of the electrons.

The samples were standard Hall bars 50 pm
wide and with 100 pm distance between the voltage
probes. They were fabricated from a modulation-doped
GaAs/AlGaAs heterostructure containing a 2DEG with
carrier density 2 x 10'®> m~2 mobility 130 m?/Vs and
a mean free path & 9um. We carried out standard
ac magnetoresistance experiments using a typical rms
current of 50 nA at T = 300 mK.

If lead powder with grain sizes as small as b ym in
diameter is deposited on top of the sample a magne-
toresistance with a pronounced structure was found[2>].
Upon application of a magnetic field the Meissner ef-
fect of the lead expels the magnetic field and produces
an inhomogeneous magnetic field in the 2DEG, caus-
ing enhanced magnetoresistance (= 3 %). The peaks
disappeared at the critical temperature and the critical
field, for lead respectively 7. = 7.2K and B, = 0.08 T.
A hysteresis due to the frozen intermediate state in the
lead grains was also observed. Classical transport the-
ory was applied and good agreement with the theory of
Smith and Hedegard!®®! was found.

To further reduce the size of the lead particles, we
have used an aerosol technique as described in Ref.
[27]. Spherical aerosol particles of very homogeneous
size distribution are deposited over the entire Hall bar
(Fig. 6). Particle sizes used were between 80 nm and
300 nm, at densities between 0.02 pum~=2 and about 0.6
pm~ 2, The diameter of the particles is thus in all cases
much smaller than the electron mean free path, while
the typical distance between two lead particles was var-

ied above and below the mean free path.

In all samples with lead lead particles particles, ex-
cept for the sample with the lowest particle density,
we observe a small symmetric peak of the magnetore-
sistance (AR/R =~ 0.5%) at zero magnetic field. The
peak is of Lorentzian shape with a full width at half
maximum (FWHM) of about 20 mT. With increas-

ing temperature the peak is reduced and disappears
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at about 5 K. In width and shape the feature does
not resemble the commonly observed weak localization
peak. It should be noted that occasionally a very sim-
ilar peak has also been observed in samples treated in
ways not involving superconducting particles. The ori-
gin of this resistance peak is not understood at present.
For reasons presented in Ref. 25, we conclude that
our spherical particles, with d < 300 nm, probably do
not cause magnetic inhomogeneities in the plane of the
2DEG. One reason could be that the magnetic screen-
ing of the particles is too small in scale and strength
compared to their distance to the 2DEG. The mobility
and the carrier concentration of the samples were not
changed significantly in the presence of the lead par-
ticles, but at particle densities higher than about 0.1
pum™2, the single-particle relaxation time, as deduced
from the Shubnikov-de Haas (SAH) effect, was reduced
by about 20%. Consequently, the particles cause only
very weak electrical potential modulations leading to

small-angle scattering.

Figure 6. Spherical shaped, homogeneous sized (0.6 um_2)
of 110 nm diameter on a GaAs surface. From Ref. [25].

Melting the lead particles at 370°C in a nitrogen
atmosphere resulted in drastic changes. Whereas a ref-
erence sample without lead did not change at all upon

heat treatment, the zero-magnetic-field resistance of a
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sample with lead increased by a factor of 6, and the car-
rier concentration was reduced by about 15%. A strong,
Lorentzian negative magnetoresistance appeared, re-
ducing the resistance at B = 0.2 T to 50% of the value at
B = 0. For samples with different particle densities we
found that the FWHM of the Lorentzian magnetore-
sistance decreases with increasing density. We found
also that the widths of the quantum Hall plateaus of
the heated samples systematically increased with par-
ticle density, up to a relative change of 60%. Clearly,
the melted lead particles introduce a strong potential
variation in the 2DEG. At zero field a maximum of mag-
netoresistance was observed, which seems to consist of
two contributions: one narrow, sharp peak of about
2mT due to increased weak localization caused by the
additional scatterers, and an underlying broader con-
tribution very similar in shape, relative size and tem-
perature dependence to the feature we observe in the
lead-containing samples before heating!?®].

To increase the effects of the lead particles, we used
a narrow channel defined by shallow wet etching in a
30 m?/Vs GaAs/AlGaAs samplel®®. The lithographic
width and length of the channel were 400 nm and 5
pum, respectively. In Fig. 7 (bottom trace), the mag-
netoresistance of a channel without particles is shown.
Reproducible, aperiodic conductance fluctuations, and
an underlying magnetoresistance with a maximum at
B = 0.22 T is observed. This is a classical magneto
size effect due to diffusive scattering at the edges of
the channel. From the location of the maximum we
estimate the effective width of the channel to he 250
nm. 23]

Lead particles with a size distribution between 80
and 250 nm were randomly distributed on the structure
(see inset, Fig. 7). The magnetoresistance changed sig-
nificantly (Fig. 7, top trace). The zero-magnetic-field
resistance is about 50% higher than before particle de-
position, and the maximum of the magnetoresistance at
|B| 2 0.2 T has disappeared. These changes are proba-
bly a result of changes in the potential landscape in the
channel caused by the deposited particles which intro-
duce a varying channel width. The magneto size effect
leading to a well defined maximum is then obliterated.

The sharp maximum at B = 0 T has increased from
AG = 0.4e%/h to about 0.6 €2 /h. We attribute this peak

to impurities in the channel causing coherent backscat-
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tering which 1s suppressed by the magnetic field. Such
an effect should be enhanced when more scatterers are
introduced into the channel. Another indication that
this is a quantum interference effect is the tempera-
ture dependence of the resistance between 0.3 and b
K. Whereas the resistance, averaged over some conduc-
tance fluctuations, increases with temperature before

particle deposition, it decreases afterwards.

8000

‘ 400 nm
D &%%
Pimak

0 1 1 1 1
-0.5 0.0 0.5 1.0 1.5 2.0

Magnetic field (T)
Figure 7. Magnetoresistance of a quasi-1D channel before
(bottom) and after (top) lead particle deposition. The in-

set show the positions of the particles. Arrows indicate the
position of the sharp peaks at B= O T. From Ref. 25.

V. A 1D switching device

Several device concepts based on the physics of one-
dimensional (1D) electron waveguide structures have

been suggested. In such concepts ballistic phase co-

herent electron transport i1s used instead of drift and

diffusion of the carriers. There have been suggestions
29,30]

of, for instance, Aharonov-Bohm type devicesl ,

directional couplers®1:32]

(33]

as well as a quantum stub

transistor!®?!. The operation of these devices is based

on a conductance which oscillates when an applied
gate voltage, or magnetic field, is changed. The ex-
treme sensitivity to fabrication imperfections and back-

ground charge from impurities has put forward doubts

about the realism of such devicesl®. Another prin-

ciple, based on modal evolution rather than interfer-

ence of 1D-electrons, was recently suggested®>=37 The
(38]

, where

idea was brought from the field of optics
it is well known that an integrated optics Y-branch
switch, or digital switch, possesses several advantages
[39]

compared to interferometrics witches!®?!. An analysis of

the electron-wave Y-branch switch showed that a wider
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electron velocity spectrum than for interferometric de-
vices is allowed and that the Y-branch switch does not
require single-mode electron waveguides®] although
switching voltages will be increased for multi-mode de-
vices. The latter is of considerable importance for high

temperature operation possibilities.

Ohmic contact
Gold gate

s

Figure 8. Schematic picture of the Y-structure defined by
Schottky gates (top) and a SEM picture of the real structure
(bottom).
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Figure 9. Experimental (left) and calculated (T=0K) con-
ductance through the two branches of the Y-branch switch
as a function of the applied perpendicular voltage. The
sum of the voltages on the left and the right side is kept
constant.From Ref. 41.

Here we describe our experimental realisation of
the Y-branch switch[*®*1]. The samples were fabri-
cated from modulation-doped AlGaAs/GaAs hetero-
junctions containing a two dimensional electron gas
(2DEG) with mobilities g = 1 — 3 x 10°> ecm?/(Vs) and
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Nop =4—Tx 10" em~2 at 4.2 K. The devices are de-
fined using electron-beam lithography*2 and a lift-off
procedure. Negatively biased Schottky-gates are used
for the definition of the Y-structures (Fig. 8). The sam-
ples have lithographically defined widths of 200 - 400
nm, a length of about 1.3 pum and a branching angle
of 90°. By changing the negative bias on the Schottky-
gates, and thereby the extension of the depletion region
under the gates, it i1s possible to change the width of
the waveguide from approximately the lithographically
defined down to zero. During the branching experi-
ments the widths of the waveguides in the 2DEG is in
the order of the Fermi-wavelength, and the electrons
can no longer be treated classically, rather as quantum-
mechanical particles or waves.

The devices have been measured in constant volt-
age mode. The transverse field 1s created by lowering
the potential on one sidegate and increasing it on the
other. The currents are measured simultaneously in
the two branches. The three split gates can be indi-
vidually biased. The voltage on the central gate, g. in
Fig. 8, is kept constant while the bias on the left and
the right gates, ¢; and ¢, in Fig. 8, is varied during
measurement. By keeping the sum of the voltages on
the left and the right gate constant, a certain number
of current modes will enter the device, assuming we
have 1D-transport. The one-dimensional character of
the transport is verified by a two probe measurement
of the quantised conductancel*344].

The branching properties of the samples have been
measured both at 4.2 K and 77 K. The current switch-
ing ratio is about 4:1 at 4.2 K (Fig. 9) and decreases to
about 2:1 at 77 K. An overall decrease of the conduc-
tance at 77 K is also observed. This is probably due
to increased thermal scattering and the loss of ballistic
transport in the constriction. There is also quite a large
variation in the performance of devices fabricated in an
identical way.

The experimental results have been compared with
a semiclassical calculation and a good agreement be-
tween experiments and theory is found (see Fig. 9).
Despite this good agreement, it is not unambiguously
proven, so far, that the device is working as an electron-
wave branching device. The drawback with the gate
electrode approximation of the structure is that the

switching field has to be applied between the left and
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the right gate electrodes. An inherent disadvantage
with this is that the applied bias voltage moves the
waveguides in addition to producing the electric field
required for switching. This also means that an in-
creased voltage is needed for switching.

The operation of this device appears to be similar
to having a FET at each drain branch. The principle
of operation is, however, different, and it can be shown
that, for a single-mode device, a Y-branch switch can
have a lower switching voltage than a FETBT. For
multi-mode devices one will approach the classical be-

haviour of a FET. Detection of true mode-evolution is

therefore not straight forward.

0.7
7 T = 300 mK
6 08
5 0.5
= 2
E 4 0.4 T
g / F
I3 ./ 0.3 &
o Ve 3
2t 0.2
. \ o
6

2 3 4 5
Magnetic field (T)

Figure 10. Quantum Hall- and SdH-data of a high mobility
Gag.25Ing.75 As/InP 2DEG sample. The mobility is 466 000
cm?/Vs.

To overcome some of the above mentioned problems
we have produced high mobility Gag ssIng 75As/InP
2DEG samples with mobilities exceeding 450 000
em?/Vs.#] Fig. 10 shows the quantum Hall and the
Shubnikov-de Haas data of one of these samples which
is terminated with an epitaxially grown Schottky gate.
Etching procedures and epitaxial regrowth are then at-
tempted with the goal of defining Y-branch structures
by epitaxial growth. Among the advantages with this
concept, the increased quantisation, and thereby the
possibilities of high temperature device operation, can

be mentioned.
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