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Description

BACKGROUND

Technical Field

[0001] The invention relates generally to semiconduc-
tor quantum well devices and to methods for making
and/or using such devices.

Discussion of the Related Art

[0002] This section introduces aspects that may be
helpful to facilitating a better understanding of the inven-
tions. Accordingly, the statements of this section are to
be read in this light and are not to be understood as ad-
missions about what is prior art or what is not prior art.
[0003] The fractional quantum Hall effect (FQHE) pro-
duces a set of special equilibrium states caused by col-
lective effects between charge carriers in strong external
magnetic fields. The special equilibrium states occur at
special filling values of magnetic Landau levels, which
occur in an external magnetic field. In such special equi-
librium states, a trapped two-dimensional charge carrier
gas (2DCCG) can behave as an incompressible fluid
droplet, and currents may be transported by such a gas
via excitations on the edge(s) of the fluid droplet.
[0004] Some FQHE systems may provide realizations
of quantum computers for which multi-excitation states
obey nonabelian statistics. For that reason, such multi-
excitation states may be used to represent states of a
qubit in a quantum computer. The topological nature of
nonabelian statistics may protect such states from being
perturbed in a physical system. For that reason, such
excitation states may enable realizations of quantum
computers in which susceptibilities to calculational errors
are much lower than in other realizations of quantum
computers.
[0005] An example of prior art may be found in patent
document US2011/0212553.

SUMMARY

[0006] One embodiment is an apparatus that includes
a substrate having a planar top surface, a sequence of
crystalline semiconductor layers located on the top pla-
nar surface, and first and second sets of electrodes lo-
cated over the sequence. The sequence of crystalline
semiconductor layers has a two-dimensional (2D) quan-
tum well therein. The first set of electrodes border oppo-
site sides of a lateral region of the sequence and are
controllable to vary a width of a non-depleted portion of
the quantum well along the top surface. The second set
of electrodes border first and second channels between
the lateral region and first and second adjacent lateral
areas of the sequence and are controllable to vary widths
of non-depleted segments of the quantum well. The elec-
trodes are located such that straight lines connecting the

first and second lateral areas via the channels either pass
between one of the electrodes and the substrate or are
misaligned to an effective [1 10] lattice direction of the
sequence of crystalline semiconductor layers.
[0007] In any of the above apparatus, the sequence
may be substantially oriented along an actual [001] lattice
direction of the semiconductor layers and the effective
[1 10] lattice direction may be an actual [1 10] lattice di-
rection of the layers.
[0008] In any of the above apparatus, the sequence
may include a set of group III-V semiconductor alloys.
[0009] In any of the above apparatus, the electrodes
may be located such that the straight lines are misaligned
to the effective [1 10] lattice direction by at least 10 de-
grees.
[0010] In any of the above apparatus, the apparatus
may further include, at least, two point-like electrodes
located over the lateral region.
[0011] In any of the above apparatus, the electrodes
of the second set may be operable to back scatter an
edge current propagating along one edge of a FQHE
droplet in the quantum well to an opposite edge of said
FQHE droplet.
[0012] In any of the above apparatus, another set of
the electrodes may be located over the sequence and
be located adjacent opposite sides of a second lateral
region of the sequence. The two lateral areas are disjoint,
and some of the electrodes are controllable to vary a
width along the top surface of a non-depleted segment
of a channel in the quantum well between the two lateral
regions. Some such apparatus may further include, at
least, one point-like electrode located over each of the
two lateral regions. Some such apparatus may further
include a bridge electrode located over the sequence be-
tween the point-like electrodes and between a pair of
gating electrodes, wherein the bridge electrode is oper-
able to transport a localized FQHE excitation between
the point-like electrodes.
[0013] In another embodiment, a method includes con-
fining a FQHE droplet of 2DCCG to central and external
lateral regions of a semiconductor layer sequence and
channels of the semiconductor layer sequence. The
channels connect the central lateral regions to the exter-
nal lateral regions, and each straight line connecting the
external lateral regions via the channels either traverses
a 2DCCG-depleted region or is misaligned with the ef-
fective [1 10] lattice direction of the semiconductor layer
sequence. The method also includes voltage-biasing a
first electrode located over a part of the FQHE droplet in
one of the central regions to locally trap a charged quasi-
particle excitation therein.
[0014] In some embodiments, the above method may
further include transferring another charged quasiparticle
excitation from the first electrode to a second electrode
located over a laterally distant second part of the FQHE
droplet. The laterally distant part is located in another of
the central lateral regions.
[0015] In some embodiments, any of the above meth-
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ods may further include changing a voltage-biasing of a
top electrode that controls a channel located between
the first and second electrodes such that a quasiparticle
or edge excitation back scatters between two edges of
the FQHE droplet.
[0016] In some embodiments, any of the above meth-
ods may further include determining a value of a FQHE
state produced by the step of locally trapping.
[0017] In some embodiments, any of the above meth-
ods, the sequence is oriented along an actual [001] lattice
direction of semiconductor layers of the sequence, and
the effective [1 10] lattice direction is an actual [1 10]
lattice direction of the layers.

BRIEF DESCRIPTION OF THE FIGURES

[0018]

Figure 1 is an oblique view schematically illustrating
a setup for maintaining and manipulating excited
states in a FQHE droplet of a two-dimensional
charge-carrier gas (2DCCG);
Figure 2A is a top view of one embodiment of a planar
structure for manipulating excited states of a FQHE
droplet, e.g., with the setup of Figure 1;
Figure 2B is a top view of another embodiment of a
planar structure for manipulating excited states of a
FQHE droplet, e.g., with the setup of Figure 1;
Figure 2C is a top view of yet another embodiment
of a planar structure for manipulating excited states
of a FQHE droplet, e.g., with the setup of Figure 1;
Figure 3A and 3B are top views of alternate embod-
iments of planar structures for manipulating excited
states of a FQHE droplet, e.g., with the setup of Fig-
ure 1;
Figure 4A and 4B are top views of alternate embod-
iments of planar structures for manipulating excited
states of a FQHE droplet, e.g., with the setup of Fig-
ure 1;
Figure 5A and 5B are top views of alternate embod-
iments of planar structures for manipulating excited
states of a FQHE droplet, e.g., with the setup of Fig-
ure 1;
Figure 6A is a cross-sectional view of one sequence
of layers for the planar structure of Figure 1, e.g., the
planar structures o3 Figures 2A, 2B, 2C, 3A, 3B, 4A,
4B, 5A and 5B;
Figure 6B graphs the aluminum (Al) percentage as
a function of vertical depth in a dimensional (2D)
quantum well structure of an embodiment of the pla-
nar structure of Figure 6A formed of alloys of alumi-
num (Al) gallium (Ga), and/or arsenide (As); and
Figure 7 is a flow chart schematically illustrating a
method of manipulating excited states of a FQHE
droplet, e.g., using the planar structures of Figures
2A, 2B, 2C, 3A, 3B, 4A, 4B, 5A and/or 5B in the setup
of Figure 1.

[0019] In the Figures and text like reference numbers
refer to functionally and/or structurally similar elements.
[0020] In the Figures, the relative dimensions of some
features may be exaggerated to more clearly illustrate
apparatus therein.
[0021] Herein, various embodiments are described
more fully by the Figures and the Detailed Description of
Illustrative Embodiments. Nevertheless, the inventions
may be embodied in various forms and are not limited to
the specific embodiments described in the Figures and
the Detailed Description of the Illustrative Embodiments.

DESCRIPTION OF THE ILLUSTRATIVE EMBODI-
MENTS

[0022] U.S. provisional application No. 61/566357,
which was filed on Dec. 2, 2011 by Robert L. Willett, is
incorporated herein by reference in its entirety.
[0023] Herein, effective [1 10] lattice directions of a
crystalline layer refer to the actual [1 10] lattice direction
of the layer and a [1 10]-like growth direction of the layer.
A [1 1 0]-like growth direction is a direction along a growth
surface of the crystalline layer for which epitaxial growth
was relatively faster than for other directions along said
growth surface. A surface morphology of such a layer
often includes unit-cell or atomic scale terracing or larger
scale lines, which are predominantly aligned along such
a [1 1 0]-like growth direction. As an example, for an
AlxGa[1-x]As layer epitaxially grown along the layer’s ac-

tual [001] lattice direction and having alloy parameter x
that satisfies 0 < x ≤ 1, such lines or unit-cell or atomic
scale terraces are often dominantly observed as being
aligned along the actual [1 10] lattice direction of the layer.
[0024] Figure 1 illustrates a hardware setup 10 for ma-
nipulating excited states of a Fractional Quantum Hall
Effect (FQHE) droplet, e.g., by interfering edge excita-
tions of the FQHE droplet. The hardware setup 10 in-
cludes a planar semiconductor device 12, a low-temper-
ature cooling system 14, and a magnet 16.
[0025] The hardware setup 10 may be usable, e.g., to
manipulate excitations of FQHE fluid of charge carriers
in a strong magnetic field. For such exemplary uses, the
planar semiconductor device 12 may laterally confine a
droplet of a two-dimensional charge carrier gas (2DCCG)
in Landau levels of an external magnetic field, H, e.g.,
for various selected filling factors of said levels. For filling
factors greater than 2, e.g., in the open range of (2, 4),
the planar semiconductor device 12 may be useable to
create and/or manipulate excitations of a FQHE fluid that
may obey nonabelian statistics, e.g., at filling factors of
about 5/2, 12/5, or 7/2. In some embodiments, such
FQHE states may provide representations of a qubit in
a quantum computer. In particular, the hardware setup
10 may be useable to produce, change, and/or check the
value of such representations of a qubit. For example,
the individual states of a qubit may correspond to different
current-carrying states of a FQHE droplet, e.g., the dif-
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ferent edge states of such a FQHE droplet.
[0026] In the hardware setup 10, the semiconductor
device 12 includes a layer sequence 18, current carrying
and/or voltage measurement leads 22, electrical control
leads 24, and a crystalline substrate 26. The layer se-
quence 18 includes a two-dimensional (2D) quantum well
structure for vertically confining a 2DCCG. The semicon-
ductor device 12 also includes top operating electrodes
36 for laterally confining a portion of an incompressible
FQHE droplet of the 2DCCG. The top electrode 36 may
also be usable to manipulate lateral edges and/or exci-
tations of said FQHE droplet.
[0027] In the hardware setup 10, the layer sequence
18 is a sequence of crystalline semiconductor layers lo-
cated over or directly on a planar surface of the substrate
26. The sequence of semiconductor layers forms the 2D
quantum well. The layer sequence 18 has a planar top
surface and individual crystalline semiconductor layers
therein typically extend parallel to said planar top surface.
In the sequence, the individual semiconductor layers may
be, e.g., doped and/or undoped alloys of group III-V sem-
iconductor. For example, the sequence may include lay-
ers of gallium arsenide (GaAs) and aluminum gallium
arsenide, i.e., AlxGa[1-x]As layers where the alloy param-
eter "x" may vary from layer-to-layer. In such embodi-
ments, the sequence may extend, e.g., along a [0 0 1]
lattice direction of individual III-V semiconductor layers
so that an actual [1 10] lattice direction thereof lies ap-
proximately along the planar top surface of the sequence.
The dopant atoms are preferably distant from the semi-
conductor layer(s) confining the 2DCCG. That is, the se-
quence of semiconductor layers is preferably modulation
doped so that said dopant atoms are located far from and
less perturb the confined 2DCCG.
[0028] In the hardware setup 10, the top operating
electrodes 36 are located laterally to the FQHE droplet,
i.e., laterally along the top surface of the layer sequence
18. The top operating electrodes 36 are connected to
enable the control and manipulation of a FQHE droplet
of the vertically confined 2DCCG. The top operating elec-
trodes 36 can be used to vary the lateral area of a portion
of such a FQHE droplet, i.e., along the top surface of the
layer sequence 18. The top operating electrodes 36 can
also be used to back scatter edge excitations on such a
FQHE droplet, and/or to cause and control interference
of such edge excitations. In some embodiments, the top
operating electrodes 36 can initialize and/or change the
state of a qubit that is represented by the current state
of such a FQHE droplet.
[0029] In the setup 10, the low-temperature cooling
system 14 is able to cool the planar structure 18 to tem-
peratures low enough to produce FQHE states, e.g., at
filling factors of 5/2, 12/5, and/or 7/2. In particular, the
low-temperature cooling system 14 may be able to cool
the planar structure 18 to temperatures below 150 milli-
Kelvin (mK), e.g., 50 mK to 150 mK; preferable to tem-
peratures below 100 mK, e.g., 100 mK to about 50 mK;
and possibly to temperatures below 50 mK, e.g., about

20 mK. The low-temperature cooling system 14 may in-
clude, e.g., a conventional He3, He4 dilution refrigerator,
for producing such cooling.
[0030] In the hardware setup 10, the magnet 16 can
produce a moderately strong external magnetic field, H,
near and normal to the top surface of the layer sequence
18, e.g., a magnetic field whose magnitude is about 5
Tesla or more. The magnetic field, H, is large enough to
generate desired FQHE states in the 2DCCG, e.g., states
in which the magnetic Landau levels have filling factors
of about 5/2, 12/5, or 7/2. The magnetic field, H, may be,
e.g., substantially uniform over the layer sequence 18.
[0031] In the hardware setup 10, the current carrying
and voltage measurement leads 22 may carry currents
and/or enable voltage measurements on the laterally
confined 2DCCG in the 2D quantum well, e.g., via a con-
ventional 4-terminal arrangement. The control leads 24
can be operated to partially or completely deplete select-
ed lateral regions of the 2D quantum well of the 2DCCG
so that a FQHE droplet of the 2DCCG is confined to a
selected lateral region of the 2D quantum well. Herein,
depletion refers to a condition where a lateral region of
a semiconductor structure or 2D quantum well is depleted
of charge carriers of a 2DCCG, which is confined thereto.
[0032] Figures 2A - 2C illustrate various alternate em-
bodiments 12A, 12B, 12C for the planar structure 12 of
Figure 1. From bottom-to-top, each of the planar struc-
tures 12A-12C includes the crystalline substrate 26 and
a layer sequence including, at least, a lower barrier layer,
an adjacent well layer, and an adjacent upper barrier lay-
er. That is, the layer sequence includes, at least, crystal-
line semiconductor layers that form the 2D quantum well.
[0033] Over the top surface of the layer sequence, the
planar structures 12A - 12C include a first set of top elec-
trodes 44A, 44B and a second set of top electrodes 42A,
42B, 42C, 42D. The top electrodes 44A, 44B of the first
set are located adjacent opposite sides of a lateral central
region C1 of the layer sequence. The top electrodes 42A
- 42D of the second set are located adjacent lateral sides
of first and second channels 48, 50 that connect the cen-
tral region C1 to respective left and right lateral regions
L and R of the layer sequence. That is, the boundaries
of the top electrodes 44A - 44B and 42A - 42D define the
lateral boundaries of the central, left and right regions C
1, L, R of the layer sequence. In particular, the central,
left, and right regions C1, L, R and channels 48, 50 are
defined as lateral regions of the layer sequence that are
not located between a portion of any of the top electrodes
44A - 44B, 42A - 42D and the substrate 26 (not shown
in Figures 2A - 2C).
[0034] The semiconductor layers of the layer se-
quence are crystalline and may have, e.g., an effective
[1 10] lattice direction oriented along interfaces thereof
and oriented perpendicular to the direction along which
the sequence, which may extend along the [0 0 1] lattice
direction. With respect to said effective [1 10] lattice di-
rection, the top electrodes 42A - 42D, 44A - 44B have
special forms and locations. The forms and locations of
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the top electrodes 42A - 42D, 44A - 44B cause the first
and second channels 48, 50 to have special relative lo-
cations. In particular, any straight line connecting the lat-
eral left region L to the lateral right region R via the first
and second channels 48, 50 either is substantially mis-
aligned with respect to the effective [1 10] lattice direction,
e.g., misaligned by 10 degrees or more or even by 30
degrees or more, or passes between part of one of the
top electrodes 42A - 42D, 44A - 44B and the substrate
26 of Figure 1. That is, all such lines either are substan-
tially misaligned with the special effective [1 10] lattice
direction or pass under a part of one of the top electrodes
42A - 42D, 44A - 44B.
[0035] The above-described constraints on the loca-
tions and forms of the top electrodes 42A - 42D and 44A
- 44B are believed to likely help to enable the planar struc-
tures 12A - 12C to be used to produce and/or manipulate
a FQHE droplet 46 of a 2DCCG. In particular, the inventor
believes that constructing the top electrodes 42A - 42D,
44A-44B to satisfy the above-described constraints will
usually cause the planar structures 12A - 12C to be less
likely to produce striped states of the 2DCCG when sub-
jected to the temperatures and some magnetic field in-
tensities used to produce FQHE fluids. In such a striped
state, the laterally confined 2DCCG typically has a lateral
stripe in a first integer QHE state, e.g., at a filling factor
of two, and has an adjacent lateral stripe in a second
integer QHE state at a different integer filling factor. In
other types of 2D quantum well devices, the inventor be-
lieves that producing such striped states may be easier
when the surface averaged, filling factor is greater than
1, e.g., in the open range (2, 4). When such a striped
state forms, a quantum well structure would typically not
be useful for producing FQHE states in the 2DCCG.
Thus, it is usually not desirable that the laterally confined
2DCCG has a tendency to form such a striped state when
such a 2D quantum well structure is to be used for FQHE
applications, e.g., to make a representation of a qubit for
a quantum computer.
[0036] In Figures 2A - 2C, the various planar structures
12A - 12C illustrate different ways to satisfy the above
constraints on the top electrodes 42A - 42D, 44A - 44B.
That is, the planar structures 12A - 12C are believed to
provide different layouts for the top electrodes 42A - 42D,
44A - 44B, which would likely hinder formation of such
striped states under conditions used to form FQHE drop-
lets in a laterally confined 2DCCG.
[0037] Referring to Figure 2A, the planar structure 12A
is constructed so that each straight line connecting the
first and second channels 48, 50 is approximately orient-
ed along an "x" direction, wherein the "x"’ direction is
substantially misaligned with respect to the effective [1
10] lattice direction of the layer sequence extending along
the [001] lattice direction. Figure 2A illustrates the effec-
tive [1 10] lattice direction as being oriented along the
top surface of the planar structure 12A. In such an ex-
ample, any straight line between the channels 48, 50 is
misaligned with the above-described the effective [1 10]

lattice direction by, at least, an angle of α where α may
be 10 degrees or more, e.g., 10 to 90 degrees, or may
be 30 degrees or more, e.g., 30 to 90 degrees. Indeed,
the misalignment may even be so large that the effective
[1 10] lattice direction is along the top surface of the planar
structure 12A and is oriented along a "y’’ direction, which
is orthogonal to the "x" direction.
[0038] Referring to Figure 2B, the planar structure 12B
is constructed so that each straight line connecting the
left region L to the right region R via the central region
C1 has a segment passing under one of the top elec-
trodes 42A - 42D of the second set. In particular, the top
electrodes 42A - 42D are asymmetrically formed so that
any straight line connecting the channels 48, 50, e.g.,
the dotted line, is substantially misaligned with respect
to the effective [1 10] lattice direction that is along the top
surface, i.e., misaligned by an angle α. Again, the mis-
alignment angle α may be 10 degrees or more, e.g., 10
to 90 degrees, or even 30 degrees or more, e.g., 30 to
90 degrees.
[0039] Referring to Figure 2C, the planar structure 12C
is constructed so that any straight line connecting the
first and second channels 48, 50 has a segment passing
under one of the top electrodes 44A of the first set. In
particular, the top electrode 44A has an extension E that
reduces the width of a section of the lateral central region
C1 so that any straight line connecting the left and right
lateral regions L, R via the channels 48, 50 passes under
said extension E even if said line is approximately along
the effective [1 1 0] lattice direction of the semiconductor
layers.
[0040] In some alternate embodiments of the planar
structure 12C, the effective [1 10] lattice direction may
also be substantially misaligned with respect to any such
straight line connecting the first and second channels 48,
50.
[0041] Referring to Figures 2A - 2C, the planar struc-
tures 12A - 12C may have, e.g., a layer sequence of
crystalline layers of different group III-V alloys. For ex-
ample, the layer sequence may include an epitaxially
grown AlxGa[1-x]As lower barrier layer, an adjacent GaAs

well layer, and an adjacent AlyGa[1-y]As upper barrier lay-

er, wherein 0 < x, y < 1. The layer sequence may extend
along a [0 0 1] crystal lattice direction of the group III-V
layers so that an actual [1 10] lattice direction is oriented
along a planar top surface of the layer sequence, i.e., as
illustratively shown in Figures 2A - 2C or may extend
along a different lattice direction, e.g., so that the effective
[1 10] lattice direction is oriented along the planar top
surface of the layer sequence.
[0042] The planar structures 12A - 12C may be used
to produce and/or manipulate a FQHE droplet 46 of a
2DCCG, wherein the FQHE droplet 46 is confined in a
lateral portion of the 2D quantum well, e.g., in the central,
left, and right lateral regions C1, L, R. In particular, to
produce such a droplet, the 2DCCG may be subjected
to a strong magnetic field, H, which is oriented normal to
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the top surface of the planar structure 12A - 12C, while
maintaining the planar structure 12A - 12C at a very low
temperature, e.g., in the setup 10 of Figure 1. In such a
situation, the FQHE droplet 46 can have an upper edge
whose lateral extent is indicated by a smooth curved line
running from C to A in Figures 2A - 2C and can have a
lower edge whose lateral extent is indicated by a smooth
curved line running from B to D in Figures 2A - 2C. The
planar structures 12A - 12C can control the locations of
the lateral edges of the FQHE droplet 46 by the voltages
applied to the channel-gating top electrodes of the sec-
ond set, i.e., electrode pairs (42A, 42B) and (42C, 42D),
and to the pair of lateral confining top electrodes (44A,
44B) of the first set.
[0043] In particular, voltages can be applied to the top
electrodes 42A, 42B, 42C, 42D, 44A, 44B to deplete di-
rectly underlying regions of 2D quantum well and/or to
deplete some regions of the 2D quantum well neighbor-
ing such underlying regions of the 2DCCG. For example,
if the applied voltages produce a Coulomb potential re-
pulsive for the charge carriers in the 2DCCG, the applied
voltages produce a Coulomb potential that can confine
a droplet of the 2DCCG, e.g., the FQHE droplet 46, to a
lateral region of the 2D quantum well, e.g., to the lateral
regions C1, L, and R. Indeed, some such applied voltages
can also be used to manipulate the edges of such a lat-
erally confined FQHE droplet of the 2DCCG. For exam-
ple, if the charge carriers of the 2DCCG are electrons,
increasing the magnitude of a negative voltage applied
to one or more of the top electrodes 42A, 42B, 42C, 42D,
44A, 44B will increase the local depletion of trapped elec-
trons near the one or more of the top electrodes 42A,
42B, 42C, 42D, 44A, 44B on which the magnitude of the
applied negative voltage was increased. Thus, increas-
ing magnitudes of such applied negative voltages will
move the edges of such a laterally confined FQHE droplet
46 of a 2D electron gas further lateral from the edge(s)
of the one or more of the top electrodes 42A, 42B, 42C,
42D, 44A, 44B on which the magnitude(s) of the applied
negative voltage(s) is/are increased.
[0044] In various embodiments, the three pairs of top
electrodes, i.e., pairs (42A, 42B), (42C, 42D), and (44A,
44B) may be separately biased, to enable separate con-
trol of different lateral regions of the FQHE droplet 46.
The lateral confining, top electrodes 44A, 44B control the
lateral width of the part of the FQHE droplet 46 confined
to the lateral central region C1. Varying the voltage bias
to the lateral confining, top electrodes 44A and 44B can
move the respective upper and lower lateral boundaries
of the part of the FQHE droplet 46 in the lateral central
region C1. The channel-gating, top electrodes 42A, 42B
control the lateral width of the non-2DCCG-depleted por-
tion of the channel 48, which connects the part of the
FQHE droplet 46 in the lateral central region C1 with the
part of the FQHE droplet 46 in the lateral left region L.
The channel-gating, top electrodes 42C, 42D control the
lateral width of the non-2DCCG-depleted portion of the
channel 50 connecting the part of the FQHE droplet 46

in the lateral central region C1 with the part of the FQHE
droplet 46 in the lateral right region R.
[0045] The voltage applied to each pair of channel-gat-
ing, top electrodes of the second set, i.e., pairs (42A,
42B) and (42C, 42D), can also control the probability that
edge excitations of the FQHE droplet 46 tunnel between
the upper edge C-A and lower edge B-D of the FQHE
droplet 46. When the width of the non-2DCCG-depleted
portion of one of the channels 48, 50 is reduced, edge
excitations of the FQHE droplet 46 that approach the one
of the channels 48, 50 may be back scattered. Such a
back scattering can make such an edge excitation tunnel
to the opposite edge of the FQHE droplet 46 and/or re-
verse the edge excitation’s generally rightwards or left-
wards direction of propagation in Figures 2A - 2C. Thus,
the voltage at each pair of channel-gating, top electrodes
(42A, 42B) and (42C, 42D) may be adjusted to either
cause such back scatterings of edge excitations to the
opposite edges of the FQHE droplet 46 or to forbid such
back scatterings.
[0046] Based on such back scatterings, the planar
structures 12A - 12C can be used to interfere quasipar-
ticle or edge excitations of the FQHE droplet 46. For ex-
ample, the two pairs of channel-gating, top electrodes,
i.e., pairs (42A, 42B) and (42C, 42D), may be set to cause
such back scatterings at both channels 48, 50. Then, the
edge or excitations incoming from the left on the lower
edge of the FQHE droplet 46 can be back scattered at
both the left channel 48 and the right channel 50. Such
edge excitations backscattered at different ones of the
channels 48, 50 can interfere on the upper edge of the
FQHE droplet 46 in the lateral left region L. The form of
such interference may be varied by changing the area of
the part of the FQHE droplet confined to the lateral central
region C1, e.g., by varying the voltage applied to the con-
fining top electrodes 44A, 44B. In particular, the wave-
function associated with quasiparticle or edge excitations
back scattered at the right channel 50 receives an added
phase fixed by the number of quasiparticle excitations
and magnetic flux quanta in the part of the FQHE droplet
46 in the lateral central region C 1. Thus, changing the
area of said centrally confined part of the FQHE droplet
46 via the voltage applied to the lateral confining elec-
trodes 44A, 44B can change the form of the interference
between such back scatterings of edge or quasiparticle
excitations at the two channels 48, 50.
[0047] The top electrodes 42A - 42D and 44A - 44B
may substantially surround an embodiment of the lateral
central region C1 whose area is about 2 mm2 or less. The
channel-gating, top electrodes (42A, 42B) and (42C,
42D) may have exemplary widths of about 1 mm, and the
opposing distal tips of each pair of said gating top elec-
trodes (42A, 42B) and (42C, 42D) may be separated by
exemplary gaps of about 0.6 mm or less. At low temper-
atures, the planar structures 12A - 12C may be operable
to interfere edge excitations back scattered at the chan-
nels 48, 50 and may be usable, e.g., to indicate the pres-
ence of quasiparticles of charge e/2, e/4, or other suitable
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value in the FQHE fluid 46 for a Landau level filling factor
of 5/2, 12/5, and/or 7/2.
[0048] Figures 3A, 3B, 4A, 4B, 5A, and 5B illustrate
embodiments 12A’, 12B’, 12A", 12B", 12A’", and 12 B"’
of the planar structure 12 illustrated in Figure 1, e.g., spe-
cific embodiments of the planar structures 12A - 12C il-
lustrated in Figures 2A - 2C. The planar structures 12A’
- 12B’, 12A" - 12B" and 12A"’ - 12B"’ have top electrodes
42A - 42D, 44A - 42F, which may be operated to produce
and/or manipulate a FQHE droplet 46 of a 2DCCG
trapped in a lateral portion of a 2D quantum well. Such
a FQHE droplet 46 may be produced in a strong normal
magnetic field, H, at very low temperatures, e.g., as al-
ready discussed with respect to the hardware setup 10
of Figure 1.
[0049] Each planar structure 12A’, 12B’, 12A", 12B",
12A"’, 12 B"’ includes a layer sequence of crystalline
semiconductor layers over or directly on a planar surface
of a crystalline substrate (not shown) as described with
respect to the planar structures 12, 12A - 12C of Figures
1 and 2A - 2C. Each layer sequence also includes a 2D
quantum well therein.
[0050] Each planar structure 12A’, 12B’, 12A", 12B",
12A"’, 12 B"’ includes a first set of laterally confining, top
electrodes 44A - 44D and includes a second set of chan-
nel-gating, top electrodes 42A - 42F. The top electrodes
44A - 44D, 42A - 42F of the first and second sets are
located over lateral portions of the layer sequence. Pairs
of the laterally confining, top electrodes 44A, 44B of the
first set are located adjacent opposite sides of two lateral
central regions C1, C2 of the layer sequence. Pairs of
the channel-gating, top electrodes 42A - 42D of the sec-
ond set are located adjacent a first channel 48 or a second
channel 50. The channels 48, 50 connect the central re-
gions C1, C2 to lateral left and right lateral regions L, R
of the layer sequence. A pair of the channel-gating, top
electrodes 42E, 42F is located adjacent another channel
49 connecting the two central regions C1, C2. The cen-
tral, left, and right lateral regions C1, C2, L, R and the
various ones of the above-discussed channels 48 - 50
are lateral regions of the sequence, which are not located
between one of the top electrodes 44A - 44D, 42A - 42F
and the substrate (i.e., substrate 26 of Figure 1). In par-
ticular, the edges of the top electrodes 44A -44D, 42A -
42F define boundaries of the central, left, and right lateral
regions C1, C2, L, R.
[0051] The semiconductor layers of the sequence are
crystalline and have an effective [1 10] lattice direction
along interfaces thereof, i.e., along a direction perpen-
dicular to the orientation of the sequence. Due to special
forms and relative locations of the top electrodes 42A -
42F and 44A - 44D, the first and second channels 48, 50
are relatively located so that any straight line connecting
the left region L to the right region R via the first and
second channels 48, 50 either is misaligned with said
effective [1 10] lattice direction, e.g., by 10 degrees or
more or by 30 degrees or more, or passes between one
of the top electrodes 42A - 42F, 44A - 44D and the sub-

strate, i.e., passes under a portion said one of the top
electrodes 42A - 42F, 44A - 44D.
[0052] The above-described constraints on the relative
locations and forms of the top electrodes 42A - 42F, 44A
- 44D may be advantageous when using the planar struc-
tures 12A’, 12B’, 12A", 12B", 12A"’, 12B’" to laterally con-
fine and manipulate a FQHE droplet 46 of a 2DCCG. In
particular, the inventor believes that constructing the top
electrodes 42A - 42F, 44A - 44D to satisfy the above-
discussed constraints can reduce the probability that a
striped state will form in the droplet 46, i.e., at very low
temperatures and high intensities of the magnetic field,
H, e.g., at Landau level filling factors greater than 1. Un-
der the above conditions, it is undesirable that a lateral
region of the 2DCCG be in a striped state, because a
striped state is typically not a FQHE state and thus, is
typically unsuitable for use to represent a qubit for a quan-
tum computer.
[0053] Referring to Figures 3A, 4A, and 5A, the planar
structures 12A’, 12A", 12A"" are constructed so that
straight lines connecting the lateral left and right regions
L, R via the channels 48, 49, 50 are approximately ori-
ented along an "x" direction, which is substantially mis-
aligned with respect to the effective [1 10] lattice direction.
For example, the effective [1 10] lattice direction of the
semiconductor layers may be approximately along the
top surface of the sequence and be misaligned with
the "x" direction by 10 degrees or more or by 30 degrees
or more. Indeed, the misalignment may be such that said
effective [1 10] lattice direction is oriented along
a "y" direction, which is orthogonal to the "x" direction.
[0054] Referring to Figure 3B, 4B, and 5B, the planar
structures 12B’, 12B", 12B"" are constructed so that each
straight line connecting the lateral left region L to the lat-
eral right region R via the central regions C1 and C2
either has a segment passing under one of the channel-
gating, top electrodes 42A - 42F of the second set or is
substantially misaligned with said effective [1 10] lattice
direction. In the illustrated examples, some of the chan-
nel-gating, top electrodes 42A - 42F are asymmetrically
formed so that straight lines connecting the channels 48,
50 are misaligned with respect to the effective [1 10] lat-
tice direction, which is oriented along the top surface of
the layer sequence of semiconductor layers.
[0055] Each planar structure 12A’ - 12B’, 12A" - 12B",
12A’" - 12B"’ may also separately control two relatively
lateral portions of the FQHE droplet 46 confined therein.
The first lateral portion of the FQHE droplet 46 is confined
by the top electrodes 42A, 42B, 44A, 44B, 42E, 42F,
which border the first lateral central region C1, and the
second lateral portion of the FQHE droplet 46 is confined
by the top electrodes 42C, 42D, 44C, 44D, 42E, 42F,
which border the second lateral central region C2. The
first pair of laterally confining, top electrodes 44A, 44B
may be separately voltage biased to enable the separate
control of lateral upper and lower edges of the portion of
the FQHE droplet 46 in the first lateral central region C1.
The second pair of laterally confining, top electrodes 44C,
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44D may be separately voltage biased to enable sepa-
rate control of lateral upper and lower edges of the portion
of the FQHE droplet 46 in the second lateral central re-
gion C2. The left pair of channel-gating, top electrodes
42A, 42B may also be separately voltage biased to en-
able separate control of the width of the non-2DCCG-
depleted portion of channel 48 between the first lateral
central region C1 and lateral left region L. The second
pair of channel-gating, top electrodes 42C, 42D may also
be separately voltage biased to enable separate control
of the width of the non-2DCCG-depleted portion of chan-
nel 50 between the second lateral central region C2 and
lateral right region R. The third pair of channel-gating,
top electrodes 42E, 42F may also be separately voltage
biased to enable separate control of the width of the non-
2DCCG-depleted portion of the channel 49 connecting
the first and second central lateral regions C1, C2.
[0056] The planar structures 12A’, 12B’, 12A", 12B",
12A"’, 12B’" also include one or more top localized or
point-like electrodes 51, 52 in each central lateral region
C1, C2. Each top point-like electrode 51, 52 can be sep-
arately voltage biased to selectively and locally hold a
quasiparticle excitation, e.g., a composite fermion exci-
tation, at the point-like electrodes 51, 52 when the FQHE
droplet 46 is laterally confined in the 2D quantum well.
For example, at the Landau level filling factor of 5/2, the
point-like electrode(s) may be biased with voltage(s) that
correspond to quasiparticle excitation(s) with charge e/2
or e/4, wherein the quasiparticle excitation(s) are local-
ized about the point-like electrode(s).
[0057] Herein, a top point-like electrode, e.g., elec-
trode 51 or 52, is an electrode whose tip region is sur-
rounded by a non-2DCCG-depleted lateral region during
operation. For example the lateral regions may be annu-
lar portions of the central regions C1 and C2, in which a
portion of a FQHE fluid droplet 46 may be laterally con-
fined. Such top point-like electrodes have down-pointing
tip regions whose areas are substantially smaller than
the areas of said surrounding lateral regions, e.g., the
lateral central regions C1, and C2. The area of the tip
region of such a point-like electrode may be, e.g., two or
more times as small or five or more times as small as the
area of such surrounding lateral regions.
[0058] Referring to Figures 4A, 4B, 5A, and 5B, the
planar structures 12A", 12B", 12A"’, and 12B’" also in-
clude one or more top bridging electrodes 54, 56, which
are located between the top point-like electrodes 51, 52
and near the distal tips of the central channel-gating, top
electrodes 42E, 42F of the third set. The top bridging
electrodes 54, 56 are positioned to controllably aid the
completion of a first path for quasiparticle or edge exci-
tations to propagate between the point-like electrodes
51, 52 and also to controllably aid the completion a sec-
ond path for quasiparticles or edge excitations to propa-
gate between the upper and lower edges of the FQHE
droplet 46 near the distal tips of the third set of paired
channel-gating, top electrodes 42E, 42F.
[0059] The one or more top bridging electrodes 54, 56

can facilitate selective control of whether quasiparticle or
edge excitations will propagate between the top point-
like electrodes 51, 52 or will propagate between the upper
and lower edges of the FQHE droplet 46 near the third
pair of channel-gating, top electrodes 42E, 42F. To se-
lectively transfer a quasiparticle or edge excitation be-
tween the top point-like electrodes 51, 52, the channel-
gating, top electrodes 42E, 42F may be maintained at
voltages for which the upper and lower edges of the
FQHE droplet 46 are far from the one or more top bridging
electrodes 54, 56. In such a state, a quasiparticle or edge
excitation may tunnel between the top point-like elec-
trodes 51, 52, but typically such an excitation will have,
at most, a very low probability of tunneling between the
upper and lower edges of the FQHE droplet 46 near the
central, third pair of channel-gating, top electrodes 42E,
42F. To selectively transfer a quasiparticle or edge exci-
tation between the upper and lower edges of the FQHE
droplet 46 near the central, third pair of channel-gating,
top electrodes 42E, 42F, the third pair of channel-gating,
top electrodes 42E, 42F may biased at a voltage for which
the upper and lower edges of the FQHE droplet 46 are
near one or more of the top bridging electrodes 54, 56.
In such a state, a quasiparticle or edge excitation may
tunnel between the upper and lower edges of the FQHE
droplet 46 near the third pair of channel-gating, top elec-
trodes 42E, 42F whereas a quasiparticle or edge excita-
tion may have a very low probability to tunnel between
the top point-like electrodes 51, 52.
[0060] The top bridging electrode(s) 54, 56 may aid in
selecting between different paths for quasiparticle or
edge excitation transfers for several reasons. First, the
top bridging electrode(s) 54, 56 may reduce the largest
distance a quasiparticle or edge excitation tunnels in one
jump while being transferred between the top point-like
electrodes 51, 52. Second, the geometry of the top bridg-
ing electrode(s) 54, 56 may lower distance(s) for individ-
ual tunnelings of a quasiparticle or edge excitation be-
tween the top point-like electrodes 51, 52 as compared
to distances for tunneling of the quasiparticle or edge
excitation between the upper and lower edges of the
FQHE droplet 46 near the central, third pair of channel-
gating, top electrodes 42E, 42F. Third, the top bridging
electrode(s) 54, 56 may enable applications of bias volt-
ages that aid in transferring quasiparticle or edge exci-
tations between the top point-like electrodes 51, 52. For
example, during such a left-to-right transfer, when a
quasiparticle or edge excitation is at the middle top bridg-
ing electrode 54, the left top bridging electrode 56 may
be voltage-biased to produce a force to push the excita-
tion towards the right top bridging electrode 56. Also,
when the quasiparticle or edge excitation is at the right
top bridging electrode 56, the middle top bridging elec-
trode 54 may be voltage-biased to produce a force to
push the quasiparticle or edge excitation towards the
right top point-like electrode 52. Similarly, during a right-
to-left transfer, the right top bridging electrode 56 may
be voltage biased to produce a force to push a quasip-
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article or edge excitation from the middle top bridging
electrode 54 towards the left top bridging electrode 56.
Also, when the quasiparticle or edge excitation is at the
left top bridging electrode 56, the middle top bridging
electrode 54 may be voltage biased to produce a force
to push the quasiparticle or edge excitation towards the
left top point-like electrode 51. Thus, the top bridging
electrodes 54, 56 may both aid in selecting between the
paths for transferring quasiparticle or edge excitations
and/or to aid in reducing the times needed for such trans-
fers.
[0061] Figure 6A illustrates one embodiment 12’ for
the planar structure 12 of Figure 1. The planar structure
12 has a bottom-to-top sequence of layers that includes
a crystalline semiconductor substrate 26, a crystalline
lower semiconductor barrier layer 28, a crystalline sem-
iconductor well layer 32, a crystalline upper semiconduc-
tor barrier layer 30, a top dielectric layer 34, and top elec-
trodes 36. The crystalline semiconductor barrier layers
28, 30 and well layer 32 form the 2D quantum well.
[0062] The 2D quantum well structure may be modu-
lation doped by placing dopant atoms far from the sem-
iconductor well layer 32, e.g., in one or two thin dopant
layers (DLs) deep in the semiconductor barrier layer(s)
28, 30. Such a vertical separation aids to Coulomb shield-
ing the 2DCCG from the charged ion cores of ionized
ones of the dopant atoms. A symmetric placement of a
dopant layer (DL) on each side of the semiconductor well
layer 32 may also enable a larger separation between
such ion cores and the trapped 2DCCG thereby enabling
a better shielding of the ion cores for a desired density
of the 2DCCG.
[0063] The top dielectric layer 34 can electrically insu-
late the top electrodes 36 from the underlying sequence
of semiconductor layers and/or may reduce the produc-
tion of traps and other localized defects on top semicon-
ductor surface 35 during fabrication. Flat portions of the
top electrodes 36, e.g., electrodes 42A - 42F, 44A - 44D
of various already-discussed embodiments, may rest on
an upper sublayer of dielectric layer 34, and point-like
projections of the top electrodes 36, e.g., the electrodes
51, 52, 54, 56 of various already-discussed embodi-
ments, may project into holes etched into upper and/or
lower sublayer(s) of the dielectric layer 34.
[0064] Figure 6B illustrates a vertical profile of semi-
conductor alloys in a specific embodiment 12" of the pla-
nar structure 12’ of Figure 6A. The specific embodiment
12" is based on an epitaxially grown AlGaAs/GaAs/Al-
GaAs 2D quantum well structure.
[0065] In the specific embodiment 12", the crystalline
substrate 26 includes a GaAs wafer substrate and a buff-
er stack of GaAs and/or AlAs layers epitaxially grown on
a (001) lattice surface of the GaAs wafer substrate, i.e.,
grown along the [00 1] lattice direction of the GaAs wafer
substrate. The (001) lattice surface of the GaAs wafer
substrate may be polished and/or cleaned by standard
techniques prior to the epitaxial growth of the buffer stack
thereon. The buffer stack may include a first thick layer

of GaAs, e.g., about 50 nm to 200 nm and a stack of
alternating GaAs and AlAs layers thereon, e.g., about
600 repetitions of GaAs and AlAs monolayers and/or bi-
layers. Such a buffer stack may reduce the undesired
effects of surface defects in the GaAs wafer substrate on
the 2D quantum well fabricated thereon and/or may re-
duce carrier leakage to the substrate 26.
[0066] In the specific embodiment 12", the layer se-
quence of crystalline semiconductor layers 28, 32, 30 are
epitaxially grown on a (001) lattice surface 27 of the crys-
talline substrate 26. The different layers 28, 32, 30 of the
layer sequence have different semiconductor alloy com-
positions that are produced by varying the relative per-
centages of aluminum (Al) and gallium (Ga) in the gas
mixture during the relevant epitaxial growths. The various
alloys have alloys of the form: AlxGa(1-x)As where the
concentration of Al varies between the layers and fixes
the energy of the lower edge of the conduction band. In
particular, the height of the lower edge of the conduction
band is believed to be monotonic in the concentration of
Al in such alloys. For that reason, the Al percentages of
Figure 6B qualitatively illustrate the potential energy to-
pography for electrons in the various semiconductor lay-
ers of the 2D quantum well.
[0067] In the specific embodiment 12", the lower sem-
iconductor barrier layer 28 is a multilayer epitaxially
grown on the crystalline substrate 26. For this multilayer,
the bottom-to-top structure is: an AlxGa(1-x)As layer, HB1,
with an alloy parameter x of about 0.323 and a thickness
of about 110 nm; a thin n-type dopant layer (DL) of SiAs,
e.g., a fraction of one or a few monolayers; an Alx-
Ga(1-x)As layer HB2 with an alloy parameter x of about
0.323 and a thickness of about 42 nm; and an
Alx’Ga(1-x’)As layer LB with an alloy parameter x’ of about
0.243 and a thickness of about 48 nm.
[0068] The lower Si doped layer DL may include, e.g.,
about 1012 dopant atoms per centimeter-squared.
[0069] In the specific embodiment 12", the crystalline
semiconductor well layer 32 is a substantially undoped
GaAs layer with a width of about 24 nm. The crystalline
semiconductor well layer 32 is epitaxially grown on crys-
talline lower semiconductor barrier layer 28.
[0070] In the specific embodiment 12", the crystalline
upper semiconductor barrier layer 30 is a multilayer epi-
taxially grown on the crystalline semiconductor well layer
32. The crystalline upper semiconductor layer 30 is a
multilayer that substantially mirrors the crystalline lower
semiconductor layer 28. For this multilayer, the bottom-
to-top structure is: an Alx’Ga(1-x’)As layer LB with an alloy
parameter x’ of about 0.243 and a thickness of about 48
nm; an AlxGa(1-x)As layer HB2 with an alloy parameter x
of about 0.323 and a thickness of about 42 nm; a thin n-
type dopant layer (DL) of SiAs, e.g., a fraction of one or
a few monolayers; and an AlxGa(1-x)As layer HB1 with
an alloy parameter x of about 0.323 and a width of about
110 nm. The upper n-type doped layer DL is vertically
separated from the semiconductor well layer 32 so that
ion cores of dopant atoms less perturb the 2DCCG that
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is vertically confined to the 2D quantum well.
[0071] In example embodiments, the upper Si doped
layer DL may also have of order 1012 dopant atoms per
centimeter-squared. But, in the upper Si doped layer DL,
the dopant atom density may be about 3 to about 4 times
the value of dopant atom density in the lower Si doped
layer DL, because the upper Si doped layer DL can also
contribute charge carriers that neutralize dangling bonds
at the exposed top surface 35 of the 2D semiconductor
well structure 12" by combining with atoms thereat.
[0072] The crystalline semiconductor well layer 32 may
be located, at least, about 200 nm below the top surface
35 of the layer sequence of semiconductor layers, e.g.,
to reduce undesired interactions between the trapped
2DCCG and localized defects on said top surface 35.
[0073] In the specific embodiment 12", the top dielec-
tric layer 34 may be an amorphous dielectric layer. One
embodiment of the top dielectric layer 34 is a silicon ni-
tride layer having a thickness of about 40 nm or less.
[0074] In the specific embodiment 12", the operating
top electrodes 36 may be patterned metallic layers, e.g.,
formed via conventional deposition and lithographic pat-
terning processes. For example, the operating top elec-
trodes 36 may be formed by an evaporation-deposition
of aluminum to a thickness of about 60 nm on a resist
patterned substrate followed by a lift off the resist and
excess aluminum.
[0075] In alternate embodiments of the semiconductor
layer sequence of Figures 6A - 6B, the aluminum per-
centage in the AlxGa(1-x)As alloy may have a different
value in a layers adjacent to or surrounding the DL layers.
Such different aluminum percentages can cause poten-
tials of ionized dopant atoms to have longer tails. The
longer tails are conventionally believed to be aid to de-
localize randomly distributed charges associated with
such ionized dopant atoms thereby possibly spatially
smoothing interactions with the 2DCCG.
[0076] Other vertical layer sequences of semiconduc-
tor layers that may be suitable for the planar structure 12
of Figure 1 and/or methods of making and using such
layer sequences may be described in U.S. Patent
7,960,714 and/or U.S. Patent Application Publication
20100308302. For example, such layer structures may
have narrow shielding quantum wells located between
the well layer 32 and the dopant layers DL. The U.S.
Patent and U.S. Patent Application Publication cited in
this paragraph are incorporated herein by reference in
their entirety.
[0077] Figure 7 schematically illustrates a method 70
for operating a device with a 2D quantum well structure
where the 2D quantum well structure has central lateral
regions, disjoint external lateral regions and channels
connecting the central lateral regions to the external lat-
eral regions, e.g., as in Figures 3A, 3B, 4A, 4B, 5A, and
5B. The central lateral regions, external lateral regions
and channels form a continuous non-2DCCG-depleted
portion of the 2D quantum well structure during operation,
and these regions and channels are defined by laterally

bordering sets of top electrodes, which can deplete re-
maining lateral regions of the 2D quantum well structure
of the 2DCCG during operation. The 2D quantum well
structure is formed in a semiconductor layer sequence
located over or directly on a planar top surface of a sub-
strate. The set(s) of top electrodes are constructed to
reduce the probability of forming striped states of the
2DCCG in the central lateral regions during operation,
e.g., as in the planar structures 12A - 12C, 12A’, 12B’,
12A", 12B", 12A"’, and 12B"’ of Figures 2A, 2B, 3A, 3B,
4A, 4B, 5A, and 5B. In particular, the top electrodes are
constructed so that straight lines connecting the external
lateral regions of the 2D quantum well structure via the
channels either pass between one of the top electrodes
and the substrate, i.e., traverse a 2DCCG-depleted re-
gion during operation, or are substantially misaligned
with the effective [1 10] lattice direction of the 2D quantum
well structure. In the later case, the 2D quantum well
structure may extend, e.g., approximately perpendicular
to the [001] lattice direction of the semiconductor layers
thereof.
[0078] The method 70 involves steps for initializing and
manipulating a topological state of a FQHE droplet, e.g.,
the FQHE droplet 46 of Figures 3A, 3B, 4A, 4B, 5A, and
5B at a Landau level filling factor of about 5/2, 12/5, or
7/2. For example, the method 70 may be performed to
store and/or change a qubit’s state in a quantum com-
puter where the qubit is represented with a FQHE droplet.
[0079] The method 70 includes preparing a laterally
confined FQHE droplet of 2DCCG in a 2D quantum well
of a semiconductor layer sequence, e.g., the FQHE drop-
let 46, at a Landau level filling factor v of about 5/2, 12/5,
or 7/2 (step 72). The FQHE droplet is laterally confined
to central lateral regions, external lateral regions, and
channels connecting these lateral regions in the semi-
conductor layer sequence. The preparing step 72 is per-
formed such that each straight line connecting the exter-
nal lateral regions via the channels either traverses a
2DCCG-depleted region or is misaligned with the effec-
tive [1 10] lattice direction of the semiconductor layer se-
quence. In the later case, the effective [1 10] lattice di-
rection may be about perpendicular to the orientation of
the layer sequence.
[0080] The preparing step 72 includes cooling and sub-
jecting the 2DCCG to a suitably strong, normally oriented,
magnetic field, H, e.g., with the setup 10 of Figure 1.
[0081] The preparing step 72 involves laterally confin-
ing the FQHE droplet of the 2DCCG by voltage-biasing
top electrodes located over lateral bordering portions of
the semiconductor layer sequence, e.g., the top elec-
trodes 42A - 42F, 44A - 44D of Figures 3A, 3B, 4A, 4B,
5A and 5B. The laterally confining includes depleting re-
gions of the 2D quantum well structure lateral to the cen-
tral lateral regions where the 2DCCG is to be laterally
confined. For example, the act of laterally confining in-
volves depleting those regions located around the part
of the FQHE droplet 46 in the central regions C1 and C2
and the channels 48, 49, 50 in Figures 3A, 3B, 4A, 4B,
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5A, and 5B of the 2DCCG. The top electrodes may be
electrically insulated from the semiconductor layer se-
quence with the 2D quantum well structure by a dielectric
layer, e.g., the dielectric layer 34 of Figure 6A. The step
of laterally confining a FQHE droplet of the 2DCCG may
also include appropriately setting the density, p, and fill-
ing factor, v, of the confined part of the 2DCCG by charge-
depleting part of the edge of said confined FQHE droplet
and appropriately setting a magnetic field strength, H. In
the FQHE droplet, the filling factor v is given by, e.g.,
ρhc/(|eH|) where h is Planck’s constant, e is the electron
charge, c is the speed of light, and ρ is the density of the
charge carriers in the laterally confined part of the
2DCCG, e.g., in the lateral central cavities C1 and C2 of
Figures 3A, 3B, 4A, 4B, 5A, and 5B.
[0082] The method 70 includes voltage-biasing a first
electrode over a first laterally confined part of the FQHE
droplet, i.e., a part located in a first of the central lateral
regions, to locally trap an e/2 or other suitable charge
quasiparticle excitation at the first electrode, e.g., at the
point-like electrode 51 in the first lateral central region
C1 of Figures 3A, 3B, 4A, 4B, 5A, and 5B (step 74). The
voltage-biasing step 74 may, e.g., initialize the FQHE
device to a first state for a qubit that is represented by
the FQHE droplet.
[0083] The method 70 may optionally include checking
or determining the value of the FQHE state produced by
the step 74 of locally trapping the charged quasiparticle
excitation at the first electrode, e.g., at the point-like elec-
trode 51 in the first central lateral region C1 of Figures
3A, 3B, 4A, 4B, 5A, and 5B (step 76). This optional step
74 of checking or determining may be performed by
measuring longitudinal conductances associated with
edge excitations that back scatter between upper and
lower edges of the confined FQHE droplet. In particular,
the interference between different back scattered edge
excitation states will depend on whether the edge exci-
tations do or do not propagate around the laterally con-
fined part of the FQHE droplet where the e/2 or other
suitable charge quasiparticle excitation is localized.
Some such measurements may be described, e.g., in an
article published at Physical Review Letters, vol. 94
(2005) pages 166802-1 to 166802-4. Said article is in-
corporated herein by reference in its entirety.
[0084] The method 70 includes transferring an e/4 or
other suitable charge quasiparticle excitation from the
first electrode to a second electrode, which is located
over a second laterally distant part of the FQHE droplet,
i.e., a part of the FQHE droplet located in the second
central lateral region (step 78). For example, the second
electrode may be the top point-like electrode 52 in the
second lateral central region C2 of Figures 3A, 3B, 4A,
4B, 5A, and 5B. The transferring step 78 may include
changing the voltage-biasing of the first and/or second
electrodes. The transfer step 78 leaves an e/4 or other
suitable charge quasiparticle excitation at the first elec-
trode. The transferred e/4 or other suitable charge quasi-
particle may, e.g., be held under a tip of the other one of

the top point-like electrodes 51, 52 of Figures 3A, 3B,
4A, 4B, 5A, and 5B.
[0085] The transferring step 78 may include changing
bias voltage(s) at one or more top bridging electrodes,
e.g., one or more of the top bridging electrodes 54, 56 of
Figures 4A, 4B, 5A, and 5B to aid in transferring the e/4
or other suitable charge excitation. For example, the e/4
or other suitable charge quasiparticle may be temporally
held or pushed by such bridging electrode(s) 54, 56 dur-
ing part(s) of its transfer.
[0086] The method 70 includes then, changing the volt-
age-biasing of one or more of channel-gating top elec-
trodes that control 2DCCG-depletion of a channel be-
tween the first and second electrodes so that an e/4 or
other suitable charge quasiparticle or edge excitation
back scatters between upper and lower edges of the
FQHE droplet (step 80). For example, the step 80 may
involve adjusting the voltage-biasing of the channel-gat-
ing, top electrodes 44E, 44F of Figures 3A, 3B, 4A, 4B,
5A, and 5B, which control the width of the FQHE droplet
46 in the channel 49. Changing the voltage-biasing of
these channel-gating, top electrodes 44E, 44F may affect
back scattering of edge excitations between the upper
and lower edges A-C and B-D of the FQHE droplet 46 in
Figures 3A, 3B, 4A, 4B, 5A, and 5B.
[0087] At the step 80, the back scattering the e/4 or
other suitable charge quasiparticle or edge excitation in-
volves its propagation around one of the localized e/4 or
other suitable charge quasiparticle excitations held at
one of the first and second electrodes. But, the step 80
does not involve a propagation of said quasiparticle or
edge excitation around the localized e/4 or other suitable
charge quasiparticle excitation, which is held at the other
of the first and second electrodes. For example, the back
scattering may occur between portions of the upper and
lower edges of the FQHE droplet 46 near the channel-
gating, top electrodes 42E and 42F of Figures 3A, 3B,
4A, 4B, 5A, and 5B.
[0088] At the step 80, the transferring of the e/4 or other
suitable charge quasiparticle between the two edges of
the FQHE droplet may be aided by operating one or more
top bridging electrodes, e.g., the top bridging electrode(s)
54, 56 of Figures 4A, 4B, 5A, and 5B. Such a transfer
may also change, e.g., the state of a qubit stored by the
FQHE device.
[0089] Some embodiments of the hardware setup 10
of Figure may form a quantum computer having an array
of 2D quantum well structures. In such a quantum com-
puter, each element of said array is operated as an indi-
vidual qubit of the quantum computer. The individual
qubit elements may be operated as qubits of a conven-
tional of quantum computer. In such a quantum compu-
ter, each qubit element may include a lateral portion of
a semiconductor layer sequence and set(s) of top elec-
trodes as illustrated in the planar structures 12A’, 12B’,
12A", 12B", 12A"’, 12B’" of Figure 3A, 3B, 4A, 4B, 5A
and/ or 5B. In such a quantum computer, the individual
qubit elements may also include controllable voltage-bi-
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asing sources for operating the top gates thereof, e.g.,
as described in the method 70 of Figure 7. In particular,
such top electrodes may be separately operable to per-
form the operations of initialization, checking, and state
changing of a portion of a FQHE droplet as described
with respect to the method 70.

Claims

1. An apparatus comprising:

a substrate (26) having a planar top surface;
a sequence of crystalline semiconductor layers
being located on the planar surface and having
a two-dimensional quantum well therein;
a first set of electrodes (44A,44B) being located
over the sequence, bordering opposite sides of
a lateral region (C1) thereof, and being control-
lable to vary a width of a non-depleted portion
of the quantum well along the top surface;
a second set of electrodes (42A,42B,42C,42D)
being located over the sequence, bordering first
and second channels (48,50) between the lat-
eral region and first and second adjacent lateral
areas (R,L) of the sequence, and being control-
lable to vary widths of non-depleted segments
of the quantum well; and

characterized in that

the electrodes are located such that each
straight line connecting the first and second lat-
eral areas via the channels either passes be-
tween one of the electrodes and the substrate
or is misaligned to an effective [1 10] lattice di-
rection of the sequence.

2. The apparatus of claim 1, wherein the electrodes are
located such that each such straight line passes be-
tween one of the electrodes and the substrate.

3. The apparatus of claim 1, wherein the sequence in-
cludes a set of group III-V semiconductor alloys.

4. The apparatus of claim 3, wherein the sequence is
oriented along an actual [001] lattice direction of the
semiconductor layers and the effective [1 1 0] lattice
direction is an actual [1 10] lattice direction of the
layers.

5. The apparatus of claim 1, wherein another set of the
electrodes is located over the sequence and adja-
cent opposite sides of a second lateral region of the
sequence, the two lateral areas being disjoint, some
of the electrodes being controllable to vary a width
along the top surface of a non-depleted segment of
a channel in the quantum well between the two lateral

regions.

6. The apparatus of claim 5, further comprising, at least,
one point-like electrode located over each of the two
lateral regions.

7. A method, comprising:

confining a fractional quantum Hall effect
(FQHE) droplet (46) of a two-dimensional
charge-carrier gas (2DCCG) to central (C1,C2)
and external (R,L) lateral regions of a semicon-
ductor layer sequence and channels of the sem-
iconductor layer sequence, the channels con-
necting the central lateral regions to the external
lateral regions, wherein each straight line con-
necting the external lateral regions via the chan-
nels either traverses a 2DCCG-depleted region
or is misaligned with the effective [1 10] lattice
direction of the semiconductor layer sequence;
and
voltage-biasing a first electrode located over a
part of the FQHE droplet in one of the central
regions to locally trap a charged quasiparticle
excitation therein.

8. The method of claim 7, further comprising:

transferring another charged quasiparticle exci-
tation from the first electrode to a second elec-
trode located over a laterally distant second part
of the FQHE droplet, the laterally distant part
being located in another of the central lateral
regions.

9. The method of claim 8, further comprising:

then, changing a voltage-biasing of a top elec-
trode that controls a channel located between
the first and second electrodes such that a
quasiparticle or edge excitation back scatters
between two edges of the FQHE droplet.

10. The method of claim 7, further comprising determin-
ing a value of a FQHE state produced by the step of
locally trapping.

Patentansprüche

1. Vorrichtung, umfassend:

ein Substrat (26) mit einer ebenen Oberfläche;
eine Sequenz von kristallinen Halbleiterschich-
ten, die auf der ebenen Oberfläche angeordnet
sind und einen zweidimensionalen Quantentopf
darin aufweisen;
eine erste Gruppe von Elektroden (44A, 44B),
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die über der Sequenz angeordnet sind, die an
gegenüberliegende Seiten eines seitlichen Be-
reichs (C1) davon angrenzen, und die steuerbar
sind, um eine Breite eines nicht-verarmten Ab-
schnitts des Quantentopfs entlang der Oberflä-
che zu variierten;
eine zweite Gruppe von Elektroden (42A, 42B,
42C, 42D), die über der Sequenz angeordnet
sind, die an erste und zweite Kanäle (48, 50)
zwischen dem seitlichen Bereich und ersten und
zweiten angrenzenden seitlichen Bereichen (R,
L) der Sequenz angrenzen, und die steuerbar
sind, um Breiten von nicht-verarmten Segmen-
ten des Quantentopfs zu variieren; und

dadurch gekennzeichnet, dass

die Elektroden so angeordnet sind, dass jede
gerade Linie,
welche die ersten und zweiten seitlichen Berei-
che über die Kanäle verbindet, entweder zwi-
schen einer der Elektroden und dem Substrat
verläuft oder versetzt ist zu einer effektiven [1 1
0] Gitterrichtung der Sequenz.

2. Vorrichtung nach Anspruch 1, wobei die Elektroden
so angeordnet sind, dass jede derartige gerade Linie
zwischen einer der Elektroden und dem Substrat
verläuft.

3. Vorrichtung nach Anspruch 1, wobei die Sequenz
eine Gruppe von III-V-Verbindungshalbleitern um-
fasst.

4. Vorrichtung nach Anspruch 3, wobei die Sequenz
entlang einer tatsächlichen [001] Gitterrichtung der
Halbleiterschichten ausgerichtet ist und die effektive
[1 1 0] Gitterrichtung eine tatsächliche [1 1 0] Gitter-
richtung der Schichten ist.

5. Vorrichtung nach Anspruch 1, wobei eine weitere
Gruppe von Elektroden über der Sequenz und an-
grenzend an gegenüberliegende Seiten eines zwei-
ten seitlichen Bereichs der Sequenz angeordnet ist,
wobei die zwei seitlichen Bereiche getrennt sind, wo-
bei manche der Elektroden steuerbar sind, um eine
Breite entlang der Oberfläche eines nicht-verarmten
Segments eines Kanals im Quantentopf zwischen
den zwei seitlichen Bereichen zu variieren.

6. Vorrichtung nach Anspruch 5, weiterhin umfassend
mindestens eine punktartige Elektrode, die über je-
dem der zwei seitlichen Bereiche angeordnet ist.

7. Verfahren, umfassend:

Binden eines fraktionalen Quanten-Hall-Effekt
(FQHE)-Tröpfchens (46) eines zweidimensio-

nalen Ladungsträgergases (2DCCG) an mittle-
re (C1, C2) und äußere (R, L)
seitliche Bereiche
einer Halbleiterschichtsequenz und von Kanä-
len der Halbleiterschichtsequenz, wobei die Ka-
näle die mittleren seitlichen Bereiche mit den
äußeren seitlichen Bereichen verbinden, wobei
jede gerade Linie, welche die äußeren seitlichen
Bereich über die Kanäle verbindet, entweder ei-
nen 2DCCG-verarmten Bereich durchläuft oder
versetzt ist zur effektiven [1 1 0] Gitterrichtung
der Halbleiterschichtsequenz; und
Versetzen unter Vorspannung einer ersten
Elektrode, die über einem Teil des FQHE-Tröpf-
chens in einem der mittleren Bereiche angeord-
net ist, um eine geladene Quasiteilchen-Anre-
gung darin lokal zu fangen.

8. Verfahren nach Anspruch 7, weiterhin umfassend:

übertragen einer weiteren geladenen Quasiteil-
chen-Anregung von der ersten Elektrode auf ei-
ne zweite Elektrode, die über einem seitlich be-
abstandeten zweiten Teil des FQHE-Tröpf-
chens angeordnet ist, wobei der seitlich beab-
standete Teil in einem anderen der mittleren
seitlichen Bereiche angeordnet ist.

9. Verfahren nach Anspruch 8, weiterhin umfassend:

dann Ändern eines Versetzens unter Vorspan-
nung einer oberen Elektrode, die einen Kanal
steuert, der zwischen den ersten und zweiten
Elektroden angeordnet ist, so dass eine Quasi-
teilchen- oder Kanten-Anregung zwischen zwei
Kanten des FQHE-Tröpfchen zurückstreut.

10. Verfahren nach Anspruch 7, weiterhin umfassend
das Bestimmen eines Werts eines FQHE-Zustands,
der durch den Schritt des lokalen Fangens erzeugt
wird.

Revendications

1. Appareil comprenant :

un substrat (26) ayant une surface supérieure
plane ;
une séquence de couches de semi-conducteurs
cristallins placée sur la surface plane et ayant
un puits quantique à deux dimensions dans cel-
le-ci ;
un premier ensemble d’électrodes (44A, 44B)
placées sur la séquence, bordant des côtés op-
posés d’une région latérale (C1) de celle-ci, et
pouvant être contrôlées pour faire varier une lar-
geur d’une partie non épuisée du puits quanti-
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que le long de la surface supérieure ;
un second ensemble d’électrodes (42A, 42B,
42C, 42D) placées sur la séquence, bordant un
premier et second canal (48, 50) entre la région
latérale et une première et seconde zone laté-
rale adjacente (R, L) de la séquence, et pouvant
être contrôlées pour faire varier les largeurs des
segments non épuisés du puits quantique ; et

caractérisé en ce que

les électrodes sont placées de manière à ce que
chaque ligne droite connectant la première et la
seconde zone latérale via les canaux passe en-
tre une des électrodes et le substrat ou est dé-
calée par rapport à une direction de maillage [1
1 0] effective de la séquence.

2. Appareil de la revendication 1, dans lequel les élec-
trodes sont placées de manière à ce que chaque
ligne droite passe entre une des électrodes et le
substrat.

3. Appareil de la revendication 1, dans lequel la sé-
quence inclut un ensemble d’alliages semi-conduc-
teurs de groupe III-V.

4. Appareil de la revendication 3, dans lequel la sé-
quence est orientée le long d’une direction de mailla-
ge [0 0 1] réelle des couches de semi-conducteur et
la direction de maillage [1 1 0] effective est une di-
rection de maillage [1 1 0] réelle des couches.

5. Appareil de la revendication 1, dans lequel un autre
ensemble d’électrodes est placé sur la séquence et
adjacent aux côtés opposés d’une seconde région
latérale de la séquence, les deux zones latérales
étant disjointes, certaines des électrodes pouvant
être contrôlées pour faire varier une largeur le long
de la surface supérieure d’un segment non épuisé
d’un canal dans le puits quantique entre les deux
régions latérales.

6. Appareil de la revendication 5, comprenant en outre
au moins une électrode à pointe placée sur chacune
des deux régions latérales.

7. Procédé, comprenant :

le confinement d’une gouttelette à effet Hall
quantique fractionnaire (FQHE) d’un gaz vec-
teur de charge à 2 dimensions (2DCCG) vers
des régions latérales centrales (C1, C2) et ex-
ternes (R, L)
d’une séquence de couches de semi-conduc-
teurs et des canaux de la séquence de couches
de semi-conducteurs, les canaux connectant les
régions latérales centrales aux régions latérales

externes, dans lequel chaque ligne droite con-
nectant les régions latérales externes via les ca-
naux traversent soit une région épuisée en
2DCCG soit est décalée par rapport à la direc-
tion de maillage [1 1 0] effective de la séquence
de couches de semi-conducteurs ; et
la polarisation de tension d’une première élec-
trode placée sur une partie de la gouttelette
FQHE dans l’une des régions centrales pour pié-
ger localement une excitation de quasi-particule
chargée dans celle-ci.

8. Procédé de la revendication 7, comprenant en
outre :

le transfert d’une autre excitation de quasi-par-
ticule chargée de la première électrode vers une
seconde électrode placée sur une seconde par-
tie latéralement distante de la gouttelette FQHE,
la partie latéralement distante étant placée dans
une autre des régions latérales centrales.

9. Procédé de la revendication 8, comprenant en
outre :

ensuite, changement d’une polarisation de ten-
sion d’une électrode supérieure qui contrôle un
canal placé entre la première et la seconde élec-
trode de manière à ce qu’une quasi-particule ou
une excitation de bord soit rétrodiffusée entre
deux bords de la gouttelette FQHE.

10. Procédé de la revendication 7, comprenant en outre
la détermination d’une valeur d’un état de FQHE pro-
duit par l’étape de piégeage local.
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