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ABSTRACT

Images of a single-electron quantum dot were obtained in the Coulomb blockade regime at liquid He temperatures using a cooled scanning
probe microscope (SPM). The charged SPM tip shifts the lowest energy level in the dot and creates a ring in the image corresponding to a
peak in the Coulomb-blockade conductance. Fits to the line shape of the ring determine the tip-induced shift of the energy of the electron
state in the dot. SPM manipulation of electrons in quantum dots promises to be useful in understanding, building, and manipulating circuits
for quantum information processing.

A scanning probe microscope (SPM) has proven to be a
powerful tool to study, image, and manipulate mesoscopic
systems. Electron waves in an open two-dimensional electron
gas (2DEG) inside a semiconductor heterostructure were
imaged using a liquid-He-cooled SPM.1-4 In the quantum
Hall regime, edge states and localized states were seen.5-9

Furthermore, an SPM was used to study electrons confined
in nanostructures; charge oscillations due to the Coulomb
blockade in quantum dots formed in a carbon nanotube were
observed.10 Imaging a single electron spin has been ac-
complished recently using a magnetic resonance force
microscope (MRFM), where the signal from a single
electron’s spin resonance (ESR) was detected.11 Molecule
cascades arranged on a clean surface in ultrahigh vacuum
by a scanning tunneling microscope (STM) were used to
perform logic operations.12

Single-electron quantum dots are promising candidates for
quantum information processing. The electron spin in each
dot acts as a qubit, and tunneling is used to entangle spins
on adjacent dots.13 To pursue these ideas, quantum dots that
contain only one electron are being developed as individual
single-electron dots14-18 and as tunnel-coupled single-electron
dots.19,20A useful circuit for quantum information processing
will consist of many coupled quantum dots. Scanning probe
microscopy promises to be important for the development
and understanding of quantum dots and dot circuits, by
providing ways to image electrons and to probe individual
dots using electromagnetic fields.

In this letter, we show how a liquid-He cooled scanning
probe microscope with a charged tip can image a single-
electron quantum dot in the Coulomb blockade regime. The
dot was formed in a GaAs/AlGaAs heterostructure by surface
gates. The charged tip shifts the lowest energy level in the
dot and creates a ring in the image corresponding to a peak
in the Coulomb-blockade conductance. Fits to the line shape
of the ring determine the tip-induced shift of the energy of
the electron state in the dot.

Figure 1 illustrates the imaging technique. A charged SPM
tip scanned above the surface can change the induced charge
in a quantum dot (Figure 1b) and change the number of
electrons. An image is obtained by recording the dot
conductanceG as the tip is scanned across the sample. The
voltageVtip applied between the tip and the 2DEG perturbs
the “bathtub” potential that holds electrons in the dot (Figure
1c). When the distance between the tip and the 2DEG is
greater than the width of the wave function, as it was for
the images in this paper,Vtip moves the bathtub up and down
without changing the wave function’s shape significantly,
in a manner similar to the side-gate voltageVG. When the
tip is sufficiently close to the dot, closer than the width of
the wave function, the tip voltageVtip can change the shape
of the wave function and thus the energy of the electron state
above the bottom of the bathtub. The total shift∆tip in the
ground-state energy from both processes, indicated in Figure
1c, moves the gate voltage position of the Coulomb blockade
conductance peak.

The quantum dot (Figure 1b) was formed in a GaAs/Al0.3-
Ga0.7As heterostructure by Cr surface gates. The heterostruc-
ture contains a 2DEG 52 nm below the surface, with
measured density 3.8× 1011 cm-2 and mobility 470,000
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cm2 V-1 s-1 at 4.2 K. The heterostructure was grown by
molecular beam epitaxy with the following layers: 5 nm
GaAs cap layer, 25 nm Al0.3Ga0.7As, Si delta-doping layer,
22 nm Al0.3Ga0.7As, 20 nm GaAs, 100 nm Al0.3Ga0.7As, a
200 period GaAs/Al0.3Ga0.7As superlattice, 300 nm GaAs
buffer, and a semi-insulating GaAs substrate. The 2DEG is
formed in a 20 nm wide GaAs square well between two Al0.3-
Ga0.7As barriers. The sample was mounted in a liquid-He
cooled SPM14,15 and cooled to T) 1.7 K.

Without the tip present, the quantum dot could be tuned
to contain 0 or 1 electrons in the Coulomb blockade regime.
This is clearly shown in Figure 2a, which plots the dif-
ferential dot conductance dI/dVSD vs source-to-drain voltage
VSD and side gate voltageVG atT ) 1.7 K. The conductance
peaks correspond to resonant tunneling through a single
quantum state. Coulomb blockade diamond measurements
reveal an appreciable amount of information: from Figure
2a we determine the one-electron charging energy 4.2 meV
and the ground-state to first-excited-state energy spacing 3.1
meV.

Figure 2b shows the differential conductance dI/dVSD vs
source-to-drain voltageVSD for fixed VG; here the tip voltage
Vtip is used to change the induced charge on the dot with the
tip held at a fixed position near the dot. The pattern of
Coulomb blockade diamonds is similar to those obtained by
varyingVG in Figure 2a, demonstrating that the tip acts as a
gate and that the tip-to-dot coupling is similar to the coupling
between the side gate and the dot. Because the tip can be
arbitrarily positioned over the sample, it can be used as a
movable gate to change the number of electrons on a
quantum dot, as well as to direct electrons in a desired
direction. These abilities promise to be very useful for the
development of quantum dot circuits for quantum information
processing.

Images of the single-electron quantum dot were obtained
at T ) 1.7 K by recording the Coulomb blockade conduc-
tance withVtip andVG fixed andVSD ) 0 V, while the tip
was spatially scanned over the quantum dot, 100 nm above
the surface. A series of images are shown in Figures 3a-d
for tip voltages 40, 50, 60, and 80 mV, respectively. The
field of view covers an area within the gates of the quantum
dot (see Figure 1b). In each image, a ring-shaped feature is
observed, centered on the middle of the dot. The ring
represents a contour of constant tip to dot coupling at which
the Coulomb blockade conductance is on a peak. This peak
corresponds to resonant tunneling through the lowest energy
level of the dot. The dot contains one electron when the tip
is outside the ring and zero electrons when the tip is inside
the ring. To confirm that the dot is empty inside the ring,
we movedVG to more negative voltages and verified that
no additional conductance peaks appeared.

The strength of the interaction between the SPM tip and
the dot can be adjusted by changing the tip voltageVtip as
shown in Figures 3a-d. In Figure 3a, the tip pushes the
electron off the dot when the tip is about 100 nm to the side
of the center. AsVtip is increased in a series of steps from
Figures 3a to 3d, the radius of the ring shrinks to a small
value. As discussed below, the line shape of the ring provides
a window through which one can extract information about

Figure 1. (a) Schematic diagram of the experimental setup used
to image electrons in a single-electron quantum dot. A charged
scanning probe microscope (SPM) tip is scanned at a fixed height
above the surface of the GaAs/AlGaAs heterostructure containing
the dot. Images are obtained by recording the Coulomb blockade
conductance G vs tip position. (b) Scanning electron micrograph
of the quantum dot. The dashed line indicates the area covered by
the conductance images. (c) Schematic diagram that shows how
the potential holding an electron in the dot is affected by the charged
tip. The tip-induced shift∆tip in the energy of the electron state
changes the Coulomb blockade conductance of the dot.

Figure 2. (a) Plot of differential conductanceg ) dI/dVSD as a
function of side gate voltageVG and source-to-drain voltageVSD at
T ) 1.7 K, showing Coulomb blockade diamonds for 0 and 1
electrons and resonant tunneling through the ground and first excited
energy levels separated by 3.1 meV. (b) Plot of differential
conductanceg ) dI/dVSD vs SPM tip voltageVtip andVSD at T )
1.7 K for a fixed tip position, showing that the tip acts as a moveable
gate.
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the dot. The probing window can be moved to any desired
location with respect to the dot by changing the ring radius.

The spatial resolution in Figures 3a-d is quite good, finer
than the width of the tip electrostatic potentialΦtip(rb,rbe) at
the point rbe in the 2DEG for tip positionrb; this width is
determined in part by the height of the tip above the surface.
The resolution is enhanced by the strong dependence of the
Coulomb blockade conductanceG on the change∆tip in
electron energy. However, the images in Figure 3 do not
determine the shape of wave function amplitude|ψ(rbe)|2,
because it is much narrower thanΦtip(rb,rbe) for this case.

Simulated images of the single-electron quantum dot are
shown in Figures 3e-h. These images show the calculated
dot conductance as a function of lateral tip position using
parameters from the experiment, including the tip voltage
and height. In these calculations the dot was assumed to have
a parabolic confining potential with an energy level spacing
∆E ) 3.1 meV, matching the measured value for the first
excited state from Figure 2a. The ground state energy of the
dot in the presence of the tip was obtained by solving
Schrödinger’s equation for this system. The dot conductance
was calculated in the resonant tunneling regime, involving
only a single energy level in the dot.21 The simulations in
Figures 3e-h show rings of high dot conductance that are
in good agreement with the experimental images (Figures
3a-d). Changes in ring diameter with changing tip voltage
accurately match the experimental images.

Maps of the tip induced shift in energy level vs tip position
obtained from the line shape of the Coulomb blockade rings
in Figures 3a-d are shown in Figures 3i-l. These maps were
determined in the following way. For resonant tunneling,
the line shape is given by21

where∆ is the energy difference between the lowest energy
level in the dot and the Fermi energy in the leads. The energy
difference is zero at resonance and deviates from zero as
the tip shifts the energy level upward or downward. The dot
conductance at resonance is:21

The tunneling rateΓ(rb) alters as the tip is scanned above
the dot, due to changes in the coupling between the tip and
the point contacts, resulting in variations inGmax along the
ring as seen in Figures 3a-d. The values ofGmax (rb) in eq
2 used to compute the maps were obtained from a smooth
two-dimensional polynomial function that was fit to the
measured values ofGmax along the crest of the ring. The
strong dependence of the Coulomb blockade conductance
on ∆ allows us to measure the energy shift accurately.

If the SPM tip is sufficiently close to the 2DEG, at
distances less that the width of the electron wave function

Figure 3. (a-d) Coulomb blockade images of a single-electron quantum dot atT ) 1.7 K, showing the dot conductance G vs tip position.
The ring of high conductance around the center of the dot is formed by the Coulomb blockade peak between 0 and 1 electron in the dot.
The tip voltagesVtip for A-D are 40, 50, 60, and 80 mV, respectively. (e-h) Theoretical simulations of the images in a-d for a dot formed
by a parabolic potential with energy spacing 3.1 meV (energy of first excited state from Figure 2a) for the same tip voltages as a-d. (i-l)
Experimental maps of the energy shift∆ of electrons in the dot vs tip position, extracted from the measured line shape of the Coulomb
blockade conductance peak forming the rings in images a-d.

G ) Gmax[Cosh(∆/2kBT)]-2 (1)

Gmax( rb) ) (e2/4kBT)Γ( rb) (2)
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|ψ(rbe)|2, it is theoretically possible to extract the shape of
the wave function inside the dot from SPM images.22 The
wave function|ψ(rbe)|2 can be extracted from a map of the
dot energy level shift∆(rb), where∆(rb) equals∆tip(rb) plus a
constant determined by the side-gate voltageVG. The tip
voltageVtip is adjusted to produce only a weak tip perturba-
tion Φtip(rb,rbe), the change in electrostatic potential due to
the tip in the plane of the 2DEG. From first-order perturba-
tion theory,∆tip(rb) is the convolution of the wave function
of the electron in the dot and the tip potential:

Knowing the shape ofΦtip(rb,rbe), one can deconvolve
measurements of∆tip(rb) using eq 3 to extract the shape of
the unperturbed wave function amplitude|ψ(rbe)|2. For the
images presented in this paper, the tip perturbation was wider
than the wave function, and this method is not applicable.
In future experiments we hope to extract the shape of the
wave function using a relatively narrow tip perturbation.
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