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ABSTRACT

We show how a scanning probe microscope (SPM) can be used to image electron flow through InAs nanowires, elucidating the physics of
nanowire devices on a local scale. A charged SPM tip is used as a movable gate. Images of nanowire conductance versus tip position
spatially map the conductance of InAs nanowires at liquid-He temperatures. Plots of conductance versus backgate voltage without the tip

present show complex patterns of Coulomb-blockade peaks. Images of nanowire conductance identify their source as multiple quantum dots

formed by disorder along the nanowire  —each dot is surrounded by a series of concentric rings corresponding to Coulomb blockade peaks.

An SPM image locates the dots and provides information about their size. In this way, SPM images can be used to understand the features

that control transport through nanowires. The nanowires were grown from metal catalyst particles and have diameters ~80 nm and lengths
2-3 pm.

An explosion in research activity on semiconducting nanow- information about the conductance of the whole length of
ires has occurred in the past decad€The ability to control the nanowiré& ¢ but do not provide detailed spatial informa-
the dimensions and composition of nanowire devices showstion.

great promise for nanoelectronics, nanophotonics, and quan- Scanning probe microscope (SPM) imaging allows one
tum information processing. Quantum effects are naturally to probe the motion of electrons along the nanowire locally,
important due to their small size, opening new possibilities ith high spatial resolution, and to modify the potential

for quantum devices. profile to allow or block electron transport. Cooled scanned
InAs nanowires are a particularly attractive system for probe microscopes have proven to be powerful tools for
several reasons. InAs has a lagéactor, making it useful imaging and controlling electron flow in nanoscale systems

for spintronics and quantum information processing. Its large including carbon nanotubes, a two-dimensional electron gas,
bulk exciton Bohr radiusg = 34 nm is comparable to the  and GaAs quantum dot8:1¢ Imaging techniques for nano-
radius of nanowires studied in this paper, producing quantumwires are just being developét!®

confinement. While some semiconductors are known to have | thjs Letter we present conductance images of InAs

a surface depletion layer, the surface of InAs is known t0 panowires obtained with a liquid-He-cooled SPM. Plots of

have a charge accumulation layer. As a result, very small hanowire conductand® versus backgate voltagyé, without
radius nanowires are not depleted of electrons, and one canpe tip present show complex patterns of Coulomb blockade

make Schottky-barrier-free contacts to metallic leads. peaks with uneven spacings and heights. SPM images of
Recent achievements in the field of semiconducting nanowire conductance, using the tip as a movable gate, show
nanowires including single-electron contfof,high-perfor-  the pattern of peaks is produced by multiple quantum dots

mance field-effect transistofsand proximity-induced su-  |ocated along the InAs nanowire, accidentally produced by
perconductivity®® Progress requires an understanding of disorder. Each dot is surrounded by a set of concentric rings
where the electrons are along the nanowire and how theyof high conductance corresponding to Coulomb blockade
flow through it. Standard transport measurements provide conductance peakdThe spacing and intensity of the rings

about a dot provide information about the dot size and

:Correspond_ing author: westervelt@deas.harvard.edu. tunneling rate. The rings from nearby dots overlap. By using
¢_Bglrf‘t’adﬂiyg;g’if;sé?’fechnology the tip as a movable gate, we can tune the charge state of
8 Philips Research Laboratories. each dot individually. These results show how a cooled SPM
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cally shown in Figure 1B, an image is obtained by scanning
a conducting SPM tip across a plane above the nanowire
and recording the nanowire conducta@eersus tip position

with fixed Vi and Vg2 The conducting tip gates the
nanowirelocally, whereas the backgate gates the nanowire
globally. The tip voltageVy, creates a dip or peak in the
electron density below. For an open nanowire, one can image
electron flow by using the tip to scatter electrons, thereby
changingG. However, for a quantum dot in the Coulomb
blockade regime, a different pattern is observed. An image
Figure 1. (A) SEM photo of an InAs nanowire (device D1) Of a dot shows a series of concentric rings corresponding to
contacted with Ti/Al electrodes. (The slight kink in the wire at the Coulomb blockade conductance peaks that occur as electrons
top contact, due to an atomic force microscope (AFM) tip crash, are added to the dot. This Coulomb blockade imaging
occurred after the data presented in this paper was obtained.) Thecechnique has been used to image multielectron quantum dots

scale bar is 500 nm long. (B) Imaging schematic. A charged AFM .
tip is scanned~100 nm above the contacted InAs nanowire. formed in carbon nanotubEsand a one-electron GaAs

Nanowire conductance as a function of lateral tip position is gquantum dot?
recorded to form an image. The wire lies atop a conducting Si  parts A and B of Figure 2 show plots of nanowire
Substrate with a 250 nm thick Sj@apping layer. conductances versus backgate voltagé,, for two InAs

can be a powerful diagnostic tool for the development of nNanowire devices, D1 and D2; the nanowires are near
nanowire devices. pinchoff with G < e?/h. Each plot shows an irregular series

The InAs nanowires were grown in a catalytic process of peaks with variable spacing and amplitude similar to
from small gold seed particles using metakganic vapor- Coulomb blockade oscillations for multiple quantum dots
phase epitaxy® The nanowires have diameter$0 nm and in serie?®2?2 The low conductance and the existence of
lengths~2—3 um. After growth, the InAs nanowires are complex patterns of peaks show the InAs nanowires are
transferred onto a conductingtpsilicon substrate capped ot spatially uniform. Without additional information, it is
with a 250 nm thick Si@ insulating layer. The silicon  difficult to identify the source of these irregular oscilla-
substrate acts as a backgate that can tune the number ofons.
charge carriers in the wire through an applied backgate The SPM conductance images in parts C and D of
voltage Vig. Electron beam lithography is used to define Figure 2 show the presence of multiple quantum dots located
electrodes~2 um apart, and 110 nm of Ti/Al is subsequently along each nanowire. Nested conductance rings occur about
deposited to form the contacts. Figure 1A shows a scanningthree positions along nanowire D1 in Figure 2C and about
electron microscopy (SEM) picture of a contacted InAs wire. two positions along nanowire D2 in Figure 2D. Each ring

A home-built liquid-He-cooled SPM is used to image corresponds to a Coulomb conductance peak of the quantum
electrical conduction through the nanowires. As schemati- dot at the ring’s center as electrons are added or removed
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Figure 2. InAs nanowire transport measurements and corresponding images that spatially illuminate the behavior. (A, B) Nanowire
conductances vs backgate voltag¥yg for devices D1 and D2, respectively. The plots show a complex pattern of Coulomb blockade
conductance peaks characteristic of multiple quantum dots in series. From these plots, it is difficult to determine the number and locations
of the dots in each wire. (C, D) SPM images of devices D1 and D2, respectively, that d&pkaposition of a charged SPM tip scanned

along a plane 100 nm above the nanowire. Concentric rings of high conductance, corresponding to Coulomb blockade peaks, are centered
on quantum dots in the nanowire. (C) shows three sets of concentric rings identify three quantum dots whose positions are marked by black
dots. (D) reveals rings surrounding two quantum dots in the nanowire. Dotted lines denote the outline of the wire and the electrical contacts.
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Figure 3. SPM images of conductan¢g for device D1 showing the interaction of Coulomb blockade rings from the three quantum dots

in the nanowire. Pink dots mark the dot locations, and dashed lines show outlines of the nanowire and contacts in (A). The images were
recorded withVy, = 0 V and backgate voltages (AJ,g = —1.94 V, (B) —2.05 V, and (C)—2.12 V. AsV,4 is made more negative,
conductance occurs only near the intersection of rings from different dots, where each dot is on a Coulomb blockade conductance peak.
Elliptical dash-dotted rings in (B) and (C) show the location of rings in (A) from the two outermost dots. The expected rings for the middle
dot have not been shown, because they are so closely spaced that their inclusion would clutter the image.

0.3

0.0

Figure 4. Evolution of SPM images of device D2 with tip voltages: (¥ = 0.48 V, (B) 0.90 V, and (C) 1.44 V. The wire and top

contact are denoted with dashed lines in (A). Coulomb blockade rings surround a quantum dot in the upper half of the iigge. As
increases, the rings expand outward in size and become more closely spaced. The black triangle tracks one Coulomb peak, demonstrating
how the size of the rings grows with tip voltage.

by the SPM tipt-12The charge induced by the tip on a single superimposed on the image. The rings surrounding the
dot is middle dot in D1 are more closely spaced than those
surrounding the other two dots, indicating that the center
Ond("eaVied) = Coa(rea)* Vi (1) dot is larger. In Figure 2D, two sets of concentric rings
indicate the presence of two quantum dots, whose locations
are again marked by black dots. In both parts C and D of
Figure 2, the rings are elongated along an axis perpendicular
a}o the wire due to a slight screening of the tip by the metal
contacts. Formation of the quantum dots is accidental,

contact potential and the dot's capacitance to ground presumably due to local potential fluctuations or defects in

BecauseC;—4 changes with tip position, the induced charge the nanowires.

0ina can be controlled either by the tip voltayg, or by the The SPM images together with plots@fversusvhg allow

tip position ri—q. If one were to plotG versusriq, a us to estimate the sizes of the quantum dots located along
conductance peak would occur every time the charge in thethe nanowire. We use a simple model in which the
dot changes by one electron. In images, the conductancecapacitanceCyy between the dot and the backgate is given
peaks take the form of closed rings centered on the dot thatby the capacitance of a cylindrical nanowire segrfieot

wherer_q is the distance between the tip and the d&ty

is the capacitance between the tip and the dot (assuming
conducting dot with a fixed geometry), akfd 4 is the voltage
difference between tip and dot, including effects of the

are contours of constant tip-to-dot capacitive coupliag. radiusr = 40 nm and lengtt. located at a height above
When the tip is between two rings, the dot charge remains the backgat€,, = 2eeol/IN(22r); hereey is the permittivity
constant at an integer multiple of the electron chagge of a vacuumgz = 250 nm is the thickness of the insulating

The images in parts C and D of Figure 2 show that the SiO; layer, ande; = 2.0 is the average dielectric constant
complex conductance plots in parts A and B of Figure 2 including both the Si@ layer and the gap between the
were caused by multiple quantum dots in series. In Figure nanowire and Si@layer away from the line where they
2C, three sets of concentric rings indicate the presence oftouch. The lengthL of a given dot can be estimated from
three quantum dots at locations indicated by the black dotsthe period of its Coulomb blockade conductance oscillation
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versusVyg For Figure 2A this is possible for the rapid

number of electrons, because the dot contains many electrons

oscillation. This rapid oscillation corresponds to the closely and we cannot deplete the number to zero. In addition, the
spaced rings about the middle dot in the image Figure 2C; rings become more closely spaced Vg is increased,

the ring spacing for the other dots is larger. Comparing the because the induced charge on the dot increases, in propor-
backgate voltage period with the ring spacing for a given tion to V;p. So a smaller change in tip position and tip-to-
dot calibrates the image for all of the dots shown, so that dot capacitanc€;_qis needed to add or remove one electron.

the ring spacing for another dot can be used to estimate
its lengthL, even if its conductance oscillation cannot be
picked out of theG versusVyg conductance plot. Using this
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scanning probe microscope images of nanowire device D2

Using the SPM tip as a movable gate allows us to control (5 an as the tip voltage varied from 0.48 to 1.44 V. This

the charge on one dot in a nanowire that contains many dots
like the devices shown here. The movable gate technique

'material is available free of charge via the Internet at http://

. : . pubs.acs.org.
has a great advantage over static gating techniques for the

manipulation of quantum dots in nanowires: The movable References
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