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Single-electron tunneling in InP nanowires
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We report on the fabrication and electrical characterization of field-effect devices based on
wire-shaped InP crystals grown from Au catalyst particles by a vapor—liquid—solid process. Our InP
wires aren-type doped with diameters in the 40—55-nm range and lengths of several micrometers.
After being deposited on an oxidized Si substrate, wires are contacted individually via e-beam
fabricated Ti/Al electrodes. We obtain contact resistances as low- &8 k(), with minor
temperature dependence. The distance between the electrodes varies between QuzZnafithe
electron density in the wires is changed with a back gate. Low-temperature transport measurements
show Coulomb-blockade behavior with single-electron charging energieslaiheV. We also
demonstrate energy quantization resulting from the confinement in the wir2d008 American
Institute of Physics.[DOI: 10.1063/1.1590426

Chemically synthesized semiconductor nanowifes  method. A pulsed las€193-nm ArF laser, 10 Hz, 100 mJ/
nanowhiskers are attracting increasing interest as building pulse is used to ablate from a pressed InP powder enriched
blocks for a bottom-up approach to the fabrication of nanoswith 1 mol % of Se, which acts as a donor impurity in InP.
cale devices and sensors. A key property of these materi?Nanowires grow from Au seeds formed after annealing a
systems is the unique versatility in terms of geometrical di-2-A-equivalent Au film deposited on a Si substrate with a
mensions and composition. Nanowires have already beesuperficial native oxide. During growth time-@0 min) the
grown from several semiconductor materialgroup-IV  substrate temperature is kept at 475°C. The resulting
elements;? 111-V,%® and 1I-VI compound$, including nanowires are 5-1@m long with a diameter of 40—-55 nm.
structures with variable doping and composition, such as Immediately after growth, the nanowires are dispersed in
n-typef-type InP? InAs/InP? GaAs/GaP,and Si/SiGE.The  chlorobenzene. A few droplets of this dispersion are depos-
growth technique is based on the vapor—liquid—sOitdS)  ited on ap™ Si substrate with a 250-nm-thick SiQver-
proces8 occurring at metallic catalysts, such as nanometertayer. To favor the adhesion of the nanowires, the surface is
sized Au particles. The nanowire diameter is set by the cat&unctionalized with a self-assembled monolayer of
lyst dimension, typically 10-100 nm. The nanowire length is3-aminopropyltriethoxysilanéAPTES.'® Optical imaging is
proportional to the growth time and can exceed hundreds qfised to locate the nanowires with respect to a reference pat-
micrometers. The semiconductor is provided either by mettern of predefined Pt markers. The nanowires are then indi-
alorganic vapor-phase sourcEs,or by laser ablatiod?  yidually contacted with a pair of metal electrodesurce
Many room-temperature applications have already beegnd drain leadsdefined by electron-beam lithograpligee
shown, such as single-nanowire field-effect transistorgpper inset to Fig. )1 The distancé. between the source and
(FETS," diodes? and logic gate's combining bothn-type  drain electrodes is varied between 0.2 angrg.
and p-type nanowires. Very recently, nanowire heterostruc-  The contact electrodes consist of thermally evaporated
tures have been operated as resonant tunneling diodes at 42100 nm/Al(20 nm). Before metal deposition, samples are
K.*? Yet, the low-temperature properties of nanowires andyeated with BHF for 20 s in order to etch the oxide layer
their potential for quantum devices are still widely unex- ground the nanowiréé.As-deposited contacts show high re-
plored. sistance, typically in excess of 15 The contact resistance

In this letter, we describe the realization of FET devicesimproves drastically after forming-gas rapid thermal anneal-
from individual n-type InP nanowires. We discuss their jng at 475 °C for 60 for a discussion of the interface reac-
transport properties down to 0.35 K, where single-electronjon petween Ti and InP we refer to Ref.)15
tunneling and quantum effects can play a dominant role. We e have characterized over ten devices at different tem-
also provide details on the fabrication of the electrical CONperaturesT. At room temperaturel—V characteristics are
tacts to the nanowires, a crucial aspect of the present workjinear (see dashed lines in Fig),With resistance® as low

Our InP nanowires are grown via the laser-assisted VLS5 39 i0). Despite sample-to-sample fluctuatioRsappears
to increase with_, as shown in the lower inset to Fig. 1. A
dElectronic mail: silvano@aqt.tn.tudelft.nl linear fit yieldsR=40 k() +45 kQ)/umXL, where the con-
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FIG. 1. |-V characteristics at room temperatdashed linesand 0.35 K 4 '
(solid lineg, for devices A and B. Upper inset: scanning-electron micro- -180 0

. . -120 v, (mV) -60
graph of device B. Lower inset: length dependence of the room-temperature 9

source—drain resistance. Each solid circle refers to a different device. The
dashed line is a linear fit. FIG. 2. (a) Conductancé versus back-gate voltag, measured at 0.35 K

with a dc biasV4=20 uV. The two traces refer to devices C andibse}.
(b) Gray-scale plot of differential conductandé/dVsy versus Vg, Vo).

. . |/dVgy increases when going from dark to light gray. The measurement
stant term and the SIOpe coefficient can be taken as rou fers to device C, and was taken at 0.35 K with a lock-in technique at an ac

estimates of the total contact resistance and the wire resistiVias excitation of 2QuV. Inset: scanning electron micrograph of device C.
ity, respectively.

Felo"‘_’ta few Kdelvm, tgel _thghagsﬁ;er'ls:lccso%egilr??oaal Panowire containing more than ofmost likely two islands
nonlinearity around zero bias. This vior, : i ; e
measured devices, is shown in Fig. 1 for device A [ Senes. Thevg dependent glternatlop of single .and

' B ' , double-island regimes, shown in Fig(bg, is representative
(L=0.20um), and B (=1.95um), respectively the . the general behavior in our devices. We would like to

shortest and longest devices measured. The zero-bias SUgress that such charge reconfigurations are found to be very
pression of the conductance has a pronounced dependenggpie and reproducible.

on the voltageV, applied to thep™ Si substrate. This is a Each Coulomb diamond is associated with a well-
characteristic fingerprint of Coulomb-blockaded transportgefined numbermN of confined electrons. From the half-

which bgcgmes dominant- at low temperatures. In fact, ameight (along V) of the diamonds we estimate a charging
electronic island, formed inside the nanowire segment beanergy e2/C~1 meV. The Vg-width of the diamonds is

tween source and drain electrodes, leads to Coulomb bloclground 10-20 mvV, from which we dedud@,/C~1/7,

ade of transport whekgT<e”/C, whereC is the total ca- whereC, is the capacitance to the back gatdlhis implies
pacitance of the islantf. At source—drain voltagesVss,  thatN decreases by 100 when moving from right to left in
larger thane/C, the slope of the loviF trace is close to the Fig. 2(a). Based on separate studt@sye believe this is still
corresponding roori- value, indicating littleT-dependence only a small fraction of the total amount of conduction elec-
of the contact resistance. trons in the nanowire.

Figure 2a) shows conductand® versusV for device C We now focus on a smaW,-range where device C ex-
(L=0.65um) and D L=1.6 um, inse}. Both traces ex- hibits single-island behavior. Figure 3 shows sevdiati Vg
hibit sharp peaks corresponding to Coulomb-blockade oscilys v, traces taken at different values @, between 0 and
lations. This clearly demonstrates that we have achieved-0.6 mV. The lowest traceM=0) shows two Coulomb
single-electron control over the electronic charge and th@eaks denoting transitions between successive charge states:
transport properties of the nanowire. The Coulomb peaksay fromN—1 to N (left peak, and fromN to N+ 1 (right
have irregularly distributed sizes, and théy-spacing varies peak. At finite bias, each peak idl/dV,y splits proportion-
considerably, suggesting the formation of more than oneilly to V.4, as expected from ordinary Coulomb-blockade
electronic island along the nanowire. This interpretation istheory. The left-moving(right-moving split-peak corre-
supported by the measurement shown in Fi@p) &here the  sponds to the onset of tunneling fraio) the sourcedrain)
differential conductancell/dVgy of device C is plotted on lead. Interestingly, at largéry,, extra resonances appear be-
gray scale as a function ok, Vyg). In this plot, Coulomb  tween the split-peaks. Increasing, the Vg-positions of
blockade takes place within dark regions with the charactersuch resonances evolve parallel to one of the split-peaks, as
istic diamond shape. In some cases, such a¥fooetween emphasized by dashed lines. We recognize this behavior as
—40 and—90 mV, Coulomb diamonds are clearly separatedcharacteristic of transport through a quantum-dot system
from each other and have all their edges fully defined. This isvith a discrete energy spectruthThe two extra resonances
characteristic of Coulomb-blockaded transport through aan be readily explained as the result of tunneling processes
single electronic island. In otheérg-regions, however, dia- involving excited states of the quantum dot. The resonance

monds overlap with each other, as we would expect for a@n the right side of Fig. 3 denotes the onset of tunneling from
Downloaded 12 Aug 2010 to 131.155.151.8. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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portant premise for a deeper investigation of quantum phe-
nomena and the development of controllable quantum de-

K . . :
10 vices based on semiconductor nanowires.
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