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 2012 July 25Direct observation of standing electron wavesin di�usively conducting InAs nanowireA.A. Zhukov+, Ch.Volk��, A.Winden��, H.Hardtdegen��, Th. Sch�apers���+Institute of Solid State Physics of the RAS, 142432 Chernogolovka, Russia�Gr�unberg Institut (PGI-9), Forschungszentrum J�ulich, 52425 J�ulich, Germany�JARA-Fundamentals of Future Information Technology,Forschungszentrum J�ulich, 52425 J�ulich, Germany�II. Physikalisches Institut, RWTH Aachen University, 52056 Aachen, GermanySubmitted 20 June 2012We investigate the disturbance of the InAs nanowire resistance by a conductive tip of a scanning probemicroscope at helium temperature as a function of the tip position in close vicinity to the nanowire. At the tipdisplacement along the wire the resistance (Rwire ' 30 k
, what is typical for di�usive regime) demonstratesquasi-periodical oscillations with an amplitude about 3%. The period of the oscillations depends on the numberof electrons in the nanowire and is consistent with expected for standing electron waves caused by ballisticelectrons in the top subband of the InAs nanowire.Inhomogeneous distributions of the electron densityin metallic systems caused by peculiarities of electronwave function are well established in a number of dif-ferent electron systems. Electron density waves in 2-dimensional electron gases [1] and Friedel oscillationsin an Ag covered Si-surface [2] are popular examplesof such inhomogeneous distributions. The typical scaleof these oscillations is conventionally microscopic one,comparable with atomic scale. Below we report on thedirect observation of standing electron waves in an InAsnanowire with a period between micro- and nanoscale.Moreover, such long range electron density oscillationsare observed in the wire with formally di�usive conduc-tivity.The possibility to change the density of the elec-trons in nanowire by applying voltage to nearby placedelectrode, a back gate for example, allows to realizenanowire-based �eld-e�ect transistors (FET). Duringthe last decade substantial e�orts have been made toinvestigate the electron transport in InAs nanowires [3{7]. In the o�-state these transistors have resistances ofseveral hundreds M
 while in the on-state the resistancedrops to 20{30k
. Taking into account the possible ap-plication of InAs nanowire in electronics strong e�ortswere made to study the dependence of the mobility ofthe InAs nanowires on their diameter [6].At low temperatures the transport in InAs wires ismostly di�usive. Transport measurements performedat He temperatures [3, 5] yielded typical values of theelastic mean free path le in the order of a few tenthof nanometers. In addition at low temperature phase-

coherent transport was investigated, i.e. the temper-ature dependence of universal conductance 
uctuations[4] and the suppression of weak antilocalization were in-vestigated [3, 5]. In both cases a good agreement withtheoretical predictions based on the dominance of di�u-sive transport was found. However, in contrast to therelatively small le values reported above, Zhou et al. [8]obtained considerably larger values exceeding 200nmeven at room temperature. So far, scanning gate mi-croscopy (SGM) measurements conducted at T = 4:2Kon InAs nanowire FETs have only been focused on elec-tron transport in the regime close to pinch-o� [10, 9].Here, a number of peculiarities in Coulomb blockaderegime were found.In the current letter we report on SGM measure-ments in the open FET regime with relatively lownanowire resistance of � 30 k
. Standing electron wavesare observed in the SGM scans. It is found that theperiod of the standing electron waves depends on thenumber of electrons in the wire. We interpret the obser-vation of the standing electron waves as an indication ofthe presence of ballistic electrons in InAs nanowire.In our experiment we study a nominally undopedInAs nanowire grown by selective-area metal-organicvapor-phase epitaxy [11]. The diameter of the wire is100nm. The wire was placed on an n-type doped Si(100) substrate covered by a 100 nm thick SiO2 insu-lating layer. The Si substrate served as the back-gateelectrode. The evaporated Ti/Au contacts to the wireas well as the markers of the search pattern were de�nedby electron-beam lithography. The distance between the114 �¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012



Direct observation of standing electron waves : : : 115contacts is Lwire = 2:6�m. A scanning electron mi-crograph of the sample under investigation is shown inFig. 1a. The source and drain metallic electrodes con-nected to the wire are marked by \s" and \d".
Fig. 1. (a) { Scanning electron micrograph of the InAs wire.The source and drain contact pads are marked by \s" and\d". The horizontal scale bar corresponds to 1�m. Themetallic triangle on the left side of the wire is a markerof the search pattern. (b) { Electrical circuit of the scan-ning gate microscopy measurements. The back-gate volt-age VBG is applied to the doped Si substrate while the tipvoltage Vt is applied to the tungsten tip of the probe micro-scope. The resistance of the wire is measured using a twoterminal circuit by applying a current (IAC) and measur-ing the voltage (V ). Further details are given in the maintextAll measurements were performed at T = 4:2K. Thecharged tip of a home-built scanning probe microscope[12] is used as a mobile gate during scanning gate imag-ing measurements. We keep the tip 300 nm above theSiO2 surface, in order to eliminate any mechanical orelectrical contact of the tip to the InAs wire or metal-lic contacts. All scanning gate measurements were per-formed by keeping the potential of the scanning probemicroscope tip (Vt) and the back-gate voltage (VBG) con-stant. The electrical circuit of the scanning gate imagingmeasurements is present in Fig. 1b. Details of the circuitcan be found elsewhere [13].The conductance of the wire during the scan is mea-sured in a two-terminal circuit by using a standard lock-in technique. Here, a driving AC current with an ampli-tude of IAC = 1nA at a frequency of 231Hz is appliedwhile the voltage is measured by a voltage ampli�er.Figs. 2a{d present a set of the scanning gate measure-ments performed with a constant tip voltage of Vt = 0Vand a back-gate voltages of VBG = 11:8, 10.6, 9.2, and8.0V, respectively. It can clearly be seen that the tip po-sition strongly a�ects the wire resistance. The cross cutsof the SGM scans (Figs. 2a{d) along the wire are presentin Figs. 2e{h. The cross-cut in Fig. 2h is obtained aftersubtracting of smooth background. With the displace-ment of the tip along the wire a quasi-periodic oscilla-tion of the wire resistance with an amplitude of about

3% of the total resistance are observed. The periodof these oscillations increase with decreasing back-gatevoltage (Figs. 2a{c, e{g) until it abruptly becomes smallagain (Figs. 2d, h). As an example, 4, 3, and 2 equidis-tant minima in the nanowire resistance are marked byarrows in Fig. 2e{g, respectively. An abrupt change ofthe period is observed between the back-gate voltage 9.2and 8V. To make the period change visible we mark inFig. 2h the equidistant maxima of resistance by arrows.We argue that the periodic oscillations of wire resis-tance can be attributed to the presence of the standingelectron waves in the nanowire. Let us consider the ex-perimental situation in more details. The number ofelectrons in our wire at VBG = 10V is given by [7]:N � (VBG � Vpinch�o� )� � 2�""0Lwire=eln hdox + r +p(dox + r)2 � r2)=ri � 2300: (1)Here, VBG � Vpinch�o� � 10V, � == Cwire�to�gate=Ctotal � 0:3 is the ratio of wire toback-gate and total capacitance of the wire, " = 3:8is the SiO2 permittivity, "0 is the permittivity offree space, dox = 100nm, and r = 50nm are thethickness of the oxide layer and the wire radius, ande is elementary charge. Knowing the geometricalsizes of the wire it is possible to calculate the meanconcentration of the electrons n3D � 1:1 � 1017 cm�3[14]. The reciprocal radius of Fermi sphere calcu-lated by considering the InAs nanowire as a 3Dstructure is 2�=kF;3D = 2�=(3�2n3D)1=3 � 40nm,and the elastic mean free path in the wire isle = 3p3=8�n23D(h=e2)(1=Rwire)(Lwire=�r2) � 50nm,with h the Planck constant. Thus, the statement\InAs wire is a 3D structure in di�usive, close tothe Io�e{Regel limit regime kF;3Dle � 1" mentionedpreviously looks quite reasonable. For these nominallyundoped InAs nanowires the main source of scatteringis surface scattering, due to irregularities caused bystacking faults or due to surface contaminations [14].On the other hand, the evaluation of le seems to betoo underestimated, because di�erent electron groupsin the wire have rather di�erent mean free path. In anideal one-dimensional wire there are a number of par-tially �lled energy subbands due to the transverse quan-tization, as it is illustrated in Fig. 3. Because the conduc-tance of the real nanowire is about e2=h and the numberof subbands is about 10{20, we have to conclude that themain part of electrons on Fermi level is in the di�usiveregime. They are labeled as disordered sea in Fig. 3.Only electrons in the top one or two subbands below theFermi level (EF) have a very large wavelength along thewire axis and, correspondingly, a small scattering prob-ability at the smaller scale potential 
uctuations caused�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012 8�
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Fig. 2. (a){(d) { SGM scans performed at T = 4:2 K with a constant tip voltage of Vt = 0V and the back-gate voltages ofVBG = 11:8, 10.6, 9.2, and 8.0 V, respectively. The white lines denote the wire axis and the boundaries of source and drainelectrodes. The orientation of the scans a{d is the same as in Fig. 1a. The horizontal scale bars in Figs. a{d correspond to1�m. (e){(h) { Cross cuts of the SGM scans (Figs. a{d) made along the wire axis from the drain to the source electrodes.The cross cut in h was obtained after subtracting the smooth background

Fig. 3. Schematic band diagram of the InAs wire, here kis directed along the wire axis. Top subbands with smallkF < �=lcut form standing waves visualized in the SGMimages, as can be seen in Fig. 2. The lower lying subbandswith kF > �=lcut form the \disordered sea", and no indi-vidual channels can be distinguish in this caseby the surface roughness. They have a wavelength 1=kFcomparable to the length of the wire (2.6 �m) and can

form a standing electron wave due to the re
ection fromthe contact barriers [9].Lets focus on the alteration of the wavelength ofstanding electron wave with changing the back-gate volt-age. With decreasing VBG number of electrons and kFof the top subband decrease. Thus, number of nodes orhalf waves must decrease either. Standing waves with4, 3, and 2 nodes shown in Figs. 2a{c, e{g illustrate thistrend. With further decreasing of back-gate voltage thetop subband is depleted and the lower lying subbandforms a multi-node standing wave (see Figs. 2d, h). Thusthe depletion procedure of the top subband and forma-tion of the ballistic channel with standing wave by lowerlying subband is completed.We do not observe standing waves with a wavelengthless than lcut � 200nm. This is reasonable because thescattering rate for electrons with kF > �=lcut nm mustincrease dramatically because 200nm is close to the wirediameter of 100nm, thus no individual channels may bedistinguished. The zone with kF > �=lcut is labeled inFig. 3 as disordered sea. Additionally, the smallest tipto center of the wire distance is 250nm. Taking intoaccount the thickness of the SiO2 layer (dox = 100nm)�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012



Direct observation of standing electron waves : : : 117we can conclude that lcut is quite close to the spatialresolution of our current experimental setup.The exact mechanism of the in
uence of the ballisticelectrons on the total conductance of the wire has notbeen clear by now. Additional experiments at di�erenttemperatures need to be done.At �rst glance, we may attribute mechanism of thealtering of the total resistance by standing waves to Fanoresonances similar to the ones observed in carbon nan-otubes [15] or in a one-lead quantum dot [16]. Electronsmoving from source to drain may pass through a \dis-ordered sea" (Path A) maintaining some information oftheir phases or path through a ballistic channel with astanding wave (Path B). Altering energy level of chan-nel and muting it out of standing waves resonance withCoulomb potential created by charged tip [13] we altermutual phases of the electrons passed through Path Aand Path B [16]. If this mechanism is realized in thewire the decreasing of the temperature might result ina growing in
uence of the standing wave channel on thetotal resistance due to the increase of the phase coher-ence length [4].In conclusion, we performed scanning gate mi-croscopy measurements of an InAs quantum wire FETin the linear regime at high back-gate voltages when theresistance of the wire is of 30 k
. Standing electronwaves were observed in SGM scans. Their wavelengthdepends on the number of electrons in the wire. We at-tribute these standing waves to the presence of ballisticelectrons in the top subband of the InAs nanowire.We thank V.F. Gantmacher and V.T.Dolgopolov foruseful discussions. This work is supported by theRussian Foundation for Basic Research, programs of theRussian Academy of Sciences, the Program for Supportof Leading scienti�c Schools, and by the International
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