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NEGATIVE DIFFERENTIAL CONDUCTANCE IN InAs WIRE BASEDDOUBLE QUANTUM DOT INDUCED BY A CHARGED AFM TIPA. A. Zhukov a*, Ch. Volk b;, A. Winden b;, H. Hardtdegen b;, Th. Shäpers b;;daInstitute of Solid State Physis, Russian Aademy of Siene142432, Chernogolovka, RussiabPeter Grünberg Institut (PGI-9), Forshungszentrum Jülih52425, Jülih, GermanyJARA-Fundamentals of Future Information Tehnology, Forshungszentrum Jülih52425, Jülih, GermanydII. Physikalishes Institut, RWTH Aahen University52056, Aahen, GermanyReeived April 6, 2012We investigate the ondutane of an InAs nanowire in the nonlinear regime in the ase of low eletron densitywhere the wire is split into quantum dots onneted in series. The negative di�erential ondutane in thewire is initiated by means of a harged atomi fore mirosope tip adjusting the transpareny of the tunnelingbarrier between two adjoining quantum dots. We on�rm that the negative di�erential ondutane arises dueto the resonant tunneling between these two adjoining quantum dots. The in�uene of the transpareny of thebloking barriers and the relative position of energy states in the adjoining dots on the derease in the negativedi�erential ondutane is investigated in detail.Regarding the investigation of eletroni transportof, one-dimensional systems suh as InAs [1�5℄ andInN [6℄ nanowires, or arbon nanotubes [7, 8℄ beamethe fous of interest. One of the most e�etive meth-ods to investigate suh objets loally is a sanninggate measurement at room temperature [9℄ and heliumtemperatures [10, 11℄. This tehnique was also usedpreviously to investigate two-dimensional heterostru-tures [12�14℄ and graphene [15℄. Furthermore, in san-ning gate measurements performed at helium temper-atures, the separation of an InAs nanowire in inter-onneted quantum dots of di�erent sizes was demon-strated [10, 11℄.Negative di�erential ondutane (NDC) has beenfound in quantum dot strutures of di�erent types ofrealizations [16�20; 24℄. It was observed in quantumdots de�ned by split gates on two-dimensional eletrongases, where it has been regarded as a result of thepresene of exited states weakly oupled to the mainbath [16, 17℄. A negative di�erential ondutane hasalso been found in a linear array of metalli islands [18℄.There, the NDC mehanism is based on the ompeti-*E-mail: azhukov�issp.a.ru

tion between the forward rate of injeting harges intoa system, whih inreases with the bias, and the tun-neling rate aross some juntions, whih an be reduedwith inreasing the bias [18℄. A devie onsisting of asingle eletron transistor and an eletron box attahedto it as a gate was measured in [19℄. The authors re-ported a negative di�erential ondutane for a rangeof onditions. Furthermore, a negative di�erential on-dutane was observed in an espeially grown InAs p�i�n light-emitting diode [20℄.The aim of this paper is to indue a negative di�er-ential ondutane in an InAs nanowire. Furthermore,we want to identify the mehanism of negative di�eren-tial ondutane in a sequentially onneted double dotstruture in a nanowire or nanotube (see [24℄) by ad-justing the thikness of the tunneling barrier betweentwo adjoining quantum dots by a harged atomi foremirosope (AFM) tip. In these experiments, a thiktunneling barrier is neessary to eliminate the stronginrease in the urrent while the energy levels of thequantum dots are tuned out of resonane with inreas-ing the soure-to-drain voltage [25℄. In Ref. [24℄, theeletrohemial potential ould only be hanged in bothdots simultaneously, whereas in our experiments, we1212



ÆÝÒÔ, òîì 142, âûï. 6 (12), 2012 Negative di�erential ondutane in InAs : : :are able to shift the mutual positions of the energystates of both dots by means of a harged AFM tip.Therefore, our approah might help on�rm the theo-retial explanation suggested by Frannson and Eriks-son [25℄. The subjet of our work is therefore to realizea negative di�erential ondutane in an InAs wire byusing a harged AFM tip and to investigate how thise�et is in�uened by the tunneling barrier thiknessand the relative positions of energy levels of adjoiningquantum dots.The nominally undoped InAs nanowire used in ourexperiment was grown by seletive-area metal�organivapor-phase epitaxy [22℄. The diameter of the wires is100 nm. For the transport measurements, the nanowi-res are separated from the growth template and subse-quently plaed on a Si n-type doped (100) wafer overedwith an SiO2 insulating layer 100 nm thik. The dopedsilion substrate is used as a bak-gate to vary the ele-tron density in the nanowire by applying a bak-gatevoltage VBG. The evaporated ohmi Ti/Au ontatsto the wires and the markers of the searh pattern arede�ned by eletron beam lithography and lift-o�. Forthe sample studied here, the distane between the on-tats is 3.5 �m. A sanning eletron mirosopy imageof the sample under investigation is shown in Fig. 1a.All measurements are performed at T = 4:2 K. Theharged tip of a home-built sanning probe mirosope[23℄ for sanning gate imaging measurements is usedas a reloatable gate. We keep the tip 300 nm abovethe SiO2 surfae to eliminate any mehanial or ele-trial ontat of the tip to the nanowire. All sanninggate measurements are performed by keeping the po-tential of the sanning probe mirosope tip (Vt) andVBG onstant. The eletrial sheme of the sanninggate imaging measurements is shown in Fig. 1b.The ondutane of the wire during the san andthe ondutane as a funtion of the soure-to-drainvoltage (VSD) and VBG is measured in a two-probesheme. A standard lok-in tehnique by applying avoltage and measuring the urrent with a urrent am-pli�er is used. The amplitude of the driving AC voltageis VAC = 0:1 mV at a frequeny of 231 Hz.If jVt�VBGj < 50meV, no in�uene of the tip on theondutane of the wire is observed for VBG >5V. Atsuh high bak-gate voltages, no dot in the wire is ob-served. Hene, the whole wire-to-bak-gate apaitaneis muh lager than the wire-to-metalli-ontats onesand the potential of the wire is the same as VBG in thisase. The absene of the in�uene of the harged tipmeans that no additional impurity with its own hargeis sited on the tip.
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Fig. 1. a) Sanning eletron mirosope image of theInAs wire. Soure and drain ontat pads are markedby `S' and `D'. Positions of dots A and B are markedby arrows. The sale bar orresponds to 1 �m. Theretangle represents the area of sanning gate measure-ments at helium temperature. b ) Eletrial sheme ofthe measurements. The driving AC voltage is labeledas VAC ; the respetive tip, gate, and soure-to-drainDC voltages are labeled with Vt, VBG, and VSDTo loalize the losed dot in our wire, a prelimi-nary sanning gate measurement was performed (seeFig. 2a). This san was done at VBG = 1:725 V,VSD = �8 mV, and Vt = 0 V. The presene of twosmall dots in the wire is learly visible. The enters ofthe dots are labeled by `A' and `B' in Fig. 2a. Positionsof the dots are de�ned from the shape of the equipo-tential line and the position of the wire itself. Theauray of the de�nition of the dot positions is betterthan 100 nm and is omparable with the wire diameter.Both dots are formed by potential barriers reated bydefets of the wire rystal struture. Formation of dotsof suh a type was observed previously (see [10, 11℄).1213
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Fig. 2. a) Sanning gate measurement of the InAs wire made with Vt = 0, VBG = 1:725 V, and VSD = 8 mV. The positionof the sanning area is marked with a square in Fig. 1a. The positions of the enters of dots A and B are marked by squares.The tip position during measurements of the ondutane map as a funtion of VBG and VSD (see Fig. 3) is indiated by`�'. The dashed lines are guides to the eye and follow the equipotential lines of dot A (blak) and B (white). The whitehorizontal bar orresponds to 1 �m. The side olor bar represents the sale of the measured wire ondutane. Figures b,show the ondition for the alignment of the energy levels of dots A and B for di�erent tip voltages (Vt) and soure-to-drainvoltages (VSD). To maintain the alignment of the energy levels of both dots, a higher soure-to-drain voltage VSD (Fig. b )< VSD (Fig. ) must be applied in the ase where Vt (Fig. b ) > Vt (Fig. ) and where the distane from the tip to dot B issmaller than the orresponding distane to dot A. Images d to f demonstrate the modi�ation of the band pro�le along theInAs wire with inreasing Vt. An inrease in Vt not only results in an inreasing opaity of the drain-side bloking barrier(Fig. e) but also opens an additional ondutivity hannel through the energy state of dot B (Fig. f, dashed arrows)No additional small and losed dots beyond dots A andB were observed with SGM sanning all over the wire.For the next set of experiments, we plaed the tip inan asymmetri position between the two dots but out-side the wire to eliminate any possibility of mehanialor eletrial ontat between the harged tip and thedot (f. the asterisk in Fig. 2a). By varying the tipvoltage, we an simultaneously alter the opaity of de-pletion regions of the tunneling barrier separating thedots and hange the mutual positions of the energylevels of the dots. The apaitane of the tip to theloser plaed dot is larger than one of the tip to thedot at larger distane. The resulting wire ondutanemaps as funtions of VSD and VBG measured at var-ious tip voltages are presented in Fig. 3. A negativedi�erential ondutane is learly visible in the experi-mental data measured at Vt = 0, 1 V, as an be seen inFig. 3a,b. Remains of this e�et are still observable inFig. 3 (Vt = 2V), while the negative di�erential on-dutane vanishes ompletely at Vt = 3V, as an beseen in Fig. 3d. The inset of Fig. 3 shows the ross se-tions of Fig. 3a� measured at VBG = 1:175V, 1.020V,0.910V.

The experimental results of the sanning gate mea-surements are presented in Fig. 4. All measurementsare performed at Vt = 0 and VSD = �8mV inaordane with the experimental data presented inFig. 3 (inset). The VBG values 1.1750V, 1.1775V, and1.1800V were applied during the respetive sans inFig. 4. The range of the bak-gate voltages where anNDC is observed is in good agreement with the on-dutane mapping shown in Fig. 3a. Some asymmetryof the sanning gate imaging pitures is due to the non-perfet shape of the AFM tip.We now disuss the obtained experimental resultsin more detail. It is easy to distinguish the doublestruture of the Coulomb diamonds dediated to thetwo small losed quantum dots previously labeled as`A' and `B' (see Figs. 3�d, dashed lines). This doublestruture is typial for quantum dots onneted in se-ries [11℄. The negative di�erential ondutane foundat negative values of the VSD has been observed pre-viously in double-dot strutures de�ned in a arbonnanotube [24℄ and has been explained in Ref. [25℄ bythe asymmetry due to dots of di�erent sizes.1214
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Fig. 3. a�d) Condutane maps of the InAs nanowire as a funtion of the soure-to-drain voltage and bak-gate voltage atdi�erent tip voltages Vt = 0, 1 V, 2 V, 3 V. The tip position is indiated in Fig. 2d. A negative di�erential ondutane islearly seen for measurements made at Vt = 0, 1 V. The arrows mark the ondutane lines of Coulomb diamonds of dot A(blak) and B (white) for high (noses up) and low (noses down) bak-gate voltages. Lines on Figs.  and d are additionalguides to the eye to emphasise the positions of the Coulomb diamonds of dot A (blak) and dot B (white) for negative biasvoltages. Note the mutual shift of the energy levels of dots A and B at di�erent tip voltages. The inset shows ross setionsof di�erential ondutane vs. VSD for di�erent tip voltages Vt = 0, 1 V, 2 V respetively measured at VBG = 1:175 V,1:020 V, 0:910 V in (a), (b ), and (). The shift of the negative di�erential ondutane to lower values of the VSD forhigher Vt is learly visible. Artifats in Fig. d at high biases and high VBG are due to the overload of the urrent ampli�erThe mutual positions of the energy levels of dotsA and B strongly depend on the tip voltage and isgoverned by the di�erent apaitane between the tipto dot A (tA) and the tip to dot B (tB) (see thearrow markers in Fig. 3). Comparing Figs. 3 and3d, it is easy to see that position of Coulomb blok-ade diamond of dot A is shifted by 0.10 V (VBGaxis), while the diamond of dot B is shifted by 0.15 Vwhen the tip voltage is inreased by 1 V. The shiftof the position Coulomb blokade diamond is propor-tional to tA(B)=A(B)�BG. Taking into aount that�A � �B = 0:1 (where �A(B) = A(B)�BG=A(B)total,A(B)�BG is the apaitane of dot A (B) to thebak gate and A(B)total is the total apaitane ofdot A (B)) and the fat that parameter �A(B) isstrongly depended on the size of the dot formedwith a wire or nanotube, we an onlude thatA�BG � B�BG and Atotal � Btotal. We hene ob-

tain that (tB=B�BG)=(tA=B�BG) � tB=tA � 1:5.This result is in good qualitative agreement with thegeometry of the experiment (f. Fig. 2a).The relative position shift of the energy levels fordots A and B at di�erent tip voltages results in a shiftof the region where negative di�erential ondutaneours, as an be inferred from the experimental datain the inset of Fig. 3. This e�et is also illustratedin Fig. 2b,. To maintain the mutual energy level po-sitions of the dots, the applied tip voltage in Fig. 2bmust be larger than Vt in Fig. 2.In the set of experiments presented in Fig. 3, theinreasing opaity of the tunneling barrier results in asuppression of the negative di�erential ondutane, asan be seen in Fig. 2d�f. In Fig. 2d, the drain barrierof dot A is losed. The presene of a negative di�er-ential ondutane is expeted in this ase when theenergy level of dot A is shifted out of resonane with1215
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Fig. 4. Sanning gate measurements of an InAs wiremeasured at Vt = 0, VSD = 8 mV, and VBG == 1:1750 V (a), 1:1775 V (b ), 1:1800 V () are pre-sented. In Figs. b, and , the negative di�erentialline governed by the dot A ondutane is eliminatedabruptly while rossing the line of peak ondutane ofdot B. The sale bar orresponds to 1 �m for all threeimages. The white triangles mark positions of the tipused to evaluate the mutual shift of the energy levelsof quantum dots

the lower energy level of dot B. In Fig. 2e, the barrieris slightly open, whereas in Fig. 2f, the barrier is openompletely with the onsequene that the negative dif-ferential ondutane is destroyed. This is in agree-ment with theoretial alulations made by Franssonand Eriksson [25℄.In ase of narrow energy level widths for both dots,the NDC must be present in sanning gate measure-ments as one or two small areas plaed symmetriallyagainst the wire axis. Aording to the inset of Fig. 3,the NDC is quite stable with respet to mutual energylevel positions of both dots and therefore the area ofNDC in sanning gate measurement looks like a line,as an be seen in Fig. 4a,b.An additional mehanism of the negative di�eren-tial ondutane suppression is also presented in theset of sanning gate measurements. Figure 4b demon-strates the derease of the negative di�erential ondu-tane e�et when the line of negative di�erential on-dutane of dot A rosses the ondutane peak line ofdot B. A similar but less pronouned e�et is observedin Fig. 4a. Thus, by using the sanning gate measure-ments, we found that the additional ondutivity han-nel through the higher energy state of dot B plays aruial role in suppressing of the negative di�erentialondutane as the tip moves along the equipotentialline of dot A. This mehanism is depited in Fig. 2f,where the additional hannel through the upper energylevel of dot B is labeled by a dashed arrow.To show that negative di�erential ondutane isnot suppressed by the shift of the mutual energy levelpositions of the dots, we alulate this shift in thease where the tip is moving along an equipotentialline from the tip losest to the dot B position (markedwith up nose white triangle, Fig. 4b ) to the most dis-tant position where the negative di�erential ondu-tane is observed (marked with down nose white trian-gle, Fig. 4b ). We use the bottom part of the piture be-ause the upper part is deformed by a nonperfet shapeof the tip. Taking into aount that the enter of the tipis plaed approximately �z = 400 nm above the sam-ple surfae, it is possible to represent the dependeneof the tip-to-dot apaitane on the lateral distane be-tween the enter of the dot A (B) and the tip position(�rA(B)) as tA(B) / f(rA(B)) = (�r2A(B) +�z2)�0:5.This approximation works quite well beause the alu-lated value f(rB1)=f(rA1) = tB=tA = 1:52 is in goodagreement with the experimentally obtained value 1.5;here, rA1 = 0:25�m and rB1 = 0:6�m are the lateraldistanes from the tip to dot A and dot B (see Fig. 2a).Using this approximation it is therefore possible to eval-uate the mutual shift of the energy levels �Emutual =1216



ÆÝÒÔ, òîì 142, âûï. 6 (12), 2012 Negative di�erential ondutane in InAs : : := ��t�V (f(rBl) � f(rBfar))=f(rB1) = 3:3 meV,where � = B�BG=Btotal = 0:1, � = tB=B�BG == 0:1, �V = VBG � Vt = 1:2 V (these are the voltagesin sanning gate mirosopy measurements presentedin Fig. 4), and rBl = 0:2�m and rBfar = 0:45�m arethe losest and the farthest lateral distanes from thetip to the enter of dot B (see Fig. 4b ). The obtainedvalue is less than 5 meV of the experimentally observednegative di�erential ondutane region for Vt = 0 (seethe inset to Fig. 3). The mutual shift of the dot energylevels alulated for Fig. 4a is equal to 2.0 meV.When the tip is plaed above one of the dots (dot B)while the negative di�erential ondutane takes plae(see Fig. 3), the mehanism of the negative di�eren-tial ondutane derease is not quite lear. The en-ergy level misalignment of both dots and the inreas-ing opaity of the tunneling barrier between them oursimultaneously, and it is therefore impossible to distin-guish between these mehanisms of destrution.In onlusion, we performed transport measure-ments at helium temperatures on a bak-gated InAsnanowire at low eletron density when the wire is splitinto quantum dots onneted in series. By adjustingthe opaity of the tunneling barrier between the twolosed quantum dots by means of a harged AFMtip, a negative di�erential ondutane is indued inthe system. The shift of the VSD regions where theNDC ours while a di�erent tip voltage indues analteration of the mutual energy level positions of thedots on�rms the explanation suggested in Ref. [25℄.It is shown that a suppression of the negative di�er-ential ondutane an be attributed to an additionalondutivity hannel through the energy state of theneighboring quantum dot if the tip also moves along apartiular equipotential trajetory.This work was supported by the Russian Foun-dation for Basi Researh (grants �� 10-02-00198-a,11-02-00620-a, 11-02-12071-o�-m-2011, 12-02-00272-a),and by the International Bureau of the German FederalMinistry of Eduation and Researh within the projetRUS 09/052. REFERENCES1. A. C. Ford, J. C. Ho, Yu-Lun Chueh et al., Nano Lett.9, 360 (2009).2. C. Thelander, T. Martensson, M. T. Björk et al., Appl.Phys. Lett. 83, 2052 (2003).3. M. She�er, S. Nadj-Perge, L. P. Kouwenhoven et al.,J. Appl. Phys. 106, 124303 (2009).
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