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DISTORTIONS OF THE COULOMB BLOCKADE CONDUCTANCELINE IN SCANNING GATE MEASUREMENTS OF InAs NANOWIREBASED QUANTUM DOTSA. A. Zhukov a*, Ch. Volk b;
, A. Winden b;
, H. Hardtdegen b;
, Th. S
häpers b;
;daInstitute of Solid State Physi
s, Russian A
ademy of S
ien
es142432, Chernogolovka, Mos
ow Region, RussiabPeter Grünberg Institut (PGI-9), Fors
hungszentrum Jüli
h52425, Jüli
h, Germany
JARA-Fundamentals of Future Information Te
hnology, Fors
hungszentrum Jüli
h52425, Jüli
h, GermanydII. Physikalis
hes Institut, RWTH Aa
hen Universität52056, Aa
hen, GermanyRe
eived February 28, 2012We performed measurements at helium temperatures of the ele
troni
 transport in the linear regime in anInAs quantum wire in the presen
e of a 
harged tip of an atomi
 for
e mi
ros
ope (AFM) at low ele
tron
on
entration. We show that at 
ertain 
on
entration of ele
trons, only two 
losely pla
ed quantum dots, bothin the Coulomb blo
kade regime, govern 
ondu
tan
e of the whole wire. Under this 
ondition, two types ofpe
uliarities � wobbling and splitting � arise in the behavior of the lines of the 
ondu
tan
e peaks of Coulombblo
kade. These pe
uliarities are measured in quantum-wire-based stru
tures for the �rst time. We explain bothpe
uliarities as an interplay of the 
ondu
tan
e of two quantum dots present in the wire. Detailed modelingof wobbling behavior made in the framework of the orthodox theory of Coulomb blo
kade demonstrates goodagreement with the obtained experimental data.DOI: 10.7868/S00444510130101581. INTRODUCTIONDuring the last de
ade, measurements of the 
on-du
tan
e of low-dimensional systems using a 
hargedAFM tip as a mobile gate (s
anning gate mi
ros
opymeasurements or SGM measurements) proved to bea powerful and e�
ient method. Using this te
h-nique, di�erent types of mi
ro- and nanostru
tures havebeen investigated su
h as quantum point 
onta
ts [1�3℄,quantum rings [4℄, and quantum dots based on hetero-jun
tions [5�7℄, graphene [8, 9℄, 
arbon nanotubes [10�12℄, and InAs nanowires [13, 14℄.While experiments on 
arbon nanotubes did notresult in essentially new e�e
ts (the potential pro�lealong the nanotubes was measured in [10℄ and thestability of the 4-fold energy level degenera
y against*E-mail: azhukov�issp.a
.ru

long-range Coulomb potential disturban
es was 
on-�rmed in [12℄), several unexpe
ted experimental re-sults on quantum dots based on graphene have beenobtained [8, 9℄. The presen
e of bound states in the
onta
t 
onstri
tion regions was shown and, addition-ally, wobbling and splitting of the Coulomb blo
kade
ondu
tan
e line [8, 9℄ were observed. While the split-ting of the Coulomb blo
kade 
ondu
tan
e lines wasexplained as the 
rossing of the state of two neighbor-ing dots [8, 9℄, the me
hanism of the wobbling of theselines remains un
lear.One of the problems to be solved before any spe
u-lations on the physi
al me
hanism of the observed e�e
tis the 
orre
t interpretation of the results of SGM mea-surements. The initial statement that SGM experimen-tal results are intuitively 
lear is not always 
orre
t; forexample, both splitting gates served to form the stru
-ture under investigation [15℄ and 
harged diele
tri
 dirton the 
ondu
tive tip [6℄ result in additional artifa
ts158
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Fig. 1. S
anning ele
tron mi
ros
ope image of the InAswire. The sour
e and drain 
onta
t pads are marked by�S� and �D�. The s
ale bar 
orresponds to 2 �m. There
tangle represents the area of the s
anning gate mea-surements at helium temperature. The position of thetip during the transport measurements (VSD vs VBG)is marked by an asteriskin the SGM experimental data. Thus, not only theexpli
itly interpreted experimental SGM data but alsoadditional simulations and model 
al
ulations of theSGM measurements are absolutely ne
essary [6, 15℄.In this paper, we present SGM experimental resultsmeasured in an InAs quantum wire at helium temper-ature. Wobbling and splitting of the Coulomb blo
k-ade 
ondu
tive lines are observed. The obtained ex-perimental results are interpreted within a model thatinvolves two quantum dots 
onne
ted in series. Cal
u-lations fo
used on the wobbling behavior of SGM s
ansin the framework of the orthodox theory of Coulombblo
kade for di�erent mutual 
apa
itive 
ouplings be-tween two dots are also presented.2. EXPERIMENTALThe InAs undoped nanowire used in our experimentwas grown by sele
tive-area metal�organi
 vapor-phaseepitaxy [16℄. The wire diameter is 100 nm. For ourtransport measurements, the wire was transferred toan n-type doped Si (100) wafer 
overed by a 100 nmthi
k SiO2 insulating layer. The doped sili
on substrateserves as the ba
k gate. The evaporated Ti/Au 
on-ta
ts to the wire and the markers of the sear
h pat-tern were de�ned by ele
tron-beam lithography. The

distan
e between the 
onta
ts is 3.5 �m. A s
anningele
tron mi
ros
opy image of the sample under inves-tigation is presented in Fig. 1; the re
tangle marks thearea of the s
anning gate measurements.The measurements were performed at T = 4:2 K.The 
harged tip of a home-built s
anning probe mi
ro-s
ope [17℄ is used as a mobile gate during s
anning gateimaging measurements. We left the tip 300 nm abovethe SiO2 surfa
e, in order to eliminate any me
hani-
al or ele
tri
al 
onta
t of the tip with the InAs wireor metalli
 
onta
ts. All s
anning gate measurementswere performed keeping the potential of the s
anningprobe mi
ros
ope tip (Vt) and the ba
kgate voltage(VBG) 
onstant. The ele
tri
al 
ir
uit of the s
anninggate imaging measurements is presented elsewhere [12℄.3. EXPERIMENTAL RESULTSThe 
ondu
tan
e of the wire during the s
an andthe 
ondu
tan
e as a fun
tion of the sour
e-to-drainvoltage (VSD) and VBG is measured in a two-terminals
heme by using the standard lo
k-in te
hnique. Here,a driving AC voltage with the amplitude VAC = 0:1mVat a frequen
y of 231 Hz is applied while the 
urrent ismeasured with a 
urrent ampli�er.The wire 
ondu
tan
e map as a fun
tion of VSD andVBG is presented in Fig. 2. The tip voltage Vt = 4 Vis applied during this experiment. The position of thetip is marked by an asterisk in Fig. 1. The experimen-tal data revealed a quite 
omplex Coulomb diamondstru
ture, whi
h is typi
al for system of two or morequantum dots 
onne
ted in series [18, 19, 13℄. For-mation of dots in the quantum wire o

urs be
ause ofdefe
ts in the wire 
rystal stru
ture.Figure 3 presents the set of the s
anning gate mea-surements performed with the 
onstant tip voltageVt = 4 V. Here, the ba
kgate voltages were in
reasedsu

essively from VBG = 0:89 V (Fig. 3a) in steps of10 mV to the �nal value VBG = 1:06 V (Fig. 3r). Thisset of SGM measurements demonstrates the formationof two quantum dots in the InAs wire 
onne
ted inseries. Some asymmetry of the s
anning gate imagingpi
tures is due to the nonperfe
t shape of the AFM tip.The 
enters of the two observed dots are pla
ed approx-imately 350 nm apart, as 
an be seen in the enlargeds
an shown in Fig. 4a.The set of experiments presented in Fig. 3 was in-tended to reveal the formation of the double-dot stru
-ture in the most expli
it way and to eliminate any sus-pi
ions about the possibility of a more 
omplex stru
-ture realized in the InAs nanowire in the relevant rangeof ba
kgate voltages. With in
reasing the ba
kgate159
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0Fig. 2. Condu
tan
e map measured at 4:2 K as a fun
tion of the sour
e-to-drain voltage and ba
kgate voltage. The doubleCoulomb blo
kade pattern reveals the presen
e of at least two quantum dots 
onne
ted in series. The applied tip voltage isVt = 4 V, the tip position is marked by the asterisk in Fig. 1
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rFig. 3. Series of s
anning gate measurements of the InAs nanowire measured from VBG = 0:89 V to 1:06 V in steps of10 mV. The tip voltage is kept 
onstant at 4 V. Brighter areas 
orrespond to a higher 
ondu
tan
e. In (a), the positions ofdots 1 and 2 are respe
tively marked with grey and white 
ir
les. Coulomb blo
kade 
ondu
tan
e lines with wobbling (in(n) and (r)) are marked with arrows. The s
ale bar 
orresponds to 1 �m for all imagesvoltage, dot 1 (the left one in Fig. 3) starts to be �lledwith ele
trons, then dot 2 (the right one) starts to beo

upied with ele
trons. As dot 2 is �lled with ele
-trons, the resistan
e of the InAs nanowire de
reases be-low 100 M
. In Fig. 3n, the wobbling of the Coulombblo
kade 
ondu
tive line of dot 2 o

urs for the �rsttime at VBG = 1:02 V. Subsequently, with in
reas-ing the ba
kgate voltage, the wobbling is suppressed(Fig. 3o�q) and then revives at VBG = 1:06 V, as 
anbe seen in Fig. 3r. To reveal the interplay of the 
on-du
tan
e of both dots, Fig. 4a reprodu
es Fig. 3n withadditional dashed lines 
orresponding to the lines of
ondu
tan
e minimums of dot 1 (grey) and lines of 
on-du
tan
e peaks of dot 2 (white).Figure 4b shows a s
anning gate measurement madeat Vt = 4 V and VBG = 1:40 V. It is 
learly seen that atthe higher ba
kgate voltage, a new feature, the splittingof the Coulomb blo
kade 
ondu
tive lines, is observed(marked with arrows) in addition to the wobbling ofthe Coulomb blo
kade 
ondu
tive lines. A similar be-havior of the Coulomb blo
kade 
ondu
tan
e lines was

observed in a graphene-based quantum dot [9℄. In [9℄,the splitting of the Coulomb blo
kade 
ondu
tan
e lineswas interpreted as the 
rossing of the state of two neigh-boring dots with mutual Coulomb intera
tion, but thewobbling of the Coulomb blo
kade 
ondu
tan
e lineswas not explained.4. THEORETICAL SIMULATIONS OF SGMMEASUREMENTS AND DISCUSSIONThe main aim of simulations in framework of theorthodox theory of Coulomb blo
kade is to 
on�rm thestatement that the physi
al me
hanism of wobbling isbased on the interplay, revealed with SGM of the 
on-du
tan
e of two quantum dots 
onne
ted in series (seeFigs. 3 and 4). To show the in�uen
e of the param-eters of the quantum dots on the SGM presented inFigs. 3n�r, we performed SGM simulations for di�er-ent widths of the quantum dot energy levels and theirmutual Coulomb intera
tions.In our 
al
ulations, generally speaking, we need to160
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Fig. 4. a � A s
anning gate measurement of the InAswire measured at Vt = 4 V and VBG = 1:02 V (
opy ofFig. 3n). Grey and white dotted lines are respe
tivelyvalley and peaks of the Coulomb blo
kade 
ondu
tan
eof dots 1 and 2. The positions of dot 1 and 2 are markedby grey and white dots. b � S
anning gate measure-ment performed at Vt = 4 V and VBG = 1:40 V. Thepositions of the splitting of the Coulomb 
ondu
tan
elines are marked by arrows. The s
ale bar 
orrespondsto 1 �m in both imagestake into a

ount the dot-1(2)-to-ba
kgate 
apa
itan
eC1(2)BG, the dot-1(2)-to-tip 
apa
itan
e C1(2)t, the mu-tual 
apa
itan
e of the dots Cm, and the 
apa
itan
eof the dot 1(2) to the left(right) 
onta
t CL(R). The
harging energy of the individual dot and the mutual
harging energy of both dots 
an then be expressedas [20℄ EC1 = e2C1 �1� C2mC1C2��1 ;EC2 = e2C2 �1� C2mC1C2��1 ;ECm = e2Cm � C2mC1C2 � 1��1 ;

where C1(2) = CL(R) + C1(2)BG + C1(2)t + Cmis the sum of all 
apa
itan
es atta
hed to dot 1(2).Taking into a

ount thatC1(2)t � Ct(r1(2))� C1(2)BGfor any tip-to-dot-1(2) distan
e (r1(2)) be
ause thethi
kness of the SiO2 layer is 100 nm and the tip is300 nm above the sample surfa
e during s
anning gatemeasurements, the expression of the total 
apa
itan
eof dot 1(2) 
an be simpli�ed to the formC1(2) = CL(R) + C1(2)BG + Cm:In our 
al
ulations, we assume that the lever arm for
harging the nanowire by the ba
kgate voltage is 
on-stant, � = C1(2)BGC1(2) = 14 :This value seems to be reasonable taking into a

ountthat the voltage drop a
ross a single quantum dot is twotimes smaller than the applied sour
e-to-drain voltage(see Fig. 2). For simpli
ity, we setC1BG = C2BG; C1 = C2:The positions of the bottom of dots 1 and 2 are set to�01 = �0:05 eV and �02 = �0:15 eV.We used the standard formulas for the ele
tro
he-mi
al potential in quantum dots [20℄:�1(N1; N2) � U(N1; N2)� U(N1 � 1; N2) == �N1 � 12�EC1 +N2ECm �� 1jej(C1BGVBGEC1 + C2BGVBGECm ++ C1tVtEC1 + C2tVtECm) (1)and�2(N1; N2) � U(N1; N2)� U(N1; N2 � 1) == (N2 � 12)EC2 +N1ECm �� 1jej (C2BGVBGEC2 + CBGVBGECm ++ C2tVtEC2 + C1tVtECm): (2)In our 
al
ulations, we setEC1 = EC2 = 13 meV; Vt = 4 V:11 ÆÝÒÔ, âûï. 1 161
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Fig. 5. Series of simulated s
anning gate measurements. Simulations are performed for Vt=4 V and for VBG values from�0:184 V to �0:152 V in steps of 4 mV. Other simulation parameters are spe
i�ed in the text. The outer Coulomb blo
kade
ondu
tan
e line with wobbling is marked by an arrowThe expression for C1(2)t is in
luded in the formC1(2)t(r) == 2Rts�x21(2)+�y21(2)+�zt+Rt�Dwire2 �2 �� 2Rts�x21(2)+�y21(2)+�zt+Rt+2Æz� +Dwire2 �2 ;where�x1(2) and�y1(2) are the positions of the tip rel-ative to the 
enter of quantum dot 1(2), Rt = 100 nmis the tip radius, Dwire = 100 nm is the nanowire di-ameter, and zt = 300 nm is the height of the tip abovethe substrate surfa
e. In our simulations, the quantumdots are pla
ed 300 nm apart of ea
h other.The 
ondu
tan
e through the double-dot system inthe linear regime is determined by sequential tunnelingthrough both dots. In our SGM experiment, the widths

of the energy levels of the quantum dots are essentiallylarger than the temperature, and therefore the Lorentzshape broadening of the energy levels 
an be used [21℄.We therefore use the formulaI / �21�21 + �21 �22�22 + �22for the 
urrent through the system, where �1 and �2are the level widths of dot 1 and 2. The Fermi-levelenergy is assumed to be zero.We �rst performed 
al
ulations to illustrate the en-velope and the transformation of the wobbling of the
ondu
tan
e peak line of the Coulomb blo
kade within
reasing the ba
kgate voltage. In our simulations, wekept the tip voltage 
onstant, Vt = 4 V. The ba
kgatevoltage VBG is equal to �0:184 V in Fig. 5a and isin
reased gradually in steps of 4 mV to �0:152 V inFig. 5i. The energy level widths of the quantum dotsare �1 = 1 meV and �2 = 2 meV.It is 
learly seen that wobbling is most pronoun
ed162
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a b

Fig. 6. Two simulated SGM for Vt = 4 V and VBG == �0:184 V (a) and �0:152 V (b), whi
h are the sameas in Fig. 5a and Fig. 5f. The value of level width forboth dots is �1 = �2 = 1 meV. No wobbling of theCoulomb 
ondu
tan
e peak lines is observedwhen the Coulomb blo
kade 
ondu
tan
e peak linesfrom two dots 
oin
ide for quite a long distan
e (seeFig. 5a,b and Fig. 5h�i) and is smeared at intermediategate voltages�0:172 V � VBG � �0:164 V(Fig. 5d�f). This is similar to the measured experimen-tal data in Fig. 3o�q. To observe the wobbling, it isne
essary that the energy level broadening of one ofthe dots be larger than that of the other. Otherwise,the SGM image is similar to images presented in Fig. 6aand Fig. 6b. Here, the 
al
ulations are performed withthe same parameters as in Fig. 5a and Fig. 5f, ex
eptfor the level width, whi
h is the same for both dots�1 = �2 = 1 meV.Wobbling has been observed previously in a gra-phene-based quantum dot [9℄. The observed featurewas interpreted in terms of a parti
ular stru
ture ofthe quantum 
on�nement of the quantum dot formedby split gates. Based on our simulations, we suggestanother explanation of this e�e
t. We suppose the pres-en
e of a double quantum dot stru
ture in the system[9, 15℄. The se
ond dot may be formed with weaklybound states similar to those in 
onta
t 
onstri
tions.The 
ondu
tan
e peak lines of the Coulomb blo
kade
reated by this se
ond open quantum dot 
an inter-play with the 
ondu
tan
e peak lines of the 
losed dot,resulting in the observed wobbling.Figure 7 shows simulations of the s
anning gatemeasurements for di�erent values of the mutual 
a-pa
itan
e Cm or ele
trostati
 
oupling energies ECm.The values of the ba
kgate voltage and tip voltage arekept 
onstant, Vt = 4 V and VBG = 1 V. The val-ues of the level widths of both dot 1 and dot 2 are

�1 = 1 meV and �2 = 2 meV. While the value of theele
trostati
 
oupling energy is 
omparable with thewidths of the quantum dot energy levels, the 
rossingof the Coulomb blo
kade 
ondu
tan
e peak lines o
-
urs similarly to the one observed experimentally (seeRef. [7℄). At higher values of the ele
trostati
 
ou-pling energy (see Figs. 7h�i), when ECm is 
omparablewith EC1(2), a 
omplete redistribution of the Coulombblo
kade 
ondu
tan
e peak lines o

urs in a mannerof the formation of a single larger quantum dot, as isexpe
ted [20℄.It is worth noting that at high values of ECm, an-other type of wobbling of the Coulomb blo
kade 
on-du
tan
e peak lines develops (regime II). In this regime,the spatial variation of line wobbling is 
onsiderablylarger than the line width 
aused by the energy levelbroadening as it was obtained in the 
ase of a doubledot with no mutual 
apa
itan
e (see Fig. 3n and Fig. 4rfor experimental data and Fig. 5a and Fig. 5f for SGMsimulations).To eliminate artifa
ts 
aused by metalli
 split gates,a double-dot stru
ture formed by lo
al anodi
 oxidationwas investigated in [7℄. No wobbling of the Coulombblo
kade 
ondu
tan
e lines was observed. This result isin good agreement with our simulations: no wobblingis expe
ted while the energy levels widths of both dotsare the same (see Fig. 6) and the mutual 
apa
itan
eenergy (ECm) is larger than the energy level widths (
f.Fig. 7e,f). 5. CONCLUSIONSIn 
on
lusion, we performed s
anning gate mi-
ros
opy measurements of an InAs quantum wire inthe linear regime at low ele
tron densities. We showusing SGM data that at a 
ertain range of ba
kgatevoltages, the wire is split into two quantum dots 
on-ne
ted in series. In this regime, wobbling and split-ting of the Coulomb blo
kade 
ondu
tan
e peak linesare observed. Both e�e
ts are explained as the inter-play of the 
ondu
tan
e of two quantum dots presentin the system. Simulations of the wobbling in theframework of the orthodox theory of Coulomb blo
k-ade involved two quantum dots 
onne
ted in seriesdemonstrate good agreement with the experimentallyobtained SGM data.The same model simulations of s
anning gatemi
ros
opy measurements are performed for di�erentvalues of the mutual 
apa
itan
e of quantum dots. Itis found that the wobbling of the Coulomb blo
kade
ondu
tan
e peak lines o

urs in two di�erent regimes.163 11*
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Fig. 7. Set of simulated s
anning gate measurements. The simulations are performed for Vt = 4 V and VBG = �0:184 V.The respe
tive values of mutual 
apa
itan
e energy ECm are 0, 0:4, 0:6, 0:8, 1, 2, 3, 4, and 5 meV for (a) through (i).Other 
al
ulation parameters are spe
i�ed in the text. Note that in (i), the wobbling of the Coulomb 
ondu
tan
e peaklines in a zig-zag manner revives (regime II)The �rst regime is realized at the energy of the mutual
apa
itan
e smaller than the energy level widths andthe se
ond o

urs at a value of the mutual 
apa
-itan
e of the order of the total 
apa
itan
e of the dots.This work is supported by the Russian Founda-tion for Basi
 Resear
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