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We performed measurements at helium temperatures of the ele troni
InAs

quantum wire in the presen e of a

on entration. We show that at

ertain

harged tip of an atomi

transport in the linear regime in an

for e mi ros ope (AFM) at low ele tron

on entration of ele trons, only two

in the Coulomb blo kade regime, govern

losely pla ed quantum dots, both

ondu tan e of the whole wire. Under this

pe uliarities  wobbling and splitting  arise in the behavior of the lines of the

ondition, two types of

ondu tan e peaks of Coulomb

blo kade. These pe uliarities are measured in quantum-wire-based stru tures for the rst time. We explain both
pe uliarities as an interplay of the

ondu tan e of two quantum dots present in the wire. Detailed modeling

of wobbling behavior made in the framework of the orthodox theory of Coulomb blo kade demonstrates good
agreement with the obtained experimental data.
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1. INTRODUCTION

During the last de ade, measurements of the ondu tan e of low-dimensional systems using a harged
AFM tip as a mobile gate (s anning gate mi ros opy
measurements or SGM measurements) proved to be
a powerful and e ient method. Using this te hnique, dierent types of mi ro- and nanostru tures have
been investigated su h as quantum point onta ts [13℄,
quantum rings [4℄, and quantum dots based on heterojun tions [57℄, graphene [8, 9℄, arbon nanotubes [10
12℄, and InAs nanowires [13, 14℄.
While experiments on arbon nanotubes did not
result in essentially new ee ts (the potential prole
along the nanotubes was measured in [10℄ and the
stability of the 4-fold energy level degenera y against
* E-mail:

azhukovissp.a .ru

long-range Coulomb potential disturban es was onrmed in [12℄), several unexpe ted experimental results on quantum dots based on graphene have been
obtained [8, 9℄. The presen e of bound states in the
onta t onstri tion regions was shown and, additionally, wobbling and splitting of the Coulomb blo kade
ondu tan e line [8, 9℄ were observed. While the splitting of the Coulomb blo kade ondu tan e lines was
explained as the rossing of the state of two neighboring dots [8, 9℄, the me hanism of the wobbling of these
lines remains un lear.
One of the problems to be solved before any spe ulations on the physi al me hanism of the observed ee t
is the orre t interpretation of the results of SGM measurements. The initial statement that SGM experimental results are intuitively lear is not always orre t; for
example, both splitting gates served to form the stru ture under investigation [15℄ and harged diele tri dirt
on the ondu tive tip [6℄ result in additional artifa ts
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distan e between the onta ts is 3.5 m. A s anning
ele tron mi ros opy image of the sample under investigation is presented in Fig. 1; the re tangle marks the
area 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 ros ope [17℄ is used as a mobile gate during s anning gate
imaging measurements. We left the tip 300 nm above
the SiO2 surfa e, in order to eliminate any me hanial or ele tri al onta t of the tip with the InAs wire
or metalli onta ts. All s anning gate measurements
were performed keeping the potential of the s anning
probe mi ros ope tip (Vt ) and the ba kgate voltage
(VBG ) onstant. The ele tri al ir uit of the s anning
gate imaging measurements is presented elsewhere [12℄.

S
*

D

3. EXPERIMENTAL RESULTS
Fig. 1. S anning ele tron mi ros ope image of the InAs

wire. The sour e and drain

onta t pads are marked by

S and D. The s ale bar

orresponds to

2 m.

The

re tangle represents the area of the s anning gate measurements at helium temperature. The position of the

VSD

tip during the transport measurements (

vs

VBG )

is marked by an asterisk

in the SGM experimental data. Thus, not only the
expli itly interpreted experimental SGM data but also
additional simulations and model al ulations of the
SGM measurements are absolutely ne essary [6, 15℄.
In this paper, we present SGM experimental results
measured in an InAs quantum wire at helium temperature. Wobbling and splitting of the Coulomb blo kade ondu tive lines are observed. The obtained experimental results are interpreted within a model that
involves two quantum dots onne ted in series. Cal ulations fo used on the wobbling behavior of SGM s ans
in the framework of the orthodox theory of Coulomb
blo kade for dierent mutual apa itive ouplings between two dots are also presented.
2. EXPERIMENTAL

The InAs undoped nanowire used in our experiment
was grown by sele tive-area metalorgani vapor-phase
epitaxy [16℄. The wire diameter is 100 nm. For our
transport measurements, the wire was transferred to
an n-type doped Si (100) wafer overed by a 100 nm
thi k SiO2 insulating layer. The doped sili on substrate
serves as the ba k gate. The evaporated Ti/Au onta ts to the wire and the markers of the sear h pattern were dened by ele tron-beam lithography. The

The ondu tan e of the wire during the s an and
the ondu tan e as a fun tion of the sour e-to-drain
voltage (VSD ) and VBG is measured in a two-terminal
s heme by using the standard lo k-in te hnique. Here,
a driving AC voltage with the amplitude VAC = 0:1 mV
at a frequen y of 231 Hz is applied while the urrent is
measured with a urrent amplier.
The wire ondu tan e map as a fun tion of VSD and
VBG is presented in Fig. 2. The tip voltage Vt = 4 V
is applied during this experiment. The position of the
tip is marked by an asterisk in Fig. 1. The experimental data revealed a quite omplex Coulomb diamond
stru ture, whi h is typi al for system of two or more
quantum dots onne ted in series [18, 19, 13℄. Formation of dots in the quantum wire o urs be ause of
defe ts in the wire rystal stru ture.
Figure 3 presents the set of the s anning gate measurements performed with the onstant tip voltage
Vt = 4 V. Here, the ba kgate voltages were in reased
su essively from VBG = 0:89 V (Fig. 3a) in steps of
10 mV to the nal value VBG = 1:06 V (Fig. 3r). This
set of SGM measurements demonstrates the formation
of two quantum dots in the InAs wire onne ted in
series. Some asymmetry of the s anning gate imaging
pi tures is due to the nonperfe t shape of the AFM tip.
The enters of the two observed dots are pla ed approximately 350 nm apart, as an be seen in the enlarged
s an shown in Fig. 4a.
The set of experiments presented in Fig. 3 was intended to reveal the formation of the double-dot stru ture in the most expli it way and to eliminate any suspi ions about the possibility of a more omplex stru ture realized in the InAs nanowire in the relevant range
of ba kgate voltages. With in reasing the ba kgate
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Coulomb blo kade pattern reveals the presen e of at least two quantum dots

onne ted in series. The applied tip voltage is

Vt = 4 V, the tip position is marked by the asterisk in Fig. 1
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Fig. 3. Series of s anning gate measurements of the InAs nanowire measured from VBG = 0:89 V to 1:06 V in steps of
10 mV. The tip voltage is kept onstant at 4 V. Brighter areas orrespond to a higher ondu tan e. In (a), the positions of
dots 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 images

voltage, dot 1 (the left one in Fig. 3) starts to be lled
with ele trons, then dot 2 (the right one) starts to be
o upied with ele trons. As dot 2 is lled with ele trons, the resistan e of the InAs nanowire de reases below 100 M . In Fig. 3n, the wobbling of the Coulomb
blo kade ondu tive line of dot 2 o urs for the rst
time at VBG = 1:02 V. Subsequently, with in reasing the ba kgate voltage, the wobbling is suppressed
(Fig. 3oq) and then revives at VBG = 1:06 V, as an
be seen in Fig. 3r. To reveal the interplay of the ondu tan e of both dots, Fig. 4a reprodu es Fig. 3n with
additional dashed lines orresponding to the lines of
ondu tan e minimums of dot 1 (grey) and lines of ondu tan e peaks of dot 2 (white).
Figure 4b shows a s anning gate measurement made
at Vt = 4 V and VBG = 1:40 V. It is learly seen that at
the higher ba kgate voltage, a new feature, the splitting
of the Coulomb blo kade ondu tive lines, is observed
(marked with arrows) in addition to the wobbling of
the Coulomb blo kade ondu tive lines. A similar behavior 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 lines
was interpreted as the rossing of the state of two neighboring dots with mutual Coulomb intera tion, but the
wobbling of the Coulomb blo kade ondu tan e lines
was not explained.

4. THEORETICAL SIMULATIONS OF SGM
MEASUREMENTS AND DISCUSSION

The main aim of simulations in framework of the
orthodox theory of Coulomb blo kade is to onrm the
statement that the physi al me hanism of wobbling is
based on the interplay, revealed with SGM of the ondu tan e of two quantum dots onne ted in series (see
Figs. 3 and 4). To show the inuen e of the parameters of the quantum dots on the SGM presented in
Figs. 3nr, we performed SGM simulations for dierent widths of the quantum dot energy levels and their
mutual Coulomb intera tions.
In our al ulations, generally speaking, we need to
160
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where

a

C1(2) = C
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m
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is the sum of all apa itan es atta hed to dot 1(2).
Taking into a ount that

C1(2)

 C (r
t

t

1(2)

)  C1(2)

BG

for any tip-to-dot-1(2) distan e (r1(2) ) be ause the
thi kness of the SiO2 layer is 100 nm and the tip is
300 nm above the sample surfa e during s anning gate
measurements, the expression of the total apa itan e
of dot 1(2) an be simplied to the form

1
2

C1(2) = C

b

L(R)

+ C1(2)

+C :
m

BG

In our al ulations, we assume that the lever arm for
harging the nanowire by the ba kgate voltage is onstant,

=

C1(2)
1
= :
C1(2)
4
BG

This value seems to be reasonable taking into a ount
that the voltage drop a ross a single quantum dot is two
times smaller than the applied sour e-to-drain voltage
(see Fig. 2). For simpli ity, we set

C1
Fig. 4.
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We used the standard formulas for the ele tro hemi al potential in quantum dots [20℄:

BG

take into a ount the dot-1(2)-to-ba kgate apa itan e
BG , the dot-1(2)-to-tip apa itan e C1(2)t , the mutual apa itan e of the dots Cm , and the apa itan e
of 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 expressed
as [20℄

BG

The positions of the bottom of dots 1 and 2 are set to

V. The

ondu tan e

= C2
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ied in the text. The outer Coulomb blo kade

ondu tan e line with wobbling is marked by an arrow

The expression for
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of the energy levels of the quantum dots are essentially
larger than the temperature, and therefore the Lorentz
shape broadening of the energy levels an be used [21℄.
We therefore use the formula

2Æz D
+

2

wire

2 ;

where x1(2) and y1(2) are the positions of the tip relative to the enter of quantum dot 1(2), Rt = 100 nm
is the tip radius, Dwire = 100 nm is the nanowire diameter, and zt = 300 nm is the height of the tip above
the substrate surfa e. In our simulations, the quantum
dots are pla ed 300 nm apart of ea h other.
The ondu tan e through the double-dot system in
the linear regime is determined by sequential tunneling
through both dots. In our SGM experiment, the widths

2
1

2
1

+ 21

2
2

2
2

+ 22

for the urrent through the system, where 1 and 2
are the level widths of dot 1 and 2. The Fermi-level
energy is assumed to be zero.
We rst performed al ulations to illustrate the envelope and the transformation of the wobbling of the
ondu tan e peak line of the Coulomb blo kade with
in reasing the ba kgate voltage. In our simulations, we
kept the tip voltage onstant, Vt = 4 V. The ba kgate
voltage VBG is equal to 0:184 V in Fig. 5a and is
in reased gradually in steps of 4 mV to 0:152 V in
Fig. 5i. The energy level widths of the quantum dots
are 1 = 1 meV and 2 = 2 meV.
It is learly seen that wobbling is most pronoun ed
162
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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 same

as in Fig. 5a and Fig. 5f. The value of level width for

both dots is
Coulomb

1

=

2

=1

meV. No wobbling of the

ondu tan e peak lines is observed

when the Coulomb blo kade ondu tan e peak lines
from two dots oin ide for quite a long distan e (see
Fig. 5a,b and Fig. 5hi) and is smeared at intermediate
gate voltages

0:172 V  V

BG



0:164 V

(Fig. 5df). This is similar to the measured experimental data in Fig. 3oq. To observe the wobbling, it is
ne essary that the energy level broadening of one of
the dots be larger than that of the other. Otherwise,
the SGM image is similar to images presented in Fig. 6a
and Fig. 6b. Here, the al ulations are performed with
the same parameters as in Fig. 5a and Fig. 5f, ex ept
for the level width, whi h is the same for both dots
1 = 2 = 1 meV.
Wobbling has been observed previously in a graphene-based quantum dot [9℄. The observed feature
was interpreted in terms of a parti ular stru ture of
the quantum onnement of the quantum dot formed
by split gates. Based on our simulations, we suggest
another explanation of this ee t. We suppose the presen e of a double quantum dot stru ture in the system
[9, 15℄. The se ond dot may be formed with weakly
bound 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 interplay with the ondu tan e peak lines of the losed dot,
resulting in the observed wobbling.
Figure 7 shows simulations of the s anning gate
measurements for dierent values of the mutual apa itan e Cm or ele trostati oupling energies ECm .
The values of the ba kgate voltage and tip voltage are
kept onstant, Vt = 4 V and VBG = 1 V. The values of the level widths of both dot 1 and dot 2 are

:::

1 = 1 meV and
2 = 2 meV. While the value of the
ele trostati oupling energy is omparable with the
widths of the quantum dot energy levels, the rossing
of the Coulomb blo kade ondu tan e peak lines o urs similarly to the one observed experimentally (see
Ref. [7℄). At higher values of the ele trostati oupling energy (see Figs. 7hi), when ECm is omparable
with EC 1(2) , a omplete redistribution of the Coulomb
blo kade ondu tan e peak lines o urs in a manner
of the formation of a single larger quantum dot, as is
expe ted [20℄.
It is worth noting that at high values of ECm , another type of wobbling of the Coulomb blo kade ondu tan e peak lines develops (regime II). In this regime,
the spatial variation of line wobbling is onsiderably
larger than the line width aused by the energy level
broadening as it was obtained in the ase of a double
dot with no mutual apa itan e (see Fig. 3n and Fig. 4r
for experimental data and Fig. 5a and Fig. 5f for SGM
simulations).
To eliminate artifa ts aused by metalli split gates,
a double-dot stru ture formed by lo al anodi oxidation
was investigated in [7℄. No wobbling of the Coulomb
blo kade ondu tan e lines was observed. This result is
in good agreement with our simulations: no wobbling
is expe ted while the energy levels widths of both dots
are the same (see Fig. 6) and the mutual apa itan e
energy (ECm ) is larger than the energy level widths ( f.
Fig. 7e,f).

5. CONCLUSIONS

In on lusion, we performed s anning gate miros opy measurements of an InAs quantum wire in
the linear regime at low ele tron densities. We show
using SGM data that at a ertain range of ba kgate
voltages, the wire is split into two quantum dots onne ted in series. In this regime, wobbling and splitting of the Coulomb blo kade ondu tan e peak lines
are observed. Both ee ts are explained as the interplay of the ondu tan e of two quantum dots present
in the system. Simulations of the wobbling in the
framework of the orthodox theory of Coulomb blo kade involved two quantum dots onne ted in series
demonstrate good agreement with the experimentally
obtained SGM data.
The same model simulations of s anning gate
mi ros opy measurements are performed for dierent
values of the mutual apa itan e of quantum dots. It
is found that the wobbling of the Coulomb blo kade
ondu tan e peak lines o urs in two dierent regimes.
163

11*

A. A. Zhukov, Ch. Volk, A. Winden et al.

Fig. 7.

a

b

c

d

e

f

g

h

i

òîì

143, âûï. 1, 2013

Vt = 4 V and VBG = 0:184 V.
0, 0:4, 0:6, 0:8, 1, 2, 3, 4, and 5 meV for (a) through (i).

Set of simulated s anning gate measurements. The simulations are performed for

The respe tive values of mutual
Other

ÆÝÒÔ,

apa itan e energy

ECm

are

al ulation parameters are spe ied in the text. Note that in (i), the wobbling of the Coulomb

ondu tan e peak

lines 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 and
the 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.
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