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We performed measurements at helium temperatures of the electronic transport in the linear regime in an
InAs quantum wire in the presence of a charged tip of an atomic force microscope (AFM) at low electron
concentration. We show that at certain concentration of electrons, only two closely placed quantum dots, both
in the Coulomb blockade regime, govern conductance of the whole wire. Under this condition, two types of
peculiarities — wobbling and splitting — arise in the behavior of the lines of the conductance peaks of Coulomb
blockade. These peculiarities are measured in quantum-wire-based structures for the first time. We explain both
peculiarities as an interplay of the conductance of two quantum dots present in the wire. Detailed modeling
of wobbling behavior made in the framework of the orthodox theory of Coulomb blockade demonstrates good

agreement with the obtained experimental data.
DOI: 10.7868/S0044451013010158

1. INTRODUCTION

During the last decade, measurements of the con-
ductance of low-dimensional systems using a charged
AFM tip as a mobile gate (scanning gate microscopy
measurements or SGM measurements) proved to be
a powerful and efficient method. Using this tech-
nique, different types of micro- and nanostructures have
been investigated such as quantum point contacts [1-3],
quantum rings [4], and quantum dots based on hetero-
junctions [5-7], graphene [8, 9], carbon nanotubes [10-
12], and InAs nanowires [13, 14].

While experiments on carbon nanotubes did not
result in essentially new effects (the potential profile
along the nanotubes was measured in [10] and the
stability of the 4-fold energy level degeneracy against
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long-range Coulomb potential disturbances was con-
firmed in [12]), several unexpected experimental re-
sults on quantum dots based on graphene have been
obtained [8, 9]. The presence of bound states in the
contact constriction regions was shown and, addition-
ally, wobbling and splitting of the Coulomb blockade
conductance line [8, 9] were observed. While the split-
ting of the Coulomb blockade conductance lines was
explained as the crossing of the state of two neighbor-
ing dots [8, 9], the mechanism of the wobbling of these
lines remains unclear.

One of the problems to be solved before any specu-
lations on the physical mechanism of the observed effect
is the correct interpretation of the results of SGM mea-
surements. The initial statement that SGM experimen-
tal results are intuitively clear is not always correct; for
example, both splitting gates served to form the struc-
ture under investigation [15] and charged dielectric dirt
on the conductive tip [6] result in additional artifacts
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Fig.1. Scanning electron microscope image of the InAs

wire. The source and drain contact pads are marked by

“S" and "D". The scale bar corresponds to 2 um. The

rectangle represents the area of the scanning gate mea-

surements at helium temperature. The position of the

tip during the transport measurements (Vsp vs Vaa)
is marked by an asterisk

in the SGM experimental data. Thus, not only the
explicitly interpreted experimental SGM data but also
additional simulations and model calculations of the
SGM measurements are absolutely necessary [6, 15].

In this paper, we present SGM experimental results
measured in an InAs quantum wire at helium temper-
ature. Wobbling and splitting of the Coulomb block-
ade conductive lines are observed. The obtained ex-
perimental results are interpreted within a model that
involves two quantum dots connected in series. Calcu-
lations focused on the wobbling behavior of SGM scans
in the framework of the orthodox theory of Coulomb
blockade for different mutual capacitive couplings be-
tween two dots are also presented.

2. EXPERIMENTAL

The InAs undoped nanowire used in our experiment
was grown by selective-area metal-organic 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 covered by a 100 nm
thick SiOs insulating layer. The doped silicon substrate
serves as the back gate. The evaporated Ti/Au con-
tacts to the wire and the markers of the search pat-
tern were defined by electron-beam lithography. The
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distance between the contacts is 3.5 ym. A scanning
electron microscopy image of the sample under inves-
tigation is presented in Fig. 1; the rectangle marks the
area of the scanning gate measurements.

The measurements were performed at T = 4.2 K.
The charged tip of a home-built scanning probe micro-
scope [17] is used as a mobile gate during scanning gate
imaging measurements. We left the tip 300 nm above
the SiOs surface, in order to eliminate any mechani-
cal or electrical contact of the tip with the InAs wire
or metallic contacts. All scanning gate measurements
were performed keeping the potential of the scanning
probe microscope tip (V;) and the backgate voltage
(VBa) constant. The electrical circuit of the scanning
gate imaging measurements is presented elsewhere [12].

3. EXPERIMENTAL RESULTS

The conductance of the wire during the scan and
the conductance as a function of the source-to-drain
voltage (Vsp) and Vg is measured in a two-terminal
scheme by using the standard lock-in technique. Here,
a driving AC voltage with the amplitude V¢ = 0.1 mV
at a frequency of 231 Hz is applied while the current is
measured with a current amplifier.

The wire conductance map as a function of Vgp and
Vpe is presented in Fig. 2. The tip voltage V; =4 V
is applied during this experiment. The position of the
tip is marked by an asterisk in Fig. 1. The experimen-
tal data revealed a quite complex Coulomb diamond
structure, which is typical for system of two or more
quantum dots connected in series [18, 19, 13]. For-
mation of dots in the quantum wire occurs because of
defects in the wire crystal structure.

Figure 3 presents the set of the scanning gate mea-
surements performed with the constant tip voltage
Vi = 4 V. Here, the backgate voltages were increased
successively from Vpe = 0.89 V (Fig. 3a) in steps of
10 mV to the final value Ve = 1.06 V (Fig. 3r). This
set of SGM measurements demonstrates the formation
of two quantum dots in the InAs wire connected in
series. Some asymmetry of the scanning gate imaging
pictures is due to the nonperfect shape of the AFM tip.
The centers of the two observed dots are placed approx-
imately 350 nm apart, as can be seen in the enlarged
scan shown in Fig. 4a.

The set of experiments presented in Fig. 3 was in-
tended to reveal the formation of the double-dot struc-
ture in the most explicit way and to eliminate any sus-
picions about the possibility of a more complex struc-
ture realized in the InAs nanowire in the relevant range
of backgate voltages. With increasing the backgate
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Fig.2. Conductance map measured at 4.2 K as a function of the source-to-drain voltage and backgate voltage. The double
Coulomb blockade pattern reveals the presence of at least two quantum dots connected in series. The applied tip voltage is
Vi =4V, the tip position is marked by the asterisk in Fig. 1

Fig.3. Series of scanning gate measurements of the InAs nanowire measured from Vpe = 0.89 V to 1.06 V in steps of

10 mV. The tip voltage is kept constant at 4 V. Brighter areas correspond to a higher conductance. In (a), the positions of

dots 1 and 2 are respectively marked with grey and white circles. Coulomb blockade conductance lines with wobbling (in
(n) and (r)) are marked with arrows. The scale bar corresponds to 1 um for all images

voltage, dot 1 (the left one in Fig. 3) starts to be filled
with electrons, then dot 2 (the right one) starts to be
occupied with electrons. As dot 2 is filled with elec-
trons, the resistance of the InAs nanowire decreases be-
low 100 M. In Fig. 3n, the wobbling of the Coulomb
blockade conductive line of dot 2 occurs for the first
time at Vpg = 1.02 V. Subsequently, with increas-
ing the backgate voltage, the wobbling is suppressed
(Fig. 30—q) and then revives at Vg = 1.06 V, as can
be seen in Fig. 3r. To reveal the interplay of the con-
ductance of both dots, Fig. 4a reproduces Fig. 3n with
additional dashed lines corresponding to the lines of
conductance minimums of dot 1 (grey) and lines of con-
ductance peaks of dot 2 (white).

Figure 4b shows a scanning gate measurement made
at V; =4V and Vg = 1.40 V. Tt is clearly seen that at
the higher backgate voltage, a new feature, the splitting
of the Coulomb blockade conductive lines, is observed
(marked with arrows) in addition to the wobbling of
the Coulomb blockade conductive lines. A similar be-
havior of the Coulomb blockade conductance lines was

observed in a graphene-based quantum dot [9]. In [9],
the splitting of the Coulomb blockade conductance lines
was interpreted as the crossing of the state of two neigh-
boring dots with mutual Coulomb interaction, but the
wobbling of the Coulomb blockade conductance 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 blockade is to confirm the
statement that the physical mechanism of wobbling is
based on the interplay, revealed with SGM of the con-
ductance of two quantum dots connected in series (see
Figs. 3 and 4). To show the influence of the param-
eters of the quantum dots on the SGM presented in
Figs. 3n—r, we performed SGM simulations for differ-
ent widths of the quantum dot energy levels and their
mutual Coulomb interactions.

In our calculations, generally speaking, we need to
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Fig.4. o — A scanning gate measurement of the InAs
wire measured at V; = 4 V and Vpg = 1.02 V (copy of
Fig. 3n). Grey and white dotted lines are respectively
valley and peaks of the Coulomb blockade conductance
of dots 1 and 2. The positions of dot 1 and 2 are marked
by grey and white dots. b — Scanning gate measure-
ment performed at V; =4 V and Vg = 1.40 V. The
positions of the splitting of the Coulomb conductance
lines are marked by arrows. The scale bar corresponds
to 1 pum in both images

take into account the dot-1(2)-to-backgate capacitance
C1(2)Ba, the dot-1(2)-to-tip capacitance C (), the mu-
tual capacitance of the dots C,,, and the capacitance
of the dot 1(2) to the left(right) contact Cr(ry. The
charging energy of the individual dot and the mutual
charging energy of both dots can then be expressed

as [20] )
e> c?2 \ "~
Eoy == (1- =
1 Cl ( 0102> )
e> o2\t
Eop= 2 (1= Sm
C2 02 ( 0102> )
e2 C? -t
E m = ~ T 1 )
T O ((1102 >
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where
Ci2) = Cr(r) + Ci2)Ba + Ci2)t + O

is the sum of all capacitances attached to dot 1(2).
Taking into account that

Ci2yt = Ci(r1(2)) < Ci2)Ba

for any tip-to-dot-1(2) distance (ry(;)) because the
thickness of the SiOy layer is 100 nm and the tip is
300 nm above the sample surface during scanning gate
measurements, the expression of the total capacitance
of dot 1(2) can be simplified to the form

Ci2) = Crr) + Cii2yBa + O

In our calculations, we assume that the lever arm for
charging the nanowire by the backgate voltage is con-

stant,
_Cigpe _ 1

01(2) 4

This value seems to be reasonable taking into account
that the voltage drop across a single quantum dot is two
times smaller than the applied source-to-drain voltage
(see Fig. 2). For simplicity, we set

Cisg = Capg, C1 = Cs.

The positions of the bottom of dots 1 and 2 are set to
Ho1 = —0.05 eV and Ho2 = —0.15 eV.

We used the standard formulas for the electroche-
mical potential in quantum dots [20]:

Ml(leNZ) = U(Nl,Ng) — U(N1 — ].,Ng) =

1
= <N1 - 5) Eci + NyEcy, —

1
- H(ClBGVBGEm + CopaVBaEcm +

+ C1tViEci + CoViEcp) (1)

and

Mg(Nl,Ng) = U(Nl,Ng) — U(Nl,Ng — ].) =
1
= (Ny — §)EC2 + NiEcy, —
1
- :(CzBGVBGEcz + CpaVeaEcom +

le]
+ CoViEcs + C1iViEcm).  (2)

In our calculations, we set

Eci = Eco =13 meV, V,=4V.
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Fig.5. Series of simulated scanning gate measurements. Simulations are performed for ;=4 V and for Vg values from
—0.184 V to —0.152 V in steps of 4 mV. Other simulation parameters are specified in the text. The outer Coulomb blockade
conductance line with wobbling is marked by an arrow

The expression for Cy(z); is included in the form

O1(2)t(7"> =
. 2R, B
) 2
\/ Az} +AYT o)+ (zt—l—Rt—T)
2R,

20z

Dwire

2
)
where Az (2) and Ay, (2) are the positions of the tip rel-
ative to the center of quantum dot 1(2), R; = 100 nm
is the tip radius, Dyire = 100 nm is the nanowire di-
ameter, and z; = 300 nm is the height of the tip above
the substrate surface. In our simulations, the quantum
dots are placed 300 nm apart of each other.

The conductance through the double-dot system in
the linear regime is determined by sequential tunneling
through both dots. In our SGM experiment, the widths
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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 can be used [21].

We therefore use the formula
F2

I x 71

7+

3
T3+ 43

for the current through the system, where I'y and T’y
are the level widths of dot 1 and 2. The Fermi-level
energy is assumed to be zero.

We first performed calculations to illustrate the en-
velope and the transformation of the wobbling of the
conductance peak line of the Coulomb blockade with
increasing the backgate voltage. In our simulations, we
kept the tip voltage constant, V; = 4 V. The backgate
voltage Vpa is equal to —0.184 V in Fig. 5a and is
increased gradually in steps of 4 mV to —0.152 V in
Fig. 5. The energy level widths of the quantum dots
are 'y =1 meV and I'y = 2 meV.

It is clearly seen that wobbling is most pronounced
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Fig.6. Two simulated SGM for V; =4 V and Vgg =
= —0.184 V (a) and —0.152 V (b), which are the same
as in Fig. 5a and Fig. 5f. The value of level width for
both dots is I't = I'» = 1 meV. No wobbling of the
Coulomb conductance peak lines is observed

when the Coulomb blockade conductance peak lines
from two dots coincide for quite a long distance (see
Fig. 5a,b and Fig. 5h—i) and is smeared at intermediate
gate voltages

—0.172V < Ve < —0.164 V

(Fig. 5d—f). This is similar to the measured experimen-
tal data in Fig. 30—¢. To observe the wobbling, it is
necessary 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 calculations are performed with
the same parameters as in Fig. 5a and Fig. 5f, except
for the level width, which is the same for both dots
' =Ty =1 meV.

Wobbling has been observed previously in a gra-
phene-based quantum dot [9]. The observed feature
was interpreted in terms of a particular structure of
the quantum confinement of the quantum dot formed
by split gates. Based on our simulations, we suggest
another explanation of this effect. We suppose the pres-
ence of a double quantum dot structure in the system
[9, 15]. The second dot may be formed with weakly
bound states similar to those in contact constrictions.
The conductance peak lines of the Coulomb blockade
created by this second open quantum dot can inter-
play with the conductance peak lines of the closed dot,
resulting in the observed wobbling.

Figure 7 shows simulations of the scanning gate
measurements for different values of the mutual ca-
pacitance C,, or electrostatic coupling energies Ecyy,.
The values of the backgate voltage and tip voltage are
kept constant, V; = 4 V and Vg = 1 V. The val-
ues of the level widths of both dot 1 and dot 2 are
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I' =1 meV and T'y = 2 meV. While the value of the
electrostatic coupling energy is comparable with the
widths of the quantum dot energy levels, the crossing
of the Coulomb blockade conductance peak lines oc-
curs similarly to the one observed experimentally (see
Ref. [7]). At higher values of the electrostatic cou-
pling energy (see Figs. Th—i), when E¢y, is comparable
with Ec1(2), a complete redistribution of the Coulomb
blockade conductance peak lines occurs in a manner
of the formation of a single larger quantum dot, as is
expected [20].

It is worth noting that at high values of E¢,,, an-
other type of wobbling of the Coulomb blockade con-
ductance peak lines develops (regime IT). In this regime,
the spatial variation of line wobbling is considerably
larger than the line width caused by the energy level
broadening as it was obtained in the case of a double
dot with no mutual capacitance (see Fig. 3n and Fig. 4r
for experimental data and Fig. 5a¢ and Fig. 5f for SGM
simulations).

To eliminate artifacts caused by metallic split gates,
a double-dot structure formed by local anodic oxidation
was investigated in [7]. No wobbling of the Coulomb
blockade conductance lines was observed. This result is
in good agreement with our simulations: no wobbling
is expected while the energy levels widths of both dots
are the same (see Fig. 6) and the mutual capacitance
energy (Ecy,) is larger than the energy level widths (cf.
Fig. 7e.f).

5. CONCLUSIONS

In conclusion, we performed scanning gate mi-
croscopy measurements of an InAs quantum wire in
the linear regime at low electron densities. We show
using SGM data that at a certain range of backgate
voltages, the wire is split into two quantum dots con-
nected in series. In this regime, wobbling and split-
ting of the Coulomb blockade conductance peak lines
are observed. Both effects are explained as the inter-
play of the conductance of two quantum dots present
in the system. Simulations of the wobbling in the
framework of the orthodox theory of Coulomb block-
ade involved two quantum dots connected in series
demonstrate good agreement with the experimentally
obtained SGM data.

The same model simulations of scanning gate
microscopy measurements are performed for different
values of the mutual capacitance of quantum dots. It
is found that the wobbling of the Coulomb blockade
conductance peak lines occurs in two different regimes.

11*
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Fig.7. Set of simulated scanning gate measurements. The simulations are performed for V; =4 V and Vpe = —0.184 V.

The respective values of mutual capacitance energy Ec, are 0, 0.4, 0.6, 0.8, 1, 2, 3, 4, and 5 meV for (a) through (7).

Other calculation parameters are specified in the text. Note that in (i), the wobbling of the Coulomb conductance peak
lines in a zig-zag manner revives (regime II)

The first regime is realized at the energy of the mutual
capacitance smaller than the energy level widths and
the second occurs at a value of the mutual capac-
itance of the order of the total capacitance of the dots.
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