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NEGATIVE DIFFERENTIAL CONDUCTANCE IN InAs WIRE BASED
DOUBLE QUANTUM DOT INDUCED BY A CHARGED AFM TIP
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We investigate the conductance of an InAs nanowire in the nonlinear regime in the case of low electron density
where the wire is split into quantum dots connected in series. The negative differential conductance in the
wire is initiated by means of a charged atomic force microscope tip adjusting the transparency of the tunneling
barrier between two adjoining quantum dots. We confirm that the negative differential conductance arises due
to the resonant tunneling between these two adjoining quantum dots. The influence of the transparency of the
blocking barriers and the relative position of energy states in the adjoining dots on the decrease in the negative

differential conductance is investigated in detail.

Regarding the investigation of electronic transport
of, one-dimensional systems such as InAs [1-5] and
InN [6] nanowires, or carbon nanotubes [7, 8] became
the focus of interest. One of the most effective meth-
ods to investigate such objects locally is a scanning
gate measurement at room temperature [9] and helium
temperatures [10, 11]. This technique was also used
previously to investigate two-dimensional heterostruc-
tures [12-14] and graphene [15]. Furthermore, in scan-
ning gate measurements performed at helium temper-
atures, the separation of an InAs nanowire in inter-
connected quantum dots of different sizes was demon-
strated [10, 11].

Negative differential conductance (NDC) has been
found in quantum dot structures of different types of
realizations [16-20,24]. It was observed in quantum
dots defined by split gates on two-dimensional electron
gases, where it has been regarded as a result of the
presence of excited states weakly coupled to the main
bath [16, 17]. A negative differential conductance has
also been found in a linear array of metallic islands [18].
There, the NDC mechanism is based on the competi-
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tion between the forward rate of injecting charges into
a system, which increases with the bias, and the tun-
neling rate across some junctions, which can be reduced
with increasing the bias [18]. A device consisting of a
single electron transistor and an electron box attached
to it as a gate was measured in [19]. The authors re-
ported a negative differential conductance for a range
of conditions. Furthermore, a negative differential con-
ductance was observed in an especially grown InAs p—
i—n light-emitting diode [20].

The aim of this paper is to induce a negative differ-
ential conductance in an InAs nanowire. Furthermore,
we want to identify the mechanism of negative differen-
tial conductance in a sequentially connected double dot
structure in a nanowire or nanotube (see [24]) by ad-
justing the thickness of the tunneling barrier between
two adjoining quantum dots by a charged atomic force
microscope (AFM) tip. In these experiments, a thick
tunneling barrier is necessary to eliminate the strong
increase in the current while the energy levels of the
quantum dots are tuned out of resonance with increas-
ing the source-to-drain voltage [25]. In Ref. [24], the
electrochemical potential could only be changed in both
dots simultaneously, whereas in our experiments, we
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are able to shift the mutual positions of the energy
states of both dots by means of a charged AFM tip.
Therefore, our approach might help confirm the theo-
retical explanation suggested by Frannson and Eriks-
son [25]. The subject of our work is therefore to realize
a negative differential conductance in an InAs wire by
using a charged AFM tip and to investigate how this
effect is influenced by the tunneling barrier thickness
and the relative positions of energy levels of adjoining
quantum dots.

The nominally undoped InAs nanowire used in our
experiment was grown by selective-area metal-organic
vapor-phase epitaxy [22]. The diameter of the wires is
100 nm. For the transport measurements, the nanowi-
res are separated from the growth template and subse-
quently placed on a Si n-type doped (100) wafer covered
with an SiO, insulating layer 100 nm thick. The doped
silicon substrate is used as a back-gate to vary the elec-
tron density in the nanowire by applying a back-gate
voltage Vpa. The evaporated ohmic Ti/Au contacts
to the wires and the markers of the search pattern are
defined by electron beam lithography and lift-off. For
the sample studied here, the distance between the con-
tacts is 3.5 um. A scanning electron microscopy image
of the sample under investigation is shown in Fig. 1a.

All measurements are performed at 7' = 4.2 K. The
charged tip of a home-built scanning probe microscope
[23] for scanning gate imaging measurements is used
as a relocatable gate. We keep the tip 300 nm above
the SiOy surface to eliminate any mechanical or elec-
trical contact of the tip to the nanowire. All scanning
gate measurements are performed by keeping the po-
tential of the scanning probe microscope tip (V;) and
VBa constant. The electrical scheme of the scanning
gate imaging measurements is shown in Fig. 1b.

The conductance of the wire during the scan and
the conductance as a function of the source-to-drain
voltage (Vsp) and Vpg is measured in a two-probe
scheme. A standard lock-in technique by applying a
voltage and measuring the current with a current am-
plifier is used. The amplitude of the driving AC voltage
is Vac = 0.1 mV at a frequency of 231 Hz.

If |V; —VBa| < 50 meV, no influence of the tip on the
conductance of the wire is observed for Vg >5V. At
such high back-gate voltages, no dot in the wire is ob-
served. Hence, the whole wire-to-back-gate capacitance
is much lager than the wire-to-metallic-contacts ones
and the potential of the wire is the same as Vg in this
case. The absence of the influence of the charged tip
means that no additional impurity with its own charge
is sited on the tip.

__Tl__ T CAP

Fig.1. @) Scanning electron microscope image of the
InAs wire. Source and drain contact pads are marked
by ‘S" and ‘D’. Positions of dots A and B are marked
by arrows. The scale bar corresponds to 1 um. The
rectangle represents the area of scanning gate measure-
ments at helium temperature. b) Electrical scheme of
the measurements. The driving AC voltage is labeled
as Vac; the respective tip, gate, and source-to-drain
DC voltages are labeled with V;, Vg, and Vsp

To localize the closed dot in our wire, a prelimi-
nary scanning gate measurement was performed (see
Fig. 2a). This scan was done at Vg = 1.725 V,
Vsp = =8 mV, and V; = 0 V. The presence of two
small dots in the wire is clearly visible. The centers of
the dots are labeled by ‘A’ and ‘B’ in Fig. 2a. Positions
of the dots are defined from the shape of the equipo-
tential line and the position of the wire itself. The
accuracy of the definition of the dot positions is better
than 100 nm and is comparable with the wire diameter.
Both dots are formed by potential barriers created by
defects of the wire crystal structure. Formation of dots
of such a type was observed previously (see [10, 11]).
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Fig.2. a) Scanning gate measurement of the InAs wire made with V; =0, Vee = 1.725 V, and Vsp = 8 mV. The position
of the scanning area is marked with a square in Fig. 1a. The positions of the centers of dots A and B are marked by squares.
The tip position during measurements of the conductance map as a function of Ve and Vsp (see Fig. 3) is indicated by
‘+". The dashed lines are guides to the eye and follow the equipotential lines of dot A (black) and B (white). The white
horizontal bar corresponds to 1 um. The side color bar represents the scale of the measured wire conductance. Figures b,c
show the condition for the alignment of the energy levels of dots A and B for different tip voltages (V;) and source-to-drain
voltages (Vsp). To maintain the alignment of the energy levels of both dots, a higher source-to-drain voltage Vsp (Fig. b)
< Vsp (Fig. ¢) must be applied in the case where V; (Fig. b) > V; (Fig. ¢) and where the distance from the tip to dot B is
smaller than the corresponding distance to dot A. Images d to f demonstrate the modification of the band profile along the
InAs wire with increasing V;. An increase in V; not only results in an increasing opacity of the drain-side blocking barrier

(Fig. e) but also opens an additional conductivity channel through the energy state of dot B (Fig. f, dashed arrows)

No additional small and closed dots beyond dots A and
B were observed with SGM scanning all over the wire.

For the next set of experiments, we placed the tip in
an asymmetric position between the two dots but out-
side the wire to eliminate any possibility of mechanical
or electrical contact between the charged tip and the
dot (cf. the asterisk in Fig. 2a). By varying the tip
voltage, we can simultaneously alter the opacity of de-
pletion regions of the tunneling barrier separating the
dots and change the mutual positions of the energy
levels of the dots. The capacitance of the tip to the
closer placed dot is larger than one of the tip to the
dot at larger distance. The resulting wire conductance
maps as functions of Vgp and Vpg measured at var-
ious tip voltages are presented in Fig. 3. A negative
differential conductance is clearly visible in the experi-
mental data measured at V; =0, 1 V, as can be seen in
Fig. 3a,b. Remains of this effect are still observable in
Fig. 3¢ (V; = 2V), while the negative differential con-
ductance vanishes completely at V; = 3V, as can be
seen in Fig. 3d. The inset of Fig. 3 shows the cross sec-
tions of Fig. 3a—c measured at Vg = 1.175V, 1.020 V,
0.910V.

The experimental results of the scanning gate mea-
surements are presented in Fig. 4. All measurements
are performed at V; = 0 and Vgp = —8mV in
accordance with the experimental data presented in
Fig. 3 (inset). The Vpg values 1.1750V, 1.1775V, and
1.1800V were applied during the respective scans in
Fig. 4. The range of the back-gate voltages where an
NDC is observed is in good agreement with the con-
ductance mapping shown in Fig. 3a. Some asymmetry
of the scanning gate imaging pictures is due to the non-
perfect shape of the AFM tip.

We now discuss the obtained experimental results
in more detail. It is easy to distinguish the double
structure of the Coulomb diamonds dedicated to the
two small closed quantum dots previously labeled as
‘A’ and ‘B’ (see Figs. 3¢—d, dashed lines). This double
structure is typical for quantum dots connected in se-
ries [11]. The negative differential conductance found
at negative values of the Vgp has been observed pre-
viously in double-dot structures defined in a carbon
nanotube [24] and has been explained in Ref. [25] by
the asymmetry due to dots of different sizes.

1214



MITP, Tom 142, Bem. 6 (12), 2012

Negative differential conductance in InAs ...

VSD, mV

Conductance, uS

10 4 05
0 So. '
8
-10 B
% 0
@]
10 1
0
-10
0
10 |
0
-10
0
10
0 1
-10
0.6 0.8 1.0 1.2 1.4
VBG’ A\

Fig.3. a-d) Conductance maps of the InAs nanowire as a function of the source-to-drain voltage and back-gate voltage at
different tip voltages V; =0, 1 V, 2 V, 3 V. The tip position is indicated in Fig. 2d. A negative differential conductance is
clearly seen for measurements made at V; =0, 1 V. The arrows mark the conductance lines of Coulomb diamonds of dot A
(black) and B (white) for high (noses up) and low (noses down) back-gate voltages. Lines on Figs. ¢ and d are additional
guides to the eye to emphasise the positions of the Coulomb diamonds of dot A (black) and dot B (white) for negative bias
voltages. Note the mutual shift of the energy levels of dots A and B at different tip voltages. The inset shows cross sections
of differential conductance vs. Vsp for different tip voltages V; = 0, 1 V, 2 V respectively measured at Ve = 1.175 V,

1.020 V, 0.910 V in (a), (b), and (¢).

The shift of the negative differential conductance to lower values of the Vsp for

higher V; is clearly visible. Artifacts in Fig. d at high biases and high Vz¢ are due to the overload of the current amplifier

The mutual positions of the energy levels of dots
A and B strongly depend on the tip voltage and is
governed by the different capacitance between the tip
to dot A (c;a) and the tip to dot B (¢:p) (see the
arrow markers in Fig. 3). Comparing Figs. 3¢ and
3d, it is easy to see that position of Coulomb block-
ade diamond of dot A is shifted by 0.10 V (Vag
axis), while the diamond of dot B is shifted by 0.15 V
when the tip voltage is increased by 1 V. The shift
of the position Coulomb blockade diamond is propor-
tional to CtA(B)/CA(B)_Bg. Taking into account that
as & ap = 0.1 (where ay gy = caBy—Ba/CA(B)total>
caB)—pa is the capacitance of dot A (B) to the
back gate and ca(Bytotar is the total capacitance of
dot A (B)) and the fact that parameter a,(p) is
strongly depended on the size of the dot formed
with a wire or nanotube, we can conclude that
CA-BG ~ ¢g_Ba and Catotal X CBtotal- We hence ob-

tain that (ctp/cB_Ba)/(cta/cB—BG) = cip/cia =~ 1.5.
This result is in good qualitative agreement with the
geometry of the experiment (cf. Fig. 2a).

The relative position shift of the energy levels for
dots A and B at different tip voltages results in a shift
of the region where negative differential conductance
occurs, as can be inferred from the experimental data
in the inset of Fig. 3. This effect is also illustrated
in Fig. 2b,c. To maintain the mutual energy level po-
sitions of the dots, the applied tip voltage in Fig. 2b
must be larger than V; in Fig. 2c¢.

In the set of experiments presented in Fig. 3, the
increasing opacity of the tunneling barrier results in a
suppression of the negative differential conductance, as
can be seen in Fig. 2d-f. In Fig. 2d, the drain barrier
of dot A is closed. The presence of a negative differ-
ential conductance is expected in this case when the
energy level of dot A is shifted out of resonance with
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Fig.4. Scanning gate measurements of an InAs wire
measured at V; = 0, Vsp = 8 mV, and Vgg =
= 1.1750 V (a), 1.1775 V (b), 1.1800 V (c) are pre-
sented. In Figs. b, and ¢, the negative differential
line governed by the dot A conductance is eliminated
abruptly while crossing the line of peak conductance of
dot B. The scale bar corresponds to 1 um for all three
images. The white triangles mark positions of the tip
used to evaluate the mutual shift of the energy levels
of quantum dots

the lower energy level of dot B. In Fig. 2e, the barrier
is slightly open, whereas in Fig. 2f, the barrier is open
completely with the consequence that the negative dif-
ferential conductance is destroyed. This is in agree-
ment with theoretical calculations made by Fransson
and Eriksson [25].

In case of narrow energy level widths for both dots,
the NDC must be present in scanning gate measure-
ments as one or two small areas placed symmetrically
against the wire axis. According to the inset of Fig. 3,
the NDC is quite stable with respect to mutual energy
level positions of both dots and therefore the area of
NDC in scanning gate measurement looks like a line,
as can be seen in Fig. 4a,b.

An additional mechanism of the negative differen-
tial conductance suppression is also presented in the
set of scanning gate measurements. Figure 4b demon-
strates the decrease of the negative differential conduc-
tance effect when the line of negative differential con-
ductance of dot A crosses the conductance peak line of
dot B. A similar but less pronounced effect is observed
in Fig. 4a. Thus, by using the scanning gate measure-
ments, we found that the additional conductivity chan-
nel through the higher energy state of dot B plays a
crucial role in suppressing of the negative differential
conductance as the tip moves along the equipotential
line of dot A. This mechanism is depicted in Fig. 2f,
where the additional channel through the upper energy
level of dot B is labeled by a dashed arrow.

To show that negative differential conductance is
not suppressed by the shift of the mutual energy level
positions of the dots, we calculate this shift in the
case where the tip is moving along an equipotential
line from the tip closest to the dot B position (marked
with up nose white triangle, Fig. 4b) to the most dis-
tant position where the negative differential conduc-
tance is observed (marked with down nose white trian-
gle, Fig. 4b). We use the bottom part of the picture be-
cause the upper part is deformed by a nonperfect shape
of the tip. Taking into account that the center of the tip
is placed approximately Az = 400 nm above the sam-
ple surface, it is possible to represent the dependence
of the tip-to-dot capacitance on the lateral distance be-
tween the center of the dot A (B) and the tip position
(Ara(m)) as ciap) < fe(racm)) = (Ar% gy +A2%) 700
This approximation works quite well because the calcu-
lated value fo(rp1)/fe(ra1) = ctp/cea = 1.521sin good
agreement with the experimentally obtained value 1.5;
here, r4; = 0.25um and rp; = 0.6um are the lateral
distances 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 Apputuar =
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= aatAV(fc(chl) - fc(TBfaT))/fC(rBl) = 3.3 meva
where @ = cp_Ba/cBtotat = 0.1, x = ctB/CB—BG =
=0.1, AV = Vg — V; = 1.2 V (these are the voltages
in scanning gate microscopy measurements presented
in Fig. 4), and rgg = 0.2um and rgfqr = 0.45um are
the closest and the farthest lateral distances from the
tip to the center of dot B (see Fig. 4b). The obtained
value is less than 5 meV of the experimentally observed
negative differential conductance region for V; = 0 (see
the inset to Fig. 3). The mutual shift of the dot energy
levels calculated for Fig. 4a is equal to 2.0 meV.

When the tip is placed above one of the dots (dot B)
while the negative differential conductance takes place
(see Fig. 3¢), the mechanism of the negative differen-
tial conductance decrease is not quite clear. The en-
ergy level misalignment of both dots and the increas-
ing opacity of the tunneling barrier between them occur
simultaneously, and it is therefore impossible to distin-
guish between these mechanisms of destruction.

In conclusion, we performed transport measure-
ments at helium temperatures on a back-gated InAs
nanowire at low electron density when the wire is split
into quantum dots connected in series. By adjusting
the opacity of the tunneling barrier between the two
closed quantum dots by means of a charged AFM
tip, a negative differential conductance is induced in
the system. The shift of the Vsp regions where the
NDC occurs while a different tip voltage induces an
alteration of the mutual energy level positions of the
dots confirms the explanation suggested in Ref. [25].
It is shown that a suppression of the negative differ-
ential conductance can be attributed to an additional
conductivity channel through the energy state of the
neighboring quantum dot if the tip also moves along a
particular equipotential trajectory.

This work was supported by the Russian Foun-
dation for Basic Research (grants NeNe10-02-00198-a,
11-02-00620-a, 11-02-12071-o0fi-m-2011, 12-02-00272-a),
and by the International Bureau of the German Federal
Ministry of Education and Research within the project
RUS 09/052.

REFERENCES

1. A. C. Ford, J. C. Ho, Yu-Lun Chueh et al., Nano Lett.
9, 360 (2009).

2. C. Thelander, T. Martensson, M. T. Bjork et al., Appl.
Phys. Lett. 83, 2052 (2003).

3. M. Scheffler, S. Nadj-Perge, L. P. Kouwenhoven et al.,
J. Appl. Phys. 106, 124303 (2009).

9 ZKOT®, Bem. 6 (12)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1217

. C. Blomers, M. I. Lepsa, M. Luysberg et al., Nano
Lett. 11, 3550 (2011).

S. Wirths, K. Weis, A. Winden et al., J. Appl. Phys.
110, 053709 (2011).

Th. Richter, Ch. Blomers, H. Liith et al., Nano Lett.
8, 2834 (2008).

A. Makarovski, A. Zhukov, J. Liu, and G. Finkelstein,
Phys. Rev. B 76, 161405(R) (2007).

A. Makarovski, A. Zhukov, J. Liu, and G. Finkelstein,
Phys. Rev. B 75, 241407(R) (2007).

A. A. Zhukov, Ch. Volk, A. Winden, H. Hardtdegen,
and Th. Schipers, Physica E 44, 690 (2011).

A. C. Bleszynski, F. A. Zwanenburg, R. M. Westervelt
et al., Nano Lett. 7, 2559 (2005).

A. A. Zhukov, Ch. Volk, A. Winden, H. Hardtdegen,
and Th. Schipers, JETP Lett. 93, 13 (2011).

R. Crook, C. G. Smith, A. C. Graham et al., Phys.
Rev. Lett. 91, 246803 (2003).

A. Pioda, S. Kicin, T. Thn et al., Phys. Rev. Lett. 93,
216801 (2004).

P. Fallahi, A. C. Bleszynski, R. M. Westervelt et al.,
Nano Lett. 5, 223 (2005).

S. Schnez, J. Giittinger, M. Huefner et al., Phys. Rev.
B 82, 165445 (2010).

A. T. Johnson, L. P. Kouwenhowen, W. de Jong et al.,
Phys. Rev. Lett. 69, 1592 (1992).

J. Weis, R. J. Haug, K. V. Klitzing, and K. Ploog,
Phys. Rev. Lett. 71, 4019 (1993).

H. Nakashima and K. Uozumi, J. Appl. Phys. Jpn. 34,
L1659 (1995); H. Nakashima and K. Uozumi, J. Vac.
Sci. Technol. B 15, 1411 (1997).

C. P. Heij, D. C. Dixon, P. Hadley, and J. E. Mooij,
Appl. Phys. Lett. 74, 1042 (1999).

A. Krieg and X. L. Huang, Appl. Phys. Lett. 86,
061113 (2005).

F. Capasso, S. Sen, and A. C. Gossard, IEEE Electr.
Dev. Lett. EDL-7, 573 (1986).

M. Akabori, K. Sladek, H. Hardtdegen, Th. Schéipers,
and D. Griitzmacher, J. Cryst. Growth 311, 3813
(2009).

A. A. Zhukov, Instr. Exp. Tech. 51, 130 (2008).

K. Ishibashi, M. Suzuki, T. Ida, and Y. Aoyagi, Appl.
Phys. Lett. 79, 1864 (2001).

J. Fransson and O. Eriksson, Phys. Rev. B 70, 085301
(2004).



