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Transport measurements are powerful tools to probe electronic properties of solid-state materials.
To access properties of local electronic states in nanostructures, such as local density of states,
electronic distribution and so on, micro-probes utilizing artificial nanostructures have been invented
to perform measurements in addition to those with conventional macroscopic electronic reservoirs.
Here we demonstrate a new kind of micro-probe: a fast single-lead quantum dot probe, which
utilizes a quantum dot coupled only to the target structure through a tunneling barrier and fast
charge readout by RF reflectometry. The probe can directly access the local electronic states with
wide bandwidth. The probe can also access more electronic states, not just those around the Fermi
level, and the operations are robust against bias voltages and temperatures.

New kinds of structures based on solid-state nanostructures have been proposed to realize functional
devices. For example, spintronics devices utilizing spin effects’? and quantum information-processing
devices utilizing quantum effects in nanostructures®= have been proposed and studied intensively. In
these new devices, local electronic states play important roles and their understanding on a microscopic
basis is crucial.

Transport measurements are one of the most powerful tools to probe electronic properties of nanos-
tructures. In conventional transport measurements, macroscopic probes, electronic reservoirs that con-
tain huge ensembles of electrons, are coupled to the target system and the flow of electrons is measured
to probe electronic properties®. Using such macroscopic electronic reservoirs brings some constraints
in the measurement of nanostructures: direct access to small local regions is not easy, the transport is
limited to only around the Fermi level, the measurement is greatly affected by change of the electronic
distribution in the reservoir, for example caused by bias voltages or electron temperatures, and the meas-
urement is usually slow because of the large geometric capacitances of the leads. To overcome these
restrictions is a strong challenge in transport measurements.

One possible solution to this challenge requires microscopic probes utilizing nanostructures instead
of macroscopic reservoirs. The use of semiconductor quantum dots (QDs) in such probes has been
demonstrated. QDs have well defined inner quantum levels that can be controlled by applying voltages
on gate electrodes’”. By measuring the transport through these artificial quantum levels, we directly
access local electronic states. This cannot be realized with conventional macroscopic probes. For exam-
ple, measurements of local electronic states, energy relaxation and heat transport in quantum Hall edge
states have been demonstrated by utilizing QDs'*-12,
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Figure 1. (a) Scanning electron micrograph of the device and schematic of the measurement setup. A probe
SLQD and a target QD are formed at the upper left and the lower middle, respectively. A QPC charge sensor
at the upper right is connected to a resonator for the RF-reflectometry. (b) dV,/dVyp as a function of Vyp
and Vpr. Bright lines correspond to the charge transition lines of the probe SLQD.

In this paper, we realize a new kind of QD probe: a fast single-lead quantum dot (SLQD) probe. An
SLQD is a QD, which couples to a target system through a single tunneling barrier'*-!6. We can probe
more states, not only those around the Fermi level, with robustness against change of the electronic
distribution because the SLQD is fully isolated from electronic reservoirs. Also, we can improve the
operation time of the probe because the geometric capacitance of the SLQD is small and by utilizing RF
reflectometry techniques!’~1.

First, we realized the fast SLQD probe and evaluated its operation speed. Second, we applied the probe
to detect local electronic states in another QD, which is used as a controllable target nanostructure in
this experiment. By measuring tunneling events of electrons between the probe SLQD and the target QD,
we confirmed the operation of the new probe. Additionally, we demonstrated its key features. Finally, we
show that this probe can conduct fast real-time measurements of local electronic states.

Results

Realization of a fast single-lead quantum dot probe. Figure 1(a) is a scanning electron micro-
graph of the device. By applying negative voltages on the gate electrodes, a probe SLQD, a target QD and
a QPC charge sensor?? are formed at the upper left, the lower middle and the upper right, respectively.
The QPC charge sensor is connected to an RF resonator formed by an inductor L and a stray capacitance
C, (resonance frequency f,.,= 211 MHz). The number of electrons in the probe SLQD # is monitored by
the intensity of the reflected RF signal V,;. Another possible option to monitor n will be the dispersive
readout using the gates?* of the SLQD, which will simplify the device structure.

First, we formed only the probe SLQD and coupled the probe to the two-dimensional electron gas to
check the operation speed of the probe. Figure 1(b) is a charge state diagram of the SLQD. We measured
V¢ as a function of a plunger gate votage Vpp and a tunneling gate voltage Vpr. To make signals clearer,
we plotted numerical differentials of the signals dV,/dVyp in Fig. 1(b). When n changes with change of
Vip V¢ shows jumps that are observed as bright lines in the figure. Note that the absolute value of 7 is not
exactly one in this device and is expected around ~10 from the size of the QD and the interval between
the charge transition lines. In experiments in the range of this paper, n=1 is not necessary. As Vp is
changed to more negative voltages, the charge transition lines become less visible because tunneling rates
become small and electron tunneling into the SLQD rarely happens within the time scale of the Vyp
sweep (~1ms, Vpp was swept by saw-tooth wave voltages with a frequency of 1160 Hz).

We evaluated the measurement time that is required to resolve a single electron charge in this probe
SLQD. Figure 2(a) shows the number of events N(V,;)/N,, as a function of V,; and measurement time
meas- This histogram is produced as a result of N, = 8192 repetitions of the measurement. The gate
condition of the probe SLQD is fixed at point A in Fig. 1(b) on a charge transition line. At this point,
the charge state changes between n and n+ 1 states in a time scale of several hundreds of ps. In our
measurement setup, a reflected RF signal is demodulated, digitized and integrated on t,,, to produce
Vie. With the increase of t,,,, it becomes possible to distinguish two peaks originating from » and
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Figure 2. (a) N(V,;)/N,, as a function of V;; and f,,.,.. With increase of t,,.,, we can distinguish two peaks
originating from the n and n+ 1 charge states. The left (right) peak corresponds to the n (n+ 1) state. (b)
N(V,£)/Nyy as a function of V; at t,,.,,= 5 ps. We can clearly distinguish the double peaks. The trace shows
a result of fitting with a double Gaussian. (c) Vj; as a function of ¢ with changing V}p around point A in
Fig. 1(b). The charge transition happens around the charge transition lines and observed as jumps of V;in
real-time.

n+ 1 charge states. The left (right) peak corresponds to the n (n+ 1) state. Figure 2(b) is a histogram at
tmeas = 5 p45. The two peaks are well fitted by a double gaussian. We can resolve the n and n+ 1 charge
states with fidelity exceeding 99%. This value of t,,.,, is much shorter than values in previous experiments
with conventional slow electronics (~ms)'-®.

Then we measured real-time tunneling into the probe SLQD. Figure 2(c) shows V; as a function of
time ¢ with changing Vyp around point A in Fig. 1(b). This real time measurement of charge transition is
often used as a benchmark of fast electronic measurements®?, ¢, ... was fixed at 5 us. The traces (offset
by 50mV) show transitions between Vpp= —1553.3 to —1551.5mV. As we increase Vpp, the charge state
changes from # to n+ 1 and jumps of V;;are observed around Vpp= —1552.4mV. We could resolve tun-
neling events as fast as several tens of us and this result is consistent with the result in Fig. 2(b). With
less negative values of Vpp, the state converges to the n+ 1 charge state.

Measurement of local electronic states in a target quantum dot. Next, we formed the target
QD by applying negative voltages on the gates at the lower side of the device in Fig. 1(a). We probed
inner electronic states of the target QD by using the SLQD probe. To detect the states of the target QD,
we use the tunneling of electrons between the target QD and the probe SLQD. We now apply a contin-
uous square wave voltage on Vpp in order to periodically induce electron tunneling from the target QD
to the probe SLQD. The corresponding energy diagram is shown in Fig. 3(a). The levels in the probe
SLQD and the target QD are shifted by the applied square waves and are shown as pairs of lines. The
filled ranges between the lines indicate windows in which the levels move. When the Fermi level of the
reservoir Ey is in the window of the target QD, and the window of the target QD is in the window of
the probe SLQD as in case II, tunneling of electrons is synchronized with the applied square waves. In
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Figure 3. (a) Schematic of an energy diagram with applied square wave voltages on Vpp. The levels in

the probe SLQD and the target QD are shifted by the square wave (filled pairs of lines). In case I and

111, tunneling of electrons does not occur. Tunneling only occurs in case II. (b) Vj¢ as a function of t. The
origin of the horizontal axis is set at falling edges of the square wave. The plotted value of V is a result

of averaging 4096 measurements. The traces (offset by —20mV) show results with Vyp=—1070, —1050,
—1030mV corresponding to case I, II and III, respectively. (c) Close up of the energy diagram in case II and
in a phase of electron tunneling from the target QD to the probe SLQD. Tunneling is enhanced in case ii.
(b) V¢ as a function of t. The traces (offset by —20mV) show results with Vpp=—1053, —1052, —1051 mV
corresponding to case i, ii and iii, respectively.

the other cases, I and III, the tunneling does not occur because the levels are kept empty or filled in all
phases of the square waves.

Figure 3(b) shows measurement of electron tunneling into the probe SLQD in the time domain. V;
is plotted as a function of time . We applied a square wave with amplitude 16 mV and frequency 5kHz.
The origin of the horizontal axis is set at falling edges of the square wave. The plotted values of V are
the result of averaging 4096 measurements similar to measurements shown in Fig. 2(c). The traces (offset
by —20mV) show results with Vpp=—1070, —1050, —1030mV and these correspond to case I, IT and
III, respectively. In cases I and III, there is no electron tunneling and Vj; exhibits a square wave shape
resulting from the direct electrostatic coupling between the applied square wave voltage and the charge
sensor. On the other hand, in case II, electron tunneling events are synchronized with the square wave.
This tunneling process is stochastic and produces exponential-decay changes of V¢ on the square wave
background by averaging a large number of time traces.
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Figure 4. (a) V. as a function of Vpp and Viyp. Black lines show conditions at which the levels in the target
QD and the probe SLQD align and electron tunneling is enhanced. (b) Energy diagrams in regions A, B

and C. The solid and dotted lines show the ground and the excited states, respectively. In regions A, B and
C, tunneling occurs from the states in the target QD to the ground state in the SLQD, from the states in

the target QD to the excited state in the SLQD, and from the ground state of the SLQD to the states in the
target QD.

Figure 3(c) is a close-up of the energy diagram for case II and in a case of electron tunneling from the
target QD to the probe SLQD. If the level of the target QD is not aligned to the level of the probe SLQD
like in cases i and iii, tunneling is suppressed as it is an inelastic process. On the other hand, when the
levels are aligned as in case ii, tunneling is an elastic process and enhanced?”?. Therefore, we can detect
the target level as an enhancement of the tunneling into the probe SLQD. (The same mechanism also
works in a case of tunneling from the probe SLQD to the target QD.)

The corresponding data in such a scheme is shown in Fig. 3(d). Traces (offset by —20mV) show the
results with Vpp=—1053, —1052, —1051 mV and these correspond to case i, ii and iii, respectively. The
average electron tunneling time from the target QD to the probe SLQD in case ii (12 ps) is shorter than
the values in cases i (105 ps) and iii (39 us) as expected. This result shows that operation of the detection
scheme utilizing tunneling of electrons is confirmed by the measurement of electron tunneling with the
wide-band probe.

Next, we checked the modulation of the tunneling with changing Vyp and a plunger gate voltage of
the target QD V. Figure 4(a) shows a synchronized component of V,; with the applied square wave
Ve measured by using the lock-in technique as a function of Vpp and Vip. Vi, will be decreased
when electron tunneling happens as shown in Fig. 3(d)ii. We can see several black lines from the lower
left to the upper right and these correspond to conditions at which the levels in the target QD and the
probe SLQD align and electron tunneling occurs. By considering the energies of excited states in both
QDs, which are evaluated in another experiment as 200 and 480 peV for the target QD and the probe
SLQD, lines in region A correspond to electron tunneling from states in the target QD to the ground
state in the SLQD, region B corresponds to tunneling from states in the target QD to the excited state in
the SLQD, and region C corresponds to tunneling from the ground state of the probe SLQD to states in
the target QD as shown in Fig. 4(b). The solid and dotted lines in the figure show the ground and the
excited states, respectively.

The thick band structure from the upper left to the lower right corresponds to the electron tunneling
between the target QD and the reservoirs because the charge sensor also has finite sensitivity to the
charges in the target QD. The relative signal intensity by the target QD is about half of that by the probe
QD reflecting the smaller capacitive coupling between the target QD and the sensor. The lower left edges
of the black lines are points at which the target QD level is aligned to the Fermi level of the reservoirs in
the injection phase. Moving to the upper right along the black lines, the target level goes below the Fermi
level. The upper right edges of the black lines correspond to the points at which the target level is 450 pieV
below the Fermi level. Even at this condition, we could detect the target levels with the SLQD probe. We
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Figure 5. (a,b) Bias voltage dependence of Coulomb peaks through the target QD (a) and tunneling signal
measured by the SLQD probe (b). V4 is changed from 50 to 400 11V with 50 £V step, from the bottom to
the top. Offsets are set as AV, .= 50 in Fig. (b). (c) Evaluated signal width as a function of V4. The open
(filled) circles show results in Coulomb peaks (tunneling signal by the SLQD probe). (d,e) Temperature
dependence of Coulomb peaks through the target QD (d) and tunneling signal measured by the SLQD
probe (e). T is changed from the base temperature to 400 mK with 100 mK step, from the bottom to the
top. Offsets are set as AV, .= 50 in Fig. (e). (c) Evaluated signal width as a function of T. The open (filled)
circles show results in Coulomb peaks (tunneling signal by the SLQD probe).

observe electronic states of the target QD with line width as small as 30 eV by considering that the cou-
pling to the probe SLQD (several tens of us) does not broaden the target levels. These results show that
the SLQD probe can access levels, not just those around the Fermi level, with good energy resolution.

Robustness of the measurement by a single-lead quantum dot probe. Next, we checked the
robustness of our measurement scheme against the electronic distribution in the reservoirs of the device.
Figures 5(a,b) show bias voltage dependence of Coulomb peaks through the target QD (a) and the corre-
sponding tunneling signal measured by the SLQD probe (b). The traces (offset by 50 in Fig. 5(b)) show
results when we change the source drain bias voltage of the target QD V4 from 50 to 400 1V with 50 4V
step. The width of the Coulomb peaks are shown as open circles in Fig. 5(c). The width is taken at 1/3 of
the peak height in order to prevent the effect of excited states, which changes the shape of the peaks®. We
observe an increase of the width with the increase of V. Filled circles in Fig. 5(c) are the width of the
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Figure 6. (a,b) Energy diagram when small square wave voltages are applied on Vpp. If the target QD is
empty (filled), inter-dot tunneling does not occur (a) (does occur (b)). (c) Real-time detection of charges

in the target QD. Vj is plotted as a function of t. The traces show results when QD levels are changed
against the Fermi energy. In the shaded regions, the amplitude becomes small because the target QD is filled
and inter-dot tunneling occurs. The tunneling electrons screen the square wave and the amplitude of Vj
decreases.

SLQD probe signal evaluated by FWHM. Strikingly, the width of the peaks is unaffected by the change
of V4. This proves that the measurement by the SLQD probe is robust against V4.

Then, we studied the temperature dependence of the Coulomb peaks and the SLQD probe signal, as
shown in Fig. 5(d,e). The traces (offset by 50 in Fig. 5(e)) show results with changing temperature of
the fridge T from base temperature (13 mK) to 400 mK with 100 mK steps. The FWHM of the Coulomb
peaks as a function of T is shown as open circles in Fig. 5(f). The width increases with the increase of
T reflecting the broadening of the Fermi distribution in the reservoirs. The width of the SLQD probe
signal, shown as filled circles in Fig. 5(f), shows no dependence on T. These results show that the meas-
urement by the SLQD probe can access the local electronic states precisely, liberated from the electronic
distribution of the reservoirs.

Real-time measurement of the target quantum dot states. Finally, we monitored the charge
state of the target QD by using the fast SLQD probe. To detect the charge states of the target QD in real
time with the SLQD probe, we again use the inter-dot tunneling when we apply a small square wave
voltage on Vpp. Measurements and refreshments of the probe are repeated by applying the square wave.
We lowered the response time of the SLQD probe by making the inter-dot tunneling faster than 5 ys and
also by making the charge transition time of the target QD slower in the accessible range of the probe.
If the target QD level is empty, inter-dot tunneling does not occur (Fig. 6(a)). On the other hand, if the
level is filled, inter-dot tunneling synchronized with the square wave occurs (Fig. 6(b)). This inter-dot
tunneling can be detected by the SLQD probe.

Figure 6(c) shows the observed V, as a function of time. We applied a square wave (frequency
12.5kHz, amplitude 2mV) and the resulting square wave shaped V,; which comes from direct elec-
trostatic coupling between Vpp and the charge sensor, is observed. The traces show these results when
we changed the target QD levels from beneath the Fermi level to above. We can observe two kinds of
oscillation amplitudes. If an inter-dot electron tunneling occurs, the electron screens the applied square
wave and the amplitude decreases. Therefore, the region with the small amplitude shaded in Fig. 6(c)
corresponds to the filled condition of the target QD. We can clearly see the real-time jump of the target
QD charge sate and the jump events depend on the energy of the target QD levels against the Fermi level.

Discussion
In conclusion, we have realized a fast SLQD probe, which can access local electronic states in nanostruc-
tures with wide bandwidth. We evaluated the operation speed of the probe and applied this new probe to
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a measurement of the states in a target QD. We confirmed the operation of the probe and demonstrated
its characteristic properties.

The new SLQD probe shows three superior properties compared to previous probes; (1) the SLQD
probe can access more states, not just those around the Fermi level, (2) measurement by the SLQD probe
is robust against change of electronic distribution in the reservoirs, (3) fast real-time measurement is pos-
sible. Properties (1) and (2) are the result of the single-lead quantum dot structure, in which the probe
state is fully isolated and freed from electronic distribution of the electron bath. These properties will be
powerful for measuring fragile local electronic states and their dynamics in nanostructures. For example,
the probe will be useful to probe Kondo states under non-equilibrium conditions**-*? and to readout the
electron spin in QDs**** with high fidelity even at relatively high electron temperatures.

Methods

Device structure and measurement. The device was fabricated from a GaAs/Al0.3Ga0.7 As
heterostructure wafer with sheet carrier density 2.0 X 10°m~2 and mobility 110m?Vs at 4.2K. The
two-dimensional electron gas is formed 90nm underneath the surface. We patterned a mesa structure
by wet-etching and formed Ti/Au Schottky surface gates by metal deposition, which appear white in
Fig. 1(a). All of the measurements were conducted in a dilution fridge at a temperature of 13 mK.

References

. Wolf, S. A. et al. Spintronics: A Spin-Based Electronics Vision for the Future. Science 294, 1488-1495 (2001).

. Zuti¢, 1., Fabian, J. & Das Sarma, S. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 76, 323-410 (2004).

. Loss, D. & DiVincenzo, D. P. Quantum computation with quantum dots. Phys. Rev. A 57, 120-126 (1998).

. Nielsen, M. A. & Chuang, L. L. Quantum Computation and Quantum Information. (Cambridge University Press, 2000).

Ladd, T. D. et al. Quantum computers. Nature 464, 45-53 (2010).

. Datta, S. Electronic Transport in Mesoscopic Systems. (Cambridge University Press, 1997).

. Tarucha, S. et al. Shell Filling and Spin Effects in a Few Electron Quantum Dot. Phys. Rev. Lett. 77, 3613-3616 (1996).

. Kouwenhoven, L. P. et al. Excitation Spectra of Circular, Few-Electron Quantum Dots. Science 278, 1788-1792 (1997).

. Ciorga, M. et al. Addition spectrum of a lateral dot from Coulomb and spin-blockade spectroscopy. Phys. Rev. B 61, R16315-

R16318 (2000).
. Altimiras, C. et al. Non-equilibrium edge-channel spectroscopy in the integer quantum Hall regime. Nature Physics 6, 34-39
(2010).

11. le Sueur, H. et al. Energy Relaxation in the Integer Quantum Hall Regime. Phys. Rev. Lett. 105, 056803 (2010).

12. Venkatachalam, V. et al. Local thermometry of neutral modes on the quantum Hall edge. Nature Physics 8, 676-681 (2012).

13. Otsuka, T, Abe, E., Iye, Y. & Katsumoto, S. Excited-state spectroscopy on a quantum dot side coupled to a quantum wire. Appl.
Phys. Lett. 93, 112111 (2008).

14. Otsuka, T, Abe, E., Iye, Y. & Katsumoto, S. Detection of spin polarization with a side-coupled quantum dot. Phys. Rev. B 79,
195313 (2009).

15. Otsuka, T., Abe, E., Iye, Y. & Katsumoto, S. Probing local electronic states in the quantum Hall regime with a side-coupled
quantum dot. Phys. Rev. B 81, 245302 (2010).

16. Otsuka, T. et al. Detection of spin polarization utilizing singlet and triplet states in a single-lead quantum dot. Phys. Rev. B 86,
081308 (2012).

17. Schoelkopf, R. J. et al. The Radio-Frequency Single-Electron Transistor (RF-SET): A Fast and Ultrasensitive Electrometer. Science
280, 1238-1242 (1998).

18. Reilly, D. J., Marcus, C. M., Hanson, M. P. & Gossard, A. C. Fast single-charge sensing with a rf quantum point contact. Appl.
Phys. Lett. 91, 162101 (2007).

19. Barthel, C. et al. Fast sensing of double-dot charge arrangement and spin state with a radio-frequency sensor quantum dot. Phys.
Rev. B 81, 161308 (2010).

20. Field, M. et al. Measurements of Coulomb blockade with a noninvasive voltage probe. Phys. Rev. Lett. 70, 1311-1314 (1993).

21. Buks, E. et al. Dephasing in electron interference by a ‘which-path’ detector. Nature 391, 871 (1998).

22. Sprinzak, D. et al. Charge Distribution in a Kondo-Correlated Quantum Dot Phys. Rev. Lett. 88, 176805 (2002).

23. Elzerman, J. M. et al. Few-electron quantum dot circuit with integrated charge read out. Phys. Rev. B 67, 161308 (2003).

24. Colless, J. I et al. Dispersive Readout of a Few-Electron Double Quantum Dot with Fast rf Gate Sensors. Phys. Rev. Lett. 110,
046805 (2013).

25. Vandersypen, L. M. K. et al. Real-time detection of single-electron tunneling using a quantum point contact. Appl. Phys. Lett.
85, 4394-4396 (2004).

26. Vink, I. T. et al. Cryogenic amplifier for fast real-time detection of single-electron tunneling. Appl. Phys. Lett. 91, 123512 (2007).

27. Van Der Vaart, N. C. et al. Resonant Tunneling Through Two Discrete Energy States. Phys. Rev. Lett. 74, 4702-4705 (1995).

28. Fujisawa, T. et al. Spontaneous Emission Spectrum in Double Quantum Dot Devices. Science 282, 932-935 (1998).

29. Johnson, A. T. et al. Zero-dimensional states and single electron charging in quantum dots. Phys. Rev. Lett. 69, 1592 (1992).

30. Meir, Y., Wingreen, N. S. & Lee, P. A. Low-temperature transport through a quantum dot: The Anderson model out of equilibrium.
Phys. Rev. Lett. 70, 2601-2604 (1993).

31. De Franceschi, S. et al. Out-of-Equilibrium Kondo Effect in a Mesoscopic Device. Phys. Rev. Lett. 89, 156801 (2002).

32. Leturcq, R. et al. Probing the Kondo Density of States in a Three-Terminal Quantum Ring. Phys. Rev. Lett. 95, 126603 (2005).

33. Elzerman, J. M. et al. Single-shot read-out of an individual electron spin in a quantum dot. Nature 430, 431-435 (2004).

34. Nowack, K. C. et al. Single-Shot Correlations and Two-Qubit Gate of Solid-State Spins. Science 333, 1269-1272 (2011).

OO NG AW

—
j=1

Acknowledgements

We thank J. Beil, J. Medford, F. Kuemmeth, C. M. Marcus, D. J. Reilly, K. Ono, RIKEN CEMS Emergent
Matter Science Research Support Team and Microwave Research Group in Caltech for fruitful discussions
and technical supports. Part of this work is supported by the Grant-in-Aid for Research Young Scientists
B, Funding Program for World-Leading Innovative R&D on Science and Technology (FIRST) from the
Japan Society for the Promotion of Science, InPACT Program of Council for Science, Technology and
Innovation, Toyota Physical & Chemical Research Institute Scholars, RIKEN Incentive Research Project,

SCIENTIFIC REPORTS | 5:14616 | DOI: 10.1038/srep14616 8



www.nature.com/scientificreports/

Yazaki Memorial Foundation for Science and Technology Research Grant, Japan Prize Foundation
Research Grant, Advanced Technology Institute Research Grant, IARPA project “Multi-Qubit Coherent
Operations” through Copenhagen University, Mercur Pr-2013-0001, DFG-TRR160, BMBF - Q.com-H
16KIS0109, and the DFH/UFA CDFA-05-06.

Author Contributions

T.O. and S.T. planned the project; T.O., S.A., A.L. and A.W. performed device fabrication; T.O., S.A., TN.,
M.D, J.Y, KT, R.S., G.A. and S.T. conducted experiments and data analysis; all authors discussed the
results; T.O., S.A., TN.,, M.D., G.A. and S.T. wrote the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Otsuka, T. et al. Fast probe of local electronic states in nanostructures
utilizing a single-lead quantum dot. Sci. Rep. 5, 14616; doi: 10.1038/srep14616 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tmm images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14616 | DOI: 10.1038/srep14616 9


http://creativecommons.org/licenses/by/4.0/

	Fast probe of local electronic states in nanostructures utilizing a single-lead quantum dot

	Results

	Realization of a fast single-lead quantum dot probe. 
	Measurement of local electronic states in a target quantum dot. 
	Robustness of the measurement by a single-lead quantum dot probe. 
	Real-time measurement of the target quantum dot states. 

	Discussion

	Methods

	Device structure and measurement. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Scanning electron micrograph of the device and schematic of the measurement setup.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) N(Vrf)/Ntot as a function of Vrf and tmeas.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Schematic of an energy diagram with applied square wave voltages on VPP .
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Vsync as a function of VPP and VTP .
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a,b) Bias voltage dependence of Coulomb peaks through the target QD (a) and tunneling signal measured by the SLQD probe (b).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a,b) Energy diagram when small square wave voltages are applied on VPP .



 
    
       
          application/pdf
          
             
                Fast probe of local electronic states in nanostructures utilizing a single-lead quantum dot
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14616
            
         
          
             
                Tomohiro Otsuka
                Shinichi Amaha
                Takashi Nakajima
                Matthieu R. Delbecq
                Jun Yoneda
                Kenta Takeda
                Retsu Sugawara
                Giles Allison
                Arne Ludwig
                Andreas D. Wieck
                Seigo Tarucha
            
         
          doi:10.1038/srep14616
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14616
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14616
            
         
      
       
          
          
          
             
                doi:10.1038/srep14616
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14616
            
         
          
          
      
       
       
          True
      
   




