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ABSTRACT: Conventional transport methods provide quantitative information on spin, orbital, and valley states in quantum dots
but lack spatial resolution. Scanning tunneling microscopy, on the other hand, provides exquisite spatial resolution at the expense of
speed. Working to combine the spatial resolution and energy sensitivity of scanning probe microscopy with the speed of microwave
measurements, we couple a metallic tip to a Si/SiGe double quantum dot (DQD) that is integrated with a charge detector. We !rst
demonstrate that the dc-biased tip can be used to change the occupancy of the DQD. We then apply microwaves through the tip to
drive photon-assisted tunneling (PAT). We infer the DQD level diagram from the frequency and detuning dependence of the
tunneling resonances. These measurements allow the resolution of !65 !eV excited states, an energy consistent with valley splittings
in Si/SiGe. This work demonstrates the feasibility of scanning gate experiments with Si/SiGe devices.
KEYWORDS: silicon germanium, quantum dots, charge sensing, scanning gate microscopy, atomic force microscopy,
photon-assisted tunneling

! INTRODUCTION
Quantum device performance is generally characterized in
terms of a few metrics, such as the qubit relaxation time,
coherence time, and gate !delity.1 In many systems, the
relationship between microscopic material parameters and
coherence times is poorly understood. For example, the
relaxation time of superconducting qubits is limited to !100’s
of !s.2 Charge noise is ubiquitous in semiconductor devices
and limits the !delity of both charge3 and spin qubits.4 To link
microscopic materials properties and qubit performance, it is
desirable to develop measurement approaches that combine
high spatial resolution, control of realistic quantum devices,
and operation at frequencies comparable to qubit transition
frequencies (typically 5"20 GHz range).
Silicon spin qubits are among the leading contenders for

building fault-tolerant quantum computers5,6 due to their small
!100 nm footprint7 and the ability to chemically and
isotopically purify the silicon host material. While long
coherence times8 and high !delity gates9"12 have been
achieved, there are concerns about how the valley degree of

freedom, as well as charge and magnetic disorder, will impact
performance as the number of silicon spin qubits scales up.13,14

Other concerns are related to the tuning and readout15 of 2D
spin qubit arrays.16 Each outlined challenge demands spatial
resolution and may be suitably addressed with di"erent
variations of scanning probe microscopy. For example,
conventional dc scanning gate microscopy (SGM) allows the
visualization of charge traps around the device.17 When
combined with the conventional microwave toolbox, the tip
of the SGM can be used for local spectroscopy18 in the few
tens of GHz range. This frequency range overlaps nicely with
the reported 25"300 !eV19"23 valley splittings measured in
Si/SiGe quantum wells (QWs). An understanding of the
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! INTRODUCTION
Quantum device performance is generally characterized in
terms of a few metrics, such as the qubit relaxation time,
coherence time, and gate !delity.1 In many systems, the
relationship between microscopic material parameters and
coherence times is poorly understood. For example, the
relaxation time of superconducting qubits is limited to !100’s
of !s.2 Charge noise is ubiquitous in semiconductor devices
and limits the !delity of both charge3 and spin qubits.4 To link
microscopic materials properties and qubit performance, it is
desirable to develop measurement approaches that combine
high spatial resolution, control of realistic quantum devices,
and operation at frequencies comparable to qubit transition
frequencies (typically 5"20 GHz range).
Silicon spin qubits are among the leading contenders for

building fault-tolerant quantum computers5,6 due to their small
!100 nm footprint7 and the ability to chemically and
isotopically purify the silicon host material. While long
coherence times8 and high !delity gates9"12 have been
achieved, there are concerns about how the valley degree of

freedom, as well as charge and magnetic disorder, will impact
performance as the number of silicon spin qubits scales up.13,14

Other concerns are related to the tuning and readout15 of 2D
spin qubit arrays.16 Each outlined challenge demands spatial
resolution and may be suitably addressed with di"erent
variations of scanning probe microscopy. For example,
conventional dc scanning gate microscopy (SGM) allows the
visualization of charge traps around the device.17 When
combined with the conventional microwave toolbox, the tip
of the SGM can be used for local spectroscopy18 in the few
tens of GHz range. This frequency range overlaps nicely with
the reported 25"300 !eV19"23 valley splittings measured in
Si/SiGe quantum wells (QWs). An understanding of the
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Outline

• Device


• Tunability and Operation Modes (SQD, DQD)


• Influence of the Tip


• Photon Assisted Tunneling —> Method to extract tunnel rates!
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Device
• Si/SiGe hetero structure: 5 nm Si QW under 

50 nm Si0.7Ge0.3 capped by 2 nm Si


• Overlapping Al gate electrodes 25 nm, 
45 nm, 75 nm


• Metallic tuning fork AFM                               
+ bias-T for DC & μ-waves


• Experiment in Bluefors XLD @150 mK 

• They characterized 3 reproducible devices, 
showing one here

parameters a!ecting valley splitting24 and its spatial variation25

is of particular interest to the semiconductor spin qubit
community since this unwanted degree of freedom23,26 can
cause fast qubit relaxation.27

SGM provides spatial resolution, but it has not been applied
to realistic quantum devices. In previous experiments, SGM
was performed exclusively in quantum dots (QDs) de"ned by
local anodic oxidation28,29 in doped GaAs or by using one layer
of metallic gates.30 Multiple QDs accidentally formed in
carbon nanotubes31 and semiconductor nanowires32 were
studied. Additionally, noninvasive charge readout of individual
self-assembled InAs QDs was demonstrated recently.15 All of
these structures have an essentially open surface with at most a
few thin metallic gates to deplete electrons.17

In this Letter, we perform SGM on a device consisting of a
lithographically de"ned DQD and an integrated QD charge
sensor.33 The DQD is one of the most common building
blocks used to de"ne Si/SiGe charge and spin qubits.27 To
allow for the integration of the DQD in a SGM experiment, we
purposely omit a gate electrode, allowing the electric potential
of the SGM tip to couple to electrons in the Si QW. Using the
biased tip as a movable plunger gate, we demonstrate
manipulation and imaging of single electrons inside the device.
In the few-electron regime, where the current through the

device is pinched o!, we show how the charge sensor signal
can be used to count electrons. By applying a microwave tone
through the tip, we are able to perform excited state
spectroscopy by means of PAT. Our work demonstrates
microscope-based microwave spectroscopy and control of a
state-of-the-art semiconductor quantum device.

! RESULTS AND DISCUSSION
Our device is fabricated on a Si/SiGe heterostructure (see
Figure 1a for a schematic of the experimental setup). The
heterostructure consists of a 5 nm thick Si QW that is buried
by a 50 nm thick layer of Si0.7Ge0.3 and capped by 2 nm of Si.
To control the electron density n in the plane of the QW, we
utilize a gate stack consisting of three overlapping layers of Al
electrodes,7 with progressively increasing thicknesses of 25, 45,
and 75 nm. The gates de"ne a DQD and an adjacent charge
sensor QD as shown in Figure 1b,c. The charge sensing QD7 is
formed by means of two barrier gates (B1, B2) and a plunger
gate (P). Gates S1, P1, P2, and D1 are patterned in the upper
half of the device. Here, we purposely omit the middle gate
electrode, since its functionality is to be replaced by the SGM
tip. The middle screening-gate (MS) separates the upper and
lower parts of the sample, such that the DQD (sensor) current
ID (IS) can be independently measured.

Figure 1. (a) Schematic of the Si/SiGe device being perturbed by an atomic force microscope (AFM) tip (T). A bias-T allows microwaves to be
applied to a dc-biased tip. (b) Low-temperature AFM topography of a test structure that is adjacent to the device. (c) (Top) False-color SEM
image of the device. The absence of metal between gates P1 and P2 allows the potential of the AFM tip to perturb the electronic wave function in
the Si QW. (Bottom) Simulated charge density n in the Si QW. The charge sensor is used to probe the charge occupancy of the DQD. (d) DQD
charge stability diagram extracted from the current ID #owing through the DQD (top) and charge sensing measurements of IS (bottom). The tip is
pulled far from the device with VT = 0.51 V.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01098
Nano Lett. 2022, 22, 4807!4813
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Tunability 
• Accumulation of e- below S & D, using 

P & B as plungers (also acc. mode)


• lack of interdot barrier for tip access


• images on right: VT = 6 V and ~150 nm 
above sample


• Sensor insensitive to interdot transitions 
N1 + N2 = const.
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parameters a!ecting valley splitting24 and its spatial variation25

is of particular interest to the semiconductor spin qubit
community since this unwanted degree of freedom23,26 can
cause fast qubit relaxation.27

SGM provides spatial resolution, but it has not been applied
to realistic quantum devices. In previous experiments, SGM
was performed exclusively in quantum dots (QDs) de"ned by
local anodic oxidation28,29 in doped GaAs or by using one layer
of metallic gates.30 Multiple QDs accidentally formed in
carbon nanotubes31 and semiconductor nanowires32 were
studied. Additionally, noninvasive charge readout of individual
self-assembled InAs QDs was demonstrated recently.15 All of
these structures have an essentially open surface with at most a
few thin metallic gates to deplete electrons.17

In this Letter, we perform SGM on a device consisting of a
lithographically de"ned DQD and an integrated QD charge
sensor.33 The DQD is one of the most common building
blocks used to de"ne Si/SiGe charge and spin qubits.27 To
allow for the integration of the DQD in a SGM experiment, we
purposely omit a gate electrode, allowing the electric potential
of the SGM tip to couple to electrons in the Si QW. Using the
biased tip as a movable plunger gate, we demonstrate
manipulation and imaging of single electrons inside the device.
In the few-electron regime, where the current through the

device is pinched o!, we show how the charge sensor signal
can be used to count electrons. By applying a microwave tone
through the tip, we are able to perform excited state
spectroscopy by means of PAT. Our work demonstrates
microscope-based microwave spectroscopy and control of a
state-of-the-art semiconductor quantum device.

! RESULTS AND DISCUSSION
Our device is fabricated on a Si/SiGe heterostructure (see
Figure 1a for a schematic of the experimental setup). The
heterostructure consists of a 5 nm thick Si QW that is buried
by a 50 nm thick layer of Si0.7Ge0.3 and capped by 2 nm of Si.
To control the electron density n in the plane of the QW, we
utilize a gate stack consisting of three overlapping layers of Al
electrodes,7 with progressively increasing thicknesses of 25, 45,
and 75 nm. The gates de"ne a DQD and an adjacent charge
sensor QD as shown in Figure 1b,c. The charge sensing QD7 is
formed by means of two barrier gates (B1, B2) and a plunger
gate (P). Gates S1, P1, P2, and D1 are patterned in the upper
half of the device. Here, we purposely omit the middle gate
electrode, since its functionality is to be replaced by the SGM
tip. The middle screening-gate (MS) separates the upper and
lower parts of the sample, such that the DQD (sensor) current
ID (IS) can be independently measured.

Figure 1. (a) Schematic of the Si/SiGe device being perturbed by an atomic force microscope (AFM) tip (T). A bias-T allows microwaves to be
applied to a dc-biased tip. (b) Low-temperature AFM topography of a test structure that is adjacent to the device. (c) (Top) False-color SEM
image of the device. The absence of metal between gates P1 and P2 allows the potential of the AFM tip to perturb the electronic wave function in
the Si QW. (Bottom) Simulated charge density n in the Si QW. The charge sensor is used to probe the charge occupancy of the DQD. (d) DQD
charge stability diagram extracted from the current ID #owing through the DQD (top) and charge sensing measurements of IS (bottom). The tip is
pulled far from the device with VT = 0.51 V.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01098
Nano Lett. 2022, 22, 4807!4813

4808

Fig. S1



MJ Carballido / Quantum Coherence Lab 2022
5

Influence of Tip
• Tip height ~100 nm
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Single QD Regime
• Elongated DQ “initialized” in N-1 state with 

tip far away 

• During scanning (SGM), VP’s held constant


• Tip VT = 6 V and 150 nm above structure


• Coulomb-ring —> constant tip-device 
interaction

A metallic SGM tip may be used to perturb the electronic
con!nement potential in the Si QW. As sketched in Figure 1a,
a bias-T allows both a dc bias and microwave excitation to be
applied to the tip. A typical low-temperature AFM topography
image of a test structure similar to the device is shown in
Figure 1b. Here, all three layers of overlapping Al gates are
visible and can be compared to the high resolution scanning
electron microscope (SEM) image in Figure 1c. All measure-
ments were performed in a cryogen-free Bluefors XLD dilution
refrigerator with a base electron temperature of 150 mK.
Details of the active and passive vibration damping stages
utilized in the dilution refrigerator are detailed elsewhere.34 We
characterized three similar devices and obtained reproducible
results. Data from one device are shown here.
We !rst discuss dc operation of the device with the SGM tip

pulled far from the sample. We are able to tune the device
shown in Figure 1c to a regime where the gates P1 and P2
form a DQD. The lower panel of Figure 1c shows the
simulated charge density n in the Si QW, with regions of high
charge density near the ends of the S1 and D1 accumulation
gates. The presence of the DQD is evident from the charge
stability diagrams shown in Figure 1d. The upper plot shows
the current ID as a function of the gate voltages VP1 and VP2
with a small source-drain bias applied across the device (VSD =
65 !V). As expected for weak interdot tunnel coupling,35 ID is
nonzero only in the vicinity of a triple point, where electrons or
holes can resonantly tunnel through the DQD. The dashed
lines are guides to the eye and separate di"erent DQD charge
con!gurations. Charge states are denoted (N1, N2), where N1
(N2) is the number of electrons in the left (right) dot. The
lower panel of Figure 1d shows the current IS over the same
range of gate voltages. As expected, IS changes stepwise each
time an electron is added to the DQD (thereby changing the

total charge occupancy N = N1 + N2).
36 In contrast, the sensor

is insensitive to interdot charge transitions (where N1+N2 is
constant) due to the fact that it is symmetrically placed across
from the DQD.37

We now investigate the impact of the metallic SGM tip on
the transport properties of the device. Large-scale scans over
gate voltage space (VP1,VP2) show a crossover from single QD
to DQD behavior (see the Supporting Information38). The dot
current acquired in the single QD regime is plotted in Figure
2a. Here, due to cross-capacitance e"ects, the device acts as a
single elongated QD. To acquire SGM data, we begin with the
tip far from the device and set the gate voltages in the N ! 1
electron charge state (white star in Figure 2a). The gate
voltages are then held constant during SGM measurements.
With the biased tip (VT = 6 V) parked "150 nm above the Al
gates, we measure ID as a function of the xy-coordinates of the
tip, as shown in Figure 2b.
The electrostatic con!nement potential is dependent on the

xyz-coordinates of the tip. As a result, the charge stability
diagram shifts to lower gate voltages (see the Supporting
Information38) as we bring the positively biased tip closer to
the QD. The circular feature in Figure 2b marks the moment
when the Coulomb peak separating the N ! 1 and N charge
states in Figure 2a crosses the initial position in gate voltage
space (marked as a white star in Figure 2a). Equivalently, we
can imagine the stability diagram unchanged and the tip
instead traversing a certain trajectory in gate voltage space as
shown by the white line in Figure 2a. The almost perfectly
circular feature in the SGM image de!nes the line of a constant
tip-device interaction potential around the dot and separates
the N ! 1 and N charge states in the xy-plane.28,30 Sweeping
VT or moving the tip in the z-coordinate changes the electron

Figure 2. (a) Charge stability diagram acquired in the single QD regime. The star indicates the initial tuning of the device with the AFM tip pulled
far away from the sample surface. The white solid line marks the conceptual trajectory of the charge state as we perform SGM. (b) SGM image in
the single dot regime at constant VT = 6 V and with the tip placed "150 nm above the Al gates. (c) Stability diagram in the DQD regime. (d) SGM
image in the DQD regime at constant VT = 3 V and with the tip placed "100 nm above the Al gates.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01098
Nano Lett. 2022, 22, 4807!4813
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Previous Work, SQD vs DQD

LEFT: Fallahi P, Imaging a Single-Electron Quantum Dot. Nano Lett. 2005, 5, 223−226

RIGHT: : Huefner M, Spatial mapping and manipulation of two tunnel-coupled quantum dots. Phys. Rev. B 2011, 83, 235326. 

11

Figure 3. (a-d) Coulomb blockade images of a single-electron quantum dot at T = 1.7 K,

showing the dot conductance G vs. tip position. The ring of high conductance around the

center of the dot is formed by the Coulomb blockade peak between 0 and 1 electron in

the dot. The tip voltages Vtip for A-D are 40 mV, 50 mV, 60 mV and 80 mV respectively.

(e-h) Theoretical simulations of the images in a-d for a dot formed by a parabolic

potential with energy spacing 3.1 meV (energy of first excited state from Figure 2a) for

the same tip voltages as a-d.  (i-l) Experimental maps of the energy shift Δ of electrons in

the dot vs. tip position, extracted from the measured lineshape of the Coulomb blockade

conductance peak forming the rings in images a-d.

40 mV 50 mV 60 mV 80 mV
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Tip Potential
• a) Vary tip height at fixed VT = 1.2 V


• b) Vary y-position at fixed height 100 nm


• —> y-position effectively acts as plunger

0 7.24.82.4
 

0

 

ID (nA)

y (μm)

V
SD

 (m
V)

y (μm)

z 
 (μ

m
)  

-0.2

-0.4

0.2

0.4

0.6

-1

0

1

0 7.24.82.4

1.2

1.0

0.8

0.6

0.4

0.2

(a) (b)

ID y z
VT = 1.2 V y

VSD ⇠ 100 nm
y

Fig. S3



MJ Carballido / Quantum Coherence Lab 2022
9

Leverarm Extraction

• Small tip to dot leverarm due to small 
window 80 nm x 50 nm


• Screening of tip by gates

occupancy of the dot. These e!ects are well-known,17 and we
discuss them in the Supporting Information.38

Operation in the few-electron regime is required for the
precise control of charge and spin qubits.33 Now we perform
the same set of measurements in the few-electron DQD regime

Figure 3. (a) Illustration showing symmetric coupling between the tip and the DQD con"nement potential. The metallic gates vastly screen the
electric "eld of the tip. The tip is placed !100 nm above the Al gates. (b) Stability diagram plotted as a function of VP2 and VT, with VP1 = 590 mV.
(c) Stability diagram plotted as a function of VT and VP1, with VP2 = 400 mV. (d) Stability diagram as a function of VP1 and VP2, with VT = 0 V.

Figure 4. (a) PAT in a DQD driven by an AFM tip placed !100 nm above the Al gates with VT = 0.51 V. At negative detuning ! < 0, the net
current ID through the DQD is #owing outside the triple points as the electron absorbs a photon " and jumps from the ground state in the right dot
(N1, N2 + 1)g to the ground (N1 + 1, N2)g or excited (N1 + 1, N2)e state in the left dot. (b) Three-level energy diagram of the DQD, used to "t PAT
data. Two photon tunneling events are highlighted as 2". (c, d) Current through the DQD around triple points with the microwave source o! (c)
and on ( f = 25 GHz) (d). Detuning axis is marked by a yellow arrow. (e) ID plotted as a function of ! and spaced accordingly with respect to
microwave frequency. Colored lines correspond to colored arrows in (b) for each transition. The data are best "t with an interdot tunnel coupling t
= 16 #eV and ! = 64 #eV.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01098
Nano Lett. 2022, 22, 4807"4813

4810

Fig. 3

(Figure 2c) where ID is fully suppressed due to diminished
tunneling rates, and we can only rely on charge sensing. We
initially park the plunger gates in the (N1, N2) charge state and
bring the tip closer to the surface with VT = 3 V. SGM images
using the sensor dot are shown in Figure 2d. Here, IS is plotted
as a function of the xy-position of the tip. Instead of a single
Coulomb peak in Figure 2b, here, we see circular shifts in IS,
each marking the boundaries between di!erent DQD charge
states as shown in Figure 2c. The background cone-shaped
signal is essentially just a Coulomb peak in the sensor dot that
is electrostatically coupled to the tip. Despite the fact that we
are in the DQD regime, we do not observe evidence of a
double-circle structure29,31 in the SGM image. We attribute
this result to the fact that the tip couples symmetrically to both
dots. In other words, the trajectory of the initial state in the
stability diagram as we move the tip radially from the center is
close to a straight line in charge stability space. To
quantitatively characterize the in"uence of the tip on the
DQD, we next extract the capacitance matrix.
As sketched in Figure 3a, the tip is coupled almost

symmetrically to both sides of the DQD. However, depending
on the speci#c tuning of (VP1,VP2), the tip can locally serve as a
plunger gate for each dot. In Figure 3b!d, we plot charge
stability diagrams acquired by sweeping di!erent pairs of gates,
while keeping the other gate #xed. We keep the xy-position of
the tip close to the center of the circle in Figure 2d. All three
data sets exhibit standard DQD charge stability diagrams.33

From these data, we extract the capacitance matrix C! from Q! =
C!V! (in units of aF):

Q

Q

V

V

V

6.6 0.5 0.031
1.3 5.3 0.023

1

2

P1

P2

T

=
i
kjjjjjj

y
{zzzzzz ikjjjj y{zzzz

i
k
jjjjjjjjjjj

y
{
zzzzzzzzzzz

(1)

As expected from the gate geometry, the diagonal elements in
the left 2 ! 2 block are a few times larger than the o!-diagonal
elements and a few orders of magnitude larger than tip-to-dot
capacitances. The tip-to-dot capacitances are small due to the
fact that the region of the 2DEG exposed to the electric #eld
from the tip is only 80 nm ! 50 nm, and the rest of the electric
#eld is screened by metallic gates as indicated in Figure 3a.
Despite its small lever arm, we can drive PAT transitions by

applying a microwave tone to the tip.35,39 PAT can be used to
probe the energy level structure of the DQD, as we now
demonstrate. Figure 4a illustrates the PAT process at negative
detuning and with a #xed VSD = !L ! !R " !80 !V. A photon
(") or a pair of photons (2") incident from the tip drives the
current through the DQD as the electron jumps from the
ground state in the right dot to either the ground or excited
state in the left dot. At positive detuning, the process is similar,
but photon absorption is replaced by emission.40

The contribution of PAT processes to ID is shown in Figure
4c,d. With the microwave drive on (Figure 4d), stripes of a
#nite current appear in the region between triple points where
resonant tunneling is normally prohibited (Figure 4c). We
de#ne the detuning axis # as being perpendicular to the PAT
stripes as highlighted by a yellow arrow in Figure 4d. The
evolution of ID linecuts is shown in Figure 4e as a function of
microwave frequency f. Here, we plot ID, averaged over a range
of microwave powers, as a function of # and spaced in
accordance to microwave frequency f since ID ! 0 at large
detuning. For f < 16 GHz, the PAT peaks are symmetric

around # = 0 and shift to larger detuning with increasing
photon frequency, consistent with a simple two-level model of
a charge qubit.39 However, for f > 16 GHz, an additional PAT
peak emerges. We #t these data using a three-level
Hamiltonian similar to a model that includes a higher-lying
valley state in one of the dots.36 It includes the right dot
ground state (N1, N2 + 1)g, the left dot ground state (N1 + 1,
N2)g, and the left dot excited state (N1 + 1, N2)e, as shown in
Figure 4b. The anticrossing between ground states is governed

by hf t42 2!= + , where h is Planck’s constant, and t is the
interdot tunnel coupling.35 Calculated transition frequencies
are plotted in Figure 4e along with ID. We obtain best #t values
of t = 16 !eV and an excited state energy ! = 64 !eV. Note
that the (N1 + 1, N2)g "(N1 + 1, N2)e transition is not visible
at large detuning |#| > 2t since the intradot transition does not
contribute to the net current. Also the (N1, N2 + 1)g " (N1 +
1, N2)e transition is not visible at large positive detuning as the
population of the excited state is suppressed at low
temperatures. Finally, we note that a value of ! = 64 !eV is
consistent with valley splittings reported in the literature.19,23,26

! CONCLUSION
In conclusion, we demonstrated coupling between a litho-
graphically de#ned DQD in a Si/SiGe heterostructure and the
tip of a tuning fork-based AFM. We performed manipulation
and imaging of single electrons inside the DQD by means of
transport and charge sensing measurements. Furthermore, we
quantitatively characterized the tip-device interactions by
means of the capacitance matrix, illustrating how the tip can
be used as a local plunger gate to tune the electron occupancy
in the DQD. By applying microwave signals to the tip, we were
able to drive PAT events and perform excited state
spectroscopy. Our experiments demonstrate discrete (from
device to device) microscope-based dc and microwave control
of a DQD!the standard building block for semiconductor
quantum devices. The future integration of dispersive tip-based
readout25 may allow a reduction in the number of litho-
graphically de#ned gates and a more #ne-grained mapping of
spatial variations in the valley splitting.
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Photon Assisted Tunneling
• VSD = μL - μR = - 80 μV


• 


• t = 16 μeV , Δex = 64 μeV 
(Δ consistent with valley splittings)


• (N1 + 1, N2)g <—> (N1 + 1, N2)e   

for |ε| > 2t as it does not contribute to  

net current

hf = ε2 + 4t2

occupancy of the dot. These e!ects are well-known,17 and we
discuss them in the Supporting Information.38

Operation in the few-electron regime is required for the
precise control of charge and spin qubits.33 Now we perform
the same set of measurements in the few-electron DQD regime

Figure 3. (a) Illustration showing symmetric coupling between the tip and the DQD con"nement potential. The metallic gates vastly screen the
electric "eld of the tip. The tip is placed !100 nm above the Al gates. (b) Stability diagram plotted as a function of VP2 and VT, with VP1 = 590 mV.
(c) Stability diagram plotted as a function of VT and VP1, with VP2 = 400 mV. (d) Stability diagram as a function of VP1 and VP2, with VT = 0 V.

Figure 4. (a) PAT in a DQD driven by an AFM tip placed !100 nm above the Al gates with VT = 0.51 V. At negative detuning ! < 0, the net
current ID through the DQD is #owing outside the triple points as the electron absorbs a photon " and jumps from the ground state in the right dot
(N1, N2 + 1)g to the ground (N1 + 1, N2)g or excited (N1 + 1, N2)e state in the left dot. (b) Three-level energy diagram of the DQD, used to "t PAT
data. Two photon tunneling events are highlighted as 2". (c, d) Current through the DQD around triple points with the microwave source o! (c)
and on ( f = 25 GHz) (d). Detuning axis is marked by a yellow arrow. (e) ID plotted as a function of ! and spaced accordingly with respect to
microwave frequency. Colored lines correspond to colored arrows in (b) for each transition. The data are best "t with an interdot tunnel coupling t
= 16 #eV and ! = 64 #eV.
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Fig. 4
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Conclusion

• Performed manipulation and imaging of single electrons inside DQD by means of 
transport and sensing measurements


• Characterise tip-device interactions


• Excited state spectroscopy with PAT scans and extracted tunnel rates


