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A solid-state quantum microscope
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Atechnique based on ascanning tunnelling
microscope can provide simultaneous
control, visualization and spectroscopic
characterization of quantum states with
atomicresolution.

Being able to directly address the details of aquantum state as a func-
tion of device operating conditionsis of usein the exploration of exotic
phasesincorrelated systems and the development of integrated quan-
tum systems that coherently control and measure individual qubits™*.
Inatomic molecular optics — where devices typically consist of arrange-
ments of spatially trapped atoms — an optical quantum microscope?
is used to position arrays of atoms, as well as to address, manipulate
and measure the occupation of individual sites with spatially resolved
probes. These microscopes can facilitate the scale-up of arrays to hun-
dreds of atoms.

Making a version of such a probe in a solid-state-based quantum
device platformis desirable. However, only spatially integrated — not
local — information can so far be obtained because local control is
provided by the electrostatic gates, and quantum-state measurements
are usually performed through a fixed charge sensor. Writing in Nature
Electronics, Benoit Voisin and colleagues now report a solid-state
quantum microscope that enables simultaneous control, visualiza-
tionand spectroscopy of quantum states in ananodevice with atomic
resolution®.

Several techniques have previously been used to obtain spatially
resolved information in solid-state devices, including scanning gate
microscopy, atomic force microscopy and scanning single-electron
quantum dot microscopy’. Although these techniques provide local
information on some material properties, such as topography or
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Fig.1|An STM-based solid-state quantum microscope. The light-assisted STM
enables topographic and spectroscopic characterization of the central atomic
quantum dot (QD) device (single phosphorus (P) atoms in silicon (Si)). Source
and gate electrodes are defined by antimony (Sb) implantation, and the STM tip
actsasthedrain electrode. Red light (wavelength A= 700 nm) is used to make the
silicon substrate temporarily conductive for aligning and stabilizing the STM tip.

variations of the electrostatic potential, they all rely on capacitive
couplingbetween the scanning probe and the device, and cannot per-
form direct measurement of the quantum states. They are microscopy
techniques on quantum devices, but the probe itself cannot serve as
aquantum microscope.

Scanning tunnelling microscopy (STM), which relies on tunnel
coupling between the device and the probe, does provide alocal meas-
urement of a quantum state in the solid state since the measured tun-
nelling current directly represents energy-resolved quantities, such as
thelocal density of states or energy splittings of the qubit devices, with
atomic resolution. However, STMis limited to conductive substrates®
and, despite some progress to increase controllability’, it remains
difficult to achieve local electrostatic control that is compatible with
conventional nanoelectronic devices. Therefore, even with STM, the
quantum states are still measured through the underlying device, for
example, viaconductance through ananowire or a charge sensor built
into the device®.

To overcome this, Voisin and colleagues — who are based at UNSW
Sydney, the University of British Columbia, the University of Melbourne
and RMIT University — developed light-assisted STM measurement
techniques, which they demonstrate in quantum-dot-based devices
made of phosphorus atoms in silicon (Fig. 1). For topographic meas-
urements, the sample is made conductive by illuminating the sample
with red light (that is, a wavelength above the silicon bandgap), ena-
bling normal STM measurement and stabilization of the probe tip. For
quantum-state mapping, local gating and spectroscopy measurements,
theilluminationis removed, which turns the sample to a highly insulat-
ing state (more than 9 GQ).

The combination of local gating and spatial mapping enables
dynamic control of the quantum state-to-probe coupling, minimiz-
ing the decoherence of quantum states that occurs due to probing’.
In addition, the STM-based solid-state quantum microscope can
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During measurement, a bias voltage (V,) at the source electrode injects electrons
though atunnel barrier (/;,) into the QD and from the QD to the STM tip (/).
Local gating (gate voltage V) provides quantum control of the chemical potential
difference between the quantum device and probe. Figure reproduced with
permission fromref. 4, Springer Nature Ltd.
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measure the local spectral function in active atomic devices; the cor-
responding measurement is challenging to achieve in optical quantum
microscopes’.

A key step in achieving this is to reverse the device fabrication
routine compared with conventional dopant-based qubit devices in
silicon. Typically, the macroscopic parts of the electrodes are formed
using cleanroom equipment after dopant incorporation'®. Here, the
electrodes are formed beforeincorporation of the phosphorus atoms.
Subsurface implantation of antimony defines the electrodes, before
insitu flash annealing is used to ensure a high level of surface cleanli-
ness for the STM lithography and so that good electrical contacts
with atomic precision can be achieved. With this solid-state quan-
tum microscope, the researchers are able to show spatially resolved
quantum-state measurements of a dopant-based quantum dot
fabricated using atomically precise lithography.

Realizing the full capabilities of this solid-state quantum micro-
scope will require further developments — such as scaling the number
of sitesand gates, and operation at sub-kelvin temperatures” — with the
ultimate goal being in situ quantum manipulation and exploration of
exotic quantumregimes with engineered coupling interactionsinlarge
atomicarrays®. Nevertheless, the current system creates opportunities
for experiments that provide a link between device performance and
geometry, instead of relying onindirect transport or occupation meas-
urements where details of the charge distribution are unknown. These
capabilities are essential when, for example, mapping the ground state

of complex states of matter away from half-filling. Moreover, using the
STMtip asanactive element of the device (its drainelectrode) enables
the parallel fabrication and measurement of several devices on the
same sample, providing aroute for the high-throughput characteriza-
tion of quantum devices at cryogenic conditions.
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	A solid-state quantum microscope

	Fig. 1 An STM-based solid-state quantum microscope.




