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Atomically manufactured nickel–silicon quantum dots
displaying robust resonant tunneling and negative differential
resistance
Jian-Yih Cheng1, Brandon L. Fisher2, Nathan P. Guisinger2 and Carmen M. Lilley1

Providing a spin-free host material in the development of quantum information technology has made silicon a very interesting and
desirable material for qubit design. Much of the work and experimental progress has focused on isolated phosphorous atoms. In
this article, we report on the exploration of Ni–Si clusters that are atomically manufactured via self-assembly from the bottom-up
and behave as isolated quantum dots. These small quantum dot structures are probed at the atomic-scale with scanning tunneling
microscopy and spectroscopy, revealing robust resonance through discrete quantized energy levels within the Ni–Si clusters. The
resonance energy is reproducible and the peak spacing of the quantum dot structures increases as the number of atoms in the
cluster decrease. Probing these quantum dot structures on degenerately doped silicon results in the observation of negative
differential resistance in both I–V and dI/dV spectra. At higher surface coverage of nickel, a well-known √19 surface modification is
observed and is essentially a tightly packed array of the clusters. Spatial conductance maps reveal variations in the local density of
states that suggest the clusters are influencing the electronic properties of their neighbors. All of these results are extremely
encouraging towards the utilization of metal modified silicon surfaces to advance or complement existing quantum information
technology.
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INTRODUCTION
There has been significant progress toward the utilization of an
electron’s spin for the development of quantum bits (qubits)
poised to revolutionize modern computers, where the orientation
of the spin serves as the basis for “0” and “1” logic operations.1, 2 A
major challenge is scaling this technology toward meaningful
quantum computation requiring the entanglement of multiple
qubits with coherence times long enough for calculations to occur
and simultaneously be measured.3–12 Not surprisingly, materials
are at the heart of this challenge, from the fabrication of the
qubits to how the electron or nuclear spin interacts with the host
material.13–17 One of the most advantageous platforms has been
developing solid-state qubit architectures using traditional semi-
conductors, where an entire industrial infrastructure exists and
hybridization with conventional technology would be greatly
beneficial. A predominant approach has been developing qubit
systems with quantum dots using III–V semiconductor hetero-
structures,18–22 where the lowered dimensionality is utilized for
quantum confinement. Significant advances have been made
toward addressing the spin in these quantum dot structures that
include fast optical control and all-electrical measurements.
However, the qubit interaction with the nuclear spins, inherent
in the III–V materials, reduces the coherence time and presents a
significant challenge. Alternatively, group IV semiconductors are
quite attractive for qubit design because they can provide a spin-
free environment, where electron spin coherence times have been
measured on the order of seconds.23–25

The utilization of silicon, a zero nuclear spin material, has been
the focus of several proposals as an optimal material for qubit
design. Kane et al.26 first described using the nuclear spins of
phosphorous dopants arranged as an array within a silicon lattice
for the development of a quantum computer.26 Several experi-
mental efforts are underway to fully develop qubit and quantum
technologies based on phosphorous dopants.27–29 A key to these
efforts has been the utilization of scanning tunneling microscopy
(STM) to both fabricate and characterize the unique placement of
single phosphorous donors on both silicon and germanium
surfaces. Most impressive has been the placement of isolated
phosphorous dopants within electronic contacts that can be
macroscopically addressed.30, 31 Although it is not practical to
utilize the STM for large-scale qubit fabrication, it has proven to be
a powerful tool for the development of proof-of-principle devices
and local characterization of quantum structures and phenomena
at the atomic-scale.
Rather than fabricating individual quantum structures with the

STM, we are interested in exploring large-scale atomic manufac-
turing of alternative quantum dot structures that self-assemble,
consist of only a handful of atoms, and are integrated with a
semiconductor substrate. The goal is to find a suitable “bottom-
up” approach that is scalable for qubit design. Complimentary to
STM fabrication of individual quantum structures between
electrical contacts, we envision scalability by controlling the
density of self-assembled quantum dots over an entire surface.
This would allow for the patterning of contacts anywhere on the
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surface and, with optimization, result in the desired density of
quantum dots (from one to many) to exist between the contacts.
There has been significant research in the area of metal
functionalization of silicon surfaces in the context of thin film
growth, metal silicides, and the modification of surface recon-
structions.32–35 Guided by these efforts, we investigated the
submonolayer deposition of Ni on Si(111). At these low coverages,
the surface reconstruction is modified and two distinct Ni–Si
clusters emerge that consist of either a “1 × 1” or “√19” quantum
dot structure consisting of an ordered grouping of Ni and Si
atoms. Here, we report the investigation of quantum dot behavior
and electron confinement in these Ni–Si atomic clusters. Utilizing
scanning tunneling spectroscopy (STS), we observe resonant
tunneling through quantized levels at reproducible energies
within the clusters and a largerpeak spacing for the smaller
clusters, as anticipated for shrinking dimensions. Furthermore, by
degenerately doping (n-type) the host substrate, we can give rise
to negative differential resistance (NDR) observed at negative
sample bias. Finally, at higher surface coverage, the larger clusters
form a uniform metal-silicon reconstruction across the surface
with a complex electronic landscape. This research presents a
model system for large-scale distribution of atomic quantum dots
for potential qubit design that are tunable between two distinct
sizes, with reproducible quantized energy levels, and can be
designed to exhibit NDR.

RESULTS
A submonolayer of Ni was evaporated onto a Si(111) substrate to
observe the initial formation of the atomic Ni–Si clusters, as
illustrated in the STM image of Fig. 1a (please see Materials and
Methods for further details). In the topographic STM images,
obtained at a sample temperature of 55 K, we observe regions of
clean Si(111) where the 7 × 7 surface reconstruction is unper-
turbed, thus verifying that we have submonolayer coverage. The
majority of the image shows Ni modification to the surface. At low
coverage the smaller seven atom clusters are most prevalent.
These clusters topographically appear as small “donut” like
features in the topographic image as observed in Fig. 1b and
are highlighted by yellow dashed circles within the zoomed inset.
We classify these as “1 × 1” clusters adopting the nomenclature
from the literature where the Ni modification results in a 1 × 1
ordering of the underlying Si atoms.36 The structural model for the
1 × 1 clusters is schematically drawn in Fig. 1b. Looking closely at
these STM images, there are larger clusters that appear darker
within the topographic image. The STM is sensitive to the local
density of states (LDOS) and the electronic difference in the larger
clusters at this particular sample bias results in the clusters looking
slightly depressed into the first layer of Si. These clusters are
classified as “√19” clusters and are highlighted by blue circles
within the zoomed inset of Fig. 1b. Again we have adopted
nomenclature from the literature where at higher surface cover-
age these larger clusters order across the surface and give rise to
the reported √19 Ni–Si surface reconstruction.34 The schematic of
Fig. 1b shows the spatially larger quantum dot clusters.
At this point, we can reproducibly fabricate distributions of

these atomic Ni–Si clusters on the Si(111) surface, which are
consistent with previous surface science studies.32–35 The true
motivation and foundationally unique aspect of this study involve
evaluating these atomic Ni–Si clusters as quantum dot structures
for potential qubit design. These clusters must possess discrete
energy levels resulting from quantum confinement due to the
lowered dimensionality and energetically spaced to be technolo-
gically accessible. Because these clusters are comprised of only a
handful of atoms, it is easy to think of these clusters as small
inorganic molecules on the surface. With that analogy, our other
concern is whether or not these clusters are electronically unique
entities or if they are strongly coupled to the substrate. Thinking of

these clusters as quantum dots with electron confinement, we
would expect the peak spacing to increase, as the size of the
cluster gets smaller, which is schematically illustrated in Fig. 2a.
To probe the electronic structure of the 1 × 1 and √19 atomic

quantum dots we utilized STS, where the STM probe was
positioned over a cluster. With the probe parked, the feedback
was turned off and I–V measurements were taken, while
simultaneously measuring the dI/dV with lock-in techniques. The
dI/dV is proportional to the LDOS. Figure 2b shows averaged I–V
measurements taken over the two different clusters. The flat
region of zero current between the turn-on at negative or positive
sample bias is a reflection of the Si band gap. Qualitatively, we can
see that the peak spacing is smaller over the √19 cluster in
comparison to the slightly larger peak spacing observed for the
smaller 1 × 1 cluster. Both gaps appear larger than the intrinsic
gap of the Si(111) substrate, which is 1.1 eV. We also qualitatively
observe the consistent onset of NDR at negative sample bias,
which will be discussed in greater detail.
Figure 2c shows the dI/dV spectrum taken over the 1 × 1

clusters, illustrated in the topographic STM inset. There is a
tunneling resonance with a quantized energy level at positive bias
that represents tunneling through the highest occupied energy
level. An almost symmetric resonance is observed at negative
sample bias, where the electrons are tunneling through the lowest

Fig. 1 Atomic-scale imaging of Ni–Si clusters. a Topographic STM
image showing submonolayer Ni coverage, where regions of
pristine Si(111)-7 × 7 surface reconstruction are visible (Sample
Bias + 2.0 V, Setpoint Current 100 pA). Within the Ni restructured
area there are predominately “ring-cluster” structures with the
underlying reconstruction going 1 × 1. At the right corner boundary
near clean Si(111), there are four unique dark ring structures. b Zoom
in STM image of the ring-like structures reveals our two cluster
formations (1 × 1 and √19). The ball and stick schematics show the
atomic arrangement of the Si atoms relative to the central Ni atoms.
The 1 × 1 clusters (circled in yellow) and the √19 clusters (circled in
blue) consist of self-assembled atomic clusters of Si and Ni
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unoccupied quantized level. The almost symmetric position of the
energy level around the Fermi energy (zero sample bias) is
consistent with reported STM measurements in different quantum
dot systems.37, 38 The symmetry may be coincidental because it is
dictated by how the quantized levels within the quantum dot
align at equilibrium, which can be influenced by interaction with
the substrate. The fact that resonance is observed at all through
these levels suggests that the electronic structure of these clusters
is to some extent decoupled from the host substrate. The negative
bias resonance peak is clearly depicted because it immediately
drops to the observed NDR negative conductance. It is resonance
through this energy level that gives rise to the NDR and will be
discussed further. The dI/dV spectrum verifies that we are
observing resonant tunneling through discrete energy levels and
our clusters are behaving as atomic quantum dots. Measuring the

distance between the two resonant peaks allows for a quantitative
analysis of the energy level spacing plus twice the charging
energy (Ec) of the quantum dot structures.37, 38 The 1 × 1 quantum
dots have a consistent peak spacing of approximately 2.87 eV.
The √19 structures display a similar resonance within the dI/dV

spectrum, with a peak more clearly observed at positive bias
illustrated in Fig. 2d. The positive bias peak does not drop to a
negative value, which is expected. However, as with the 1 × 1
clusters, the √19 structures also display a drop to negative
conductance after resonance with the negative bias peak. The
quantum dot peak spacing is 2.36 eV when measured between
the resonant peaks and is smaller for the larger cluster as
expected. At negative sample bias, NDR is occurring as we sweep
from a state of “on-resonance” to “off-resonance” with our atomic
quantum dot clusters and the degenerately doped substrate. We

Fig. 2 Resonance reveals quantum dot behavior in the atomic clusters. a Schematic diagram illustrating that the lowered dimensionality
results in electron confinement within the clusters resulting in discrete quantized energy levels. As the size of the quantum dot decreases, the
peak spacing should increase and is consistent with what we observe. b I–V measurements made over the Ni–Si atomic cluster quantum dots,
where the turn-on energies are greater for the smaller 1 × 1 cluster. NDR is observed in both cluster structures at negative sample bias. c
Averaged STS dI/dV spectra measured over the 1 × 1 clusters illustrated in the STM image inset. Clear resonance is observed with discrete
energy levels in the cluster at positive and negative bias. Negative conductance is observed and correlated with NDR observed in I–V. d
Averaged STS spectra of the larger √19 clusters show similar resonance but with a smaller gap between energy levels as illustrated. e
Schematic band diagrams showing (I) Equilibrium where the Fermi level aligns and is within the conduction band due to degenerate doping
of the Si, (II) Resonance where the chemical potential shifts the band of electrons in the conduction band into alignment with discrete energy
level, and (III) NDR where the chemical potentials shift until the discrete level falls within the forbidden gap and cannot contribute to
tunneling
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intentionally utilized degenerately doped n-type Si(111) to help
probe these structures. The degenerate doping results in the
Fermi level lying just within the conduction band, as illustrated in
Fig. 2e. At equilibrium, the Fermi level is aligned between the tip
and substrate and should be mid-gap of the quantum dot we are
probing. As we sweep the sample bias to negative values, the
energy levels shift to a point in which the narrow band of
electrons in the conduction band align with the lowest
unoccupied level of the quantum dot structure resulting in “on-
resonance”. As we sweep to larger negative values the energy shift
“off-resonance”, the NDR only happens in this direction because
the level of the quantum dot ends up in the forbidden gap of the
semiconductor and can no longer participate in tunneling. At
positive bias, “on-resonance” occurs and, although there is a
decrease in the dI/dV signal, the energy level can still participate in
tunneling. These results are analogous to NDR observed in
resonant tunneling of molecular orbitals on degenerately doped
silicon.39, 40

To further confirm our interpretation of the observed NDR
behavior resulting from resonance through a discrete level of our
quantum dot clusters, we explored the behavior as a function of
tip spacing. The further the tip is away from the quantum dot
should result in a shift in the resonant energy and observed NDR.
The shifting of the relative position of the energy levels is related
to the potential drop within the gap, which is modified when
moving the position of the STM tip. Figure 3a shows a topographic
STM image of a √19 cluster that was probed as a function of tip
position. The colored dots represent the tip position to the
corresponding dI/dV spectra plotted in Fig. 3b. When the tip is
positioned directly over the cluster we observe clear resonance
through the discrete energy levels and the onset of NDR. As the
tip is moved off of the cluster, the resonance shifts to higher
negative values and the NDR is lost. In fact, it is transitioning to

resonance through a nearby 1 × 1 cluster. These results help to
strengthen our interpretation of the NDR phenomena.
One of the most encouraging results, when considering the

potential application of these atomic quantum dots for qubit
design, is the consistency of the energy level alignment with the
substrate. For numerous 1 × 1 and √19 clusters, we observe the
resonance phenomena at the same energy values. Figure 3c
illustrates statistical distributions analyzed for several measure-
ments made on √19 quantum dots. Although a larger statistical
ensemble would be preferred, the data show a clear trend for
uniform resonant peak and valley energy positions within our STS
spectra. Ultimately, we are illustrating that these clusters can be
viewed as atomic-scale quantum dots, but the clusters are
randomly distributed on the surface. There are clear advantages
of the self-assembly aspect in the formation of these clusters.
Further work must be done to see if this route can be applied to the
vision of Kane’s quantum computer or provide advantages or
complement current experimental efforts with phosphorous atoms.

DISCUSSION
When the Ni coverage is increased on the surface, the √19
clusters become prevalent across the surface until a saturated
√19 Ni surface reconstruction is reached, as illustrated in the
topographic image of Fig. 4a. This Ni modified surface is stable,
robust, and is essentially a tightly packed array of the individual
√19 clusters (that were isolated at lower coverage). As the clusters
become tightly packed, the electronic structure of the surface is
modified and the well-defined resonance observed for the
isolated and loosely spaced clusters becomes lost in the STS
measurements. The rich electronic structure can be spatially
imaged with STS conductance maps that are taken concurrently
with the topographic data, as illustrated in Fig. 4. The top image,
Fig. 4b, is the topography and the bottom image, Fig. 4c, is the
spatial dI/dV conductance map that is proportional to the LDOS
for the given imaging sample bias. We also observe very distinct
patches of variation within the electronic structure that is
visualized by the color scale for high to low values of LDOS.
The array of bright circular features corresponds to a network of

linking atoms between the clusters. By careful inspection of
Fig. 4c, the clusters themselves have a uniform circular LDOS with
a slight brighter region directly at the center. However, there are
several patches of brighter contrast and some clusters that appear
dark, while some of the bright circular regions of linking atoms are
missing. We feel that the LDOS variation is in part due to missing
atoms in the full √19 reconstruction, defects, and some
adsorbates. The intriguing aspect is how uniform the LDOS are
for patches of different clusters. A key component to qubit design
is achieving entanglement between qubits so information can be
transferred. To further explore this possibility, we performed STS
measurements of the full √19 reconstruction that are plotted in
Figs. 4d, e. The STS measurements no longer display a sharp
resonant peak and NDR is not observed at any position on this
surface. Instead, a broadened peak is observed at negative bias
and no peak is observed at positive bias. The I–V curve in Fig. 4e
shows a slight shoulder at negative bias but no NDR. We believe
that the loss of resonance in our STS measurements is due to
broadening of the levels as the clusters move closer together,
which indicates that levels are overlapping and interacting. These
aspects are to be explored in further studies that can be
performed with instrumentation at lower temperature to increase
the energy resolution and spatial stability of the spectroscopy.
In conclusion, we have utilized the STM and STS to investigate

atomic-scale Ni-Si clusters on the Si(111) surface. The dI/dV
measurements reveal resonant tunneling through discrete energy
levels within the clusters. Resonance through these levels
suggests that the electronic structure of these clusters is only
weakly coupled to the Si(111) substrate. The clusters behave as

Fig. 3 Spatial tip dependence on resonance through quantum dots.
a STM image showing a line of spectra measured over a√19 cluster.
b As the position of the STM tip moves, it shifts out of resonance
and the negative conductance is lost illustrating a dependence on
tip-cluster spacing. c The resonant energy for the clusters is
extremely reproducible. This histogram shows some statistical
analysis of resonant peak energies and minima for the √19 cluster.
Although we could benefit from more statistical data to reveal the
exact distribution, the peak values lie within 100meV and there is
thermal broadening due to a room temperature tip
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quantum dots on the Si surface and consist of either (“1 × 1”) or
(“√19”) atomic clusters. We have intentionally explored Ni surface
modification and cluster formation on degenerately doped n-type
Si(111), where the Fermi level lies within the conduction band. The
resonance with our highest unoccupied state with the atomic
Ni–Si quantum dots results in NDR observed at negative sample
bias in both I–V measurements and dI/dV spectra. The peak
spacing of the clusters increases as the size of the quantum dot
decreases. Further experiments should be run on more sophisti-
cated low temperature instruments to increase the energy
resolution. Overall, the self-assembly of Ni–Si clusters on the
surface is a promising and intriguing platform for the develop-
ment qubit and quantum technologies utilizing atomic-scale
quantum dots on a Group IV substrate.

MATERIALS AND METHODS
The Si(111) samples were commercially purchased (Virginia Semiconductor
Inc.) and degenerately doped n-type with phosphorous (resistivity <
0.01–0.05Ω-cm). The Si(111) was degassed overnight at 600 °C to remove
organic contamination prior to high temperature flashing. To obtain a
pristine Si(111)-7 × 7 surface, the samples were repeatedly flashed to
1250 °C for 30 s. Once a pristine surface was achieved and verified with
STM, Ni was evaporated onto the surface using an e-beam evaporator
(dosing time ~ 15min). The Ni evaporation occurred while the sample was
at elevated temperature (600 °C) to help drive the cluster assembly. The
samples were characterized with an Omicron VT-STM at room temperature
and 55 K. The Omicron VT grounds the sample and bias control is applied
to the tip. All STS measurements were made using a W electrochemically
etched tip at room temperature while the sample was cooled to 55 K.

Data availability
All data supporting the findings of this study are available within the
paper.
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